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NHUNG PONG GOP CUA LUAN AN

Phuong phap s6 duogc sir dung cho luan 4n 1a phwong phéap phan tich
dang hinh hoc (IGA). Céch tiép can sb nay duogc trinh bay vao nam 2005
boi Hughes va cong su, tuy nhién, n6 van con han ché & Viét Nam. IGA da
vuot qua phuong phap phan tir hitu han (FEM) ca vé hiéu qua va do tin cay
dbi v6i viée tinh toan cac bai toan k¥ thuat khac nhau, dac biét ddi véi cac
bai toan c6 hinh hoc phuec tap.

Mot 1y thuyét bién dang cét bac cao khong rang budc tong quat méi
(UHSDT) duoc dua ra. Ly thuyét dé xuét khong chi khong rang budc mg
suat cét trén cac bé mat trén va dudi cua cac tAm bang 0 ma con khong yéu
cau cac hé sb hiéu chinh cit. Ly thuyet nay duoc viét dudi dang tong quat
cua cac ham phan bd. Téc gia dé xudt mot ham phan b ma n6 cung cap két
qua tot hon so v&i cac nghiém tham khao.

Thay vi st dung IGA truyén théng, tac gia str dung IGA dua trén trich
xuét Bézier cho tét ca cac chuong. Muc dich chinh cta IGA dya trén trich
xuit Bézier 1a thay thé cic ham co s& B-spline / NURBS (the B-spline or
Non-uniform Rational B-spline) phan bd toan cuc bang cac ham da thirc
Bernstein sir dung cing mét bo ham dang cho mdi phﬁn tor trong ty nhu
FEM. Nhu vay sé& dé dang tich hgp dugc nhitng code FEM sin c6 trong cac
phan mém thwong mai. Bang cach chon da thirc Bernstein 1am ham co s&,
IGA sé& dugc thyc hién dé dang twong ty nhu cach trién khai trong FEM.
Céc ham co s B-spline / NURBS ¢6 thé dugc viét lai dudi dang két hop
cac da thirc Bernstein va toan ttr trich xuat Bézier. D6 duoc goi 1a trich xuét
Bézier cho B-spline / NURBS.

Ca dap mg tuyén tinh va phi tuyén cho bdn loai vat liéu bao gom tam
composite nhleu 16p, tAm composite nhidu 16p c6 dan 16p ap dién, tAm vat
liéu co 16 réng thay d6i chirc nang dan 16p ap dién dugc gia cuong bang cac
tam graphene va tim vat liéu ap dién thay d6i chirc nang co 16 rong duge
nghién cuu. Tt ca cac bai toan lién quan dén bén loai vat lidu nay duoc khai
thac phan tich va k¥ thuat diéu khién chu dong dé diéu khién cac dap tmg
tinh va dong ctia cac loai tim nay ciing dugc trinh bay trong luan 4n.

Cho dén nay, cac nha nghién ctru duong nhu chua c6 nghién ciru dap
(g cua tim c6 13 rdng thay d6i chirc nang dan 16p ap dién dugc gia cudng
bing cac tim graphene (PFGP-GPLs) sit dung IGA dya trén trich xuat
Bézier cho ca phan tich tuyén tinh va phi tuyén. Tét ca cac két qua dat duoc
dugc so sanh v6i nhitng 11 giai giai tich hodc 161 giai sé di duge cong bd
trén nhitng tap chi qudc té uy tin.

Mot cong thirc phan tir hitu han déng hinh hoc dua trén trich xuét Bézier
dé phan tich dao dong tu do cuia cac tdm vat liéu 4p dién chirc ning c6 16
rong duge chimg minh va trinh bay. Cong thirc nay duoc chimg minh lan
dau tién. Trong cong trinh gan day lién quan dén van dé nay, tac gia di dua
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ra tan sb dao dong tu do cho mot $6 hinh hoc phtrc tap chua co giai giai tich
hodc 16 giai s6 nao trude dy dua ra.

Trong luan 4n nay, tac gi dwa ra nhidu bai toan ¢ hinh hoc phtc tap
bang cach str dung k¥ thuat multipatches dé tinh toan. Diéu nay khac véi cac
luan an sir dung IGA trudc day ¢ Viét Nam.

TOM TAT LUAN AN

Luan 4n bao gdom 7 chwong trong d6 chwong 1 néi vé tong quan nghién ctru;
chuong 2 va 3 trinh bay c6ng cu st dung tinh toan 1a phuong phép sO déng hinh
hoc dya trén trich xuat Bézier va co s& 1y thuyét cho bai toan tam (bao gdom 4
loai bai toan tim khac nhau), twong ting; 4 chwong con lai dua ra cac vi du sb
minh hoa cho phén tich tinh, dao dong tu do, dap ting ctia 4 loai vat liéu mo hinh
tAm cho ca dap ung tuyén tinh va phi tuyén véi cac dang hinh hoc khac nhau tir
don gian dén phirc tap hon. Ngoai ra trong cac chuwong vi du s6 con dua ra cac
vi du sb vé diéu khién dap tmg cho bai toan tim vat liéu c6 dan 16p ap dién.

Phén tich dang hinh hoc (c6 tén viét tit tiéng Anh 1a IGA) duogc gi6i thiéu
nam 2005 boi Hughes va cac cong sy nhu 1a mot sy dot pha trong tinh toan mo
phong s6. Uu diém chinh cua IGA 14 st dung cing mot ham dang co so dé mo
ta hinh hoc va x4p xi ca nghiém s6. N6 tich hop viéc thiét ké dua trén may tinh
cling nhu cong ngh¢ lién quan dén viéc sir dung hé thong may tinh dé phén tich
do6i tuong hinh hoc CAD (CAE) va nhirng cong cu s6 hiéu qua khac dé phén
tich nhiéu 16p bai toan k¥ thuat khac nhau. Chi phi tinh toan giam dang ké vi
hinh hoc chinh xac duogc tao ra trong CAD, sau d6 dua vao tinh toan ma khong
bi sai s6 hinh hoc. IGA cho két qua v6i do chinh xac cao hon vi tinh tron va tinh
lién tyc bac cao hon giita cic phan tir. Trong mot thap ky phat trién gin day,
phan tich dang hinh hoc da vuot qua phan tich phan tir hitu han (FEM) vé tinh
hiéu qua va do tin cy d6i véi cac bai toan khac nhau, dic biét dbi voi cac bai
toan c6 hinh hoc phuc tap.

Bai vi dong vai trd quan trong trong nhiéu két cdu ky thuat va cong nghiép
hién dai, két ciu tAm nhiéu 16p dugc st dung rong rai trong nhiéu mang k¥ thuét
khac nhau chiang han nhu hang khong, déng tau, k¥ thuat dan dung, vv. Két cdu
tam nhiéu 16p c6 céc tinh chét co hoc tuyét voi, bao g@)m d6 bén va do cliing cao,
kha nang chéng mai mon, trong lugng nhe va nhiéu dic tinh khac. Bén canh viéc
s0 hiru cac dic tinh vat liéu uu viét, vat liu téng hop nhiéu 16p con cung cép
thiét ké thuan loi thong qua viéc sip xép trinh tu xép chong va do day cac 16p dé
c6 duogc cac dac tinh mong mudn, d6 1a Iy do tai sao chung nhan dugc sy quan
tam nghién ctru dang ké cua nhidu nha nghién ctru trén toan thé gioi.

Trong luan 4n nay, mot cong thire phan tir hitu han dang hinh hoc dugc phat
trién dua trén trich xuat Bézier dé giai quyét cac bai toan tim khac nhau, sir dung
ly thuyet bién dang cit bac cao 7 bac tu do cho ca phéan tich va diéu khién dap
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(g cua cac cdu triic tim. Mot diém mdi trong luan an nay 1a sir dung trich xuét
Bézier. Trong phan tich ding hinh hoc thong thudng, cac ham co s¢ B-spline
hodc ham trai rong trén toan by mién ctia cac cau tric chir khong chi 1a mot mién
cuc bo nhu cac ham hinh dang Lagrangian trong FEM. Viéc ham dang phan b
toan cuc nhu vay gay ra viéc thyc hién tinh toan phtrc tap. Do d6 sur dung trich
xuét Bézier dugc coi 1a giai phap khic phuc nhugc diém ciia ham dé quy NURBS
va ¢6 thé tich hop duge vao nhimng code FEM sén co.

Mac du IGA phu hop v6i cac bai toan co tinh lién tuc bac cao, nghién ctiru
sinh st dung ly thuyét bién dang cit bac cao véi lién tuc €%, 7 bac tu do, dé théng
nhét cho tit ca cac chuong. Dé ¢6 su thong nhit ciia cac bién xép xi, trong mot
s6 hinh hoc phtrc tap véi cac didu kién bién ddi xing, thudng kho ap didu kién
bién cho cac thanh phan dao ham nén trong ludn vin nay nghién ctru sinh sir
dung IGA dua trén trich xuét Bézier véi 7 bac tu do cho m5i nut.

Hon nita, nghién ctru sinh nghién ctru ca dap Gmg tuyen tinh va phi tuyen
cho bén loai vat liéu bao gdm tAm composite nhiéu 16p, tim composite nhiéu 16p
0 16p ap dién, tam vat liéu chire nang dén 16p ap dién c6 16 rong duoc gia cuong
bang cac tam graphene va tam vat lidu 4p dién chirc nang cd 16 rong. Cac thuat
toan didu khién cai dua trén céc tin hiéu phan hoi chuyén vi va van toe khong
doi dugc 4 ap dung dé diéu khién dap ung tinh va dong ctia tam cho ca tuyén tinh
va phi tuyen hinh hoc, trong d6 hi¢u tng cua giam chan cu tric duge xem xét,
dya trén diéu khién kin véi cac cam bién va bd truyén dong ap dién. Cac két qua
dat dugc cua phuong phap de xuét phi hop ot véi cac 1o giai giai tich va mot
s6 phurong phap tiép can co san khac. Thong qua phan tich phan vi du s, cac két
qua dat dwoc chi ra rang phuong phap duge dé xuit dat dugc do tin cay cao khi
S0 v6i cac giai phap khac da duoc cong bb trén cac tap chi uy tin. Ngoai ra, mét
s6 1oi giai s cho cac tam vat liéu chire néang dan 16p ép dién co 16 rong dugc gia
cuong bang cac tim graphene va tim vat liéu ap dién chirc ning c6 16 rong co
thé duoc coi 1a ngudn tai liéu tham khao cho nhirng nghién ciru khac trong tuong
lai vi cho dén nay van chwa c6 10i giai giai tich nao dua ra.



CHUONG 1: TONG QUAN

1.1 Tong quan vé phan tich ding hinh hoc (IGA)

Nam 2005, Hughes, Cottrell & Bazilievs da gidi thiéu mot ky thuat méi, co
tén 14 phan tich déng hinh hoc (IGA). Uu diém chinh cta phuong phap nay 1a c6
kha nang tinh toan tryuc tiép co so dir liéu duoc iy tir cac chuong trinh thiét ké
hinh hoc nhu Catia, Auto Cad, Rhino, ... Piéu nay dugc thuc hién bang cach sir
dung cung cac ham co s6 mo ta hinh hoc trong CAD (ttrc 1a B-splines / NURBS)
lubn dé xap xi nghiém s6. C6 thé thay rang trong Hinh 1.1, su twong tac truc tiép
ttr mo hinh hinh hoc dén phan tich 1 khéng thé, qua trinh phan tich phan tir hitu
han (FEA) phai thong qua viéc chia lu6i dé xép xi hinh hoc, va do d6 thong tin
chinh x4c ctia md ta hinh hoc ban dau khong bao gior dat dwoc. Tuy nhién, trong
Hinh 1.2, b6 qua budc chia ludi, hinh hoc phan tich 1a hinh hoc chinh xac vi thé
khong c6 sai s6 hinh hoc. Ky thuat nay dan dén sy hop tac tot hon giita FEA va
CAD. K& tir bai bao dau tién va cubn sach IGA xuét ban ndm 2009, mot s6 luong
16n nghién ctru da duoc thuc hién vé chu dé nay va ap dung thanh cong cho nhidu
bai toan tir phan tich ciu triic, tuong tic cu truc chét long, dién tir va phuong
trinh vi phan timg phan bac cao.
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Hinh 1.1: So d6 phan tich phan tir hitu han. B6i vi chia ludi, mién tinh toan
chi 14 hinh hoc CAD xap xi.
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Hinh 1.2: So d6 phan tich trong IGA. Khong can chia ludi, mién tinh toan 1a
hinh hoc chinh xac.

1.2 Téng quan vé vat liéu sir dung trong ludn &n

Trong luén 4n nay, bdn loai vat lidu dugce xem xét bao goém tém composite
nhiéu 16p, tim composite nhiéu 16p c6 dan 16p 4p dién, tam c6 16 réng thay doi
chire nang dan 16p ap dién duoc gia cudng bang cac tim graphene (PFGP-GPLs)
va tam vat liéu ap dién chirc nang c6 16 rong (FGPMP).
1.2.1. TAm composite nhiéu 16p



TAm - c4u trac ndi tiéng, thong dung va 1a mot phin quan trong cua nhiéu
chu két k¥ thuat. Chung dugc sir dung rong rii trong nhiéu linh vuc nhu dén
dung, ky thuat hang khong, vu try, ky thuét 6 t6 va nhiéu linh vyuc khac. Mot
trong nhirng cdu tric tim thuong duoc sur dung va nghién ctru hién nay la tam
composite nhidu 16p. Cac tim composite nhiéu 16p c¢6 cac tinh chat co hoc tuyét
voi. Bén canh viée so hitu cac dic tinh vat lidu wu viét, vét liéu tong hop nhiéu
16p con cung cap thiét ké thuan loi thong qua trinh ty xép chong cac 16p va do
day cua timg 16p dé c6 duoc cac dic tinh co hoc mong mudn cho nhiéu tng dung
k¥ thuat, diéu do giai thich 1y do tai sao ching nhén dugc su chii y dang ké cia
nhiéu nha nghién ciru trén toan thé gisi. Didu quan trong hon, hiéu qua str dung
ctia chung phu thude vao viéc nghién ctru triét dé ung xir uén cong, sy phan phdi
(g suit va dao dong tu nhién. Do d6, nghién ctru cic phan tng tinh va dong cta
chung 1a thye sy can thiét cho cac img dung k¥ thuat trén.

1.2.2. TAm composite nhiéu 16p cé dan 16p ap dién

Vat liéu ap dién la mot trong nhirng loai vat li€u thong minh, trong d6 cac
tinh chét dién va co hoc da dugc ghép ndi. Mot trong nhiing tinh nang chinh cta
vét liéu ap dién 1a kha nang thyc hién chuyén doi giira nang lugng dién va co
nang. Theo do, khi mét cau triic duge dan cac 16p ap dién chiu tai trong co hoc,
vat liéu ap dién co thé tao ra dién. Nguoc lai, cu trac ¢6 thé duoc thay doi hinh
dang néu dit mot dién truong. Do tinh chat co hoc va dién, cac vat li€u ap dién
da duoc ap dung rong rai dé tao ra cac céu trac thong minh trong linh vyc hang
khéng, vii try, 6 t0, quin sy, y té va cac linh vue khac. Lién quan dén tAm tich
hop véi cac 16p ap dién, co nhidu phuong phap sb khac nhau dugc dwa ra dé du
doéan ung xur cia ching.

1.2.3. Tam c6 16 rdng thay ddi chirc ning dan 16p ap dién dwge gia cwong
bang cac tim graphene (PFGP-GPLs).

Céc vat liéu xdp (vat liéu co 15 rdng) ¢ dic tinh nhu nhe, hép thy ning
lugng tuyét voi, khang nhiét da duoc sir dung rong rai trong cac linh vuc ki thuat
khac nhau bao gém nhu hang khong, vii try, 6 6, y sinh va cac linh vyc khac.
Tuy nhién, sy ton tai cua 16 rong bén trong dan dén giam dang ké do clng cau
trac. Dé khic phuc nhuoc diém nay, viéc gia ¢d bang cac 6ng nano carbon nhu
ong nano carbon (CNTSs) va cic tim graphene (GPL) vao vat liéu x6p 1a mot lwa
chon tuyét voi va thiét thuc dé ting cuong cac tinh chit co hoc cua chiing.

Trong nhirg nim gan day, cac vat liéu xdp dwoc gia ¢b bai GPLs di duoc
c4c nha nghién ctru chii ¥ nhidu do cac dic tinh wu viét ciia ching hon so véi cac
6ng nano carbon. Cac vét liéu xép nhan tao nhu bot kim loai ¢6 su két hop ctia
ca hai tinh chit vat 1y va déc tinh co hoc da dwoc ap dung phé bién trong cac vat
liéu cdu triic nhe va vat liéu sinh hoc. Cac GPL duoc gia cuong mot cach phan
tan trong cac vat liéu dé ting kha nang lam viéc ciia két cau ciing nhu do cing
ctia chiing trong khi trong lwong cia cac két ciu giam theo do xop. Véi cac uu
diém két hop ciia ca GPL va 16 rdng, cac tinh chét co hoc cua vat lieu duge gia
tang dang ké nhung van duy tri dugc wu diém cua cac ciu tric nhe.
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1.2.4. TAm vat li¢u 4p dién chirc ning c6 16 rong (FGPMP)

Céac vat liéu ap dién truyén théng thuong dugc tao ra tir mot ) 16p vat ligu
ap dién khac nhau hodc cac tim composite nhiéu 16p dugc tich hop (dan) véi 2
16p ap dién dong vai tro 1a cam bién ap dién va bo truyén dong dé diéu khién dao
dong. Mac du c6 nhirmg uu diém ndi bat va img dung rong rai, nhung ching van
con mot s6 nhuge diém nhu nut, tach 16p va c6 su tip trung ing suat tai ngay
chd tiép giap céc 16p. Nhu da biét, cac vat liéu phan 16p theo chirc ning (FGM)
1a mot loai cdu trac composite hon hop méi da thu hit sy chii ¥ ciia nhiéu nha
nghién ciru trong nhitng nim gan day. Cac tinh chat vat liéu cia FGM thay do6i
lién tyc theo d6 day cua céc tam béing cach tron hai vat li¢u khac nhau. Vi vy,
FGM sé giam hoac tham chi loai bo mot s6 nhuogc diém cua vat liéu composite
nhiéu 16p ap dién. Dya trén khai niém FGM, su két hop gitra hai loai véat licu ap
dién theo mdt huong s€ thu duoc cac vat li€u ap dién phan 16p chirc nang
(FGPM), ¢ nhiéu dic tinh ndi bat so voi vat liéu ap dién truyén théng. Do do,
FGPM thu hat sy chi y manh mé cua cac nha nghién ctru dé phan tich va thiét
ké cac thiét bi thong minh trong nhitng nim gan déy.
1.3. Muc tiéu ctia ludn van

Luan an tép trung vao sy phat trién cua cac phuong phap phan tur hitu han
ddng hinh hoc dé phan tich va didu khién dap ung cua cic cdu tric tim nhiéu
16p. Vi vay, ¢ hai myc tiéu chinh duge nghién ctru. Thir nhat, mot cong thire
dang hinh hoc méi dua trén trich xuat Bézier dé phan tich cac cau trac tam
composite dugce trinh bay. Tac gia nghién ctru ba dang bai toan bao gdm tinh,
rung tu do va phan tich dap ung transient cho cdc cau tric tam nhiéu 16p bao
gom: tam composite nhiéu 16p, tim composite nhiéu 16p c6 dan 16p 4 ap dién, tam
c¢6 15 rdng thay déi chirc nang dan 16p 4p dién duogc gia cuong bang cac tAm
graphene (PFGP-GPLs) va tdm vat liéu 4p dién chtrc ning c6 16 rong (FGPMP).
Thir hai, mot thuat toan diéu khién chu dong dap tng dugc s dung dé diéu khién
dap ung tinh va dap ung dong hoc tic thoi cua cac tam nhiéu 16p 4p dién trong
ca truong hop tuyén tinh va phi tuyén.
1.4. CAu triic luén 4n

Luan 4n bao gdom bay chuong va dugc bd tri nhu sau: Chwong 1: Gidi thiéu
va lich sir phat trién cua IGA dugc dua ra. Tinh hinh nghién ctru cuia bon loai vt
liéu duoc st dung trong luan an nay, tac gia c6 nhiing déng gop gi va muc ti€u
cing nhu tinh méi cua luén an cliing dugc mo ta rd rang. Va, cac chuong muc
ctia ludn an duoc dé cap dé nguoi doc ¢d cai nhin téng quat vé noi dung cua luan
an. Chwong 2: Trinh bay vé phuong phap phén tir hitu han dang hinh hoc (IGA),
bao gébm cac ham co s& B-spline, cac ham co s6 NURBS, cic dudng cong
NURBS, bé mit NURBS, hinh hoc B-spline va lam min. Hon nita, trich xut
Bézier va so sanh v6i phuong phap phan ttr hiru han (FEM) ciing duoc trinh bay
trong chuong ndy. Uu diém va nhuoc diém cuia IGA ciing dugc dua ra. Chwong
3: Tong quan vé cac Iy thuyét tim va mé ta cac thudc tinh vat liéu duoc sir dung
cho cac chuong tiép theo dugc dwa ra. Thir nhat, mo ta nhiéu 1y thuyét tim bao

8



gom mot s6 1y thuyét tim dugc ap dung trong cac chuong. Thur hai, trinh bay
bdn loai vat lidu trong ludn 4n ndy bao _gbm tim _composite nhiéu 16p, tAm
composite nhiéu 16p c6 dan 16p 4p dién, tAm co 15 rdng thay ddi chirc nang dan
16p 4p dién duoc gia cudng biang cac tim graphene (PFGP-GPLs) va tim vat lidu
ap dién chirc ning c6 16 rdng (FGPMP). Chwong 4: Day 1a chuong dau tién ctia
phan vi du s6. Tac gia trinh bay cac két qua thu dugc cho phén tich tinh, dao
dong ty do va phan tich dap tmg tirc thoi ctia tim composite nhiéu 16p véi nhidu
dang hinh hoc, hudng cua cac 16p lamina va céc diéu kién bién khac nhau sir
dung 1y thuyét khong rang budc bac cao tong quat méi (UHSDT). IGA dua trén
trich xuét Bézier duoc sir dung cho tit ca cac chuong. Ngoai ra, hai 16p 4p dién
duogc dan ¢ bé mit trén va dudi ciia tim composite nhiéu 16p ciing dugc xem xét
dé phan tich tinh, dao dong ty do va phan tich dap tng. Sau d6, dé didu khién
dap ng tinh va dong, thuat toan diéu khién phan hdi chuyén vi va van toc duoc
thuc hién. Cac vi du bang sé trong chwong nay cho thdy d6 chinh xac va do tin
cdy cta phuong phap dugc d& xuat. Chwong 5: Lin dau tién mot cong thire phin
tur hitu han Bézier dugc dua ra cho phén tich tinh va dong hoc cua cac tam 6 15
rong thay ddi chirc nang dan 16p ap dién duoc gia cuong bang cac tim graphene
(PFGP-GPLs). Anh huong cua phén so trong lugng va md hinh phan bd cta
GPL, h¢ s6 va loai phan phéi cua 16 rong, ciing nhu dién ap bén ngoai dbi vai
céc tmg X ciu trac dugc nghién ciru thong qua mot sO vi du s6. Nhimng két qua
nay, chua duoc thu dugc trude day, co thé duge coi 1a giai phap tham khao cho
cac cong trinh trong tuong lai. Trong chuong nay, nghién ctru sinh mé rong phan
tich vé cac dap g tinh va dong hoc phi tuyén ciia tim PEGP-GPL. Sau d6, thuat
diéu khién hoi t1ep chuyén vi va van toc khong ddi duoc ap dung de diéu khién
cha dong phi tuyén hinh hoc ciing nhu cac phan tmg dong cua cac tam, trong dé
hi€u Gng cta giam chin cau truc duge xem xét, dua trén diéu khién vong kin.
Chuwong 6: Dé khéc phuc mét sb nhuoc diém cia cdu trac tam nhiéu 16p c6 dan
cac 16p 4p dién nhu nut, tach 16p va sy tap trung ing suét tai cac 1op giao dién,
tac gia gidi thiéu trong chuong nay cac tam vat liéu ap dién chirc nang co 16 rong
(FGPMP). Céc dic tinh vat liéu cua tim ap dién chirc nang phéan bd lién tuc theo
d6 day thong qua cong thire dinh luat dién bién d6i. Hai mé hinh 1 rdng, phan
b6 déu va khong déng déu, duoc sir dung. Dé thoa man phuong trinh Maxwell,
trong phép tinh gan dung tinh, mot truong dién thé & dang hdn hop cosin va bién
d01 tuyen tinh duogc str dung. Ngoai ra, nghién ctru sinh con nghién ctru thém mot
s6 tam FGPMP v6i hinh hoc phtc tap, ma chwa c6 16 giai giai tich. Cac két qua
¢6 thé dugce coi 1a mot 1o giai tham khao cho cac cong trinh nghién ctru trong
tuong lai. Chwong 7: Cudi cung, chuong ndy trinh bay cac nhan xét két luan va
mdt s& khuyén nghi cho cong viéce trong twong lai.

CHAPTER 2: ISOGEOMETRIC ANALYSIS FRAMEWORK

2.1. Uu diém ciia IGA so véi FEM



Tht nhét, mién tinh toan dugc bao toan chinh xac tai tat ca cac cép lu6i bat
ké luéi tho hay ludi min. Trong linh vyc co hoc tiép xuc, tinh chat nay dua dén
viéc don gian hoa phat hién tiép xUc tai mat chung cua hai bé mat tiép xuc, dac
biét 1a trong truong hop bién dang 16n khi d6 vi tri twong ddi ctia hai bé mit nay
thuong thay doi dang ké. Bén canh do, tiép xtc truot giita cac mat co thé duge
md phong lai mot cach chinh xac. Tinh chat nay ciing hitu ich cho cac bai toan
nhay v6i cac sai 1éch hinh hoc nhu phan tich bat én dinh cia tAm vo hodc hiéu
{mg 16p bién trong phan tich dong luc hoc chat long. Thir hai, cAc mo hinh CAD
dua trén NURBS lam cho budc tao ludi dugc thuc hién ty dong ma khong can
phai tinh gian hoic loai bo cac dic trung hinh hoc. Piéu nay c6 thé din dén viéc
giam dang ké khoang thoi gian danh ra cho cc budc chia ludi va don gian hoa
hinh hoc, chiém khoang 80% tong thdi gian phén tich ciia mot bai toan. Thit ba,
lam min ludi rat d& dang va it ton thoi gian do thao tac truc tiép trén hinh hoc
CAD. Loi thé nay bat ngudn tir viéc sir dung chung ham dang cho ca md hinh
hoa va phan tich. Chiing ta c¢6 thé d& dang x4c dinh chinh xac vi tri dé chia nho
hinh hoc va viéc 1am min ludi ciia mién tinh toan duoc don gian hoa thanh thuat
toan chén knot dugc thyc hién ty dong. Cac phéin duogc phan chia nay sau do tro
thanh cac phan tir méi va do d6, ludi dugce giir chinh xac. Cudi cing, su lién tuc
béc cao giita cac phan tir voi toi da C”~' trong truong hop khong ¢ knot lap lam
cho phuong phap phti hop mét cach tw nhién ddi v6i cac van dé co hoc ¢6 cac
dao ham béc cao trong cong thirc nhu tim vo6 Kirchhoff-Love, gradient elasticity,
phuong trinh Cahn-Hilliard trong tach pha. Pac diém nay 1a két qua cta viée sir
dung tryc tiép cdc ham co s¢ B-spline / NURBS cho phan tich. Trai ngugc véi
cac ham co sd trong FEM c6 dién, dugc dinh nghia cuc bo bén trong phan tir va
¢6 d6 lién tuc C°trén bién phan tir (va do d6 xap xi s6 14 C°), cac ham co s
IGA khong chi nam trong mot phan tir (khoang knot). Thay vao do, cac ham nay
duoc dinh nghia qua mot vai phan tir lién k& dé dam bao duoc tinh lién tuc va
két ndi cao hon va do do, xép xi sb dat duoc lién tuc bac cao. Mot loi ich khac
ctia lién tuc béc cao 1a téc d6 hoi tu cao hon so v&i cac phuong phap thong
thuong, dic biét 1a khi né duge két hop véi mot ki thuat 1am min méi, duge goi
1a k-refinement. Tuy nhién, can luu ¥ 1a mic di ham co s& IGA c¢6 mién bao phu
16n hon nhung khong din dén sy ting biang thong trong xap xi s6 va do d6 bang
thong clia ma tran thua dugc duy tri nhur trong cac ham co s6 FEM c6 dién.

2.2. Nhuge diém ciia IGA

Phuong phap nay, tuy nhién, cling c6 mot s6 nhuoc diém nhu sau:

Théch thirc dang ké nhat ciia viéc str dung B-splines / NURBS trong IGA 14
cAu trac san phdm tenor ctia nd  khong cho phép sang loc cuc bo thue su, bat ky
thao tac chen nut nao cling s& dan dén sy lan truyén toan ciu trén mién tinh toan.

Ngoai ra, do thiéu thudc tinh delta Kronecker, viéc ap dung diéu kién bién
Dirichlet khong déng nhét hodc trao ddi luc / it liéu vat ly trong phan tich Kkét
hop ¢6 lién quan nhiéu hon mét chut.
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Hon nira, nhd ¢6 su hd trg 16n hon cua cic ham co sé IGA, cac ma tran hé
thong két qua twong doi day dac hon (chira nhiéu myc nhép khac) khi so sanh
voi FEM va cau truc dai ba duong chéo cling bi mat (giong nhu hinh mo ta bén
duéi).

\ |
bl \RARA R YO0
{ |
000 ' '
0000 | |
00000 !
0000000 !
0000000 1
000000@
____000Ceee _______
. 00 _____
0000000
! 100000
| ©000000
| 0000000
| 1 0000000
| ! 00000
! ! 00000
! ! 0000
(a) Traditional FEA (CO): weak (b) Highly continuous IGA (C”_l):
connection. strengthened connection.

Hinh 2.1: Minh hoa tinh lién tuc bac cao ciia ham co so trong IGA day déc
hon so v6i FEM

2.3. Ham co s6 NURBS

Mot dudong cong NURBS duoc xay dung bang cach nhan mdi toa d6 thanh
phan cta diém dicu khién thudc Iudi diéu khién P, véi mot trong so vo hudng

dwong nhét dinh w, va ham trong s6 W (&) dugc dinh nghia nhu sau

W(O)=3N,, (), o0
dua dén -
V(R 2
C(g)ZMW:;RfP(f)Pa
trong 6 R? (£)1a ham co s6 NURBS mot chiéu dugc dinh nghia boi
N (E)w 2.3)
R () =—W((‘?) 3

Hinh 2.1 minh hoa hai vong tron duoc biéu din bang ca NURBS va B-
spline twong tmg voi dudng nét lién va dudng nét dut. Cac diém dleu khién cta
chung duoc biéu dién bang cac hinh cdu mau den vdi cac trong sb di theo ciing
dugc chu thich cho trudng hgp NURBS. C6 thé thy 5 1a chi ¢c6 duong cong
NURBS c¢6 thé biéu din chinh x4c vong tron.

11



Hinh 2. 2: Hai cich biéu dién
cua vong tron. Pudng cong
nét lién dugc tao ra boi
| i i odd , NURBS m6 ta chinh xac vong

i tron trong khi duong cong nét
dat xay dung boi B-splines
khong thé tao ra mot vong
tron chinh xac.

e = Y2 ifieven

Hau hét cac thudc tinh ctia B-Splines van ding cho NURBS. Trong trudng
hop cac trong s6 bang nhau w. = const, Vi =1,...,n NURBS tr¢ thanh B-Splines.
Pao ham ciia ham dang NURBS phirc tap hon nhiéu so v&i B-Splines va dugc
dé cap chi tiét trong Tiéu muc 2.5.2 trong luan an. Mot sé tinh chét quan trong
cua NURBS duoc liét ké nhu sau:

. Ddi vai cac vecto knot md, cac ham co sé NURBS tao thanh mot phan

hoach don vi Zn:R,.” (&)=1Lve.
in1

. Do lién tyc va viing bao phu cia cac ham co so NURBS gidng nhu dbi
véi B-splines.

. Ham dang NURBS ¢ tinh chat khong 4m timng phan

. NURBS c¢6 thé bidu chinh xac mot tap 16n cac duong cong, vi du: cac

duong conic.
Mit NURBS duogc dinh nghia nhu sau
n m (24)

S(&m)=2 2 R (&m)P,,

i=1 j=1

trong d6 cac ham co s& NURBS trong khong gian tham s hai chiéu dugc xac

dl: Ilh boﬂ i
Ri/’}q ( ;:,77) P ( ) ( »q ()‘;) >

v6i ham trong so6 hai chiéu ¢ mau s6 dugc cho badi

W(En)= 22N, ()M, (),

i=l j=1

>

(2.6)

va w, ; latrong s di kém moi diém di€u khién cua ludi dieu khi€n m>n P, ;. Mot

trong nhirng mat conic thudng gap trong mo hinh la tAm tron va no co thé duoc
mo ta chinh xac bang mat NURBS nhu minh hoa trong Hinh 2.2. Thong thuong,
12



¢6 hai cach tiép can dé tham s6 héa mit tron NURBS ¢ mure luéi tho. Cach dau
tién duoc minh hoa & bén trai trong d6 mudi tam diém diéu khién duoc sir dung
tao ra bon phan tir trong khi cach thir hai dwoc minh hoa & bén phai trong d6 chi
can chin diém diéu khién va chi tao ra mot phan tir. Luu y 1a mdi phwong phap
tiép can tham sé hoa déu déu ton tai cac diém suy bién. Hinh bén trai c6 mot
diém suy bién & tdm ciia mit tron noi chin diém kiém soat tring nhau tai cing
mot vi tri va hinh bén phai cé bén diém suy bién tai bén diém diéu khién
P,P, P, P,. Théng thudng, trong phan tich, mé hinh bén phai dugc lya chon
do cach tham s6 hoa t6t hon. Mot mét cit hinh non khéac thudng gap trong thiét
ké 14 tAm hinh khuyén duoc thé hién trong Hinh 2.3. Piéu quan trong can luu y
1a cach dyng hinh nay dwa dén mot duong chung bén trong (duoc biéu thi bang
duong mau do) trong d6 cac diém diéu khién dau tién va cudi cung theo phuong
chu vi nam tring nhau. Khi thyc hién phén tich ta can chu y dén véan dé nay va
tim ra mot cach thich hop dé xtr Iy cac bién diéu khién lién quan dén cac diém
diéu khién nay.

Py
o
“Pg
°
Pis P P e
N
Pg
Figure 2.3: Hai cach biéu dién cua cung mdt tam tron.
9Py
Internal
' interface
P 10,18

Figure 2.4: Mot tim hinh vanh khuyén dugc biéu dién bing mit NURBS.

2.4. Trich xuét Bézier
2.4.1. Giéi thiéu ve trich xuat Bézier
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Céch tiép can thong thudng dé phat trién chwong trinh phan tich dya trén
IGA nhu dugc mo ta trong cac phﬁn dd néu & trén boc 16 mot sé nhuge diém can
trg viée tich hgp IGA véi co s& phan tir hitu han hién c6. Tré ngai rd rang 1a theo
cach tiép can nay, mdi phan tir c6 mot sé ham co s& B-spline khac nhau, trai
nguoc véi FEA trong d6 cac ham co s¢ gidng nhau dugc sir dung cho mdi phan
tr. Ching ta biét ring mdi dudng cong B-spline c6 thé dwoc biéu thi dudi dang
cac duong cong Bézier dugc nbi lai véi nhau. Didu d6 c6 nghia 1a ¢6 thé chuyén
d6i mot manh B-spline thanh mot tap hop cac phan tir Bézier va str dung céac
phan tir nay nhu 14 dai dién phan tir hiru han ctia B-spline hoic NURBS.

2.4.2. Phén rd Bézier va trich xuét Bézier i
Theo dd, cung mot dudng cong c6 theé duge mo ta bang hai cong thuc tuong
duong nhu sau
C(&)=N"P=B"P’, @7

trong @6 N'va B" 1a cac vecto ciia cac ham co s B-spline va Bézier, tuong
ung voi cac diém diéu khién lién quan dugc biéu thi 1an lugt boi vecto P va P
. Quy trinh x4c dinh cac duong cong Bézier riéng 1é tir duong cong B-spline co
tén la phdn ra Bézier. Qua trinh phan rd Bezier thuong dugc thyc hién thong qua
viéc chén knot bang cach cheén thém cac knot da co6 san cho dén khi bdi so cua
chung bang béc da thic va do d6 do lién tuc tai cac knot nay bang C°.
Cho mot vecto knot = = {cfl )6, ,...,§n+p+,} va mot tap hop cic diém diéu khién
P={P}" dinh nghia mot duong cong B-spline. Bang cach ap dung k¥ thuat
chén knot cho mot tap hop cac knot {9?1,52 yers 9?/ ,.. ,g‘m} can duoc 13p lai dé tao
ra phan rd Bézier tir duong cong B-spline, ta co thé viét

— AT — .

Pt = (C] ) P/,
trong d6 P' =P . Eq. (2. 8) thu dugc khi chén mot knot don g?/.,j =1,2,....m

2.8)

vao vecto knot géc va ma tran C’ duoc dinh nghia nhu sau

o l-a, O 0] @2
az 1 _ a3 0 e 0
Cj — 0 o, 1- a, 0 0 >
I 0 ... 0 Ao 1- X)) |

voi af,i=1,2,...,n+j 1a alpha thir i. Bﬁng cach thyc hién phép bién ddi dugc

dinh nghia trong biéu thue (2. 9) cho mdi knot dugc chén vao 5?/ , ta co duoc tap
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cac diém diéu khién cudi cing P”*' dinh nghia cic doan Bézier ctia phép phén
— N T T T
rd. Dat P’ = P"', ddng thoi dinh nghia C' = (C"’) (C"’_l) ---(Cl) , ta duoc
PP = C" P, (2.10)
(o)

(n:;;xd nx(n+m) nxd

1a cac tb hop tuyén tinh 16i cua cac diém didu khién ciia duong cong B-spline,
P vacCla mot ma tran dugc goi 14 todn tir trich xudt Bézier trong d6 cac hang
cong lai v6i nhau bang mot do tinh chit cua to hop 16i. Diéu can luu y 14 théng
tin can thiét dé xdy dung ma tran C chi 1a vecto knot, c6 nghia 1a toan tir nay
dung cho ca B-splines va NURBS. Bing cach két hop hai phuong trinh (2. 7) va
(2. 10), cong thirc lién hé gitra ham co s¢ B-spine va ham co s Bernstein dugc
biéu dién nhu sau

N'P=B'P’

P’ =C'P

N @2.11)
= N'P=B'C"P < N=CB.

Do d6, cac ham co s& B-Spline c6 thé thu duoc béng cach nhan ma trdn C
v6i cac ham co s& Bézier (co s& Bernstein). Bang lgi thé ctia phuong phap nay,
viée két hop IGA vdi co s FEA hién ¢6 duge don gian hoa thanh viéc phat trién
mot phan tu sir dung co so Bernstein va c6 mot tham so dé dwa vao ma tran trich
xuat Bézier. P6i v6i NURBS, quy trinh 4p dung toan tir trich xuat dugc thuc
hién nhu sau.

Cong thirc cia cac ham trong sé dwoc xac dinh trong biéu thirc (2. 1) ¢6 thé
duogc viét lai dudi dang ma tran nhu sau

n 2.12
:ZNW (&)w. =N"w=(CB)' w=B'C'w=B"w" =", (@12)

trong d6 w” = C"w 1a cac trong s6 trong tmg cta cic ham co s Bernstein. Viét
lai biéu thire (2. 3) 6 dang ma trén, ta co

1
R(&)=——-WN(¢),
w($)
véi W 1a ma tran duong chéo chira trong s6 cua cac diém diéu khién va dugc
dinh nghia la

(2.13)

W, (2.14)
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Thay thé ma tran N trong phuong trinh (2. 13) boi quan hé trong biéu thirc
(2. 11) dem lai cong thirc biéu didn co s6 NURBS theo co s¢ Bernstein nhu sau

1

R(E)=rm

w (&)

Quan hé giita cac diém diéu khién NURBS, P, va cac diém diéu khién
Bézier, P’ duoc dinh nghia nhu duéi day

P’ =(W’) C'WP,

WCB(8), (2.15)

(2.16)

trong d6 W” 1a dang ma trdn dudng chéo cua trong s6 Bézier dwoc hinh thanh tir

dang vecto w” nhu sau
W (2.17)

b
n+m
Doi voi cac co so nhiéu chi€u, toan ti trich xuat Bézier dugc dinh nghia
bang tich tenxo cta cac co s& mot chicu.

CHUONG 3: CO SO LY THUYET

3.1. The generalized unconstrained higher-order shear deformation theory

(UHSDT)

C6 thé thay rang 1y thuyet bién dang cit bac ba (TSDT) chira mot bién bac
ba ctia chuyén vi trong mat phang bi rang budc boi chuyén vi ngang va goc xoay.
Hon nira, TSDT gia dinh rang g sudt cét ngang triét tiéu ¢ mat trén va mat
duéi ciia tim, diéu nay khong hoan toan chinh xac. Trong khi xem x¢ét giai quyet
bai todn co lyc tic dung song song voi bé mit ctia cac tim, Leung da dé xuat mot
ly thuyét bién dang cit khong rang budc bac ba (UTSDT). Ngoai ra, UTSDT
cling kha thi dbi véi cac bai toan lién quan dén ma sat tiép xtic hodc truong dong
chay song song bé mit tim. Khac véi Iy thuyét TSDT ciia Reddy, 1y thuyét nay
cho phép thanh phﬁn bién dang cét co gia tri httu han & mat dudi va mat trén cla
tam. Mic du cac phuong trinh mé ta cia UTSDT c6 d6 phiic tap twong tu nhu
cua TSDT, loi giai cia UTSDT chinh xac hon so v6i cac 101 giai ciia TSDT khi
so sanh v6i nghiém chinh xac 3D. Ly thuyét bién dang cit khong rang budc bac
ba bao gom bay thanh phan chuyén vi, tirc 1a sau chuyén vi trong mét phing va
mdt chuyén vi cit.

Luan 4n nay dong gop mot 1y thuyét khong bi rang budc méi theo 1y thuyét
bién dang cat bac cao dugc goi 1a 1y thuyét bién dang cit khong rang budc bac
cao tong quat (UHSDT) dugc st dung dé tinh toan trong chwong 4. Mic du
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UHSDT ciing ¢6 bay thanh phan chuyén vi trong ty nhu cia UTSDT, nhung
thanh phin goc xoay bac cao phu thudc vao ham tuy y £ (z) théng qua do day
tam Trong UTSDT, ham bac ba (f(z) = 2%) dugc sir dung. Tac gia thay rang ung
sudt ct thong qua do day tAm phu thudc vao cac dic tinh khac nhau nhu s6 luong
lop, d6 day 16p va tinh chat vat liéu. Do d6, co thé khai quat hoa mot 1y thuyét
bién dang cit bac cao khong rang budc tong quét duoc viét dudi dang cac ham f
(z) sao cho no phan anh ng xr phi tuyén tot thong qua chidu day tim va co thé
cung cép céac 1oi giai tot hon UTSDT. Piéu nay thic day tac gia nghién ctru
UHSDT.

Trudng chuyén vi cia UHSDT dugc viét dudi dang cac ham f'(z) nhu sau:
u(x,y,z,0) =uy (x,3,0)+ zu (x, y,1) + f(2)u, (x, .1) 3.1
v(x,y,z,t) =V, (x,y,t) +2zv, (x,y,t) + f(z)v2 (x,y,t)
w(x,y,z,t) = w(x,y,t)

trong do [/ (x,y,t) >V (x,y,t) U, (x,y,t) s (x,y,t) U, (x,y,t) 5V, (x,y,t)Vé
w(x,y,t) 1a bay bién can xdc dinh. Theo d6, hai ham phan bd méi duge dé xuét

va ham ctia UTSDT duoc gidi tl}iéu nhu dugc chi ra ¢ bang 3.1
Bang 3.1: Ba dang ham phéan bo va dao ham ctia chung

M6 hinh f(2) f'(z)

Leung z 3z°

M0 hinh 1 arctan(z) 1
1+2°

M6 hinh 2 sin(z) cos(z)

3.2. Ly thuyét bién dang ciit bac cao dang lién tuc C* (C(*-type HSDT)

Céc ly thuyét bién dang cat da dé cap o trong luan an yéu cau lién tuc C°
hodc C! ctia truong chuyén vi tong quat. Ly thuyét bién dang cit bac cao (HSDT)
va ly thuyét bién dang cit ¢6 dién (CPT) c6 thanh phin dao ham trong cong thirc
chuyén vi. Trong mot sé phuong phap sb, thuong kho thue thi cac diéu kién bién
cho cac thanh phﬁn dao ham d6. Do d6, HSDT loai lién tuc C° duoc dé xuét kha
nhiéu.

Trong luan 4n nay, tac gia da sir dung C%-type HSDT cho phan tich cac tim
¢6 16 rdng thay doi chirc ning dan 16p ap dién dugc gia cudong bang cac tim
graphene (PFGP-GPLs) va tam vat lidu 4 ap dién thay d6i chirc nang trong chuong
5 va 6. HSDT loai lién tuc C% nay gop phan lam tang tinh méi cua ludn an.

Theo HSDT tong quat, truong chuyén vi cua diém bét ky diém tén tim c6
nam 4n s6 va co thé duge viét lai boi:

u(x,y,z,t)=u'(x,y,0)+z0’ (x,y,0)+ f(2)u’ (x, y,t) (3.2)

trong do
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u u, W, 0.
R o2 L3
U=qVe, W =9V W =—9W ¢ W= 9), (3.3)
w w, 0 0

voi u, ,v,,w,, 8. va 6 lachuyén vitrong mat phang, chuyén vi cat va cac goc

Xoay trong mat phang y-z, x-z twong; cac ky hiéu “,x” va ¢,y’ 1a dao ham cia ham
bat ky theo bién x va y twong tng.

Pé tranh dao ham bac cao trong cac cong thirc gan ding va dé dang ap dung
cac diéu kién bién tuong ty nhu quy trinh phén tir hitu han tiéu chuén, cac gia
dinh thém vao dugc thuc hién nhu sau:

WO,X :ﬂx > WO,y :ﬁy (34)

Thay thé phuong trinh (3.4) vao phuong trinh (3.3), chung ta dugc:
1 _ T, 2 _ r . 3 _ 9 0 r
u'={u, v, w}; u ——{,BX B, 0} ;u —{ 0, 0} (3.5)

Tir phuong trinh (3. 5), ¢ thé thdy rang truong tuong thich bién dang yéu
cau lién tyc C°. Ly thuyét nay co6 tén goi 1a 1y thuyét bién dang cit bac cao dang
lién tuc C° (C’-type HSDT).

Dua trén CO-type HSDT, bién dang ubn va cit duoc biéu dién nhu sau:

_ T_ o0 1 2.
s—{gn £, 7xy} =g +zg + f(2)e”;

. (3.6)
T={re 7.} =&"+/ ()"
trong do
Uy, B... 0.
=1 w, (&8==3 B, ;g8 =1 0,
Uy, Vo, ,BW + ﬂw 6’ o+ 9 (3.7)

50 WO,X - ’BX sl HX
g’ = ;g =
Wo.p — B y Hy

v6i f'(z)la dao ham ctia ham f(z) c4i ma s€ dugc chon sau.
3.3. Phwong trinh chii yéu ciia tAm composite nhiéu 16p q
Dinh luat Hooke tong quat cho mét vat li¢u di hudng dugc thé hién béi:

o, =0;¢; (3.8)
trong d6 o, la cac thanh phan tng suit, . la cac thanh phan bién dang va o
1a cac hé‘ s6 vit lidu “Giam b6t” cho cac bai toémﬂ2D voi i, j lién quan dél} cac
thanh phén cua hé toa do Descarte (x;,x,,x; ). Tong quat, O, c6 21 h¢ s6 dan
hdi doc 1ap. Bbi véi vat lidu truc hudng, sb luong thong sb vt liéu giam xudng
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¢on 9 cho cac bai toan ba chiéu. Hinh 3.1 minh hoa hé toa do vat liéu (x,,%,,x,
), trong do truc toa do vat liu x, dugc léy song song hodc trung vdi hudng soi
gia cuong, truc x, vudng goc voi hudng sgi trong mit phing cua 16p va truc X,

vuodng goc voi mit phang cia 16p.
X2

X1
Hinh 3. 1. Minh hoa 16p lamina cua térp composite nhiéu 16p.
Str dung quy luét pha trén, mot 1('rp lamina hang s6 dugc dinh nghia nhu sau:

E =Euv +Eu, S Vi =V, 0V,
___EE, G - GG (3.9)
: E.v,+E,v, T G,+G,v,
trong d6 E,,E, ;v,,v,;0,,0,va G,,G, 1a m6 dun dan hdi Young, hé sb

Poisson, khdi lugng va mé dun dan hoi cét twong mg, trong d6 f'va m lién quan
dén soi gia cuong va nén. Ngoaira, G s »G,, dugc tinh toan boi:
£, o~ B
G/F_2(l+v‘/.) ’Gm_2(1+vm) (3.10)
Bo qua o cho méi 16p truc huéng, phuong trinh chu yéu cua 16p tha k%
trong hé toa d¢ dia phuong suy ra tir dinh luat Hooke cho bai toan ung suét phéng
duoc cho boi:

9k

O'lk _Qn O, Qs O 0 51,( G- 1D
o) O, 0p, O 0 0 &
le 1= % e O O 0 e 1k 2
7 0 0 0 Os 0O Vs
753 0 0 0 Oy QO 1 53

trong d6 thanh phan giam ctng, Q,f , duoc dién ta nhu sau:
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k k ok k
Qk _ E1 . Qk _ V12E2 . Qk _ Ez . Qk _Gk.
11_1 ko k° 12_1 k_ k° 22_1 k_ k° 66 — 120
ViV ViV ViV

(3.12)
ngs = G1k3; Qﬁ4 = G;;

Méi quan h¢ tng suét bién dang trong h¢ truc do toan cuc (x, y, z) duogc
tinh bang
O-)l;‘ Qll QIZ Q]é 0 O ' gl'c
O-fy Qz sz st 0 0 € f}
T»kJ = Qf)l Qez st, 0 0 e fj (3.13)
O 0 0 QSS Q54 }/),:z
0 0 0 Q45 Qu v fz
trong 46 O 1a ma trdn hé s6 vat liéu hing chuyén dbi va dugc viét chi tiét nhu
sau:

k
sz

k
3 vz

Hinh 3. 2. H¢ toa d0 vat liéu va hé toan cuc cia tAm composite.
0, =0, cos* 0+2(Q, +20 )sin’ Gcos’ 6

0, = (Q” +0,, =40, )sin2 Ocos’ 0+Q, (sin4 6 +cos’ 9)

_ (3.14)
0,, =0, sin* 0+2(Q,, +20,;)sin’ O cos® 0+ Q,, cos* 6

0, =(0), —0,, —204)sinOcos’ 0 +(Q,, — Oy, +20; )cosOsin’ O
0, =(0,, —0,, =20, )sin’ Ocos 0 +(Q,, — 0,, + 20, ) cos’ Osin &
0, =(0,, +0,, =20, —20,, )sin® Ocos’ O+ Oy, (sin4 0+ cos* 6)
0., =0,,cos’ 0+Q sin’ O

0,5 =(0ss -0, )sinOcos O

Os; = Oy; cos” 0+ 0, sin” 0

Hg¢ toa d¢ dia phuong (vat li€u) va hé toan cuc cua thm composite dugc chi ra
trong hinh 3.2.
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3.4. Vit li¢u ap dién ) )
Phuong trinh chu yéu cua vat li¢u ap dién tuyen tinh co6 thé dugc biéu dién

nhu sau
6| |¢c —¢'|E
Dl |e ¢ ||E (3.15)

trong 46 & va ¢ 1a vecto bién dang va tmg suat tuong tng; ¢ 1a ma tran hé s6
dan hoi. Vecto truong dién E, c6 thé dugce dinh nghia
E=-gradg =-V¢ (3.16)
Luuy ré’mg, ddi véi loai vat lidu ap dién duoc xem xét trong cong trinh nay,
ma tran hang sO Ung suat ap dién e, ma tran hang bién dang 4p dién d va ma tran
hang so dién mdi g c6 theé dugce viét nhu sau:
0O 0 0 0 e 0 0 0 0 d,
e=|0 0 0 e Ofd=[0 0 0 d, 0|
e, e, e 0 0 d, 0

d,
g= pzz ]
P

3.5 Tam c6 16 rong thay dbi chire niing dan 16p ap dién dwge gia cwong bing
cAc tAm graphene (PFGP-GPLs)

Trong luan 4n ndy, mot mo hinh tAm gidng nhu dang tim sandwich véi chiéu
dai a, chiéu rong b va tong chiéu day h = h, + 2h,, trong d6 h, va h,, la chiéu
day cuia 16p 13i c6 15 rdng va chiéu day cta 16p dan trén bé mat (16p ap dién) nhu
duoc chira ¢ hinh 3.3.

15

33

(3.17)

Hinh 3. 3. Minh hoa tim ap dién c6 16 rong thay ddi chirc ning gia
cuong bdi GPLs.
Ba loai phan b6 15 rdng khac nhau doc theo chidu day cua cac tim bao gdm hai
loai khong ddng nhét va loai ddng nhit dwoc minh hoa trong Hinh 3.4. Ngoai ra,
ba miu phan tan GPL duoc hién thi trong Hinh 3.5 dwoc nghién ctru cho mdi
loai phan b 156 rdng. Trong mdi mau, ti 18 thé tich Vgp;, dugc gia sir thay doi
tuyén tinh theo hudng do day. Nhur co thé thdy trong Hinh 3.5, E} va E} 1a cac
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md dun dan hdi Young ti da va tdi thiéu cua vat lidu x5p khong dong nhit ma
khong c¢6 GPL, tuong ung, trong khi E'1a md dun dan hoi Young cia loai phan
phoi 16 rong dong nhat.

(a) Loai phan bo 1(3 rong khong dong (b) Loai phan b6 13 rdng khong
nhat 1 ddng nhat 2

h2 E

(¢) Loai phan b 15 rong ddng nhat
Figure 3. 4. Cac loai phan bo 10 rong

1z t=
2 h/2 S,
ol i~ ol —
-h/2 Pha > ;" -2 1o -h/2
(a) Phan tin (b) Phén tan B (c) Phan tan C
Figure 3. 5. Ba loai phéan tan 4, B va C ctia GPL cho moi loai phan bo
16 rong.

Dic tinh vt liéu bao gdm mo dun dan hdi Young E(2) , mé dun dan hoi cét
G(z) va khoi lugng riéng p(z) thay doi theo phuong z cho moi loai phan bo 16
rong dugc dinh nghia nhu sau:

E(z) = E, [1-¢,A(2)], (3.18)

G(z)=E(z)/ [2(1 + v(z))],

p(2)=p[l-e,A(2)],
trong d6

cos(zz/h,), Non - uniform porosity distribution1 ~ (3.19)
A(z)=qcos(rz/2h,+7/4), Non -uniform porosity distribution 2
A, Uniform porosity distribution

Vé6i E; = EJ va E; = E' cho loai phan b6 18 rong khong dong nhét va dong nhét
tuong tmg. p; la gid tri 16n nhat cia khoi luong riéng phan 13i tam. HE s0 16 rong
eo c0 thé duoc xac dinh bai:
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e, =1-E, /| E (3.20)
Thong qua giai thudt Gaussian Random Field (GRF), dac tinh co hoc cua
“closed- cell cellular solids” (tam dich chat ran té bao kin) dugc duara la

E(z)z(P(Z)/p1+0.121j2' for [015<p(z) ] (3.21)
E 1121 o

1
Heé s6 khdi luong ey, trong phuong trinh (3.24) c6 thé phat biéu nhu sau:

) L121(1-31=¢,4(2) (3.22)

e =
m ﬂ(z)
Ciing theo closed-cell GRF [128], h¢ s6 Poisson v(z) dugc suy ra
v(z)=0.221p +v,(0.342p7 —1.21p +1), (3.23)

trong d6 v; 1a hé s Poisson ctia nén kim loai khong ¢ gia cuong va p’ duge cho

nhu sau:
p =1121(1-3f1=¢,A(2)) (3.24)
Cén luu y réng dé co dugc sy so sanh c6 y nghia va cong lzénNg, khéi lwong
trén mot don vi bé mat M cua cac tam xop FG vdi cac phan bo 16 rong khac nhau
duogc dat tuong duong va cé thé dugc tinh bang

o2 (3.25)
—J:h‘/zp(z)dz

Tiép theo, hé s6 A trong phuong trinh (3.18) cho dang phan bd dong nhat
duoc cho nhu sau

S L 1(M/ph+o.121) (3.26)
- 0.121

Thé tich cia GPLs thay d6i doc theo do day cua tam cho ba miu phan tan
duoc mo ta trong Hinh 3.5 c6 thé dugc dua ra nhu sau

& €

S, [1—cos(zz/h,)], Pattern A (3.27)
Vip, =4S, [l—cos(zz/2h, +7/4)], Pattern B
S Pattern C

i3
trong do Sy, Sj; va Sz 1a cac gia tri tél da cua phan thé tich GPL vai = 1,2,3
tuong ung vdi hai dang phan phdi d6 xbp 16 rong khong dong nhét 1, 2 va dang
phan bd déu, twong tmg. Mdi quan hé giira thé tich 16 rdng V;p, va phan trong
luong Agp;, cua GPL duoc cho baoi

AorPo j - em/l(z)]dz—j Vot [1-€,A(2) dz.

(JPL pm + p(]PL (1PL p(;PL
Bang md hinh co hoc vi mo Halp1n—Tsa1 [129—13 1], mo6 dun E; duogc xac dinh

(3.28)
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£ - 2[1 + 80V on JE +§[1 +C 1V om JE (3.29)

1=17,Vsp, 1=-nVen
trong d6
¢, zzlﬂ’ G = 2Wgp, .7, = (Egp, 1 E,)—1 ’ (3.30)
Lo lopt (Egp 'E)+C,

_ (EGPL /Em)_l
w="r" 7\ ~
(Egp, | E, )+ 6,
V6i Wepp, lgpr VA tgp, 1an luot biu thi chidu rong, chiéu dai va do day trung
binh cta GPL; Ecpy va E,, lan luot 1a cac m6 dun GPL va ma tran kim loai. Sau
do, ching ta ¢6 thé xac dinh khoi lugng riéng p; va hé so6 Poison v, cia GPL
dugc gia co cho ma tran kim loai x0p theo quy tac pha tron nhu
P = PerVore + PuVus (3.31)

v, =V Vep, +V,.V, (3.32)
trong d6 pgpr, Vepr Va Vgpy, 12 khdi lugng riéng, hé sb Poison va thé tich cua
GPLs, tuong Ung; trong khi d6 pp, Vi, va Vip = 1 = Vgpy, dai dién cho khoi
luong riéng, hé so Poison va thé tich cua vat liéu nén tuong tmg.

3.6 Tam vit li¢u ap dién chirc nang c6 16 rong (FGPMP)

Xét mot tim FGPMP ¢6 chiéu dai a, chiéu rong b va do day 4. Tam duoc
lam bang vat liéu hdn hop PZT-4 va PZT-5H chiu dién thé @ (x,,z,t) nhu trong
Hinh 3.5, trong d6 cac bé mat hoan toan PZT-4 va PZT-5H dwoc phan bd & cac
16p trén cung (z = h/2 ) va dudi cing (z = —h/2) , twong Gng. Hai loai tim x&p
ap dién chic nang bao gom FGPM-I va FGPM-II dugc xem xét trong nghién
clru nay. Dm vOi mot kiéu phan bd déu, FGPM-I, cac tinh chat vat liéu hiéu qua
clia cac tim x6p 4ap dién thong qua huong d6 day duoc tinh toan bang md hinh
dinh luat dién bién doi (a modified power-law model) [82-83]:

c,.j( z)= (c —-c; )(Z ;jg+cfj —%(c}/‘.+cé.);
(1) = [(1.1).01.2).(1.3).(3.3).(5.5).(6.6)
6= -a)(Zeg ) +e-Sare) D= {BDCIE Gy

ky (2)=(k; —k;)[%%jg +kj - (k“ +h;); (i) ={(11).(3.3)}



trong d6 ¢; , ¢,va k, duogc dinh nghia nhu trén, g 1a chi s6 power dai dién cho
su phan bd vt liéu trén bé day tim, p 1a khdi lugng riéng; cac ky hiéu u va [ lan
lugt biu thi céc dac tinh vat ligu cta bé mat trén va dudi va  1a the tich 16 rong.

Loai phan b khong dong déu (uneven), FGPM-II, 16 rong tap trung nhiéu &
bé mit giita clia mit cat ngang va so luong 16 rdng sé it dan di vé 2 phia & mat

trén va mat dudi cia mat cit ngang. Trong truong hop nay, cac dic tinh vat lidu
duoc tinh bang:

¢y (z) :(c;’. —cfj.)(%+%}g +cl.'j —%(c;j‘. +cé)(l—%} ;
(1./) ={(1.1).(1,2).(1.3).(3.3).(5.5).(6.6)}

} (3. 34)

Dé chi ra anh huéng ctia phan thé tich 16 rong dén tinh chat vat liéu, tac gia
minh hoa su bién thién cua hé s dan hdi ¢, cia tim FGPM xép duogc lam béng
PZT-4 / PZT-5H so véi theo d6 day véi cac gia tri chi s6 power khac nhau nhu
dugce mo ta trong Hinh 3. 5. C6 thé thay rang hé sb dan hdi ciia tim FGPM hoan
hao a = 0 thi lién tuc xuyén qua bé mit trén cing (giau PZT-4) xudng phia dudi
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za

full P-4

Hinh 3.5. Hinh hoc va mit cat ngang ctia tim FGPMP.

bé mit (giau PZT-5H) nhu chi ra ¢ hinh 3.6a. Khi g = 0, hé s6 dan hi thi khong
d6i thong qua do day tAm. Cac dd thi biéu dién cua ¢ ciing duge vé trong Hinh
3.6b va Hinh 3.6¢ twrong tng cho tim FGPM-I va FGPM-II rong. Nhu da thiy,
dd thi biéu dién giéng nhau cho loai tim hoan hao FGPM va FGPM-I véi 15
rong. Tuy nhién, d6 16n cta hé sé dan hdi cia FGPM-I x6p thdp hon so voi tim
FGPM hoan hao. Do d6, do ctmg cia FGPM bi giam khi tin c6 xuét hién 13 rdng.
Hon nira, d6i voi loai FGPM-II, gi4 tri hé s6 dan hoi 16n nhat ¢ mat dudi va mat
trén va giam dan vé phia huéng khu vuc gitra nhu dwoc chi ra trong hinh 3.6¢.
Hinh 3.6d hién thi anh hudng cta 16 rong dén hé sd dan hoi. Nguoi ta thdy rang
d6 16n ctia hé s6 dan hoi cia tiam FGPM-II bang véi FGPM hoan hao & mat dudi
va mat trén, va béng v6i tim FGPM-I & bé mat gitia tAm.

05 = 05 _—
_______ 7 A
af o _e-T P N P L v ':
.- g - .- y
0 g=20 - s s}/ 9720 e P
Lo N ot S
02 ot o e N [} R p P ;
. ' . y
01 J & A (YR s '
; s . ol S ;
o ’ o
H A p o K g g08- ;
o1 u Py PN L R
] e ;S w0 o2f) /
ozf ! Pl 2f) . // gz’
03 // 6=02 03 e L,
o . =
04 7 L 04 o . g=0
e - oslue ez
e - !
05 75 8 85 e 05 10 105 " 15
095 1 108 11 115 12 (dl)‘.z 13 135 x‘o“l E i (Cll) 1
a) Perfect FGPM b) Porous FGPM-I
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05 cral 05
e
04 g=20 Pt 2 04
03 .2 Y 03
P
L
02 - /"‘»“ ’ 0z
. .
o Ao ey 01 FGPM-I
. 2 =0
£ o £ (T 50
g=0.8} S,
04 N * o4
H

02 N\ 1 \\‘ 02 FGPM

03 \ g=02, a3 —

a4 \ i M 04

N\ F 4
4 \l == "1.5“1 08 08 1 1.1 12 13 14
0.7 08 09 1 11 12 13 14 d & & 3 F E
Elastic coefficient (c11) <ot Elastic ovefficlent. (¢11) xtoft
¢) Porous FGPM-II d) FGPM, g=0.1

Hinh 3.6. Khao sat hé s§ dan hoi ¢, ciia tim FGPM dugc lam tir PZT-
4/PZT-5H voi a =0.2.

CHUONG 4: PHAN TICH VA PIEU KHIEN TAM COMPOSITE
NHIEU LOP CO DAN LOP AP PIEN

4.1 Gioi thiéu

Trong chuong nay, muc tiéu déu tién cta luan an duoc dé cap. Mot cong thuc
phén tr hitu han dé‘ing hinh hoc dua trén trich xuit Bézier cho ham co s& NURBS
két hop voi 1y thuyét bién dang cét bac cao khong bi rang budc tong quat
(UHSDT) dé phén tich  phan tng tinh, dao dong tu do va phan tich dap img dong
hoc tirc thoi cua cac tim composite nhiéu 16p. Phuong phap dé xuat cho phép
mdt gid tri hitu han cua tmg sudt cit & bé mat trén va dudi cua cac tim va khong
st dung hé s6 hiéu chinh cat. Cac 1 ung xtr dugc dua vao diéu khién thong qua vat
liéu ap dién.
4.2. Dang yéu cho tAm composite nhiéu 16p

Ly thuyét bién dang cét bac cao khong bi rang budc téng quat (UHSDT) co

thé dugc viét nhu sau:
u(x,y, z,t) =1u, (x,y,t)+zul (x,y,t)+ f(z)u2 (x,y,t)
v(x,y,z,0) = v, (%, p,0)+2v, (x, 3,8 ) + £ (2) v, (x, 1,t) .1
w(x,y,z,t) = w(x,y,t)

O day mé hinh 1 v6i f{z) = arctan(z) dugc sir dung. Vi thé, Iy thuyét bién
dang cit bac cao khong bi rang bude tong quat (UHSDT) c6 thé duoc goi 1a 1y
thuyét bién dang cit khong bi rang budc lugng giac nguogc (UITSDT)

Do d6, vecto bién dang trong mit phing g, dugc biéu thi bang phwong trinh sau

e, =g, €, 7xy] =g, +z8 + f(2)g, (4.2)

va vecto bién dang city co dang
r s ! s 4 3
y =|:;/xz }/yz] =80+f(Z)81 ( )
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trong d6 f (z) la dao ham ciia ham f{z) va

u u u
0,x 1x 2,x . ul + Wx
g, = V., g = Vv, g, = % g, = ’
0 0,y > ®1 Ly > %2 2,y >0 Vl +W’y 4 (4 4)
v(),x +u0,y + ul y V2,x + Z'{2 y

Mot dang yéu ciia mé hinh tinh cho cac tAm dudi tai ngang ¢o c6 thé duoc

viét la
[, 3D, dQ+[ &'D,ydQ=[ 5wq,dQ (4.5)

trong d6 g, 1a tai tac dyng vudng goc voi tam trén 1 don vi dién tich.
Tur dinh luat Hooke Vé‘l’bién dang tuyén tinh dugc dua ra boi cac phuong
trinh (4. 2) va (4. 3), tng suat duoc tinh bang
c D o0 |¢
o=| 7 |= _ Pl=ce
T 0 D | v (4.6)
[

c €

trong 46 ¢, and T la thanh phan (ng suit trong mit phang va (mg suét cit; D

va D, la cdc ma tran hang s6 vat liéu dugc dua ra dudi dang

A B E
]_)=BDF']_)—A3 5, 4.7
s s T B D ( )
E F H o
trong do
(4B, Dy Ey iy Hy) = [ (12,2, £(2), 27 (2), £2(2)0,
1]=126 (4. 8)

8.0 =" [Lr@(f () ]0,dz i.j=4.5
trong do Qij 1a ma tran hing sb vat lidu bién doi.
Dbi véi phan tich dao dong cudng birc cua cac tam, mot dang yéu c6 thé
dugc suy ra tir phuwong trinh can bang dong khong giam chan sau day:
™ ™ ST
jﬂ &' De dQ + jgay D ydQ+ jQ S’ midQ = jﬂ Swq(x, y,)dQ 4.9
trong d6 ma tran khéi luong m dugc tinh theo dang ddng nhét nhu sau:

I, I, I, w2
m=\I, Iy I ,([],12,]3,[4,[5,16)= j p(l,z,zz,f(Z),Zf(Z),fZ(Z)>dZ (4 10)
I I I —h/2
4 A5 g
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trong d6 p 1a khéi luong riéng,

u1 u(] ul MZ (4 11)
u=-<u,r,u Vo (30, =9V, Uy =9,
u w 0 0

Can luu ¥ rang khong c6 luc bén ngoai nao dwoc yéu cau trong cac bai toan
dao dong tu do va cac thanh phan & phia bén phai ciia phwong trinh (4. 9) do d6
twong duong voi khong.

4.3. Céong thirc xAp xi dyra trén trich xuit Bézier cho ham NURBS

Bing céach sir dung trich xuat Bézier cho NURBS, trudng chuyén vi u cua

tam duoc tinh gan ding nhu sau

w'(Em)= DR (£, 4. 12)

trong d6 nxm 14 s6 ham co s, vax’ = (x ») lavecto toa do vatly.

Trong phuong trinh (4. 12), R; (5,77) la ham co s6 NURBS cho cac bai toan
hai chiéu dugc viét dudi dang két hop tuyén tinh cua toan tir trich xuit Bézier va
da  thuc  Bernstein, P, la diéem diecu khien A4  va

q,=[up, Vo, t, Vi, Uy, v,, w,]| lavectoctabic tudonatlién quan
dén diém diéu khién A. ,

Bang cach thay thé phuong trinh. (4. 12) v6i phuong trinh (4. 2), bién dang

trong mat phang va bién dang cat c6 thé dugc vict lai thanh

mxn

T m bl b2 5 P
[8,; Y:| ZZ[BA B, B, Bj BA'] q., 4.13)
A=1
trong do
R,, 0 000O0O 00 R, O 000
B7= 0 R, 0000 O[,B/=[00 0 R, 000
R,, R,, 00000 00 R, R, 000
4. 14)
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0000R, O
B7=/0 0 00 R,,
0000R, R,
BSI_OORA 0 0 R, g_|0 000 R 00
100 0 R, 00 R, " 0000 O R O

Bing céch thay thé phuong trinh. (4. 13) v6i phuong trinh (4. 5), cong thirc
phan tich tinh thu dugc ¢ dang sau
Kq=F 4. 15)

trong d6 ma tran d6 cling toan cuc K duoc dua ra boi

T
Bm A B E Bm

sl r sl
A, B,
K:I B". |B D F|iB"!+IB o BB g (4. 16)
Q B.v2 B D B52
BbZ E F H BbZ S S

va vecto tai F dugc tinh nhu

F=|[ q,R,d0 (4.17)
trong do
R,=[0 0 0 0 0 0 R,] (4.18)
Cho phan tich dao dong tu do,
MG+Kq=0 (4.19)

trong d6 ma khéi lugng toan cuc M duoc dua ra boi
N[ 1, I[N,
M=[ 4N | |L L I || N, |dQ

N, | |1, I, I ||N,

(4.20)

voi
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R, 0 000 O O
Ny={0 R, 00 0 O O
0 0 0 0 0 0 R, 4.21)
00 R O OOO 000O0R OO0
N,=/0 0 0 R, 0 0 O;N,=/0 0 0 0 0 R, O
00 0 0 O0O0O 0000 O 0 O

DPbi v6i phan tich dao dong cudng bire, cac phuong trinh roi rac dong khong
giam chan c6 thé dugc bi€u thi tir phuong trinh (4. 9) nhu sau:
Mg +Kq =F(?) (4.22)

. Dé giai quyét bai toan phu thudc thoi gian nay, mot sb phuong phap da dugc
dé xuat nhu Wilson, Newmark, Houbolt, Crank-Nicholson, v.v. O day, phuong
trinh (4. 22) dugc giai quyét bang phuwong phap Newmark.

4.4 Cong thirc xap Xi ciia truomg dién thé
bé xap xi gan diing truong dién thé, tac gia phan tach ting 16p 4p dién mong
thanh nhiéu 16p hitu han thong qua phuong kich thuge chidu day. Ngoai ra, bién
thién dién thé duoc gia su la tuyén tinh trong mdi 16p con va duoc tinh gan dung
xap xi thong qua chiéu day 16p ap dién nhu sau:
#'(z)=N! ¢ 4.23
)
trong do N; 1a cac ham hinh dang cho dién thé v&i p =1, va 1a ¢'1a vecto chira
dién thé tai bE mat trén va dudi cia 16p con thir i,
o = [¢"“ ¢’] (i=12,....,n,,) trong d6 nysla s6 16p 4p dién.
Dbi véi mdi phan tir lop ap dién, cac gia tri cia dién the dugc gia str la béng
nhau & cung d¢ cao doc theo do day. Pién truong E co6 thé duoc viét lai thanh
E=-VNy¢' =-B,¢' (4.24)

{ | } (4.25)
=Jo 0 —
hp

Luuy rang, dbi vai loai vat lidu 4 ap dién duoc xem xét trong cong trinh nay,
ma trdn hang s6 ap dién e va ma tran hang s6 dién moi g cuia 16p tryc hudng thir
k trong hé toa d¢ dia phuong dugc viét nhu sau:

trong do

0 0 0 0 ¢ p, 0 07"
=0 0 0 ¢ 0 : ¢g%=l0 p, O (4.26)
e e, e 0 0 0 0 py

Tuy nhién, cac 16p lamina thudng dwoc lam bang nhiéu 16p truc hudéng véi
cac hudng sgi khac nhau cho cac tinh chat dién moéi va ap dién. Vi vy, ma tran
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héng $6 ung sut ap dién cho 16p truc hudng thir £ trong hé toa do toan cuc duoc
dua ra boi

o 0 0 0 g 0" p, 0 ol
=0 0 0 g 0 0o ; g’=0 B, O (4.27)
& & & 0 0 0 0 0 Py

trong d6 €, va p, 1a cac hing sb vat ligu bién ddi cta 16p lamina thir k va dwoc
tinh tvong tu nhu Q.j. .

4.5 Phwong trinh chqyén dong chu yéu i
Phuong trinh chuyén dong chu yéu c6 thé dugc suy ra dudi dang sau:

I S
0 0]l¢| K. K, o] [Q) (4.28)

trongdé
j B/cB,dQ ; K, = j B/¢'B,dQ
. (4.29)
K, =[ BjgB,dQ ; M, =[ N'mNdQ
voi
é=[e] ze) f(2)e) e [(2el],
0 0 0 0 e, 430)
e, =0 0 O0le=le; O
eSl e32 e}} 0 O

va B, =[B” B” B” B" B”]"; m vA N duoc dinh nghia twong tu nhu
phuong trinh (4. 14) va (4. 20).
Do dién truong E chi ton tai theo hudng z, nén K,, trong biéu thirc (4.28)
c6 thé duoc viét lai thanh
T
K, = j((B ) emTB¢ +Z(Bbl) TB +f(z) Bb2 e,'B )dQ 4.31)
Q
Thay thé dong thir hai cua phuong trinh (5.6) vao dong dau tién, thu duoc
dang rut gon la
Md+(K,, +K,K 'K, )d=F+K, K 'Q (4.32)
4.6 Phan tich diéu khién chii dgng
Xem xét mot tam composite tich hop tam ap dién voi cac 16p n (n > 2) (Xem

Hinh 4. 1). Lép cam bién & phia dudi duoc ky hiéu 1a cac chi s6 s va dién tich O
=0.
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— Actuator input
Actuator layer = —‘
FG porous with GPLs Controller

Hinh 4. 1. Luu db cta tAm nhiéu 16p tich hop véi cam bién va truyén dong.

Sensor layer

— Sensor output

Do loi héng G, va G, cua tin hi¢u phan hdi chuyén vi va vén tdc do d6 duoc
sir dung dé két hop (couple) vecto dién ap bo truyén dong dau vao ¢, va vecto
dién 4p cam bién dau ra ¢, nhu sau:

4, =G,0 +G,9, (4.33)

I\]éu khong c6 dién tich Q bén ngoai, di¢n thé duoc tao ra trén 16p cam bién

c6 thé duogc lay tu phuong trinh thir hai ciia phuong trinh (4.28) nhu sau:
6 =[Ky] [Ka] 9, (4.34)

Phuong trinh (4.34) ¢ trén cho thdy riang, khi mot luc bén ngoai lam bién
dang tim, céac dién tich dugc tao ra trong 16p cam bién va sau d6 duoc khuéch
dai thong qua diéu kh}en vong kin dé chuyén thanh tin hl@ll: Tin hi¢u nay sau (jo
duoc gui dén bg truyen dong phén tan va tao ra dién ap dau vao cho bg truyen
dong. Cudi cung, mot luc tong hop phat sinh thong qua hiéu ing ap dién nguoc

va lyc nay chu dong diéu khién dép tg tinh cta tim composite nhiéu 16p.
Thay thé cac phuong trinh (4.33) - (4.34) cho phuong trinh (4.28), ta c6 duoc

Q =[Ku] .-G, [K, ] [K;] [K.] d.-G[K, ] [KS] [K.] 4, 435)

Thay thé cac phuong trinh. (4.33) va (4.35) cho phuong trinh (4.32), c6 dwoc

Md+Cd+K'd=F (4.36)
trong do
K =K, +G,[K, ]| [Ky][K, ] (4.37)
va ma tran giam chin, C, c6 thé dugc tinh toan
= Gv |:Ku¢ :L [K;qlﬁ :L |:K¢u :|S (438)
Néu khéng c6 giam chan, phuong trinh (4.36) c6 thé duoc viét lai nhu sau
Md+K'd=F (4.39)
Cho phaén tich tinh, phuong trinh (4.39) con lai
K'd=F (4.40)

4.7. Két qua va thio luin
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4.7.1 Tz“'m} composite nhiéu 16p
Mot tam hoan toan tua don 4 16p [0%90°/90%/0°] chiu tai dao dong hinh sin

dugc xem xét g(x,y) =g, sm( )sm(—) Ty 1& chiéu dai / chiéu rong 1a a/b =

1vatylé chiéu dai trén do day laa/h = 4, 10, 20 va 100, tuong ung. Vit li€u c6
E =25E,,G,=G,; =0.5E,,G,;, =0.2E,,v, =0.25.

Chuyén vi va ting suat khong thir nguyén dugc cho:

h aah, _ W’

= (100E,1 W=, %,0)/ ga*;5, =0, ( )5, =50, (=
2°2 qa qa

aan “ﬁﬁ)
*2°272 2°2°4

(4.41)
B
qa
Bang 4.1 hién thi cac két qua thu duoc ciing véi cac 16 giai khac cho chuyén
vi va iing suét chuén hoa (khong thir nguyén). Cac két qua thu duoc dya trén mo
hinh dé xuat dugc so sanh véi cac két qua tham chiéu khac dua trén 1y thuyét béc
ba khong rang budc str dung chudi Navier (UTSDT) va sir dung giai phap sé
RPIM-UTSDT. Ngoai ra, IGA-UITSDT ciing dugc so sanh v6i cac 101 giai giai
tich cia Reddy, TSDT va nghiém chinh x4c 3D ctia Pagano. C6 thé thiy rang
IGA-UITSDT la ddi thii canh tranh manh hon cic phuwong phép sé tham khao
khac cho tit ca cdc ty 1¢ a/h. So sanh véi IGA-UTSDT, IGA-UITSDT cho két
qué tot hon mot chut, dic biét 1a ddi v6i cac tim day. Chuyén vi chuan hoa va
(g suat cta phuong phéap dé xuét phu hop t6t voi cac 10 giai giai tich. D6i voi
mot tim day c6 a/h = 4 va 10, két qua thu duoc chinh x4c hon cac 101 giai so
sanh khac. Chung tham chi con vuot xa két qua TSDT cua Reddy. Hon nita, tmg
suét cdt cia mo hinh dé xuét gin v6i nghiém chinh xac 3D.

Hinh 4.2 v& so d6 phan bd tng suit thong qua do day cia tim vudng bon
16p v6i a/h = 4. Co thé thiy rang két qua dé xuat phi hop tot voi cac 10 giai cia
IGA-TSDT. Pang chu ¥, ing suat cat ngang cia UTSDT va UITSDT dua trén
IGA 1a khic khong ¢ bé mit trén va dudi clia tm. Tuy nhién, két qua sai khac
cua 2 loi giai (Bang 4.1 va Hinh 4.2) khong 16n. Vi thé, cac két qua thu dugc 1a
chinh xac dudi tai trong uon trong khi ma sat tiép xuc hoic truong dong chay
doc theo 16p bién khong nam trong pham vi nghién ctru cua ludn an nay. Nhimg
nd lyc nghién ctru trong twong lai dang dugc tién hanh dé nghién ctru ap dung ly
thuyét UITSDT cho bai toan ¢ sy hién dién cua luc kéo song song bé mit tim.

O-‘T:

6,005 =" 6 0%05, =" 0 (%00
’ 27 ga 2 ¥ ogqa T2

Bang 4.1: Chuyén vi va ung sudt khong thir nguyén cua tim vudng 4 16p
[0°/90°/90°/0°] chiu tai phan bd hinh sin.

alh

Phuong phap w o, g, G, o, -

4 TSDT 1.8937  0.6651  0.6322  0.044 02064  0.2389
RPIM-UTSDT 1.9024 07044  0.6297  0.0478  0.2169  0.2494
UTSDT 1.9023 07057  0.6309  0.0461  0.2064  0.2389
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IGA-UTSDT 1.9023 0.7040 0.6294 0.0461 0.2138 0.2460
IGA- UITSDT 1.9031 0.7041 0.6296 0.0460 0.2142 0.2462
Elasticity 1.9540 0.7200 0.6630 0.0467 0.2190 0.2910
TSDT 0.7147 0.5456 0.3888 0.0268 0.2640 0.1531
RPIM-UTSDT 0.7204 0.5599 0.3903 0.0280 0.2887 0.1580
UTSDT 0.7204 0.5609 0.3911 0.0273 0.2843 0.1593
IGA-UTSDT 0.7204 0.5596 0.3901 0.0273 0.2842 0.1593
IGA- UITSDT 0.7204 0.5596 0.3902 0.0274 0.2832 0.1612
Elasticity 0.7430 0.5590 0.4010 0.0275 0.3010 0.1960
TSDT 0.5060 0.5393 0.3043 0.0228 0.2825 0.1234
RPIM-UTSDT 0.5077 0.5425 0.3046 0.0233 0.3120 0.1167
UTSDT 0.5078 0.5436 0.3052 0.0230 0.3066 0.1279
IGA-UTSDT 0.5078 0.5424 0.3045 0.0229 0.3066 0.1278
IGA- UITSDT 0.5078 0.5424 0.3045 0.0229 0.3079 0.1278
Elasticity 0.5170 0.5430 0.3090 0.0230 0.3280 0.1560
TSDT 0.4343 0.5387 0.2708 0.0213 0.2897 0.1117
RPIM-UTSDT 0.4321 0.5351 0.2700 0.0220 0.2986 0.0704
UTSDT 0.4344 0.5389 0.2709 0.0214 0.3154 0.1153
IGA-UTSDT 0.4344 0.5376 0.2702 0.0213 0.3153 0.1152
IGA- UITSDT 0.4344 0.5389 0.2709 0.0213 0.3153 0.1152
Elasticity 0.4347 0.5390 0.2710 0.0214 0.3390 0.1410
zj o - :4 f‘
03 »* 03 f_ _______ ~
02 02 “,,r"
5 e 5 e
ki o § = = = IGA-UHSDT s o1 /" /-r - :gﬁ:-rm
22 p 'i e P -f - = = IGA-UHSDT
04 "r" 04
e i M,mm e Bl
ul S ——
- N e - <
g -0.10 * g-a: -:-:xuwr:; .}
02 \.‘ o2 Lo .
e N - I

230 [) 005 P31 <% o o5 o1 om0z 0z 05 0% 04
Normalized stress s, (0.02) Normalzsd sires o, (052.2)
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Hinh 4. 2. So sanh sy phan bd ng suét thong qua bé day tim vuong
composite 4 16p (a/h = 4).

4.7.2 TAm composite ap di¢n

Xem xét mot tAm nhiéu 16p twa don SSSS (20cm x 20cm ) chiu tai phan bd
déu ¢ = 100 N/m?. TAm nay dugc dan boi l6p gém ap dién trén ca bé mat dudi
va trén d6i xtimg. N6 bao gom bbn 16p composite tong hop va hai 16p piezo bén
ngoai dugc ky hiéu pie. Céu triic cia mot 16p laminate cua tim composite 1a
[pze/ 6/0 1, va [piel- 0/ 6 ]us trong d6 chi s6 “s” chi ra lamina d6i xtmg, va chi
sO “as™ 1 lamina bat d6i xtmg, va 6 1a huéng soi ciia cac 16p. TAm composite
nhiéu 16p khéong c6 16p ap dién day 1mm, va cac 16p cta nd c6 cung d6 day. Lp
piezo ¢ do day 0,1mm.

Dau tién, nghién ctru tam composite 4p dién SSSS véi cac goc hudng soi
khac nhau bao gom [pie/-15/15]us, [pie/-30/30]as, [pie/-45/45]as va [pie/-45/45];.
Mot ludi cac diéu khién Bézier véi cac phan tir bac hai va 13x13 phan tir duge
sit dung & day. Bang 4.2 hién thi chuyen vi clia diém trong tdm cia tam
composite ap dién chiu tai phan bb déu vai cac dién ap dau vao khac nhau. Két
qua ctia IGA-USSDT c¢6 thé duge xem la tring khép t6t v6i két qua ciia cac tac
gia khac trong truong hop p =3.

Bang 4.2: Chuyén vi ctia diém trung tim ciia tim compos1te ap dién tya don chiu

tai phan b déu véi cac dién ap dau vao khac nhau (x10 * m)

; Phuong phép
Hiéu dién Cau tric 16p cua IGA- IGA-
thé dau vao  tam CS-DSG3  RPIM USSDT  USSDT
r=2) Pp=3)
oV
[pie /-45/45]; -0.6326 -0.6038 20.6230  -0.6356
[pie/-45/45]as -0.6323 0.6217 -0.6205  -0.6139
[pie /-30/30]as -0.6688 -0.6542 0.6572  -0.6656
[pie /-15/15]as -0.7442 -0.7222 -0.7400  -0.7436
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SV [pie /-45/45];
[pie /-45/45).s
[pie /-30/30].s
[pie /-15/15).s

10V [pie /-45/45],
[pie -45/45]us
[pie -30/30]us
[pie -15/15]as

-0.2863
-0.2801
-0.2957
-0.3259

0.0721
0.0601
0.0774
0.0924

-0.2717
-0.2717
-0.2862
-0.3134

0.0757
0.0604
0.0819
0.0954

-0.2767
-0.2744
-0.2882
-0.3192

0.0788
0.0720
0.0805
0.1015

-0.2845
-0.2820
-0.2965
-0.3281

0.0689
0.0602
0.0686
0.0887

Va hinh 4.3 cho thiy d6 vdng cua tdm véi cac dién ap dau vao khac nhau 0V,
5V, 8V, 10V. Do vong giam khi ting dién ap dau vao do hiéu Gng ap dién.
Chuyén vi di 1én cao d6i v6i dién ap dau vao 1a 10V. Mot 1an nita, ching ta c6
thé thdy rang két qua thu dwoc va két qua cta cac 1a nhu nhau. Ngoai ra, goc
huéng soi ting, do l1éch cua tim ciing giam. D61 voi dién ap dau vao 10V, bién
dang 1éch ctia n6 khac vai dién ap khac do vecto dién truong E tao ra lyc dién
trueong. Lyuc dién truong nay ngugc voi luc co. Do d6, vai cung tai co hoc, dién
ap dau vao cang 16n 1am cho chuyén vi cang nhé hon. Tuy nhién, cdn han ché

gia tri cia dién ap dau vao de han che su pha huy cac cau tric.

Deflection

~0 0.05 0.1 0.15 02
Distance x

(a) [pie/-15/15as
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0.1
Distance x
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x10°

1oV

I Sy W Ll

Deflection
Deflection

0 005 04 0.1 0.2 ~o 005 01 015 02
Distance x Distance x

(¢) [piel-45/45] (d) [pie/-45/45];
Hinh 4.3 Chuyén vi du@ng tam ctia mot thm gornposite ap dién tya don chiu tai
phén bo déu va cac dién ap dau vao khac nhau.

Tiép theo, tac gia dwa ra nghién ciru diéu khién dap tmg chuyén vi tinh cua
tam [pie/-45/45];. Trong hinh 4.4, chiing ta c6 thé thdy anh huong cua d6 loi Ga.
Khi ting G4, d6 vong trd nén nho hon. Giai thich cho diéu nay 1a khi tai bén
ngoai lam bién dang tim, céc dién tich dugc tao ra trong 16p cam bién; sau d6
chung duoc khuéch dai thong qua diéu khién vong kin. Tin hiéu duoc chuyén
ddi sau d6 duoc gui dén bo truyén dong va tao ra dién ap dau vao cho bd truyén
dong. Két qua mdt lyc duogce tao ra thong qua hi¢u tng ap dién nguoc va luc nay
chu dong kiém soat dap ung tinh ciia tim nhiéu 16p ap dién.

o

002 004 006 008 01 012 014 016 018 02
Distance x (m)

Hinh 4.4. Anh huéng cta do loi G, cua tin hidu hdi tiép chuyén vi dbi véi
d6 vong tinh ctia tam composite ap dién.

CHUONG 5:~PH{AN TiCH VA };IEU KHIEN PAP UNG CUA TAM AP
PIEN CO LO RONG THAY POI CHU'C NANG PUQC GIA CUONG
BANG CAC TAM GRAPHENE

Trong chuong nay, lan dau tién tac gia trinh bay phén tich phan tir hiru han
Bézier dang hinh hoc cho phan tich udn va dap tng tirc thoi cua cac tam c6 10
rong thay do6i chire ndng (FGP) dugc gia co boi cac tam graphene (GPL) c6 dan

38



cac 16p ap dién. Cac Kkét qua chua duogc ai cong bd trude day. TAm vat liéu nay
goi tit 1a PFGP-GPL.

Ca phén tich tuyén tinh va phi tuyén cua céac cdu tric duoc dua ra. Cac tim
dugc cau thanh boi mot 16p 181, chira cac 16 bén trong va GPL phan tan trong ma
tran kim loai dong nhét hodc khong dong nhat theo ba mau khac nhau va hai 16p
ap dién 1ien két hoan hao trén bé mit trén va dudi cia tim chii. Mot Iy thuyét
bién dang cit bac cao loai C” (C° - HSDT) dugc st dung. Ngoi ra, 1y thuyét hién
tai dwoc phat trién hon nira dé phan tich va diéu khién cac phan ung phi tuyen
hinh hoc cua cac tam PFGP-GPL. Phuong phap diéu khién phan hoi chuyen vi
va van tdc khong doi duoc ap dung dé diéu khién chu dong tinh phi tuyén hinh
hoc ciing nhu cac phan tmg dong cua cac tim xdp FG, trong d6 hiéu ing cua
giam chén céu triic dugc xem xét, dya trén diéu khién vong kin véi ap dién cam
bién va co ciu chip hanh.

Trong chuong nay, tac gia sit dung C’ - HSDT duoc dua ra trong chuong 3

. . 2
cho cau truc tam nay. Ham f'(z) dugc chon f(z) = hartan(f) —z . Do cong thirc

cho timng trudng nén dugc xap xi mot cach doc 1ap, xap xi trudng dién da duoc
dua ra trong chuong 4.
5.1 Ly thuyét va cong thirc tim PFGP-GPLs

Vecto bién dang cho bai toan udn:

o o L[ O O 10w Ou
72 axj ox, 2 Ox, 8x].

1
Theo gia thiét von Karman, moi quan hé gifra bién dang va chuyén vi co thé
duoc viet nhu sau:

T
€= {é‘xx £, ;/Xy} =¢"+z¢' + f(2)e”

. 1)

. . | ’ (5.2)
v={r. 7.} =€'+f(2)e
trong do
uO,x 1 M},zx ﬂx,x
g =1 v, +5 w =g’ +€’y, & =-1 B,
u01+v0x zwxy IBX,1+ﬂyx
©(5.3)
ex,x
0

Trong d6 thanh phan phi tuyén duoc xac dinh
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w
1t wel 1
eu = 0w, _EAge (5.4)
w

5.2. Xép xi trwong chuyén vi co
Dua trén trich xuat Bézier cia ham co s6 NURBS, truong chuyén vi clia tam
duoc xap xi nhu sau:

mxn

u' (&)= 2 RS (S, (5.5)

Trong d6 m*n 14 s6 ham co s6. Trong khi d6 R’ (&,7) ky hiéu mot ham co
s6 NURBS cai ma 1a su két hop tuyén tinh giita toan tir Bézier va da thic va
d, = |:MOA Vou Wi Bu Bu G4 0, JT la vecto bac tu do tai nat lién quan
dén diém dicu khién A.

Thay thé phuong trinh (5.5) vao (3.13) ta ¢c6

mxn

[ev] = Z(Bi +%B§LJdA (5. 6)

A=1

Trongdo B =[B, B B, B} Bj|

A

R,, 0 00000 000R, 0 00
B, = R, 000 0 0 ,B=—0 0 0 R, 0 0
R, R, 00000 000R, R, 00
0000O0R,, 0 (5.7)
B,=|0 0 0 00 R,,
00000 R, R,

oo R, -R, 0 00] _[0000O0O0R, 0
B = : B
4 0 R 7100000 0 R,

va B)" dugc tinh boi

0
- Wg* 00R,, 0000]_
4= Parlloor,, 0000|004 (5-8)
WA,y WA,x
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5.4 Phwong trinh chuyén dong chii yéu

EHE G -
0 0J[¢] K, -Kylé] [Q) -9)

KW:jQ(BL+BNL)Tc(BL+lBNL)dQ ; K, =[ (B")e'BdQ
(5. 10)

K,=[ BjpB,d2 : M, =[ N'mNdQ ; f=] gNdo

5.5 Két qua sb
5.5.1 Phén tich d4p tng tuyén tinh ciia tim FGP-GPLs
Trong vi du nay, mot tam SSSS FGP-GPL c6 chiéu dai 0,2 m va d6 day 0,01
m dugc nghién ctru dé chimg minh tinh hiéu qua va d9 tin céy ctua phuong phap
dé xuét. D01 v6i bai toan nay, tim FG chiu tai trong cit ngang phan b6 hinh sin
trong mién khéng gian va thay dbi theo thoi gian bao gdm tai trong budce, hinh

tam giac, hinh sin va tai nd trong d6 £, =0.003 s ;7 =330 5" va q, =15 MPa.

Budc thoi gian Az = 2.107° duoc chon trong nghién ciru ndy. TAm dugc dan boi
céc 16p ap dién & ca bé mit trén va dudi cua tim, duoc goi 1a PFGP-GPL, véi do
day ctia mdi 16p 4p dién ip = lmm. Trong vi du nay, nghién ciru sinh ciing nghién
ctru anh hudng cua cac hé sb 16 rdng khac nhau doi vai cac dap ung tirc thoi cta
cac tim FGP-GPL va PFGP-GPL véi loai phan bd 16 rdng 1 trong truong hop
Agp, =0va Ay, =1wt% , tuong Gmg. Chuyén vi tai tim khong thtr nguyén
theo thoi gian cua cac tim FGP-GPL va PEGP-GPL duoc thé hién twong tmg
trong Hinh 6.1 va Hinh 6.2. C6 thé thiy ring bién do cia dap ung dong trong
truong hop tdm PFGP-GPL nho hon trong truong hop tim FGP-GPL trong khi
tam x6p cho chuyén vi 16n hon tm rén. Luu ¥ ring c6 thé dwa ra so sanh nay vi
d6 day cua 16p ap dién rat mong. Két hop véi vat liéu ap dién, dap tmg dong cta
chu triic s& giam di rat nhiéu.

Forcod vibration ' Free vibration Hinh 5.1: Anh hudng cia cac

hé s6 16 rong khac nhau dén
cac dap tmg tirc thoi cla tdm
FGP-GPL va PFGP-GPL cho
loai phan b 15 réng 1 va
Agp, =0dudi tai bude.

Normalized central deflection

T'imeis) x103
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04 P ST P—— Hinh 5.2: Anh huong cia

cac hé s6 16 rong khac nhau
dén cac dap tmg tirc thoi cua
tim FGP-GPL va PFGP-
GPL cho loai phan bd 15
rong 1 va Agp =1wt%

e = 0.0, TT(P(TI

dudi tai sin.

Normalized central deflection

Time (s) w10

Hon nita, anh hudng cua céc gia tri trong lugng GPL khac nhau ddi véi cac
dap tg tirc thoi cua tim FGP-GPL va PFGP-GPL tuong (g v&i loai phan b
16 réng ddng nhit va mau phan tan A véi ey = 0,2 chiu tai hinh sin ciing dwoc
dua ra trong Hinh 5.3. Hinh 5.4 dua ra chuyén vi tai tim cia tdm theo thoi gian
chiu tai budc véi cac gia tri trong lugng GPL khac nhau cho ba mau phan tan
GPL, loai phan b 16 rong ddng nhat va ey = 0,2. Tir Hinh 5.3 va Hinh 5.4, tim
PFGP-GPL cung cip gia tri d6 vong tai tam khong thir nguyén nho nhét. Ngoai
ra, d0 thi dap g tirc thoi tai tdm cua cdc tam FGP-GPL va PEGP-GPL dbi Vi
mdt s6 truong hop co loai phan b 15 rong 1, md hinh phan tan A dudi tai nd
duoc vé trong Hinh 5.5. Co thé quan st rang tam c6 su hién dién cua 16 rong,
dugc gia ¢d boi GPL va dugc dan 16p ap dién mong cung cap do 1éch rat nho khi
so sanh v6i cdc truong hop khac. Nhu mong doi, sy két hop cua loai phan b6 16
rong 1, kiéu phéan tan GPL A va tich hop vai vat liéu ap dién 1a rat tuyét voi dé
giam dap {mg hay rung dong ciia cu trac tim.

v
Free vibralion

06 - ,’~ Y

/
04 - i L N
I

Ny
_,/f \‘._'T'\ AV YR
0

?4-?;.- a--"'4 .L?-)_“-
"‘w"\./ S '\fxg \*4-’

Nortualized cenlral delleclion

Q 1 2 3 4 5 8
Time (s) 107

Hinh 5.3:VAnh hudng cua cac gia tri trong lugng GPL khac nhau Qén cac
dap tng nhat thoi cua tam FGP-GPL va PFGP-GPL cho loai phén b6 10 rong
dong nhat véi mau phan tan GPL A va ep = 0,2 chiu tai hinh sin.
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I
Foreed vibration | Free vilwation

<

alized central deflection

Nenmalized central deflectinn

<
<
<.

0 1 2 3 4 5 6
Time (s) 102 Tiwe () 0
(a) Pattern A (b) Pattern B
15

Foread vibeation | Free vibation

o 1 2 3 4 5 6
Lime (4] 107
(c) Pattern C

Hinh 5.4:’Anh hu(mg cua cac gia tri trong lugng GPL khac nhau dén cac
dap ng nhat thoi cua tam FGP-GPL va PFGP-GPL cho 3 loai phan tan GPL
loai phan bo 10 rong dong nhat va ep = 0,2 chiu tai budc.

L. . T !
Forced vibration | Free vibration
|

Y f

0.5

N~

05 e = 0.0, Acpr. = 0.0, FGP-GPL | |
: e = 0.5, Agpr = 0.0, FGP-GPL |
e = 0.5, Agpr = 1.0 wt.%, FGP-GPL
—— ¢y = 0.0, Agpr = 0.0, PFGP-GPL |
e = 0.5, Acpr = 0.0, PRGP-GPL |
e0 = 0.5, Aapr, = 1.0 wt.%, PFGP-GPL
: : ;

Normalized central deflection

0 1 2 3 4 5 6
Time (s) x10%

Hinh 5.5: D thj clia duong chuyén vi tai tim ctia tim FGP-GPL va PFGP-
GPL cho mot s0 truong hop c6 loai phan bo 10 rong 1, mau A dudi tai no.

5.5.2 Phan tich va diéu khién dap éng phi tuyén cia tAim PFGP-GPL
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Trong phan nay, diéu khién chu dong dap ng tinh va dong cua tam x6p FG
dugc gia ¢b boi GPL tich hop cac cam bién va bo truyen dong dugc nghién ctru.
Dau tién, diéu khién chu dong cho cac dap tmg tinh tuyén tinh cia tim SSSS FG
chiu tai phan bd déu véi q, = 100N/m? dugc nghién ctru dé xac minh tinh
chinh x4c cta phuong phap dé xuit. TAm FG gdm vat liéu Ti-6A1-4V va nhom
oxit ¢6 chi s6 vat liéu n = 2 va c6 chiéu dai canh a = b = 0,2m trong khi do day
ctia 16p FG 16i va mbi 16p ap dién dugc lay 1a 1 mm va 0,1 mm, tuong tng. Hinh
5.6 minh hoa cac d¢ léch tinh tuyén tinh ctia tim FG véi cac do loi chuyén vi G4
khac nhau. C6 thé thiy ring cac két qua hién tai trong dong tot véi 161 giai tham
khao dugc béo cao trong stt dung CS-DSG3 dya trén FSDT. Nhu mong doi, khi
G, tang, 6 1éch tinh tuyén tinh ctua tim FG giam. Hon nita, diéu khién chii dong
cho cac dap ung dong tuyén tinh ciia tim FG ciing dwoc nghién ctru dua trén
thuat toan diéu khién phan hoéi van téc khong doi G, va diéu khién vong kin.
Trong vi du cu thé nay, tim FG ban dau chiu tai phan b déu q, = 100N /m? va
sau do tai bi loai bo dot ngdt. Trong nghién ctru nay, sy chSng mode dugc thong
qua dé giam chi phi tinh toan va sau mode dau tién dugc xem xét trong khong
gian phan tich mode, trong khi ty s6 giam chan mode ban dau cho méi mode
dugc gia dinh 12 0,8%. Hinh 5.7 cho thiy cac dép tmg dong tuyén tinh ctia chuyén
vi tai tim cua tim FG. Cac két qua duoc tao ra tir phuong phép hién tai phu hop
t6t v6i 101 giai tham khao.

axis dislance (m}
Hinh 5.6: Anh hudng cia G4di voi cac dap ung tinh tuyén tinh ciia tim
SSSS chiu tai phan bé déu.
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3 < 10°°

Delleetion, wr (m)

“o 04 02 03 04 0.5
Time {second)

Hinh 5.7: Anh huong cua G, dbi véi cac dap ng dong tuyén tinh cta tim
SSSS chju tai phan b6 déu.

Tiép theo, diéu khién chu dong cho cac dap tng tinh phi tuyén cua tim x6p
SSSS FG dugc gia ¢b bang GPL duogc tlép tuc nghién ctru trong phin nay. Tém
FG bao gom su két hop cta phén bb do x0p 1 va mau phan tan GPL A, cung cp
hiéu suét dap tmg cu tric tt nhat, dugc chon dé nghién ctru. Tam c6 Chleu dai
canh a = b = 0,4m, do day cua 16p 16i xdp FG h. =20 mm va do day ciia mbi 16p
ap dién h, = 1 mm chiu tai trong phan b6 hinh sin dugc xac dinh 1a q =
qosm(ﬂx/a)sm(ny/b) V01 qo = 1.0MPa. Hinh 5.8 m6 ta d¢ vong tinh phi
tuyén cua tim FG rong dugc gia cd boi GPL véi hé sb o xbp eo = 0,4 va phan
trong lugng GPL Agp, = 1.0wt.% tuong g voi cdc gid tri Gqkhac nhau. Co
thé thiy ring do vong cua tAm xop FG giam dang ké khi ting G..

Trong vi dy cudi, diéu khién chi dong cho cac dap ing dong phi tuyen hinh
hoc cua tAm xop CCCC FG dugc gia c6 boi GPL duge tién hanh. TAm co ca
chiéu dai va chiéu rong duoc dit giong nhau & mirc 0,2 m v6i do day cua 16p 13i
he=10 mm va mdi 16p ap dién 4, = 0,1 mm. TAm FG c6 phan bd do xbp 1 (eo =
0,4) va mau phan tan A (Agp, = 1. 0wt.%) chiu tai trong phan b6 hinh sin. Hinh
5.9 cho thiy cac dap img dong phi tuyen cua chuyen vi tai tim cua tim FG tuong
{mg véi cac gia tri G,khac nhau. C6 thé thay ring khi G,=0 tuong tmg v6i khong
¢6 diéu khién, dap tmg dong phi tuyén ctia tim x6p FG van giam theo thoi gian
vi anh hudng cua giam chin cau triic duge xem x¢ét trong nghién ctru nay. Quan
trong hon, dap ing dong phi tuyén hinh hoc c6 thé bi triét ti€u nhanh hon trong
truong hop duoc didu khién boi cac gia tri do loi hdi tiép van toc cao hon. Ket
qua la, tuy thudc vao cac truong hop cu thé, cac phan tmg cua cic céu trac tim
x0p FG bao gom d9 vong, thoi gian dao dong hodc tham chi ca hai co thé duoc
diéu khién dé dap ung yéu cau bang cach thiét ké mot gia tri phu hop cho gia tri
khuéch dai diéu khién hoi tiép van téc G, . Can luu ¥ rang cac gia tri do loi hoi
tiép van toc khong thé ting 1én ma khong c6 giéi han do vat liéu ap dién co gia
tri dién ap riéng. Ngoai ra, Hinh 5.10 mo ta anh huong cua Gy 1én cdc dap ing
tuyén tinh va phi tuyén ciia tim vuong xdp CCCC FG chiu tai trong budc. Nhu
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mong doi, cac phan tmg dong phi tuyén hinh hoc cung cap cuong do nho hon
cua do vong va cac chu ky chuyén dong.

=10 -5 o
Tiomd paramneler

Hinh 5.8: Anh hudng cua d¢ loi diéu khién hoi tiép chuyén vi G dén céc
dap ting phi tuyén tinh cua tam x0p SSSS FG v6i loai phan bo do xop 1 (eo =
0,2) va m6 hinh phén tan A (A, =1wt%).

0 =15

1 Forced vibration Tree vibration

Normalized detlectic

Cantral gain 6
——Control gain ¢

1.5 -
0 1 2 3 4 5 6
Lo [socond) 109
(a) Tai budc
0.1 .

Foreed vibrarion Free vibration

w

= -0.3
E i
5 04 i
El I
Z 05 !
I |
-06 || — Williwal conrol G — 0
i Coulrol gaiu €} = 26— 3
07 | Cloulral gain (7, = le—1

0 1 2 3 4 5 8
Time {second) <10

(c¢) Tai hinh sin
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Time (second} 103
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Hinh 5.9: Anh huéng cia d6 loi diéu khién hoi tiép van téc G, dén cac dap
trng phi tuyen dong cua tam xop CCCC FG chiu tai khac nhau.

15

Free vibration

1

r

0.5

a

Normalized deflection,

Time: {secome} w1073
Hinh 5.10; Anh hudng cta (jé loi diéu khrién hf)i tiép van tde Gy dén cac dap
ung tuyen tinh va phi tuyén dong cua tam xop CCCC FG chiu tai budc.

CHUONG 6: PHAN TiCH DAO PONG TU DO TAM VAT LIEU AP
PIEN CHUC NANG CO LO RONG

Trong chwong nay, cac tim vat liéu ap dién duoc phan loai theo chirc ning
(FGPM) v6i su hién dién cua 16 rong duoc nghién ciru. Nghién ctru sinh goi tim
FGPMP cho ngin gon. TAam FGPMP dugc lam bang hdn hop nhiing vat liéu
PZT-4 va PZT-5H. Tam FGPM dugc xem xét & ca hai dang hoan hao va khong
hoan hao. Cac tinh chét vat liéu cta tAim ap dién FG thay ddi lién tuc theo hudng
d6 day thong qua cong thire dinh luat dién bién ddi (a modified power-law). Hai
md hinh 15 rdng, phan phoi dong déu va khong dong déu, dugc sir dung. DE théa
man phuong trinh Maxwell, trong phép tinh gan ding tinh, mdt truong dién thé
dudi dang hon hop clia ham cosin va tuyén tinh duoc 4p dung. Mot 1y thuyét
bién dang cit bac cao C° (HSDT loai C°) dugc sir dung trong chuong nay. Mot
phuong phap phin tir hitu han ddng hinh hoc dua trén trich xuit Bézier ciing
duogc thyc hién. Cac tim FGPMP vdi anh hudng ciia dién ap bén ngoai, chi s6
power, hé s6 18 rdng, loai phan bé 15 rdng; cac thong s6 hinh hoc véi mot sé hinh
hoc phirc tap va cac diéu kién bién khac nhau dwoc nghién ctru. Két qua thu duoc
dugc so sanh véi 101 giai giai tich cling nhu cac phuong phap s ¢ sin. Ngoai
ra, tac gia con nghién ctru thém mot sé tim FGPMP véi hinh hoc cong, ma 10
giai giai tich chua dugc biét, dugc coi 14 16i giai tham khao cho cac nghién ctru
trong tuong lai.

6.1. Pong hoc ciia tim FGPMP

Ham cua dién thé dugc chon sao cho su phan bd dién va tur thong qua d¢ day

tam dugc thoa man phuong trinh Maxwell trong xp xi gan dung tinh:
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2Z it
@(x,y,z,t):g(z)¢(x,y,t)+7Voe ©.1)
trong d6 V13 dién 4p ap vao, g(z)1a ham phan bd bat ky cua toa do z, ¢(x, y,t)

1a ham dién thé trong mit phang tham chiéu va o 1a gia tri riéng. Trong chwong
nay, g(z)duoc dua ra nhu.

Theo phuong trinh (6.1), cac dién truong (£, E va E.) tr¢ thanh:
E =@ =-g(2)4,; E, =@, =-¢(z)¢,;

Ez =_¢,z =_g( )¢__0 o

Poi vaoi mot tam xop ap dién FG, cac mbi quan h¢ cau thanh cha yéu duogc
mo ta boi:

(6.2)

o, =Cuéy —e,E,

_ 6.3
D, =ey &, +k, E, (6.3)
trong d6 o, &,, D, va E, la (mg suat, bién dang, chuyén vi dién va truong
dién; Cy,, e, va k, 1a ma trdn h¢ sO dan hoi, ma tran h¢ so 4p dién va ma trdn

hé s6 dién moi. 5 i
Vecto truong dién E c6 thé dugce dién ta nhu sau
E =-gradg=-V¢ (6. 4)

Céc cong thirc trong phuong trinh (6. 3) cling dugc viét lai rd rang theo cac
dang ma tran nhu sau:

c ¢, ¢, O 0 0 ¢&,(/0
-0 0 &, |30 E =Ce"-ClI

0 0 0] E

z

&
8
g,
TXZ é"55 elS 0 Ex
’[x = = = CS _CSES
{T}’Z} |: 0 i|{7/vz} |: 0 él4i|{E}} ! ' (6 5)
DP — Dx :|:é15 0 :| ;/XZ + kll 0 E CsY+CkE5
Dy 0 ¢, Yz 0 k22 E;

D =¢ ¢, +e5,¢, +k E,

b _ | =
6" =40,¢=|6¢, ¢ O

o, 0 0 ¢
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trong d6 ¢, , ¢, va k, dinh nghia h¢ s0 ma tran giam ctia tam FGPMP va chiing
duogc dién ta nhu sau:
2 2
~ _ %5~ _ 0 G5 -
€ =€y Gy =€ »Co6 = Ces
C33 33
2
C11€5; =~ ~ e (6.6)
oA 13733 _ _ 33
e}l _e31+ ’kll _kll’k33 _k33+
Cy Cy3

St dung nguyén 1y Hamilton, dé co duoc cac phuong trinh diéu khién cua
dao dong tu do cho cac tam FGPMP

[ (o1, — ot + 11, )t =0 6.7

trong do Ilg, I, va II, la nang lugng do bién dang, dong ning va thé ning do

ung sudt ban dau duoc tao ra tir viéc ap hiéu dién thé tuong ung.
Nang lugng bién dang oIl duoc dinh nghia 1a

ST - J. 0,06, +0,08, +T 0), +T. 0y, +T.0y, —.. »
* J\D,SE,-DE, -D.SE, (6.8)

. Thay thé phuong trinh (6. 5) vao phwong trinh (6. 8), dang yéu Galerkin ¢
thé duoc viét lai thanh
(&h )T Cheb _(&;h )T CﬁEb + 5YTC.§,Y _5YTC;E5 _

| (or) cy=(oE) ¢ o
I(5Ez )T (é3lgx +e,s, +k~33Ez )dl} .

Vv

trong do
£ =& +zel + f(2)el;

X

e =" +ze + f(2)€
! y 7 /@) 7 (6. 10)

_ Phuong trinh (6. 9) c6 thé dugc chia thanh hai tich phan dgc 1ap theo hudéng
bé mat gitra va hudng truc z nhu:
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o = [(&) éb&”dm[f (#) Cletanr [(9) €reaas [(o) ézfﬁeml

Q Q

[(&) ) Catdnr j (¢) Coran+ j () Capan+ j (¢°) C'apaa+

o)

(6. 11)
[&vé, 00 dQ+j,s &.5¢° dQ+jg &8 dQ+jg°e325¢ dQ+jgle§25¢ dQ+

Q

[ee, 0 dQ+j¢ ke, 5p7dQ— e j 2z )dzj h” R

Q

Vé bén trai ciia phwong trinh (6. 11) ¢6 thé dugc viét lai duéi dang nhé gon nhur:

oIl =1, + A1, + 1, + 1, + Ol + Ol + A1, (6.12)
trong do
al, = [(&") € &rdoy;
Q
a1, =[(¢") €le'da+[(¢) €e'da+ [(¢7) Cletdey;
Q Q Q
al, = [ (&) Coedey o1, = [(¢7) €i'd
° “ 6.13
o = |(¢) €zov s an, - () ovao, ©19
Q
o, = [ 208, 5¢° dQ+jg 3. 5¢° dQ+jg & ¢ dQ+jg & 5¢° dQ+j
Q

[ee,0p7d0+ j 5k, 5p7dQ— & [ //2 (2 )dzj ho RS

e}

Dé biét chi tlet vé timg cong thirc va xap xi, vui 10ng xem luan an.
6.2. Vi du sb

Trudce tién, xem xét mot tim vudng ap dién chirc ning khong co 18 rong co
phan bj cat phtrc tap, nhu trong Hinh 6.1a. Hinh 6.1b minh hoa mot ludi gom
336 diém diéu khién véi cac phan tir Bézier bac hai. Cac diéu kién bién tya don
va ngam hoan toan dugc sir dung. Pau tién, & chimg minh tinh hiéu qua va
chinh xéc cua giai phap hién tai so vdi cac gidi phap khac, tac gia nghién ctu
tam vuoéng FG c6 mot 15 ¢6 hinh dang phuc tap duoc 1am tir zirconia (ZrO2-2)
va nhém (Al). Cac théng sb vat lisu duwoc dua ra la:
E, =200GPa; v, =0.3; p, =3000kg/m’ va
E, =70GPa; v, =0.3; p, =2707kg/m’, trong d6 "c"va "m" 14 ky hi¢u ctia
gbém va kim loai, twong tmg. Tan sb khong thir nguyén dugc chuan hoa boi

2
~ a ’ r A A A ’ N A [N s~ )
= a)IJ p./ E_ . So sanh sau tan s6 khong thr nguyén dau tién gitra 101 giai
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hién tai voi cac tan sb duoc dua ra trong dua trén ly thuyét dan hoi 3D st dung
IGA dugc trinh bay trong Bang 6.1. Dong thoi, két qua dat duoc v6i cac gia tri
chi s6 power khac nhau ciing dugc so sanh véi cac 10 giai dugc béo cao trong
bang phuwong phap khong c6 ludi dya trén TSDT. Co thé thiy rang giai phap hién
tai co sy tuong dong tot véi két qua tham khao cho céac gid tri chi s6 power khac
nhau va hai diéu kién bién. Cac gia tri tan s6 khong thir nguyén giam khi tang
céc gia tri chi sb power.

Tiép theo, phén tich tmg xir cia tim FGPMP dugc dwa ra. Cac tan s khong

thir nguyén dugc tinh bang &=wb’ / h\(p/c,,) . Két qua s6 cho tan sb

PZT-4
khong thir nguyén cta tim FGPM hoan hao va khong hoan hao duoc liét ké
tuong ung trong Bang 6.2 va Bang 6.3. Anh huéng cua dién ap, diéu kién bién
va gia tri chi s6 power dén tan s6 khong thir nguyén duoc dua ra. Cac két qua
thu duoc giam khi gia tri chi sd power va dién 4p tang cho ca hai diéu kién bién
SSSS va CCCC. Sy thay dbi cua tan s6 khong thir nguyén véi cac ty 1& a/h va
hiéu dién thé khac nhau (a =0.2, g = 5) ciing duoc trinh bay trong Bang 6.4.
C6 thé thay rang tan s phu thuoc manh vao chiéu day tdm va hiéu dién thé ap
vao. Cac gia tri thu dugc tang cho cac tim FGP day va day vira phai cho tat ca
cac diéu kién bién va hiéu dién thé ap di cho. Tuy nhién, khi d¢ day cua tam tro
nén mong hon (a/h =150, 200, 250) thi anh huong cua hiu dién thé 1a rit dang
ké. C6 thé nhan thy rang véi sy gia tang ciia mot mang co6 gid tri a/h, gia tri &m
ctia dién ap 4p vao lam ting gia tri tAn sb tu nhién, trong khi dién ép duong lam
cho két qua thu dwoc giam di. Hon nita, vi Vo = 0, tin s ty nhién cua cac tam
FGPMP khong bi anh hudng nhiéu bai cac gia tri cao hon cua ty s6 a/h. Ngoai
ra, su hinh dang mode dau tién va tan s6 khong thir nguyén tuong g cho tim
vudng CCCC FGPM-I ¢6 16 cit phirc tap (a /h = 50, Vo =0, g = 5,) dugc hién
thi trong Hinh 6.2.

2 S

10

~|

a)
Hinh 6. 1. a) Hinh hoc va b) Mot luéi gdm 336 diém diéu khién voi céc
phan tr Bézier bac hai cia mét tam vuong c6 10 cat phirc tap
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2
Bang 6. 1: So sanh tan sb khong thir nguyén @& = a)aT1 |pc ! E; mot tAm vudng
¢6 15 cét phtrc tap (a=b=10, a/h=20).

, Modes
g Phuong phap 5 3 p s P
a) SSSS BCs
0 1GA-3D 7.16 11.65 13.09 2099 2185  22.54
Khéng luéi 7.1586  11.939 13398 21.510 22437 23.426
Hién tai 7.1919  11.759 13274 21260 21.871 22.918
1 IGA-3D 6.58 1073 12,06 1935 2077 2092
Khéng lu6i 6.5853 11.002 12.343 19.828 21.452 21.627
Hién tai 6.6167 10.838 12.233  19.601 20915 21.163
5 IGA-3D 6.71 10.88 1224  19.60 1973  21.00
Khéng luéi 6.7111 11.148 12519 20.071 20252 21.817
Hién tai 6.7503 11.022 12.443 19.741 19.922 21.460
20 1GA-3D 6.46 1048 1179  18.89  19.05  20.25
Khéng lu6i 6.5590 10.904 12.243 19.586 19.635 21.348
Hién tai 6.5932  10.760 12.148 19.091 19.447 20.941
50 1GA-3D 6.19 10.07 1132 1815 1881 1948
Khéng luéi 63642 10.597 11.896 19.089 19.400 20.772
Hién tai 6.3952  10.446 11.793 18.883 18.910 20.344
100 1GA-3D 6.15 10.00 1125 18.04 1878 1936
Khéng lu6i 6.2664 10.442 11.720 18.812 19.332  20.478
Hién tai 6.2964 10290 11.616 18.602 18.844  20.047
b) CCCC BCs
0 1GA-3D 15.8 2728 2745 3322 3428 4121
Khéng luéi 16.032 27.280 27.536  33.849 35.196  43.108
Hién tai 15979 27445 27.550 33.535 34.584 41.927
1 IGA-3D 1462 2517 2532 3068 31.67 38.10
Khéng lu6i 14783 25188 25.423  31.291 32.540 39.898
Hién tai 14737 25334 25430 30.996 31.972  38.808
5 IGA-3D 1479 2538 2554 3083 3180 38.16
Khéng luéi 14.949 25374 25.621 31410 32.646 39.895
Hién tai 14971 25691 25790 31.362 32339 39.169
20 1GA-3D 1441 2474 2490 3007 3102 37.23
Khéng lu6i 14.625 24.830 25.069 30.748 31962 39.074
Hién tai 14.612 25.071 25.168 30.594 31.546 38.196
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50 1GA-3D 13.8 2379 2393 2895 29.87  35.90
Khong luéi 14223  24.174 24404 29.966 31.154 38.123
Hién tai 14.190 24359 24.453 29744 30.672 37.160
100 1GA-3D 13.64 2345 23.60 2856 2947 3543
Khong luéi 14.018 23.839 24.064 29.564 30.738 37.630
Hién tai 13.980 24.005 24.098 29.322  30.239  36.647
Bang 6. 2: Tan s6 khong thir nguyén dau tién & = wb® | h, /(,0 s ) clia tim

PZT

-4

FGP hoan hao vudng c6 15 cét phirc tap (a = 0) vdi cac hidu dién thé khac nhau

(a=b=10, a/h=20).

v BC FGPM hoan hao
0
=0 =1 =5 g=20 g=50 g=100
500 SSSS 58501 54275 52457 5.1149 5.0622  5.0409
CCCC 15.0403 14.0986 13.6657 13.3776 13.2683 13.2248
0 gSSS  5.8497 54270 52453 51143 5.0617  5.0403
CCCC 15.0400 14.0983 13.6655 13.3773 13.2680 13.2246
500 SSSS  5.8493 54265 52448 51138  5.0613  5.0399
ccece  15.0397  14.0980 13.6653 13.3770 13.2678 13.2244
Bang 6. 3: Tan sb khong thir nguyén dautién @ = wb” / h, /(p o ) ctia thm
PZT-4

vudng FGPMP rdng c6 16 cit phirc tap (a = 0.2 ) véi cc hiéu dién thé khac nhau

(a=b=10, a/h=20).

Porous FGPM-I

Porous FGPM-II

Vo  BC
g=0 =1 =5 =0 g=1 =5
- 6.0248 55644  5.3669
500 SSSS  5.9470 54161  5.1898
CCCC 152538 14.0702  13.5298 154377 14.4097  13.9347
0 SSSS  5.9466 54156  5.1893 6.0244 55639 53664
CCCC 152536 14.0700  13.5296 15.4375 144095 13.9345
500 SSSS  5.9462  5.4152  5.1889 6.0240  5.5635  5.3660
CCCC 152534 14.0698 13.5294 15.4373 14.4094 13.9343

Bang 6. 4. Tan s6 khong thir nguyén dau tién @ cua tim vuong FGPMP rdng

¢6 15 cat phtrc tap v6i cac ty sb a/h khac nhau (a=b=10,a = 0.2, g=5).

BC a/h  FGPM-I

53

FGPM-II



Vo = - Vo = -

500 I I T
SS 20 51898 51894  5.1884 5366 5366  5.360
SS 50 5.3195 53122 5.3048 5.5039  5.4968 5.4897
100 54438 5.3855 5.3265 5.6299  5.5737 5.5168
150  5.6222 5.4296 5.2281 5.8048 5.6187 5.4247
200 59141 5.4722 4.9818 6.0889 5.6612 5.1901
250  6.3431 5.4997 4.5101 6.5071 5.6983 4.7426

CC 20 135298 13.5296 13.5294 13.934  13.934  13.9343
CC 50 142322 142292 14.2263 14.694  14.691 14.6888
100 14.8413 14.5181 14.7948 15321 15.298 15.2763
150 154552 14.8778 14.5998 15.934 15359 14.9844
200  16.1832 14.9018 14.0176 16.656 15481 14.3038
250  17.0282 14.9380 13.5174 17.495 15516 13.8091

Mode 1: 14.2292

<.

Mode 3: 25.7717 Mode 4: 30.6466

Mode 5:30.9956 Mode 6: 39.0102
Hinh 6. 2. Sau hinh dang mode dAu tién cta tim ngam FGPM-I c6 16 cit
phtre tap (a/h=50, V=0, 2=5, ¢ =0.2).
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CHUONG 9: KET LUAN VA KIEN NGHI

7.1 Két ludn

Trong luén 4n nay, tac gia da phat trién phuong phap phan tr hitu han dang

hinh hoc dya trén trich xuit Bézier dé phan tich va diéu khlen dap Ung cua két
cAu tim nhleu 16p. Bén m6 hinh vt liéu da duoc xem xét bao gom tam composite
nhiéu 16p, tim composite nhiéu 16p c6 dan 16p ap dién, tam c6 16 rdng thay doi
chirc nang dan 16p ap dién dugc gia cuong bang cac tAm graphene (PFGP-GPLs)
va tAm vat liéu ap dién chiic nang c6 16 rdng (FGPMP). Luan 4n gdm c6 hai
phan: a) Phan tich va b) Diéu khién.

Mot s6 két luan chinh c6 thé duoc néu ra nhu sau:

Su két hop IGA dya trén trich xuit Bézier véi UHSDT va C’-HSDT dé phan
tich tinh, dao dong tu do, dap ung dong va diéu khién tinh, dong hoc cho
bbn mo hinh vat lidu tim di dugc nghién ctru mot cach hiéu qua. Bang cach
str dung toan tr trich xuét Bézier, viéc trién khai IGA tré nén dé dang hon
dang ké vé6i cac ham co sé Bernstein, ¢6 sy tuong dong gan véi cac ham
dang Lagrange khi sir dung céc phan tir Bézier lién tuc C”. Day c6 thé 1a mot
lwa chon hop 1y vi cac ham co s¢ dugc dua ra dudi dang dia phuong chir
khong phai toan cuc gidng nhu viée sir dung ham NURBS trong IGA truyén
thong va cach trién khai trong IGA tuong tu nhu trong FEM.

Bing cach sir dung UHSDT va C’-HSDT vdi 7 4n sb, phuong phap dugc d&
xudt s& 1am cho phép mét gia tri ing suat cit ngang khac 0 & mat dudi va
mit trén cda tAm va khong st dung hé s6 hiéu chinh cit. Hon nita, truong
chuyén vi cia HSDT va CPT ¢6 lién quan dén dao ham con duoc goi 1a cac
thanh phan slop. Trong mot s6 hinh hoc phirc tap véi cac didu kién bién ddi
xtmg, thuong khé thuc thi cac diéu kién bién cho cac thanh phan slop nay,
do su khong dong nhat cta cac bién x4p xi. Vi vay, 1y thuyét bién dang cat
bay bac tu do dugc st dung trong luan an nay.

Trong cdc phén tich tinh, dao dong tu do va dong hoc st dung UHSDT, cac
Kkét qua cua phuong phép dé xuat phu hop tot v6i cac 10i giai giai tich va
mét s6 phuong phap da cong b khac. Thong qua phan tich, cac két qua
bang s6 chi ra rang phuong phap duge de xuat dat dugc do tin cdy cao so
v0i cac giai phap duge cong b khéc va t6t hon mot chiit so véi UTSDT sir
dung IGA duya trén trich xuat Bézier. That tha vi, két qua thu dugc phu hop
t6t v6i cac nghién ciru con ton tai hodc cac giai phap co sin trong tai lidu.
Hon nita, cac két qua sb cho cac tim PFGPM va FG xdp ap dién duoc gia
cd béng GPL ciing da dat duoc. Pugc biét, cho dén nay van chua cé giai
giai tich nao dua ra, vi vy cic phuong phéap s nay c6 thé duogc coi 1a 10
giai tham khao cho cac cong trinh nghién ciru trong twong lai.

Tac gia nghién ctru ca tuyén tinh va phi tuyén cia tim rong thay ddi chirc
nang dugc gia ¢b boi GPL véi cam bién ap dién va bo truyén dong. Cac
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7.2

phuong trinh phi tuyén hinh hoc dwoc giai bang quy trinh 1ap Newton-
Raphson va phuong phap Newmark. Anh huong ciia cac hé s6 16 rdng, ty s6
trong lugng ciia GPL ciing nhu dién 4p bén ngoai dén tmg xir tuyén tinh va
phi tuyén hinh hoc ciia cac tim véi cac loai phan bé 16 rdng md hinh phan
tan GPL khac nhau dugc nghién ctru chi tiét qua cac vi du s6. Do cing cua
tam x6p FG giam dang ké do hé s6 do xép Tuy nhién, d¢ cling cua cac tam
tang dang ké khi tam x6p FG dugc gia co bang GPL. Cac két qua thu dugc
ve mat chuyen vi va bién d6 dao dong cua tam x6p FG khong c6 GPL 16n
hon so véi két qua dat dugc cho tdm xdp FG c¢6 GPL.

Lan dau tién nghién ctru sinh trinh bay mét phuong phap phéan tir hitu han
Bézier dang hinh hoc va két hop no véi ly thuyét HSDT loai C° dé phén tich
bai toan coupling co dién cua cac tam vat liéu ap dién phan loai chre nang
véi cac 16 rong. Thong qua phén tich dao dong tw do, ngudi ta thy rang dién
4p bén ngoai, chi sb power, hé s6 d6 xdp, loai phan bd do rong, kich thude
hinh hoc va cac diéu kién bién khac nhau anh huéng dang ké dén tan sé ty
nhién cua cac céu tric.

Céc thuat toan diéu khién dua trén tin hiéu hoi tiép chuyén vi va van téc
khong d6i dugc (mg dung dé diéu khlen cac dap ung tinh va dong ca tuyen
tinh va phi tuyén tinh hinh hoc ciia tdm, trong d6 hiéu mg cua giam chan
cau trac dugc xem xét, dua trén diéu khién vong kin véi cac cam bién va bd
truyen dong ap dién. Déi voi diéu khién dap tmg tinh phi tuyen hinh hoc cua
cac tm x0p FG, hai thuat toan hiéu qua duoc xem xét, bao gom diéu khién
dién ap du vao véi cac ddu hidu dién thé nguoc nhau dugc ap dung trén do
day cua hai 16p ap dién va thuat toan didu khlen tin hiéu hdi tiép chuyén vi.
Trong luan an nay, ngoai mot sb vi du bang s6 voi hinh vuong hoac hinh
tron/elip, co nhiéu hinh hoc phtre tap khac nhau c6 thé dugc mo hinh héa dé
dang bang phuong phap nhleu patches. Nhirng hinh hoc phirc tap nay c6 thé
néng lgi thé ciia IGA 1én tbi da.

Dé xuit

Théng qua cac két qua thu duoc, nghién ciru sinh tin rang phuong phap duoc

dé xuat voi nhidu diém mai co thé - cung cap mot nguon tham khdo dang tin cay
dé tinh toan cac tmg xir ctia cic cAu triic tim nhiéu 16p. Tuy nhién, mot s han
ché nén duoc dé cap ciing nhu cic d& xuét cho viéc mé rong hudng cua nghién
ctru nay nhu sau:

Nghién ctru trong tuong lai cua cong trinh nay nén duoc thuc hién voi sy
hién dién cua luc kéo song song véi cac bé mat cta tAim trong cac vi du béng
s6 (vi du: ma sat tiép xuc hodc dong chay 16p bién).

C6 thé xem xét cac diéu kién bién khac nhau thay vi diéu kién Dirichlet dong
nhét chi dugc sir dung trong luan 4n nay.

Mot hudng nghién ciru khac 1a mé rong cac 1y thuyét 2D nay thanh cac ly
thuyét 3D hoan toan hoic gia 3D.
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Phuong phép dé xuat nén dugc ap dung cho cac cu triic vi mé sur dung ly
thuyét nonlocal elasticity va modified couple stress.

IGA c6 thé dugc sir dung dé tinh toan cho cac bai toan khac nhau nhu khong
nén duoc, phan tich phase-field, bién dang 16n véi 6 méo ludi va t6i wu hoa
hinh dang.

Phuong phap nay nén dugc ap dung trong linh vuc cong nghiép, vi du: may
moc, 0 t0, hodc cac cAu tric gian khoan ngoai khoi, v.v.
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ABSTRACT

In this dissertation, an isogeometric finite element formulation is developed
based on Bézier extraction to solve various plate problems, using a seven-dof
higher-order shear deformation theory for both analysis and control the responses
of laminated plate structures. The main advantage of the isogeometric analysis
(IGA) is to use the same basis function to describe the geometry and to
approximate the problem unknowns. IGA gives the results with higher accuracy
because of the smoothness and the higher-order continuity between elements. For
the last decade of development, isogeometric analysis has surpassed the standard
finite elements in terms of effectiveness and reliability for various problems,
especially for the ones with complex geometry.

In the conventional isogeometric analysis, the B-spline or Non-uniform
Rational B-spline (NURBS) basis functions span over the entire domain of
structures not just a local domain as Lagrangian shape functions in FEM. The
global structure induces the complex implementation in a traditional finite
element context. In addition, in order to compute the shape functions, the
Gaussian integration points force to transform to parametric space. By choosing
Bernstein polynomials as the basis functions, IGA will be performed easily
similar to the way of implementation in FE framework. The B-spline/NURBS
basis can be rewritten in form of the combination of Bernstein polynomials and
Bézier extraction operator. That is called Bézier extraction for B-spline/NURBS.

Although IGA is suitable for the problems which have the higher-order
continuity, a higher-order shear deformation theory with C’-continuity is used for
unification of all chapters. Furthermore, both linear and nonlinear responses for
four material models are investigated such as laminated composite plates,
piezoelectric laminated composite plates, piezoelectric functionally graded
porous plates with graphene platelets reinforcement and functionally graded
piezoelectric material porous plates. The control algorithms based on the constant
displacement and velocity feedbacks are applied to control linear and
geometrically nonlinear static and dynamic responses of the plate, where the
effect of the structural damping is considered, based on a closed-loop control with
piezoelectric sensors and actuators. The predictions of the proposed approach
agree well with analytical solutions and several other available approaches.
Through the analysis, numerical results indicated that the proposed method
achieves high reliability as compared with other published solutions. Besides,
some numerical solutions for PFGPM plates and FG porous reinforced by GPLs
may be considered as reference solutions for future work because there have not
yet been analytical solutions so far.



CHAPTER 1: LITERATURE REVIEW

1.1 An overview of isogeometric analysis (IGA)

In 2005, Hughes, Cottrell & Bazilievs introduced a new technique, namely
Isogeometric Analysis (IGA). The idea behind this technique is that instead of
converting one system to another which is quite difficult to perform flawlessly,
one should substitute one system for the other so that the conversion is no longer
needed. This is accomplished by using the same basis functions that describe
geometry in CAD (i.e. B-splines/NURBS) for analysis. Can be seen that in Figure
1.1, the direct interaction is usually impossible, and thus the exact information of
the original geometry description is never attained. However, in Figure 1.2, the
meshes are therefore exact, and the approximations attain a higher continuity. This
technique results in a better collaboration between FEA and CAD. Since the
pioneering article, and the IGA book published in 2009, a vast number of
researchs have been conducted on this subject and successfully applied to many
problems ranging from structural analysis, fluid structure interaction

electromagnetics and higher-order partial differential equations.
CAD CAE

Analysis and
- y

1 Mesh i e
Geometry model = esh generation Optimization

T Indirect comunication I

Figure 1.1: Analysis procedure in FEA. Due to the meshing, the computational

domain is only an approximation of the CAD object.
CAD CAE

Analysis and

Geometry model -> Optimization

f Direct comunication I

Figure 1.2: Analysis procedure in IGA. No meshing involved, the
computational domain is thus kept exactly.

1.2 Literature review about materials which is used in this thesis

In this dissertation, four material types are considered including laminated
composite plate, piezoelectric laminated composite plate, piezoelectric
functionally graded porous (PFGP) plates reinforced by graphene platelets
(GPLs) and functionally graded piezoelectric material porous plate (FGPMP).
1.2.1. Laminated composite plate

Plates — the most famous structures and are an important part of many
engineering structures. They are widely used in civil, aerospace engineering,
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automotive engineering and many other fields. One of the plate structures
commonly used and studied nowadays is laminated composite plates. Laminated
composite plates have excellent mechanical properties, including high strength to
weight and stiffness to weight ratios, wear resistance, light weight and so on.
Besides possessing the superior material properties, the laminated composites also
supply the advantageous design through the arrangement of the stacking sequence
and layer thickness to obtain the desired characteristics for engineering
applications, explaining why they have received considerable attention of many
researchers worldwide. Importantly, their effective use depends on the ability of
thoroughly elucidate their bending behavior, stress distribution and natural
vibrations. Therefore, the study of their static and dynamic responses is really
necessary for the above engineering applications.
1.2.2. Piezoelectric laminated composite plate

Piezoelectric material is one of smart material kinds, in which the electrical
and mechanical properties have been coupled. One of the key features of the
piezoelectric materials is the ability to make the transformation between the
electrical power and mechanical power. Accordingly, when a structure embedded
in piezoelectric layers is subjected to mechanical loadings, the piezoelectric
material can create electricity. On the contrary, the structure can be changed its
shape if an electric field is put on. Due to coupling mechanical and electrical
properties, the piezoelectric materials have been extensively applied to create
smart structures in aerospace, automotive, military, medical and other areas. In
the literature of the plate integrated with piezoelectric layers, there are various
numerical methods being introduced to predict their behaviors.
1.2.3. Piezoelectric functionally graded porous plates reinforced by graphene
platelets (PFGP-GPLs)

The porous materials whose excellent properties such as lightweight, excellent
energy absorption, heat resistance have been extensively employed in various
fields of engineering including (e.g.) acrospace, automotive, biomedical and other
areas. However, the existence of internal pores leads to a significant reduction in
the structural stiffness. In order to overcome this shortcoming, the reinforcement
with carbonaceous nanofillers such as carbon nanotubes (CNTs) and graphene
platelets (GPLs) into the porous materials is an excellent and practical choice to
strengthen their mechanical properties.

In recent years, porous materials reinforced by GPLs have been paid much
attention to by the researchers due to their superior properties such as lightweight,
excellent energy absorption, thermal management. The artificial porous materials
such as metal foams which possess combinations of both stimulating physical and
mechanical properties have been prevalently applied in lightweight structural
materials and biomaterials. The GPLs are dispersed in materials in order to amend
the implementation while the weight of structures can be reduced by porosities.
With the combination advantages of both GPLs and porosities, the mechanical
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properties of the material are significantly recovered but still maintain their
potential for lightweight structures. Based on modifying the sizes, the density of
the internal pores in different directions, as well as GPL dispersion patterns, the
FG porous plates reinforced by GPLs (FGP-GPLs) have been introduced to obtain
the required mechanical characteristics.
1.2.4. Functionally graded piezoelectric material porous plates (FGPMP)
Traditional piezoelectric devices are often created from several layers of
different piezoelectric materials or the laminated composite plates integrated with
piezoelectric sensors and actuators for controlling vibration. Although there are
outstanding advantages and wide applications, they still have some shortcomings
such as cracking, delamination and stress concentrations at layers’ interfaces. As
known, the functionally graded materials (FGMs) are some new types of
composite structures which have drawn the intensive attention of many
researchers in recent years. The material properties of FGMs change
uninterruptedly over the thickness of plates by mixing two different materials. So,
FGMs will reduce or even remove some disadvantages of piezoelectric laminated
composite materials. Based on the FGM concept, the smooth combination of two
types of piezoelectric materials in one direction will obtain the functionally graded
piezoelectric materials (FGPMs) having many outstanding properties compared
with traditional piezoelectric materials. Therefore, FGPMs attract intense
attention of researchers for analyzing and designing smart devices in recent years.
1.3 Goal of the thesis
The thesis focuses on the development of isogeometric finite element
methods in order to analyze and control the responses of the laminated plate
structures. So, there are two main aims to be studied. First of all, a new
isogeometric formulation based on Bézier extraction for analysis of the laminated
composite plate constructions is presented. Three forms are investigated including
static, free vibration and dynamic transient analysis for four types of material
plates such as the laminated composite plates, piezoelectric laminated composite
plate, piezoelectric functionally graded porous (PFGP) plates reinforced by
graphene platelets (GPLs) and functionally graded piezoelectric material porous
plates. Secondly, an active control algorithm is applied to control static and
transient responses of laminated plates embedded in piezoelectric layers in both
linear and nonlinear cases.
1.4. The novelty of thesis
e A generalized unconstrained higher-order shear deformation theory
(UHSDT) is given. This theory not only relaxes zero-shear stresses on the top
and bottom surfaces of the plates but also gets rid of the need for shear
correction factors. It is written in general form of distributed functions. Two
distributed functions which supply better solutions than reference ones are
suggested.



e The proposed method is based on IGA which is capable of integrating finite
element analysis (FEA) into conventional NURBS-based computer aided
design (CAD) design tools. This numerical approach is presented in 2005 by
Hughes et al. However, there are still interesting topics for further research
work.

e IGA has surpassed the standard finite elements in terms of effectiveness and
reliability for various engineering problems, especially for ones with complex
geometry.

e Instead of using conventional IGA, the IGA based on Bézier extraction is
used for all the chapters. The key feature of IGA based on Bézier extraction
is to replace the globally defined B-spline/NURBS basis functions by
Bernstein shape functions which use the same set of shape functions for each
element like as the standard FEM. It allows to easily incorporate into existing
finite element codes without adding many changes as the former IGA. This
is a new point comparing with the previous dissertations in Viet Nam.

e  Until now, there exists still a research gap on the porous plates reinforced by
graphene platelets embedded in piezoelectric layers using IGA based on
Bézier extraction for both linear and nonlinear analysis. Additionally, the
active control technique for control of the static and dynamic responses of
this plate type is also addressed.

e In this dissertation, the problems with complex geometries using
multipatched approach are also given. This contribution seems different from
the previous dissertations which studied IGA in Viet Nam.

1.5. Outline

The thesis contains seven chapters and is planned as follows: Chapter 1:

Introduction and the historical development of IGA are offered. State of the art

development of four material types used in this thesis and the motivation as well

as the novelty of the thesis are also clearly described. And, the organization of the
thesis is mentioned to the reader for the review of the content of the dissertation.

Chapter 2: The presentation of isogeometric analysis (IGA) such as the non-

uniform rational B-splines (NURBS) basis functions, Bézier extraction and

comparisons of isogeometric analysis with finite element method. Chapter 3: An
overview of plate theories and descriptions of material properties used for the next
chapters are given. Firstly, the description of many plate theories including some
plate theories to be applied in the chapters. Second, the presentation of four
material types in this work including laminated composite plate, piezoelectric
laminated composite plate, functionally porous plates reinforced by graphene
platelets embedded in piezoelectric layers and functionally graded piezoelectric
material porous plates. Chapter 4: This is the first chapter of numerical example
section. The obtained results for static, free vibration and transient analysis of the
laminated composite plate with various geometries, the direction of the
reinforcements and boundary conditions are presented. The IGA based on Bézier
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extraction is employed for all the chapters. An addition, two piezoelectric layers
bonded at the top and bottom surfaces of laminated composite plate are also
considered for static, free vibration and dynamic analysis. Then, for the active
control of the linear static and dynamic responses, a displacement and velocity
feedback control algorithm are performed. The numerical examples in this chapter
show the accuracy and reliability of the proposed method. Chapter 5: For the first
time, an isogeometric Bézier finite element analysis for bending and transient
analyses of functionally graded porous (FGP) plates reinforced by graphene
platelets (GPLs) embedded in piezoelectric layers, called PFGP-GPLs is given.
The effects of weight fractions and dispersion patterns of GPLs, the coefficient
and types of porosity distribution, as well as external electric voltages on
structure’s behaviors, are investigated through several numerical examples. These
results, which have not been obtained before, can be considered as reference
solutions for future work. In this chapter, our analysis of the nonlinear static and
transient responses of PFGP-GPLs is also expanded. Then, a constant
displacement and velocity feedback control approaches are adopted to actively
control the geometrically nonlinear static as well as the dynamic responses of the
plates, where the effect of the structural damping is considered, based on a closed-
loop control. Chapter 6: To overcome some disadvantages of the laminated plate
structure intergraded with piezoelectric layers such as cracking, delamination and
stress concentrations at layers’ interfaces, in this chapter the functionally graded
piezoelectric material porous plates (FGPMP) is introduced. The material
characteristics of FG piezoelectric plate differ continuously in the thickness
direction through a modified power-law formulation. Two porosity models, even
and uneven distributions, are employed. To satisfy Maxwell’s equation in the
quasi-static approximation, an electric potential field in the form of a mixture of
cosine and linear variation is adopted. In addition, several FGPMP plates with
curved geometries are furthermore studied, which the analytical solution is
unknown. Our further study may be considered as a reference solution for future
works. Chapter 7: Finally, this chapter presents the concluding remarks and some
recommendations for future work.

CHAPTER 2: ISOGEOMETRIC ANALYSIS FRAMEWORK

2.1. Advantages of IGA compared to FEM

Firstly, computation domain stays preserved at any level of domain
discretization no matter how coarse it is. In the context of contact mechanics, this
leads to the simplification of contact detection at the interface of the two contact
surfaces especially in the large deformation circumstance where the relative
position of these two surfaces usually changes significantly. In addition, sliding
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contact between surfaces can be reproduced precisely and accurately. This is also
beneficial for problems that are sensitive to geometric imperfections like shell
buckling analysis or boundary layer phenomena in fluid dynamics analysis.
Secondly, NURBS based CAD models make the mesh generation step is done
automatically without the need for geometry clean-up or feature removal. This
can lead to a dramatical reduction in time consumption for meshing and clean-up
steps, which account approximately 80% of the total analysis time of a problem.
Thirdly, mesh refinement is effortless and less time-consuming without the need
to communicate with CAD geometry. This advantage stems from the same basis
functions utilized for both modeling and analysis. It can be readily pointed out
that the position to partition the geometry and that the mesh refinement of the
computational domain is simplified to knot insertion algorithm which is
performed automatically. These partitioned segments then become the new
elements and the mesh is thus exact. Finally, interelement higher regularity with
the maximum of C””' in the absence of repeated knots makes the method
naturally suitable for mechanics problems having higher-order derivatives in
formulation such as Kirchhoff-Love shell, gradient elasticity, Cahn-Hilliard
equation of phase separation... This results from direct utilization of B-
spline/NURBS bases for analysis. In contrast with FEM’s basis functions which
are defined locally in the element’s interior with C° continuity across element
boundaries (and thus the numerical approximation is C°), IGA’s basis functions
are not just located in one element (knot span). Instead, they are usually defined
over several contiguous elements which guarantee a greater regularity and
interconnectivity and therefore the approximation is highly continuous. Another
benefit of this higher smoothness is the greater convergence rate as compared to
conventional methods, especially when it is combined with a new type of
refinement technique, called 4-refinement. Nevertheless, it is worth mentioning
that the larger support of basis does not lead to bandwidth increment in the
numerical approximation and thus the bandwidth of the resulted sparse matrix is
retained as in classical FEM’s functions.

2.2. Disadvantages of IGA

This method, however, presents some challenges that require some special
treatments.

e The most significant challenge of making use of B-splines/NURBS in IGA
is that its tensor product structure does not permit a true local refinement,
any knot insertion will lead to global propagation across the computational
domain.

e In addition, due to the lack of Kronecker delta property, the application of
inhomogeneous Dirichlet boundary condition or exchange of
forces/physical data in a coupled analysis are a bit more involved.



e  Furthermore, owing to the larger support of the IGA’s basis functions, the
resulted system matrices are relatively denser (containing more nonzero
entries) when compared to FEM and the tri-diagonal band structure is lost
as well.

2.3. NURBS basis function
A NURBS curve is obtained by multiplying every control point’s component
of the control mesh P, with an assigned positive scalar weight w, and the

weighting function W (&) defined as

B .1)
w(&)= 2N, (&)w,
i=1
which gives
n 2.2)
Ni,p (g)PIM/l n
§)=——= D R ()P,
@-F e
where R/ (£)is the univariate piecewise NURBS basis function defined by
N, . 2.3)
R (&)= M (&)w
w($)

Figure 2.1 demonstrates two circles that are represented by both NURBS and B-
spline in the corresponding solid and dotted curves. Their control points are
depicted by black balls with the associated weights also given for the NURBS
case. It is clear that only the NURBS curve is able to represent the circle exactly.

Figure 2. 1: Two representations of
the circle. The solid curve is created
by NURBS which describes exactly
ifiodd TV the circle while the dotted curve is

! created by B-splines which is unable
to produce an exact circle.

__Y1/¥2 i even

Most properties of B-Splines also hold for NURBS. In case of equal weights
w, =const, Vi=1,...,n NURBS become B-Splines. Derivatives of NURBS are

more involved than those of B-Splines and are addressed in detail in Subsection
2.5.2 in thesis. Some important properties of NURBS are the following:
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. For open knot vectors, NURBS basis functions constitute a partition of
unity » R”(£)=1,V¢&.
i=1

. The continuity and support of NURBS basis functions are the same as
for B-splines.

. NURBS are pointwise non-negative

. NURBS can represent precisely a wide class of curves, e.g. conic
sections.

The NURBS surface is defined as

S(¢&.m)= ii&?}" (&P,

i=1 j=1
where NURBS basis functions in parameter space of two dimensions are defined

by
Lp/' (g") Vlr(;: 77) ‘

in which the bivariate weighting function in the denominator is given by

W(Em) =3 3N, (M, (1) C6)

i=1 j=1
and w, ; is the associated weight to every control point of mxn control net P, ;.

2.4)

>

One of the most conic sections that usually encounter in modeling is the circular
plate and it can be described exactly by NURBS surface as illustrated in Figure
2.2. Typically, there are two approaches for parameterizing the same circular
NURBS surface at coarse mesh level. The first one is depicted on the left where
eighteen control points are used, result in four elements while the second one is
shown on the right in which only nine control points are needed that produce only
one element. It is worth to mentioning that each parameterization approach surfers
from each own singularity. The left one has one singularity at the surface center
where nine control points coincide at the same position, and the right one has four
singularities at four locations where the four control points P,,P,,P,,P, situate.

Usually, in analysis, the right one is preferred due to its nice parameterization.
Another conic section that often meets in design is the annular plate which is
demonstrated in Figure 2.3. It important to note that this construction way exhibits
an internal interface (indicated by the red line) where the first and last control
points in the circumferential direction are met. In an analysis, one needs to pay
attention to this issue and to figure out a proper way to handle the control variables
that associated to these control points.
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Figure 2.2: Two representations of the same circular plate.
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Figure 2.3: A annular plate represented by NURBS surface.

2.4. Bézier extraction
2.4.1. Introduction of Bézier extraction

The native approach for implementing IGA code as described in foregoing
sections exhibits several drawbacks that hinder the integration of IGA to existing
Finite Element Framework. The apparent hindrance is that following this
approach, each element takes some different B-spline basis functions as opposed
to FEA where the same basis functions are employed for each element. It can be
known that each B-spline curve can be expressed as concatenated C° Bézier
curves. That means it is possible to transform a B-spline patch into a set of

piecewise C° Bézier elements and use it as the finite element representation of
B-spline or NURBS.
2.4.2. Bézier decomposition and Bézier extraction [97-98]
It follows that the same curve can be described by two equivalent formulas as
C(£)=N"P=B'P’, (2.7)

where N"and B" are vectors of B-spline and Bézier basis functions, respectively

with the associated control points stored in the corresponding vector P and P.
The procedure to identify individual Bézier curves from a B-spline curve is
entitled Bézier decomposition. The Bézier decomposition process is usually
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accomplished via knot insertion by additionally inserting already existing knots
until their multiplicities equal to polynomial order and so that the continuities

between them are C°.

Given a knot vector E= {51,5 ,...,§n+p+l} and a collection of control points

P={P}" which determine a B-spline curve. By applying the knot insertion to a
set of knots {9?1 , 9?2 yee .,f_j yee .,é?m } that needs to be replicated to produce the Bézier
decomposition from a B-spline curve, one can write

Pt = (Cf )T P/, (2.8)
where P' = P . Eq. (2. 8) obtained when inserting a single knot g?j,j =12,....m

to the original knot vector which the matrix. C’ is defined as

a l-a, 0 - 0 =
0 @ 1@ 0 - 0
c=l0 0 a l-a 0 O |
L 0 0 @, 1= 1)) |

in which @/,i=1,2,...,n+ j be the i-th alpha. By performing the transformation
defined in Eq. (2. 9) for every inserted knot §_j, at the final control points
collection P™*' which defined the Bézier segments of the decomposition. Setting
P’ = P!, follow by defining C" =(C")' (C"")"--(C')" , it can be obtained

PP = C' P, (2.10)
(n+m)xd nxmm)n:\:d

which are convex linear combinations of the control points of the B-spline curve,
P and Cis a matrix of so-called Bézier extraction operator which rows adding
up to unity due to the convex combinations. It is also worthwhile to mention that
the information required to construct matrix C is solely a knot vector, that means
the operator holds for both B-splines and NURBS. By combining the two Egs. (2.
7) and (2. 10), the formulation that relates B-spine basis functions and Bernstein
basis functions reads as follows

N'P=B"P’

P’ =C'P

@2.11)
}: N'P=B'C'P < N=CB.

Thus, the B-Spline basis functions can be obtained by multiplying the same matrix
C with the Bézier basis functions (the Bernstein basis). By the advantage of this
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approach, the incorporation of IGA to an existing FEA code is simplified to
implement an element that utilizes the Bernstein basis and has an entry to load
Bézier extraction matrix C. For NURBS, the procedure of applying extraction
operator is done as follows.
The formula of weighting functions defined in Eq.(2. 1) can be rewritten in matrix
form as

w(&)=>'N. ()w.=N"w=(CB) w=B"C'w=B"w" =i",

£a’'ip
i=1

(2.12)

where w” = C"w are the corresponding weights of the Bernstein basis functions.
Now, writing Eq. (2. 3)in matrix form as follow

1 (2.13)
R(9)= 55 WNE),
in which W is the diagonal matrix of control points’ weights defined as
w, (2.14)
W,

n

Replacing matrix N in Eq. (2. 13) by the relation in Eq. (2. 11) yields the formula
that expresses NURBS basis in terms of Bernstein basis as
1
R(&)=—WCB(¢).
(6)= 7z WeB ()
The relationship between the NURBS control points, P, and the Bézier control
points, P”is defined as

(2.15)

P’ = (Wb )’1 C"WP, (2.16)
where W’ is the diagonal matrix form of the Bézier weights recast from the vector
form w” as

WP (2.17)
w,

W’ =

b
n+m

For higher-dimension bases, the extraction operators are straightforwardly
defined as the tensor product of the univariate ones.
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CHAPTER 3: THEORETICAL BASIS

3.1. The generalized unconstrained higher-order shear deformation theory

(UHSDT)

It can be seen that TSDT contains a cubic-variation of in-plane displacements
constrained by the transverse displacement and the rotations. Furthermore, the
TSDT assumes that transverse shear stresses vanish on the top and bottom of the
plate, which is not entirely accurate. While attempting to solve the problem of
shear traction parallel to the surface of plates, Leung proposed an unconstrained
third-order shear deformation theory (UTSDT). Additionally, UTSDT is also
feasible for problems involving contact friction or a flow field. Different from the
traction-free boundary condition on the top and bottom plate surfaces presented
in TSDT of Reddy, this theory allows a finite transverse shear strain on the lower
and upper surface of the plate. Although the governing differential equations of
UTSDT have a complexity similar to those of TSDT, UTSDT’s solutions are more
accurate than the TSDT ones compared with the 3D exact solution. The
unconstrained third-order shear deformation theory includes seven displacement
components, i.e. six in-plane displacements and one transverse displacement.

This thesis contributes an arbitrary novel unconstrained higher-order shear
deformation theory (UHSDT) which is used for calculation in chapter 4. Although
UHSDT also adopts seven displacement components similar to those of UTSDT,
higher-order rotations depend on an arbitrary function f{z) through the plate
thickness. In UTSDT [118], the third-order function (f{z) = z°) is used. It can be
observed that the profile of the shear stresses through the plate thickness depends
on various features such as the number of layers, layer thickness and material
properties. Hence, an arbitrary unconstrained higher-order shear deformation
theory (UHSDT) can be generalized such that it reflects well nonlinear behavior
through the plate thickness and can provide better solutions than UTSDT. This
motivates us to investigate an unconstrained higher-order shear deformation
theory (UHSDT).

The unconstrained theory based on HSDT can be rewritten in a general form
using an arbitrary function f{z) as follows:

u(x,y,z,t) =uy (x,3,0)+ zu, (x, y,6)+ f(2)u, (x, ,t) 3. D

V(x,y,z,t) =Y, (x,y,t) +2zv (x,y,t) + f(z)v2 (x,y,t)

W(x,y,z,t) = w(x,y,t)
whereu, (x,y,1), v, (%, 3,1) 1, (x, 2.8) vy (3, ,0) sy (3, 0,8) vy (x,0,1)
and w(x, v, t) are seven displacement variables which must be determined.
Accordingly, two newly proposed shape functions and shape functions of UTSDT
are introduced, as shown in Table 3.1, where f{z) is the inverse tangent distributed
function through the plate thickness.
Table 3.1: Three used forms of distributed functions and their derivatives
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Model f(2) f'(z)

Leung [120] z? 372

Model 1 arctan(z) 1
1+2°

Model 2 sin(z) cos(z)

3.2. The C’-type higher-order shear deformation theory (C’-type HSDT)
The above-mentioned theories require C’-continuity and C'-continuity of the
approximate field or the generalized displacement field. The HSDT and the CPT
bear the relationship to derivation transverse displacement also called slope
components. In some numerical methods, it is often difficult to enforce boundary
conditions for slope components due to the unification of the approximation
variables. Therefore, a C°-type HSDT is rather recommended.

In this thesis, the authors promote a C’-type HSDT for electro-mechanical
vibration responses of plates made of functionally graded piezoelectric materials
with the presence of porosities shown in chapter 6. This C°-type HSDT
contributes to increasing the novelty of the dissertation.

According to the generalized HSDT, the displacement field of any points in the
plate has five unknowns and can be rewritten by:

u(x,y,z,t)=u'(x,y,0)+zu’ (x,p,t)+ f(2)u’ (x,,7) (3.2)
where
u MO WO,x Hx
u=qvesu =y wt=—dw s wd =46 (3.3)
w W, 0 0

in which u,,v,,w,, 6, and 6, are the in-plane, transverse displacements and the

rotation components in the y-z, x-z planes, respectively; the symbols ‘,x’ and ‘,)’
denote derivative of any function with respect to x and y directions, respectively.
To avoid the order of high-order derivation in approximate formulations and
easily apply boundary conditions similar to the standard finite element procedure,
additional assumptions are made as follows:

Wo =B 3 W, =B, (3.4)

Substituting Eq. (3.4) to Eq.(3.3), it can be written:
T T
=l v owlowi=—{g g o) wi={o 6, of g
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From Eq. (3. 5), it can be seen that the compatible strain fields only request C°-
continuity. This theory is named the C°-type higher-order shear deformation
theory.

Based on the C’-type higher-order shear deformation theory, the bending and
shear strains are expressed by:

s—{g £ }T—80+281+f(z)82'
=V Cn Vuf T 5

. (3.6)
s0 ' s1
1={r. 7.} =€"+f"(2)e
where
uO X ﬂr,x ex X
=1 v, ;€' = B,, ;e = -
uO,y + VO,x ﬁx,y + VX gx,y + ey,x (37)
50 WO,x - ﬂx sl ex
g’ = ; € =
WO,y - ﬂy 9)’
in which f'(z) is the derivation of the function f{z) which is chosen later.
3.3. Constitutive equations of laminated composite plate
The generalized Hooke's law for an anisotropic material is expressed by:
0, =08, (3.8)

where o, are the stress components, ¢, are the strain components and (), are the

“reduced” material coefficients for 2D problem with i, j refer to the components
of an orthogonal Cartesian coordinate (x,,x,,x; ). In general, O, have 21

independent elastic constants. For orthotropic materials, the number of material
parameters is reduced to 9 in three-dimentional cases. Figure 3.1 illustrates the
material coordinate system ( x,, x,,x, ), in which the material coordinate axis x; is

taken to be parallel or coincide to the fiber, the x, -axis transverse to the fiber
direction in the plane of the lamina, and the x, -axis is perpendicular to the plane
of the lamina.
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Figure 3. 1. Configuration of a lamina and laminated composite plate.
Using rule of mixture, the lamina constants are defined as follows

E =Ev +E,, sV =V,0,+V,0,
_ E/E, _ GG, (3.9)
2T L 4 2~ 5 0~
E.v,+E,v, Guv,+G,u,

. . , o
where E,,E, ;v,,v,;0,,v,and G, G, are Young’s moduli, Poisson’s ratios,

volume fractions and the shear modulus, respectively, in which f and m refer to
fiber and matrix of laminated composites, respectively. Besides, G, ,G,, are

calculated by:
Ef . Em

G, =30 (3.10)

T2y,
By neglecting o for each orthotropic layer, the constitutive equation of k" layer

in the local coordinate system derived from Hooke’s law for a plane stress is given
by

le O, G, O 0 0 & lk
o ; O, 0, O 0 0 g ;(
=10 Qn Ow O 0 rh 3. 11)
les 0 0 0 05 0O 7 1k3
T; 0 0 0 Os Oul ¥ f;

in which reduced stiffness components, Qi'; , are expressed by
k k k k
El . Qk — Vlez . Qk — Ez . Qk :Gk.
1— k_k° 12 1— k k° 22 1— k k° 66 12>
12Y21 V12V Vi2Vai
. i . (3.12)
Qs =Gp35 Qi =Gy

k
Q=

The stress - strain relationship in the global reference system (x,y,z) is computed
by
O_; Qn Qz Qs 0 0 ' g,:r
O-Jl:J" Ql 2 QZZ QZG 0 0 g}’)’
i} = QGI éﬁz st 0 0 e :‘ (3.13)
o I U A
T; 0 0 0 Q45 QM 7 )A:

where Q’; is the transformed material constant matrix and is written in detail as:
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Figure 3. 2. Material and global coordinates of the composite plate.
0, =0, cos* 0+2(0Q,, +20, )sin’ G cos’ &
?12 =(0,, +0,, —40, )sin’ Ocos’ 6+ 0, (sin4 6 +cos* 9) (3.14)
0,, =0, sin* 0+2(Q, +20 )sin’ Gcos’ 6+ 0, cos* &
0, =(0,, — 0y, =20y, )sin@cos’ 0+ (0, — 0,, +20,, )cos Psin’ &
Qm = (Qn -0, - 2Q66)Sin3 OcosO+ (Q|z =0, +204 )COS3 Osin@
O, = (0, + 0y, —20,, —20, )sin’ O cos’ O+ Oy (sin4 6 +cos’ 6)
0O,y = 0,y c08’ 0+ Oy sin” 0
Q45 = (st -0y )Sin cos 6
st =0 cos” 0+ Ou sin’ 0

Local and global coordinates of the laminated composite is shown in Figure 3.2.
3.4. Piezoelectric material

The linear piezoelectric constitutive equations can be expressed as follows:

m ) k _;}m (3.15)

where € and ¢ are the strain vector and the stress vector, respectively; ¢ denotes

the elastic constant matrix. The electric field vector E, can be defined as
E=—gradg =-V¢ (3.16)

Note that, for the type of piezoelectric materials considered in this work the stress

piezoelectric constant matrices e, the strain piezoelectric constant matrices d and
the dielectric constant matrices g can be written as follows
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0 0 0 0 e 0 0 0 0 d;
e={0 0 0 ¢ Of;d={0 0 0 d, 0
e, e, e 0 0 d, d, d, 0 0 3.17)
p, O 0
g=0 p, O
0 0  p,

3.5. Piezoelectric functionally graded porous plates reinforced by graphene
platelets (PFGP-GPLs)

In this study, a plate model like as a sandwich plate with length a, width b and

total thickness of h = h. + 2h,, in which h; and h,, are the thicknesses of the

porous layer which is called core and the piezoelectric face layers, respectively,

is shown in Figure 3.3.

Figure 3. 3. Configuration of a piezoelectric FG porous plate reinforced
by GPLs.

Three different porosity distribution types along the thickness direction of
plates including two types of non-uniformly symmetric and a uniform are
illustrated in Figure 3.4. In addition, three GPL dispersion patterns shown in
Figure 3.5 are investigated for each porosity distribution. In each pattern, the GPL
volume fraction Vgpy, is assumed to vary smoothly along the thickness direction.
As can be seen in Figure 3.5, E] and E’ denote the maximum and minimum
Young’s moduli of the non-uniformly distributed porous material without GPLs,
respectively, while E" is Young’s modulus of uniform porosity distribution.

.

W2

(la) Non-uniform porosity distribution (b)Non-uniform porosity distribution
2
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(©) Uniform porosity distribution
Figure 3. 4. Porosity distribution types

iPL

-h/2

h210 W2

(a) Pattern A (b) Pattern B (c) Pattern C

Figure 3. 5. Three dispersion patterns 4, B and C of the GPLs for each
porosity distribution type.
The material properties including Young’s moduli E (z) , shear modulus G (z) and
mass density p(z) which alter along the thickness direction for different porosity
distribution types can be expressed as
E(2) = E [1-¢,A(2)], (3.18)
G(2) = E(2)/[201+(2))],

p(2)=p[1-¢,A2)],

where
cos(zz/h,), Non - uniform porosity distribution 1 (3.19)
AM(z)=qcos(zrz/2h,+x/4), Non ~uniform porosity distribution 2
A, Uniform porosity distribution
in which E; = E; and E; = E' for types of non-uniformly and uniform porosity

distribution, respectively. p; denotes the maximum value of mass density of the
porous core. The coefficient of porosity e, can be determined by

e,=1-E, /E (3.20)
Through Gaussian Random Field (GRF) scheme, the mechanical characteristic of
closed- cell cellular solids is given as

E(2) :(P(z)/pl+0.121]2'3 forl 015 <22 4 (3.21)
E 1.121 ' o,

1
Then, the coefficient of mass density e, in Eq. (3.24) is possibly stated as

_1.121(1—2-\3/1—%7,1(2)) (3.22)

e
m l(Z)
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Also according to the closed-cell GRF scheme [128], Poisson’s ratio v(z) is
derived as

v(z)=0.221p +v,(0.342p7 —=1.21p +1), (3.23)
in which v; represents the Poisson’s ratio of the metal matrix without internal
pores and p’ is given as

p =1.121(1-%1-¢,A(2)) (3.24)

It should be noted that to obtain a meaningful and fair comparison, the mass per
unit of surface M of the FG porous plates with different porosity distributions is
set to be equivalent and can be calculated by

v 2 y
_J:h‘/zp(z) ‘

Then, the coefficient 4 in Eq. (3.18) for uniform porosity distribution can be
defined as

(3.25)

A=—c
0.121

% &
The volume fraction of GPLs alters along the thickness of the plate for three
dispersion patterns depicted in Figure 3.5 can be given as

1 L[M/p1h+0.121j2'3 (3.26)

S, [1-cos(zz/h,)], Pattern A (3.27)
Vip, =4S, [1—cos(zz/2h, +7/4)], Pattern B
S Pattern C

i3°

where S;q,S;, and S;; are the maximum values of GPL volume fraction and i =

1,2,3 corresponds to two non-uniform porosity distributions 1, 2 and the uniform
distribution, respectively.

The relationship between the volume fraction V;p; and weight fractions Agp;, is

given by
AgpL P A 1— Az = A 1— iz
AGpL P+ Papr = AepPop J‘?h%[ e )]d J:h% Vo [ e )]d .

By the Halpin-Tsai micromechanical model [129-131], Young’s modulus E; is
determined as

(3.28)

£ - §[1+§L77LVGPL JEM +§[1+§quVGPL jE (3.29)
8\ 1=1,Vop 8\ 1=,V
in which
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2y, D, (Egp 1 E,) -1 (3.30)
é’L =7 é/W = s N = N
tGPL tGPL (EGPL / Em ) + é’L

_ (EGPL /Em)_l

(EGPL / Em) + é‘w ’
where Wgp;, lgp, and tgp; denote the average width, length and thickness of
GPLs, respectively; E;p; and E,,, are Young’s moduli of GPLs and metal matrix,
respectively. Then, the mass density p; can be determined and Poison’s ratio v,
of the GPLs reinforced for porous metal matrix according to the rule of mixture
as

w

P = PopVer + PV s (3.31)

Vi =VerVor V.V, (3.32)
where pgpr, Vepr, and Vip, are the mass density, Poisson’s ratio and volume
fraction of GPLs, respectively; while p,,, v, and V,, = 1 — V;p; represent the
mass density, Poisson’s ratio and volume fraction of metal matrix, respectively.
3.6 Functionally graded piezoelectric material porous plates (FGPMP)

A FGPMP plate with the length a, the width b and the thickness /4 is
considered. The plate is made of a mixture of PZT-4 and PZT-5H materials

subjected to an electric potential @ (x,y,z,¢) as shown in Figure 3.5, in which

the full PZT-4 and PZT-5H surfaces are distributed at the top (z=4/2) and
bottom (z = -/ / 2) plates, respectively. Two types of FG piezoelectric porous

plates consisting of FGPMP-I and FGPMP-II are considered in this study. For a
type of even distribution, FGPMP-I, the effective material properties of
piezoelectric porous plates through the thickness direction are computed by a
modified power-law model:

¢y (z) = (c;' —cé)(%—i—%)g +cl§. —%(c; +ij);
() =10.0,0.2),01.3).(3:3).(55).(6.)
| -2 ) )= (B0.6.63]

u 1Y . .
k!.,.(z)=(k[/.—ké.) %JFEJ +kfi'_%(kii+kil/); (”f):{(l’l)’(3’3)}
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where ¢, , ¢;and k, are defined as above, g is the power index that represents the

material distribution across the plate thickness, p is the material density; the
symbols u and / denote the material properties of the upper and lower surfaces,
respectively, and « is the porosity volume fraction.

Type of uneven distribution, FGPMP-II, the porosities are concentrated around
the cross-section middle-surface and the amount of porosity discharges at the top
and bottom of the cross-section. In this case, the effective material properties are
computed by:

¢y (2) :(clfj‘. —cfj)(%—i-%jg +c;. —%(C; +c§)[l—%j ;
(5:7)={(1.1),(1,2),(1.3),(3.3),(5,5),(6.6)}

} (3. 34)

p<z>=<pu—pf)[§+§jg+pf_g<pu+p1)(1_%]

To show the influence of porosity volume fraction on material properties, the
variation of elastic coefficient c¢;1 of FGPMP plate which is made of PZT-4/PZT-
SH versus the thickness with various power index values as depicted in Figure 3.
5 is illustrated. It can be seen that the elastic coefficient of perfect FGPM, « =0,

is continuous through the top surface (PZT-4 rich) to the bottom
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A full P14

Figure 3.5. Geometry and cross sections of FGPMP plates.

surface (PZT-5H rich) as shown in Figure 3.6a. As g = 0, the elastic coefficient is
constant through the plate thickness. The profiles of ci; are also plotted in Figure
3.6b and Figure 3.6¢ for porous FGPMP-I and FGPMP-II, respectively. As seen,
there has the same profile for the perfect FGPM and FGPMP-I type with
porosities. However, the magnitude of the elastic coefficient of porous FGPMP-1
is lower than that of perfect FGPM. Therefore, the stiffness of the FGPMP is
decreased with the presence of the porous parameter. Moreover, when the
porosities are distributed around the cross section mid-zone and the amount of
porosity diminishes on the top and bottom of the cross-section, FGPMP-II type,
the elastic coefficient is maximum on the bottom and top surface and decreases
towards middle zone direction as indicated in Figure 3.6¢. Figure 3.6d displays
the influence of porosities on the elastic coefficient. It is found that the elastic
coefficient’s amplitude of FGPMP-II plate is equal to that of perfect FGPM on
the bottom and top surface, and equal to that of FGPMP I plate at the mid-surface.
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Figure 3.6. Variation of elastic coefficient ¢i1 of FGPMP plate made of
PZT-4/PZT-5H with « =0.2.

CHAPTER 4: ANALYZE AND CONTROL THE RESPONSES OF
PIEZOELECTRIC LAMINATED COMPOSITE PLATES

4.1 Overview

In this chapter, the objective of the dissertation is performed. An isogeometric
finite element formulation based on Bézier extraction for the non-uniform rational
B-splines (NURBS) in combination with a generalized unconstrained higher-
order shear deformation theory (UHSDT) presented in 3.1 section for analysis of
static, free vibration and transient responses of plates. Two types of plate
including the laminated composite plates and the piezoelectric laminated
composite plates are studied in this chapter. In addition, for the piezoelectric
laminated composite plates, the active response control of structures is
investigated. The displacement field is approximated according to the proposed
model and the linear transient formulation for plates is solved by Newmark time
integration. The presented method relaxes zero-shear stresses at the top and
bottom surfaces of the plates and no shear correction factors are used. NURBS
can be written in terms of Bernstein polynomials and the Bézier extraction
operator as section 2.3. Through the thickness of each piezoelectric layer, the
electric potential variation is considered linear. A closed-loop system is used for
active control of the piezoelectric laminated composite plates. The accuracy and
reliability of the proposed method are verified by comparing its numerical
predictions with those of other available numerical approaches.

4.2. Weak form for laminated composite plates
The unconstrained theory based on HSDT can be rewritten as follows:

u(x,y,z,t) =u, (x,y,1)+zu, (x,y,t)-i—f(z)u2 (x,y,t)
v(x,y,z,t) =V, (x,y,t)+ v, (x,y,t)+ f(z)v2 (x,y,t)
w(x,y,z,t) = w(x,y,t)

4.1
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Here model 1 with f{z) = arctan(z)is used. So, generalized unconstrained

higher-order shear deformation theory (UHSDT) can be called unconstrained
inverse trigonometric shear deformation theory (UITSDT).
The in-plane strain vector € , is thus expressed by the following equation

g, =[s, ¢, yxy]r =g, +z8, + [(2)g, 4.2)

and the transverse shear strain vector y has the following form

r s ! s 4 3
Y =[r. 7.] =&+ (28 @.3)
where f(z)is derivative of f{z) function and
u u u
0,x 1,x 2,x . u] +Wx
g, = Vo, g = Vi, g, = v g, = i
0 0,y s ©p Ly 1©2 2,y s & v] +Wy ) (4 4)
Vo T, Vi, T, vy, tiy :

A weak form of the static model for the plates under transverse loading go can
be written as

[ d&)De,d0+[ &'DydQ= | swg,dQ (4. 5)
where ¢, is the transverse loading per unit area.

From Hooke’s law and the linear strains given by Egs.(4. 2) and (4. 3), the
stress is computed by

G, D 0|e,
c = = _ =ce
T 0 D |y (4. 6)
—_—

c €
where 6, and 7t are the in-plane stress component and shear stress; D and D,

are material constant matrices given in the form of

A B E
]_)—BDF'I_)—A“ B, 4.7
s g T B D ( )
E F H ! 3
in which
hi2 —
i,j=12,6 4.8

(A7, 87,00 = [ TL f(2),(f ()7 ]0,dz: i, j = 4.5
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where Q.j is the transformed material constant.

For forced vibration analysis of the plates, a weak form can be derived from
the following undamped dynamic equilibrium equation as follows:

jg&,{f)epdm jQ &'D ydQ+ jﬂ&ﬁrmﬁdQ = jﬂ Swq(x, y,H)dQ (4.9)
where the mass matrix m is calculated in a consistent form as follows
1 1, 1, w2
m=1, L I |(I.L.L 000 ) = [ p(Lz.27,f(2),2 (2), () = (4.10)
I, I, I, -hr2

in which p is the mass density,

u] u() ul uZ (4 11)
U=qu, p,u =9V, r;U, =4V, r3U, v,
u w 0 0

3

and q(x,,?) is the transverse loading per unit area which is the function depending
on time and space.

It should be noted that no external forces are required in the free vibration
problems, and the terms on the right-hand side of Eq.(4. 9) is thus equivalent to
Zero.

4.3. Approximated formulation based on Bézier extraction for NURBS

By using the Bézier extraction for NURBS, the displacement field u of the

plate is approximated as follows

u”(é,n):mZmRZ(é,n)qA 4.12)

where nxm is the number of basis functions, and x" =(x y) is the physical

coordinate vector.
InEq.(4. 12), R} (&,77) is a NURBS basis function for two-dimensional problems

which is written in form of the linear combination of Bézier extraction operator
and Bernstein polynomials, P, is the control point A4 and

T.
q,=[uo, Vou w4 V4 Uy, Vv,, w,] is the vector of nodal degrees of

freedom associated with control point 4.
By substituting Eq. (4. 12) with Eq.(4. 2), the in-plane and shear strains can be
rewritten as

e, 7]T=§[BZ’ B! B? B) B:]q, 4. 13)

in which
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R,, 0 00000 00R, 0 000
B;=[ 0 R, 000 0 0[,B/=00 R, 000
R, R,, 00000 00 R, R, 00O
0000R, 0 0
B”=[0 000 0 R, 0 (4.14)
0000R, R, O
a_[000 R 0 00 R, gr_|0 000 R 00
100 0 R, 0OO0R_ """ |000O0 O R, O

By substituting Eq. (4. 13) with Eq.(4. 5), the formulation of static analysis is
obtained in the following form
Kq=F (4. 15)

where the global stiffness matrix K is given by

T
B"| [A B E]||B" B TA B1(B
_ bl bl s s
K=[|{B"{ |B D F|:B +{B52} {Bs DSHBSZ} dQ (4. 16)

BhZ E F H BbZ

and the load vector F is calculated as

F=[ R0 (4.17)
in which
R,=[0 0 0 0 0 0 R,] (4. 18)
For free vibration analysis, one has
MG+Kq=0 (4. 19)

where the global mass matrix M is described as
T

N4 1, 1[N,

M=[ 1IN || I, 1N, |tdQ (4.20)
N, L 1L LN,
with
R, 0 0000 0
N,=| 0 R, 0000 0 4.21)
0 0 0000 R

ES
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00R 0 000 0000R 0 0
N,=/00 0 R, 0 0 O;N,=[0 0 00 0 R, O
00 0 0 000 0000 0 0 0

And for forced vibration analysis, undamped dynamic discrete equations can
be expressed from Eq.(4. 9)

Mg +Kq=F() 4.22)

To solve this second order time-dependent problem, several methods have
been proposed such as Wilson, Newmark, Houbolt, Crank-Nicholson, etc. Here,
Eq.(4. 22) is solved by the Newmark direct integration scheme.

4.4. Approximated formulation of electric potential field

To approximate the electric potential field, each thin piezoelectric layer is
discretized into a lot of finite sublayers through the thickness dimension. Besides,
the electric potential variation is assumed to be linear in each sublayer and is
approximated throughout the piezoelectric layer thickness as follows

¢'(2) = Ny¢' (4.23)
where N; is the shape functions for the electric potential with p = 1, and ¢’ is
the vector containing the electric potentials at the top and bottom surfaces of the
i-th sublayer, ¢'=[¢"" 4| (i=12.....n,,) in which ny is the number of
piezoelectric layers.

For each piezoelectric sublayer element, values of electric potentials are

assumed to be equal at the same height along the thickness. The electric field E
can be rewritten as

E=-VN,¢' =-B,¢’ (4.24)

| (4.25)
B¢:{O 0 —}
h

P

in which

Note that, for the type of piezoelectric materials considered in this work the
piezoelectric constant matrix e and the dielectric constant matrix g of the k"
orthotropic layer in the local coordinate system are written as follows

0 0 0 0 ¢ p, 0 07"
=0 0 0 ¢ 0| : g=l0 p, O (4.26)
e e, e; 0 0 0 0 py

However, the laminate is usually made of several orthotropic layers with
different directions of orthotropy and consequently different characteristic
directions for the dielectric and piezoelectric properties. So, the piezoelectric
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stress constant matrix for the k" orthotropic lamina in the global coordinate
system is given by

o 0 0 0 g o 5. 0 o
=0 0 0z 00 : g=0 B, 0 (4.27)
e e & 0 0 0 0 0 py

where ¢; and p, are transformed material constants of the " lamina and are

calculated similarly to Q./. .

4.5 Governing equations of motion
The elementary governing equation of motion can be derived in the following

form
|:Mml O:| |:&:| ’ Kuu Ku¢ |:d:| ) |: f :| (4 28)
0 0Jlé] K, Kyllo] [QF .
where
w=[ BleBdQ ; K, =] B&B,dQ
o (4.29)
w=|. BlgB,dQ : M, =[ N'mNdQ
in which
é=[e; ze, f(2)e, e f(2)e ]’
0 0 0 0 e (4.30)
e, =0 0 0 ;e,=|¢5; O
€ € €y 0 0

Since the electric field E exists only according to the z direction, K, in

Eq.(4.29) can be rewritten as
T
KWZI((B ) e,/ B,+z(B") ¢,/B, + f(z)(B") ¢,’B )dQ @31

Q
Substituting the second line of Eq. (4.28) into the first line, the shortened form

is obtained as
Md+(K,, +K,K 'K, )d=F+K, K 'Q (4.32)
4.6 Active control analysis
A composite plate integrated piezoelectric with n (n > 2) layers is considered

(See Figure 4.1). The sensor layer at the bottom is denoted with the subscript s
and the charge Q = 0.
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— Actuator input
Actuator layer

FG porous with GPLs Controller

|

Figure 4.1. A schematic diagram of a laminated plate with integrated
piezoelectric sensors and actuators.
The constant gains G4 and G, of the control of displacement feedback and
that of velocity one is hence used to couple the input actuator voltage vector ¢,

Sensor layer I

— Sensor output

and the output sensor voltage vector ¢, as

0, =G0, +Gd (4.33)

Without the external charge Q, the generated potential on the sensor layer can
be derived from the second equation of Eq. (5.6) as

6 =[K; ] [K,.] d (434
Eq.(4.34) above shows that, when an external force deforms the plate, in the
sensor layer the electric charges are generated in the sensor layer and then
amplified through the closed loop control to be converted into the signal. This
signal is then sent to the distributed actuator and generates an input voltage for
the actuators. Finally, a resultant force arises through the converse piezoelectric
effect and this force actively controls the static response of the laminated

composite plate.
Substituting Eqgs. (4.33) —(4.34) for Eq. (4.28), one obtains

Q =[K.] 4. -G [Ky ] [Kg] [Ku] a6 [K, ] [K][Ke]d @435
Substituting Eqs. (4.33) and (4.35) into Eq. (4.32), one writes

Md+Cd+K'd=F (4.36)
where
K* = Kuu + Gd |:Ku¢ ]S [K;; :|s |:K¢u ]S (437)
and the active damping matrix, C, can be computed by
-1
C=G,[K, ] [Ki] [K, ] (4.38)
Without effect of the structural damping, Eq. (4.36) can be rewritten as
Md+K'd=F (4.39)
For static analyses, Eq. (4.39) reduces to
K'd=F (4.40)

4.7 Results and discussions
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4.7.1 Laminated composite plate
A four-layer [0°/90°/90°%/0°] fully simply supported square laminated plate

subjected to a sinusoidal pressure defined as ¢q(x,3)=gq, sin(ﬂ)sin(%) is
a

considered. The length to width ratio is @/b = 1 and the length to thickness ratios
are ah = 4, 10, 20 and 100,  respectively.  Material
E, =25E,,G, =G,, =0.5E,,G,, =0.2E,,v,, =0.25.
The normalized displacement and stresses are defined as
2 2
= (100E, (. 5.0)/ ga's5, :;’7@“(3,3,2);@ :;’7%(3%,2) @.41)
2

G, = ;’7%(0,0, g);gu - thG,Z(O,g,O);oi_. - ;’70—‘: (%,O,O)

Table 4.1 displays the obtained results along with other solutions for the
normalized displacement and stresses. The obtained results based on the proposed
model are compared with those of the other reference ones based on the
unconstrained third-order theory using Navier’s series solution (UTSDT) and
using the numerical solution of RPIM-UTSDT. Additionally, IGA-UITSDT is
also compared with the Reddy’s analytical solutions- TSDT and the exact 3D
elasticity approach of Pagano. It is found that IGA-UITSDT is a stronger
competitor than other reference numerical techniques for all ratios a/h. Comparing
with IGA-UTSDT, IGA-UITSDT gives the results slightly better, especially for
thick plates. Normalized displacement and stresses of the proposed method
conform well to the analytical solutions. For a thick plate with a/h =4 and 10, the
obtained results are more accurate than other reference solutions. They even move
beyond TSDT by Reddy. Moreover, the shear stresses of the proposed model are
close to those of the exact 3D elasticity solution.

Figure 4.2 plots the distribution of stresses through the thickness of a four-
layer square plate with a/h = 4. It can be seen that our results match well with
those of the IGA-TSDT solutions. Notably, the transverse shear stresses of
UTSDT and UITSDT based on IGA are non-zero at the top and bottom surfaces
of the plate. This discrepancy is owing to that by using UTSDT and UITSDT, the
transverse shear stresses relax at the boundary layer. However, such a non-zero
amount (Table 4.1 and Figure 4.2) is only slight. Thus, the obtained results are
accurate under bending loads, whereas contact friction or a flow field along the
boundary layer is not within the research scope of this thesis. Efforts are underway
to investigate the behavior of UITSDT in the presence of surface shear traction.

33



Table 4.1: Normalized displacement and stresses of a simply supported

[0%/90°/90°/0°] square lamin

ated plate under a sinusoidally distributed load.

alh Method w o, o, o, o, .
4 TSDT 1.8937 0.6651 0.6322 0.044 0.2064 0.2389
RPIM-UTSDT 1.9024 0.7044 0.6297 0.0478 0.2169 0.2494
UTSDT 1.9023 0.7057 0.6309 0.0461 0.2064 0.2389
IGA-UTSDT 1.9023 0.7040 0.6294 0.0461 0.2138 0.2460
IGA- UITSDT 1.9031 0.7041 0.6296 0.0460 0.2142 0.2462
Elasticity 1.9540 0.7200 0.6630 0.0467 0.2190 0.2910
10 TSDT 0.7147 0.5456 0.3888 0.0268 0.2640 0.1531
RPIM-UTSDT 0.7204 0.5599 0.3903 0.0280 0.2887 0.1580
UTSDT 0.7204 0.5609 0.3911 0.0273 0.2843 0.1593
IGA-UTSDT 0.7204 0.5596 0.3901 0.0273 0.2842 0.1593
IGA- UITSDT 0.7204 0.5596 0.3902 0.0274 0.2832 0.1612
Elasticity 0.7430 0.5590 0.4010 0.0275 0.3010 0.1960
20 TSDT 0.5060 0.5393 0.3043 0.0228 0.2825 0.1234
RPIM-UTSDT 0.5077 0.5425 0.3046 0.0233 0.3120 0.1167
UTSDT 0.5078 0.5436 0.3052 0.0230 0.3066 0.1279
IGA-UTSDT 0.5078 0.5424 0.3045 0.0229 0.3066 0.1278
IGA- UITSDT 0.5078 0.5424 0.3045 0.0229 0.3079 0.1278
Elasticity 0.5170 0.5430 0.3090 0.0230 0.3280 0.1560
100 TSDT 0.4343 0.5387 0.2708 0.0213 0.2897 0.1117
RPIM-UTSDT 0.4321 0.5351 0.2700 0.0220 0.2986 0.0704
UTSDT 0.4344 0.5389 0.2709 0.0214 0.3154 0.1153
IGA-UTSDT 0.4344 0.5376 0.2702 0.0213 0.3153 0.1152
IGA- UITSDT 0.4344 0.5389 0.2709 0.0213 0.3153 0.1152
Elasticity 0.4347 0.5390 0.2710 0.0214 0.3390 0.1410
y " i
03 I 03 :'t_______;”
02 02 A
e o1 ¥ IGA-TSDT o1 e
3 e +  IGA-UTSDT 0 e
g o % = = = IGA-UHSDT o .A,' g
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Figure 4.2. Comparison of the normalized stress distributions through the
thickness of a four-layer [0%/90%90°%/0°] laminated composite square plate
(a/h=4).

4.7.2 Piezoelectric laminated composite plate
A simply supported square laminated plate (20cm x 20cm ) subjected to a

uniform load ¢ = 100 N/m? is considered. This plate is bonded by piezoelectric
ceramics on both the lower and upper surfaces symmetrically. It consists of four
composite layers and two outer piezo-layers denoted by pie. The laminate
configuration of the composite plate is [pie/-0/6 s and [pie/-0/0 J.s where
subscript “s” indicates symmetric laminate, and the subscript “as” anti-symmetric
laminate, and @ is the fiber orientation angle of the layers. The non-piezoelectric
composite plate is 1mm thick, and its layers have the same thickness each. The
piezo-layer has the thickness of 0.1mm.

The SSSS piezoelectric composite plate with different fiber orientation angles
including [pie/-15/15]as, [pie/-30/30)ss, [pie/-45/45).s and [pie/-45/45]s is
investigated. A control Bézier mesh with 13x13 quadratic elements should be
used here. Table 4.2 displays the central point deflection of the piezoelectric
composite plate subjected to the uniform load and different input voltages. The
results of IGA-UITSDT can be seen to agree well with those of references used
CS-DSG3 and RPIM method. And Figure 4.3 shows the deflection of the plate
with various input voltages 0V, 5V, 8V, 10V. The deflection decreases to increase
the input voltage as expected. It’s because the input voltage induces an upward
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deflection of the plate due to the piezoelectric effect. This upward contribution
becomes prevalent for an input voltage of 10V. Again, it can be seen that the
obtained results and those of references are the same. In addition, the fiber
orientation angle increases, the deflection of the plate decreases.

Table 4.2: Central control point/node deflection of the simply supported
piezoelectric composite plate subjected to a uniform load and different input

voltages (x 10*m ).

Method
Input -
Votha (S} Scheme IGA- 1A
g CS-DSG3  RPIM UITSDT
USSDT
(r=3)
oV
[pie /-45/45], 0.6326  -0.6038  -0.6230  -0.6356
[pie/-45/45]as 06323 -0.6217  -0.6205  -0.6139
[pie -30/30]s  -0.6688  -0.6542  -0.6572  -0.6656
[pie I-15/15]s  -0.7442 07222 -0.7400  -0.7436
SV [pie /-45/451, -0.2863 -0.2717 02767  -0.2845
[pie -45/45]0s  -0.2801 02717 -02744  -0.2820
[pie -30/30]ss  -0.2957  -0.2862  -0.2882  -0.2965
[pie -15/15]ss  -0.3259  -03134 03192  -0.3281
10v [pie /-45/45]; 0.0721 0.0757 0.0788  0.0689
[pie 1-45/45];s  0.0601 0.0604 0.0720  0.0602
[pie 1-30/30]s  0.0774 0.0819 0.0805  0.0686
[pie -15/15]as  0.0924 0.0954 0.1015  0.0887

Figure 4.3 shows the deflection of the plate with various input voltages 0V,
5V, 8V, 10V. The deflection decreases to increase the input voltage as expected.
It’s because the input voltage induces an upward deflection of the plate due to the
piezoelectric effect. This upward contribution becomes prevalent for an input
voltage of 10V. Again, it can be seen that the obtained results and those of
references are the same. In addition, the fiber orientation angle increases, the
deflection of the plate decreases. For the input electric voltage of 10V, the profile
of deflection of the plate is different from those with other electric voltages due
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to the electric field vector E generates the electric field force. This electric field
force is opposite to the mechanical force. Therefore, with the same mechanical
loading the bigger of the input voltage make the smaller of displacement.
However, it should be limitted the value of the input voltage in order to restrict
the demolition of structures.

x10°

Deflection
Deflection

~0 0.05 0.1 0.15 0.2 o 0.05 0.1 0.15 02
Distance x Distance x

(a) [piel-15/15]as (b) [pie/-30/30]us

0V

e e Bl

Deflection
Deflection

8 E
0 0.05 0.1 0.15 02 ] 0.05 0.1 0.15 02
Distance x

Distance x

(c) [pie/-45/45]4s (d) [pie/-45/45];
Figure 4.3. Centerline deflection of a simply supported piezoelectric composite
plate subjected uniform load and different input voltages.

Now, a piezoelectric composite plate subjected to a uniform load g = 100 N/m?
with the geometry, boundary conditions and material properties as above example
is considered. The stacking sequence of the composite plate is [pie/-45/45];. The
control of the static deflection of plate is studied. In Figure 4.4, it can be seen the
effect of the displacement feedback control gain G, on the static deflection of the
plate, and that when G, becomes bigger, the deflections become smaller. The
explanation of this is that when the external load deforms the plate, electric
charges are generated in the sensor layer; they are then amplified through the
closed-loop control. The converted signal is then sent to the distributed actuator
and generates an input voltage for the actuator. A resultant force is generated
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through the converse piezoelectric effect and this force actively controls the static
response of the laminated plate.

10-%

Deflection (m)

002 004 006 008 01 012 014 016 018 02
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Figure 4.4. Effect of the gain G, of the displacement feedback control on
static deflections of the piezoelectric composite plate.

CHAPTER 5: ANALYSIS AND CONTROL THE RESPONSES OF
PIEZOELECTRIC FUNCTIONALLY GRADED POROUS PLATES
REINFORCED BY GRAPHENE PLATELETS

5.1 Introduction

In this chapter, for the first time an isogeometric Bézier finite element for
bending and transient analyses of functionally graded porous (FGP) plates
reinforced by graphene platelets (GPLs) embedded in piezoelectric layers is
presented. It is named as PFGP-GPLs for a short. Both linear and nonlinear
respones of structures are given. The plates are constituted by a core layer, which
contains the internal pores and GPLs dispersed in the metal matrix either
uniformly or non-uniformly according to three different patterns, and two
piezoelectric layers perfectly bonded on the top and bottom surfaces of host plate.
A generalized C%-type higher-order shear deformation theory (C°— type HSDT)
is used. In addition, the present theory is developed further to analyze and control
geometrically nonlinear responses of PFGP-GPLs plates. Then, a constant
displacement and velocity feedback control approaches are adopted to active
control the geometrically nonlinear static as well as the dynamic responses of the
FG porous plates, where the effect of the structural damping is considered, based
on a closed - loop control with piezoelectric sensors and actuators.
5.2. Theory and formulation of PFGP-GPLs plate

For a plate bending, the strain vector is presented by

g <L ou  Ou ) 10w Ouy 51
7o2(ax, ox ) 2ax ox S
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Employing the von Karman assumptions, the strain-displacement relations can
be rewritten as

e—{g £ }T—s“+zz~:‘+f(z)z-:2
| %x W yxy - . .

’ (5.2)
T 50 ’ s1
1={r. 7.} =€"+f"(2e
where
uO,x M/,2x ﬂx,x
g =1 v, (+=| v, |=€ +&’, &=— B,
uO,y + v(),x Zw,xy . ﬂx,y + ﬂy,x
’ o (5.3)
Hx,x
82 = gy,y SSO _ WO,x _ﬂx 8S1 _ Hx
0,\’,)’ +9y,x WO,y _IBy . Hy
in which the nonlinear component is computed as
w0
e =a| 0 w, [ "l=Lasp 5.4
NL 2 Ly Wy 2 4 ( . )
Wy Ws ’

5.3. Approximation of mechanical displacements
Based on the Bézier extraction of NURBS, the mechanical displacement field
of the FG porous plate can be approximated as follows

mxn

u' (&)= R (&nN, (5.5)

where nxm is the number of basis functions. Meanwhile R, (5,77) denotes a

NURBS basis function presented in the consistent form of the linear grouping of
Bézier extraction operator and Bernstein polynomials and

d, :[uOA Vou Wi Bu Bu 64 0, ]T is the vector of nodal degrees of

freedom associated with control point A.

By substituting Eq. (5.5) for Eq. (3.13) the in-plane and shear strains can be
rewritten as

s 7] = MZXH(Bﬁ +%BijdA (5.6)

A=1

where B. =[B!, B’ B, B} B}
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R, 0 00000 000R, 0 00
B,=| 0 R, 0000 0,B;=-000 R, 00
R, R, 00000 000R, R, 00
00 00 R, O (5.7)
B,=(0 0 000 R,,
0 0 0 0 RA,v RA,x
BX1:00RA,X—RA OOOBﬂ:ooooozer
““looR, 0 -R, 0O |7"T00000 0 R,

and B} is calculated by

w, 0
g _| o {0 0R,, 000 0}_ B 5.8
4 7 1100R, 0000 oA '

WA,y WA,X

5.4 Governing equations of motion
The elementary governing equation of motion can be derived in the following

form
Muu 0 d KW K"¢ d f
.|+ K K = ) 5.9)
0 0J¢ w Kyllo] [Q
where
K, =[ (B'+B")eB +iB")dQ ; K, =[ (B')e'BdQ
o o (5. 10)
K,=[ BjpB,dQ ; M, =[ N'mNdQ ; f=] gNdQ

5.5 Numerical results
5.5.1 Analyze the linear responses of FGP-GPL plate

In this example, a SSSS FGP-GPL plate with 0.2 m in length and 0.01 m in
thickness is studied to verify this approach. For this problem, the FG plate is
subjected to the transverse load sinusoidally distributed in the spatial domain and
varying with time including step, triangular, sinusoidal and explosive blast loads

in whicht, =0.0035;7=330s"andg, =15 MPa. The chosen time step
At =2.10" in this study. The plate is bonded by piezoelectric layers on both the
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upper and lower surfaces of the plate, called PFGP-GPL, with the thickness of
each piezoelectric layer 4, = Imm. In this example, the effect of the different
porosity coefficients on the transient responses of FGP-GPL and PFGP-GPL
plates is also examined with the porosity distribution 1 in case of A, =0and

Agp, =1wt% , respectively. The time histories of the normalized central

deflection of FGP-GPL and PFGP-GPL plates are shown in Figure 5.1 and Figure
5.2 respectively. It is found that the amplitude of dynamic response in case of
PFGP-GPL plate is smaller than in case of FGP-GPL plate while the porous plate
gives the deflection bigger than the solid plate. Note that this comparison is given
because the thickness of the piezoelectric layer is very thin. Combined with the
piezoelectric material, the dynamic response of structure will be greatly reduced.
5 Foreed vibration ' Free vibration Figure 5.1: Effect of different
porosity coefficients to the
transient responses of FGP-
GPL and PFGP-GPL plate
forporosity distribution 1 and
Agp; =0 under step loading.

Normalized central deflection

Figure 5.2: Effect of
different porosity
- coefficients to the transient
Soeraary . responses of FGP-GPL and
PFGP-GPL plate for porosity
distribution 1 and
Agpp =1wt% under

Normalized central deflection

sinusoidal loading.

Time (s) “10%

Furthermore, the effect of the different weight fraction values on the transient
responses of FGP-GPL and PFGP-GPL plate corresponding to uniform porosity
distributions with dispersion pattern A and e¢; = 0.2 under sinusoidal loading is
also depicted in Figure 6.3. Figure 6.4 gives the variation of the normalized central
deflections as a function subjected to step loading with various weight fractions
for three GPL dispersion patterns, uniform porosity distribution and ep=0.2. From
Figure 5.3 and Figure 5.4, the PFGP-GPL plate with A, =1wt% provides the

smallest normalized central deflection value. In addition, the profile of the
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normalized centerline deflection of FGP-GPL and PFGP-GPL plates for some
cases with porosity distribution 1, dispersion pattern A under the explosive blast
loading is plotted in Figure 5.5. Can be observed that the plate with the presence
of porosities, reinforced by GPLs and embedded in thin piezoelectric layer
provides a very small deflection when compared with other cases. As expected,
the combination of porosity distribution 1, the type of GPL dispersion pattern A
and integration with piezoelectric material is so great in order to decrease the
response of structures.
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Figure 5.3: Effect of different weight fraction values to the transient
responses of FGP-GPL and PFGP-GPL plate for uniform porosity
distributions with pattern 4 and ey = 0.2 under sinusoidal loading.
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Figure 5.4: Effect of different weight fraction values to the transient
responses of FGP-GPL and PFGP-GPL plate for three GPLs dispersion
patterns with uniform porosity distribution and ey = 0.2 under step loading.
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Figure 5.5: The profile of the normalized centerline deflection of FGP-GPL
and PFGP-GPL plate for some cases with porosity distribution 1, pattern A
under the explosive blast loading.

5.5.2 Analyze and control the nonlinear responses of PFGP-GPL plate
In this section, the active control for the static and dynamic responses of the
FG porous plate reinforced by GPLs using integrated sensors and actuators is
investigated. Firstly, the active control for the linear static responses of a SSSS
FG plate which is subjected to a uniformly distributed load with g, = 100N /m?
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is investigated to verify the accuracy of the proposed approach. The FG plate
composed of Ti-6A1-4V and aluminum oxide materials with material index n =
2 and has the side length a = b = 0.2m while the thickness of core FG layer and
each piezoelectric layer are taken to be 1 mm and 0.1 mm, respectively. Figure
5.6 illustrates the linear static deflections of the FG plate with various
displacement feedback control gains G,. As can be observed that the present
results agree well with the reference solutions who employed the CS-DSG3 based
on FSDT. As expected, when the displacement feedback control gain G,
increases, the linear static deflection of the FG plate decreases. Furthermore, the
active control for the linear dynamic responses of the FG plate is also investigated
based on a constant velocity feedback control algorithm G, and closed-loop
control. In this specific example, the FG plate is initially subjected to a uniform
load g = 100N /m? and then the load is suddenly removed. In this study, the
modal superposition is adopted in order to reduce the computational cost and the
first six modes are considered in the modal space analysis, while the initial modal
damping ratio for each mode is assumed to be 0.8 %. Figure 5.7 shows the linear
dynamic responses of the central deflection of the FG plate. The results which are
generated from the present method agree well with the reference solution.

10

axis disiamice [m}

Figure 5.6: Effect of the displacement feedback control gain G4on the linear
static responses of the SSSS plate subjected to uniformly distributed load.
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Figure 5.7: Effect of the velocity feedback control gain Gy on the linear
dynamic response of the SSSS FG square plate.
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Next, the active control for the nonlinear static responses of the SSSS FG

porous plate reinforced with GPLs is further investigated in this part. The FG plate
consisting of the combination of the porosity distribution 1 and GPL dispersion
pattern A, which provides the best structural performance, is selected to study.
The plate has a side length a = b = 0.4m, the thickness of the FG porous core
layer h, = 20 mm and thickness of each piezoelectric layer h, = 1 mm under
sinusoidally distributed load which is defined as q = gqsin(nx/a)sin(ry/b)
with gy = 1.0MPa. Figure 5.8 depicts the nonlinear static deflection of the FG
porous reinforced by GPLs with the porosity coefficient e, = 0.4 and the GPL
weight fraction Agp; = 1.0wt.% corresponding to various displacement feedback
control gains. It can be observed that the deflection of the FG porous plate
decreases significantly when the displacement feedback control gain increase.
In the last example, the active control for the geometrically nonlinear dynamic
responses of the CCCC FG porous plate reinforced by GPLs is conducted. The
plate has both length and width set the same at 0.2 m with the thickness of core
layer h, = 10 mm and each piezoelectric layer h,, = 0.1 mm. The FG plate with
the porosity distribution 1 (ey = 0.4) and dispersion pattern A (Agp, =
1.0wt. %) is subjected to sinusoidally distributed transverse loads. Figure 5.9
illustrates the nonlinear dynamic responses of the central deflection of the FG
plate corresponding to various velocity feedback control gains G,. It can be
observed that when the control gain G, is equal to zero corresponding to without
control case, the nonlinear dynamic response of the FG porous plate still
attenuates with respect to time since the effect of the structural damping is
considered in this study. More importantly, the geometrically nonlinear dynamic
response can be suppressed faster in the case controlled by higher velocity
feedback control gain values. As a result, depending on the specific cases, the
responses of the FG porous plate structures including deflection, oscillation time
or even both can be controlled to satisfy an expectation by designing an
appropriate value for the velocity feedback control gain. It should be noted that
the feedback control gain values could not be increased without limit since
piezoelectric materials have their own breakdown voltage values. In addition,
Figure 5.10 depicts the influence of the velocity feedback control gain G,, on the
linear and nonlinear responses of the CCCC FG porous square plate subjected to
step load. As expected, the geometrically nonlinear dynamic responses provide
smaller magnitudes of the deflection and periods of motion.
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Figure 5.8: Effect of the displacement feedback control gain G d on the
nonlinear static responses of the SSSS FG porous plate with porosity
distribution 1 (ep = 0.2) and dispersion pattern A (A, =1wt%).
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Figure 5.9: Effect of the velocity feedback control gain Gy on the nonlinear
dynamic responses of the CCCC FG porous square plate subjected to
dynamic loadings.
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Figure 5.10: Effect of the velocity feedback control gain Gy on the linear and
nonlinear dynamic responses of the CCCC FG porous square plate subjected
to step load.

CHAPTER 6: FREE VIBRATION ANALYSIS OF THE
FUNCTIONALLY GRADED PIEZOELECTRIC MATERIAL POROUS
PLATES

6.1. Overview

In this chapter, the functionally graded piezoelectric material (FGPM) plates
with the presence of porosities are investigated. It has name the FGPMP plate for
short. The FGPMP plate is made of a mixture of PZT-4 and PZT-5H materials.
The FGPMP plate is considered in both perfect and imperfect forms. The material
properties of FG piezoelectric plate vary continuously in the thickness direction
through a modified power-law formulation. Two porosity models, even and
uneven distributions, are employed. To satisfy Maxwell’s equation in the quasi-
static approximation, an electric potential field in the form of a mixture of a cosine
and linear variation is adopted. A C’-type higher-order shear deformation theory
(C’-type HSDT) is used in this chapter. An isogeometric finite element method
based on Bézier extraction also is performed. The FGPMP plates with the
influence of external electric voltages, power-law index, porosity coefficient,
porosity distribution; geometrical parameters with several complex geometries,
aspect ratios, and various boundary conditions are studied. Obtained results are
compared with the analytical solution as well as those of several available
numerical approaches. In addition, several FGPMP plates with curved geometries,
which the analytical solution is unknown is studed further, being considered as
reference solutions for future work.
6.2. Kinematics of FGPMP plates
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The function of the electrical potential is chosen so that the distribution of
electric and magnetic potentials through the plate thickness is fulfilled Maxwell’s
equation in the quasi-static approximation by:

2 )
@(xsysz,t):g(2)¢(x,y’t)+72I/Oem}r (6 1)

where V) is the applied electric voltage, g(z) is an arbitrary distributed function
of z-coordinate, ¢(x, y,t) expresses the function of the electrical potential in

reference plane and @ is the eigen value. In this paper, g(z) is given as

g(z)= —cos(”%) )

According to Eq.(6.1), the electric fields (£,, £ and E_) become:
E =@ =-g(z)4,: E, =-®, = —g(Z)% ;

6.2
B, == ()= o

For a piezo-electrically actuated FG plezoelectrlc porous plate, the constitutive
relations are described by:

oy = Cijklgkl —e,Ey

D, =eys,+k,E, (6.3)

i

where oy

field components, respectively; C,, e, and k, define elastic, piezoelectric and

&y, D, and E, are stress, strain, electric displacement and electric

dielectric constants, respectively.
The electric field vector E can be expressed as

E =—grad¢ =-V¢ (6. 4)

The formulations in Eq.(6. 3) are also clearly rewritten following matrix forms

as:
o ¢, ¢, 0 |le, 0 0 ¢,([0

o’ = O, (=[C Gy 01]9&6,¢—10 0 & |10 E, =C’¢" -C'E
o, 0 0 celle, 0 0 0]|E,

’ES B {TXZ } ) |:555 i|{ } |:els :|{ } ) CA'Y B CEEA (6. 5)
Ty 0 cull7: 0 ¢, y
D)’ O é114 7/ yz O kzz E}"
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D =e e + e, + ky,E,

[}

where ¢, , ¢; and lg,/. define the reduced constants of FGPMP plates and they are

expressed by:
2 2
s _ % o~ _ % o~ _
Cll - c]l ’CIZ - CIZ ’666 - 666
c33 c33
2
€85 ~ e (6.6)
5 — S | - &
e31 _e3l+ ’kll _kll’k33 _k33+
Cy3 Cy3

Now, Hamilton’s principle is used to obtain the governing equations of free
vibration for FGPMP plates:

[ (aTTg —aTT, +411, )t =0 6.7)

whereIl, IT, and I, are strain energy, kinetic energy and potential energy from

initial stress which is generated from applying electric voltage, respectively.
The strain energy Jl1 is defined as

ST - J. 0,06, +0,06, +1, 0y, +7.0y,.+7,.07,. —.. p
* )\ D,5E, - D,6E, - D.SE. (6.8)

Substituting Eq. (6. 5) into Eq. (6. 8), the discrete Galerkin weak form can be
rewritten as
(") C’e" (&) C'E' + 5" Cy ~& CE* -

(B Ccy-(oF) C'E’ 6.9)
I(&Ez ) (531‘% +8,6, +kyE. )dl} .

Vv

in which

0 1 2, _ 0 1 2
e, =¢ tze + f(2)6;; ¢, =¢,+ze, + f(2)e, 6. 10)

Eq. (6. 9) can be split into two independent integrals following to middle surface
and z-axis direction as:
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o =[(e") é”éé”d9+[j(¢” ) €letda+[(¢7) €2eda+ [(9") éi3sdeJ+
[(&) Cada+ j (¢) Coeran+ j (e) éjé‘tlfdQ+_[(¢J ) Caprda+

ﬂ (6. 11)
[0 dQ+jg S 0f dQ+Isze3,5¢ d9+jg &, 0° dQ+jg E,547 A0+

Q

ot ! 2 4
[e1e00 d9+j¢ kS dQ — & j o (z)dzj7°k335¢ doQ
Q

Q
The left side of Eq. (6. 11) can be rewritten under compact forms as:
Ol = dIl, + AL, + A, + A, + T + Al + 4T, (6.12)

e e
) i (¢7) € j ) ¢eld+ g[ (¢") €76y
C
(=)

where

¢) Cs L= [(¢) Gy

y r o (6.13)
g') Clap'dQy; o1, = [(¢") C op’de;

5
Q

J
Q

, = [&be, o da+ j €18 047d0 + j 218,547 40+ [ )8, 0p7dQ+ [ 2
Q Q Q

55 5 B B

2V, ~
[ee,0p a0+ j F S dQ — e j g'(z)dz| 70k335¢de
Q Q
For details about each therm and approximated formulation, please see the thesis.

6.3. Numerical example

Consider a square domain with a complicated cutout, as shown in Figure 6.1a.
Figure 6.1b illustrates a mesh of 336 control points with quadratic Bézier
elements. The simply supported and fully clamped boundary conditions are used.
First, in order to validate the effectiveness and accuracy of the present solution in
comparison with other ones, the FG square plate is studied with a hole of
complicated shape which is made of zirconia (ZrO,-2) and aluminum (Al).

Material parameters are given as: E, =200GPa; v, =0.3; p, =3000kg/m’ and
E, =70GPa; v, =0.3; p, =2707kg/m’, where "c"and "m" are the symbols

of ceramic and metal, respectively. The non-dimensional frequency is normalized
2
- a . . . . .
by &= a)71 /p. ! E_ . A comparison of the first six non-dimensional frequencies
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between the present solution based on 3D elasticity theory using IGA is shown in
Table 6.1. Simultaneously, the obtained solution with various power index values
is also compared with those reported in reference using mesh-free method with
naturally stabilized nodal integration based on TSDT. It can be seen that the
present solution has good agreement with that reported in references for both
different power index values and two condition boundaries. Non-dimensional
frequency parameters decrease with increasing of gradient index values.

Next, behavior of a FGPMP plate is analyzed. Material properties are given in
Table 6.1. The non-dimensional frequencies are calculated by

@=awb/ h(p/c, )PZT%. Numerical solution for non-dimensional frequencies

of perfect and imperfect FGPM plate is listed in Table 6.2 and Table 6.3,
respectively. Influence of electric voltages, boundary conditions and power index
values on the dimensionless frequency is shown. The obtained results decrease as
power index values and electric voltages alter for both SSSS and CCCC BCs. A
variation of non-dimensional frequencies versus various side-to-thickness ratios
and electric voltages (« = 0.2, g=5) is also displayed in Table 6.4. It can be seen
that nondimensional frequencies depend strongly on the thickness plate and
electric voltages. Obtained values for thick and moderately thick FGP plates in
accordance with increasing of ratios a/h are increased for all given BCs and
electric voltages. However, when the thickness of the plate becomes thinner
(a/h=150, 200, 250) the effect of the applied voltage is significant. It is found that
with the augmentation of a valuable array of the side-to-thickness ratios, the
negative value of applied voltage supplies the increasing of the natural frequency,
while positive voltage makes the obtained results reduce. Moreover, as V=0, the
natural frequency of FGPMP plates is not much affected by higher values of side-
to-thickness ratios. Furthermore, the first six mode shapes and respectively
dimensionless frequencies for the CCCC FGPMP-I square plate with a
complicated hole (a/h=50, V=0, g =5, o = 0.2) are shown in Figure 6.2.

10

a)
Figure 6. 1. a) Geometry and b) A mesh of 336 control points with quadratic
Bézier elements of a square plate with a complicated hole.
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2
Table 6. 1: Comparisons of non-dimensional frequencies @ = a)%, |pe! Eo of

the FG square plate with a hole of complicated shape (a=b=10, a/h=20).
Modes
1 2 3 4 5 6

g Method

a) SSSS BCs

0 IGA-3D [168] 7.16 11.65 13.09 20.99 21.85 22.54
Mesh-free [169] 7.1586  11.939  13.398  21.510 22437 23.426
Present 7.1919  11.759 13.274 21.260 21.871 22918

1 IGA-3D [168] 6.58 10.73 12.06 19.35 20.77 20.92
Mesh-free [169]  6.5853  11.002  12.343  19.828  21.452  21.627

Present 6.6167 10.838 12.233  19.601 20915 21.163
5 IGA-3D[168]  6.71 10.88 1224  19.60 1973  21.00
Mesh-free 6.7111 11.148 12519 20.071 20252 21.817
Present 6.7503  11.022 12443 19.741 19922  21.460
20 1GA-3D 6.46 1048 1179  18.89  19.05  20.25
Mesh-free 6.5590  10.904 12.243 19.586 19.635 21.348
Present 6.5932  10.760 12.148  19.091 19.447  20.941
50 IGA-3D 6.19 10.07 1132 18.15  18.81 19.48
Mesh-free 63642 10.597 11.896 19.089  19.400 20.772
Present 63952  10.446 11.793 18.883 18.910  20.344
100 1GA-3D 6.15 10.00 1125 18.04  18.78 19.36
Mesh-free 6.2664 10.442 11.720 18.812 19.332  20.478
Present 6.2964 10290 11.616 18.602 18.844  20.047
b) CCCC BCs
0 IGA-3D 15.8 2728 2745 3322 3428 4121
Mesh-free 16.032  27.280 27.536  33.849 35.196 43.108
Present 15979 27.445 27550 33.535 34.584  41.927
1 IGA-3D 1462 2517 2532  30.68  31.67  38.10
Mesh-free 14783  25.188  25.423 31291 32.540  39.898
Present 14737 25334 25430 30996 31.972  38.808
5 IGA-3D 1479 2538 2554 3083  31.80  38.16
Mesh-free 14949 25374 25621 31410 32.646 39.895
Present 14971  25.691 25790 31.362 32339  39.169
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20

IGA-3D 1441 2474 2490 3007  31.02  37.23
Mesh-free 14.625 24.830 25.069 30.748 31.962 39.074
Present 14.612 25071 25.168 30.594 31.546 38.196

50 1GA-3D 13.8 2379 2393 2895  29.87  35.90
Mesh-free 14223 24.174 24404 29966 31.154 38.123
Present 14.190 24359 24453 29.744 30.672 37.160

100 1GA-3D 13.64 2345 2360 2856 2947 3543
Mesh-free 14.018 23.839 24.064 29.564 30.738  37.630
Present 13.980  24.005 24.098 29322 30239  36.647

Table 6. 2: The first dimensionless frequencycb:a)b2 /'h (p/c“) of a

PZT-4

FGPM square plate with a complicated cutout (¢ =0) with different electric
voltages (a=b=10, a/h=20).

Perfect FGPM
Vo BC =0 P =5 g=20  g=50  g=100
500 SSSS 58501 54275 52457 51149 50622  5.0409
CCCC  15.0403  14.0986 13.6657 13.3776 13.2683 132248
0 SSSS 58497 54270 52453 51143 5.0617  5.0403
CCCC  15.0400 14.0983 13.6655 133773 13.2680 13.2246
500 SSSS  5-8493 54265 52448 51138  5.0613  5.0399
ccce 15.0397  14.0980 13.6653 133770 132678 13.2244

Table 6. 3: The first dimensionless frequency @ of a square FGPMP plate with
a complicated cutout (& = 0.2 ) with different electric voltages (a=b=10, a/h=20).

- FGPMP-II
Ve BC FGPMP-1
2=0 g=1 g=5 2=0 g=1 g=5

- 6.0248 55644 53669
500 SSSS 5.9470 54161 5.1898

CCCC 152538 14.0702 13.5298 15.4377 14.4097 13.9347
0 SSSS  5.9466 54156  5.1893 6.0244  5.5639  5.3664

CCCC 152536 14.0700 13.5296 154375 14.4095 13.9345
500 SSSS 59462 54152  5.1889 6.0240  5.5635  5.3660

CCCC 152534 14.0698 13.5294 154373 14.4094 13.9343
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Table 6. 4.The first dimensionless frequency @ of a square FGPMP plate with a
complicated cutout with various side-to-thickness ratios (a=b=10, @ = 0.2, g=5).

FGPMP-1 FGPMP-II

BC  alh = - - .
Zgo ve=o V0700 Zgo v—o V07300
SS 20  5.1898  5.1894  5.1884 5366 5.366  5.360
SS 50 5.3195 53122 5.3048 5.5039  5.4968 5.4897
100 54438 53855  5.3265 5.6299  5.5737 55168
150  5.6222 5.4296 5.2281 5.8048  5.6187 5.4247
200 59141 5.4722 4.9818 6.0889  5.6612 5.1901
250  6.3431 54997 45101 6.5071  5.6983 4.7426
CC 20  13.5298 13.5296 13.5294 13.934  13.934 13.9343
cC 50 142322 142292  14.2263 14.694  14.691 14.6888
100  14.8413 14.5181 14.7948 15.321  15.298 15.2763
150  15.4552 14.8778 14.5998 15934 15.359 14.9844

200  16.1832 14.9018 14.0176 16.656 15481 14.3038
250  17.0282 14.9380 13.5174 17.495 15516 13.8091

Mode 1: 14.2292

<

Mode 3: 25.7717 Mode 4: 30.6466

Mode 5: 30.9956 Mode 6: 39.0102
Figure 6. 2. The first six mode shapes of the fully clamped FGPMP-I square plate with a complicated
hole (@//=50, Vi=0,g=5, « = 0.2).
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this dissertation, the author has developed the isogeometric analysis based

on Bézier extraction to analyze and control the laminated plate structures. Four
material models have been considered including laminated composite plates,
piezoelectric laminated composite plates, piezoelectric functionally graded
porous plates with graphene platelets reinforcement and functionally graded
piezoelectric material porous plates. The dissertation has two parts: a) Analysis
and b) Control.

Some main conclusions can be stated as follow:

The combination of IGA based on Bézier extraction with UHSDT and -
type HSDT for analyzing and controlling the static, free vibration and
transient responses for four plate material models has been studied
effectively. By using Bézier extraction operator, the implementation of IGA
becomes significantly easier with Bernstein basis functions, which have a
close resemblance to Lagrange shape functions as using C° continuous Bézier
elements. This can be a reasonable choice due to the basis functions are given
on localized form and the way of implementation in IGA is similar to that in
FEM.

By using the UHSDT and C’-type HSDT, the proposed method relaxes the
non-zero transverse shear stresses on the lower and upper surface of the plate
and no shear correction factor is used. In addition, the HSDT and the CPT
bear relation to derivation transverse displacement also called slope
components. In some complex geometries with symmetric boundary
conditions, it is often difficult to enforce boundary conditions for slope
components due to the unification of the approximated variables. So, the
seven-dof shear deformation theory is applied in this dissertation.

In static, free vibration and dynamic analysis, the predictions of the proposed
approach agree well with analytical solutions and several available other
approaches. Through the analysis, numerical results indicate that the
proposed method achieves high reliability as compared with other published
solutions and slightly better than the UTSDT using IGA based on Bézier
extraction. Interestingly, obtained results match well with extant studies or
available solutions in the literature. Furthermore, numerical solutions for
PFGPM plates and piezoelectric FG porous reinforced by GPLs have been
achieved. It is known that there have not yet been analytical solutions so far,
so numerical solutions may be considered as reference solutions for future
works.

Both linear and nonlinear of FG porous reinforced by GPLs with
piezoelectric sensors and actuators are investigated. The geometrically
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nonlinear equations are solved by the Newton-Raphson iterative procedure
and the Newmark’s time integration scheme. The influences of the porosity
coefficients, weight fractions of GPLs as well as the external electrical
voltage on the linear and geometrically nonlinear behaviors of the plates with
different porosity distributions and GPL dispersion patterns are evidently
investigated through numerical examples. The stiffness of the FG porous
plate greatly decreases due to porosity coefficients. However, the stiffness of
the plates remarkably increases as the FG porous plate is reinforced by GPLs.
The obtained results in term of displacements and periods of motions for the
FG porous plate without GPLs are smaller than those achieved for the FG
porous plate with GPLs.

e For the first time, an isogeometric Bézier finite element method has been
presented for electro-mechanical vibration analysis of functionally graded
piezoelectric material porous plates. Through the free vibration analysis, it is
observed that external electric voltages, power-law index, porosity
coefficient, porosity distribution, geometrical aspect ratios and various
boundary conditions significantly affect the natural frequencies of structures.

e The control algorithms based on the constant displacement and velocity
feedbacks are applied to control linear and geometrically nonlinear static and
dynamic responses of the plates, where the effect of the structural damping is
considered, based on a closed-loop control with piezoelectric sensors and
actuators. For geometrically nonlinear static response control of the FG
porous plates, two effective algorithms are considered such as the input
voltage control with opposite signs applied across the thickness of two
piezoelectric layers and the displacement feedback control algorithm. In
addition, the dynamic responses of the FG porous plate can be expectantly
suppressed based on the effectiveness of the velocity feedback control
algorithm.

o Inthis dissertation, in addition to some numerical examples with either square
or circle/eclipse, there are various complex geometries which can be modeled
easily with multi-patch approach. These complicated geometries can raise the
IGA’s advantages to the maximum.

7.2 Recommendations

Through the obtained results, it can be believed that the suggested approach with

many new points may provide a reliable source of reference for calculating the

behaviors of laminated plate structures. However, some restrictions should be
mentioned as the suggestions for the potential extension of this work:
e Future research of this work should be done with the presence of shear
traction parallel to the surfaces of the plate in the numerical examples
(e.g., contact friction or boundary layer flow).
e It’s possible to consider various boundary conditions rather than the
homogeneous Dirichlet one which only used in this work.
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Another direction of research should be to expand these 2D theories to
full-3D or quasi-3D ones.

The proposed method should be applied to the microstructures using the
theory of nonlocal elasticity and that of modified couple stress.

The IGA can be used to compute for various problems such as
incompressibility, phase-field analysis, large deformation with mesh
distortion and shape optimization.

This method should be applied in the industrial field, e.g. to machinery,
automobiles, or offshore structures, etc.
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