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LOT CAM DOAN

T6i xin cam doan ludn 4n: "Bai toan khai thic ning lwgng cho mé hinh dam 4p
dién phi tuyén véi higu tmg cong hudng chinh va thi cap" 1a cong trinh nghién ciru
ctia chinh minh dudi sy hudng din khoa hoc cuia tap thé huéng dan. Luan 4n sir dung
théng tin trich din tir nhiéu ngudn tham khao khac nhau va cic théng tin trich din
dugc ghi 16 nguon goc. Cac két qua nghién ciru cia téi duge cong bé chung vdi céc
tac gia khac da duge su nhat tri cia ddng tic gia khi dwa vao ludn 4n. Cac s6 liéu, két
qua dugc trinh bay trong luan 4n l1a hoan toan trung thuc va chua timg dugc cong bd
trong bat ky mdt cong trinh nao khac ngoai cac cong trinh cong bd cua tic gia. Luin
an dugc hoan thanh trong thoi gian té61 lam nghién ciru sinh tai Hoc vién Khoa hoc va
Coéng nghé, Vién Han 1am Khoa hoc va Cong nghé Viét Nam.

Ha Ngi, ngay thang  nam 2023
Tac gia ludn an

Nguyén Vin Manh
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LOI CAM ON
Luan 4n dugc hoan thanh dudi sy huéng dan khoa hoc ciia GS. TSKH Nguyén
Dong Anh va TS. Nguyén Ngoc Linh. Téi rat vinh du, xin dugc bay to su tran trong
nhat tir ban than, gia dinh, giri nhiéu 10i cam on chan thanh dén nhimg chuyén gia, nha
khoa hoc tdm huyét di tin tim, tin tinh gitp d&, hudng dan t6i trong sudt qua trinh
lam quen, tiép can kién thire, hoc nghién ctru, rén luyén k¥ ning, thuc hién Ludn 4n.

T6i xin giri 1oi cam on dén PGS. TS. Truong Qudc Thanh, Ths Nguyén Kiém
Anh ¢ Khoa co khi, Truong Pai hoc xdy dung Ha Noi nhitng ngudi da dong vién, gidi
thiéu dé t6i nhan dugc sy hudng din cia GS.TSKH Nguyén Pong Anh, TS Nguyén
Ngoc Linh va tién hanh thuc hién dang ky nghién ctru Ludn 4n nay tai Hoc vién Khoa
hoc va Cong nghé, Vién Co hoc, Vién Han 1dm Khoa hoc va Cong nghé Viét Nam.

T6i xin dugc giri 161 cam on dén GS. Issac Elishakoff vi nhiing kién thirc khoa
hoc va su hd tro, gitip d& Tac gia trong hoc tip, nghién ctru, hoan thién luén an.

Trong qué trinh thuc hién Luan 4n, t6i da nhdn duoc rat nhiéu su giup da, tao
diéu kién cua anh chi, ca nhan, tip thé co sd dao tao thudc Hoc vién Khoa hoc va
Céng nghé, Vién Co hoc, Vién Han lam Khoa hoc va Céng nghé Viét Nam. Cho phép
toi xin bay t6 long cam on chan thanh téi noi duoc coi la dia chi tin cay dé bdi dudng,
rom mam nhimg nghién ciru vién tiém ning.

T6i cling xin bay t6 sur cam on t6¢1 Ban Giam Hiéu - Truong Pai hoc xay dung Ha
Noi, tdi cac dfing nghiép & Khoa co khi, B mon Co gidi héa xay dung, di hd trg, tao
diéu kién tét nhét trong qua trinh hoc tap va hoan thién Luén an.

Téi cling xin bay to sw cam on t&i tip thé lanh dao Khoa co khi, B6 mén Ky
thuat 6 t6, Truong Pai hoc Thay Loi, da tao diéu kién, méi trudng, co s& vat chat, hd
trg to1 trong qua trinh hoc tip, nghién ctru va hoan thién Luén édn.

Danh riéng nhirng tinh cam dac biét tdi C)ng, Ba, B4, Me, Vo, dai gia dinh ndi
ngoai va dac biét hai con gai da luén bén canh, ung h{ t6i trong sudt thoi gian tim
hiéu, tap 1am khoa hoc, hoc nghién ciru va hoan thanh Luén an.

Téc gia ludn 4

Nguyén Vin Manh
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DANH MUC CAC KY HIEU VA CHU VIET TAT

ds; Hé sb bién dang ap dién kiéu ngang, hudng phan cuc
(3-1) ~dang (3-1) (pC/N)

ds; Hé sb bién dang ap dién kiéu ngang, hudng phan cyc
(3-3) ~dang (3-3) (pC/N)

831 Hé s6 hing sb Gmg suat ap dién kiéu ngang, hudng
phan cuc (3-1) —dang (3-1) (m*/C=mV/N)

833 Heé s hang s6 Gmg suat ap dién kiéu ngang, hudng
phan cuc (3-3) —dang (3-3) (m*/C=mV/N)

g* D9 dién tham (F/m=C/mV)

€ Do dién tham chan khong (F/m=C/mV)

e*/gg Do dién tham tuwong dbi

e/ Hﬁng s6 dién méi, hudng phan cuc (3-3) (m/F)

p Khdi luong riéng (kg/m”)

s Bién dang dan hoi ¢ dién trudng khong do6i

U Mat d6 nang luong dugc luu trit ciia vat licu ap dién

o, Véc to tng suat (Pa=N/m?)

o0, Ung suit caa dam co s6 va cua 16p ap dién (Pa=N/m?)

o, Véc to tng suat ¢ dang (3-1) (N/m?)

o, Véc to ing suit & dang (3-3) (N/m?)

Sij Véc to bién dang (m/m)

& €, Bién dang cua dam co s6 va cua 16p ap dién (m)

E; E; Véc to dién truong

D,; D, Véc to dich chuyén dién (C/m?)

H Mat do phan tr dién

e;3; Hing s Gmg suét ap dién (C/m?)

b,.b, Chiéu rong dam co sé va 16p ap dién gin trén dim (m)

L.L, Chiéu dai dam co s& va 1ép ap dién gin trén dam co
SO (m)

hy.h, Chiéu day dam co s& va 16p 4p dién gin trén dim co
SO (m)

A Dién tich mit cit ngang cua 16p két ciu dam co so
(m?)

A, Dién tich mit cit ngang cua 16p ap dién (m?)

A Dién tich mit cit ngang cua dam gin hai 16p ap dién

(m’)
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Bién d6 kich dong

Bién do dap ung chuyén vi

Bién d6 dap tng 16n nhat

Khoang cach tir mép ngoai cua 16p ap dién tdi truc
trung hoa (m)

Mo dun dan hoi cia dam va 16p ap di€n gan trén dam
co s6 (MPa)

Di¢n truong trong 16p vat liéu ap dién (Pién truong)
(C/m?)

I.,1

s> p

M6 dun quan tinh chinh hinh hoc ctia dam co s va
16p ap dién gén trén dam (m®)

=
=

Cong bién dang trén mot don vi thé tich ctia dam co
so va cua 16p ap dién (J)

s %)

Ham Delta-Dirac

Tan sd tu nhién (rad/s)

Tan sb kich dong (rad/s)

%}

Tan sb Gng v6i bién d6 ap tmg 16n nhat (rad/s)

Goc 1éch pha (d9)

Tham s0 diéu chinh

H¢ so can

Heé s6 phi tuyén

AR e s (Do ls

H¢ s0 lién két co dién

H¢ s06 4p dién

o5}

Khéi luong

chuyén vi co hoc twrong doi so voi nén

<= |z |8
=
B
S

Dién 4p hitu ich trén dién tréd ngoai (V)

Dién tré ngoai

—

Do cting 10 xo tuyén tinh

(O8]

Do cting 10 xo phi tuyén

H¢ s6 ghép nodi co di¢n hi€u dung

M| x|

Tham sb bé

Ham thé ning

Ma tran tenxo Urng suat

C

D

Dién dung trong ap dién

S
()

Toén tur trung binh

P

in—Sub ® " use—Sub

Cong suat co hoc dau vao, dau ra hé co dién phi tuyén
kiéu Duffing, dang giéng don chiu kich dong nén diéu




viii

hoa trong hiéu Gng cong huong thir didu hoa cia bd
thiét bi thu thap nang luong

in—Sub ° EusefSub

Nang luong co hoc dau vao, nang luong dién hitu ich
tiém nang dau ra hé co dién phi tuyén kiéu Duffing,
dang giéng don chiu kich dong nén diéu hoa trong
hiéu tng cong hudng thir diéu hoa cia bo thiét bi thu
thap nang lugong

in—Super ° Bwe—Super

Cong suat co hoc dau vao, dau ra hé co dién phi tuyén
kiéu Duffing, dang giéng don chiu kich dong nén diéu
hoa trong hiéu tmg cong huong siéu diéu hoa cta bo
thiét bi thu thap ning luong

in—Super * "use—Super

Nang luong co hoc dau vao, nang luong dién hiru ich
tiém niang dau ra hé co dién phi tuyén kiéu Duffing,
dang giéng don chiu kich dong nén diéu hoa trong
hiéu img cong huong si¢u diéu hoa cua bo thiét bi thu
thap nang luong

in—main® = use—main

Cong suit co hoc dau vao, dau ra hé co dién phi tuyén
kiéu Duffing, dang giéng don chiu kich dong nén diéu
hoa trong hiéu tmg cong hudng chinh cta bo thiét bi
thu thap nang luong

in—main ® "~ use—main

Nang luong co hoc dau vao, nang luong dién hiru ich
tiém ning dau ra hé co dién phi tuyén kiéu Duffing,
dang giéng don chiu kich dong nén diéu hoa trong
hiéu ung cong hudng chinh cua bo thiét bi thu thap
nang luong

77 Sub 5 nSuper 5 77main

Hiéu suat thu thap ning lugng hé cua co dién phi
tuyén kiéu Duffing, dang giéng don chiu kich dong
nén diéu hoa trong hiéu img cong hudng thir didu hoa,
cong hudng siéu didu hoa, va cong hudng chinh ciia
bo thiét bi thu thap ning lugng

E. En, Ning lugng co hoc dau vao, ning lwong dién hiru ich
tiém ning va hiéu suat thu thap ning luong ap dién hé
tuyén tinh ctia bd thiét bi thu thap nang lugng

MEMS/NEM H¢ vi co dién tor (Micro-Electro-Mechanical Systems),

FGM Két cdu 1am tir vat liéu c6 co 1y tinh bién thién lién tuc
theo 1 huéng hodc nhiéu hudéng

WSN Mang cam bién khong day (Wireless Sensor Networks

~ WSN)
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IoT Internet van vat (Internet of Things- 10T)

EH Thu thép, khai thac chuyén d6i nang luong

PEH PEH (piezoelectric energy harvesting)

PVEH PVEH (piezoelectric vibration energy harvesting)

PZT Gém ap dién

PVDF Polyme ap dién

PVEHs B thiét bi cua hé thu thap, khai thac, chuyén ddi nang
luong 4p dién tr dao dong

MTLT Moi truong lién tuc

unimorph Dam gan mot 16p ap dién

bimorph Dam gin hai 16p 4p dién

Mono-stable Dang giéng don

Bi-stable Dang giéng doi

Tri-stable Dang giéng ba

Primary/main resonance Cong hudng chinh

Sub-harmonic resonance

Cong hudng thir didu hoa

Super-harmocnic resonancec

Cong hudng siéu diéu hoa

PPTB

Phuong phap trung binh
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MO DAU

1. Ly do chon d@ tai

Khung hoang ning luong toan cau, sy néng 1én cia trai dat, hay 6 nhiém moi
treong 1a cha dé ngdy cang duoc quan tam, thao luan nhiéu trén toan thé giéi. Cac loai
nang lugng sach, nang luong c6 kha nang tai tao nhu nang lugng mat troi1, dong nang,
ning luong co sinh 1a ngudn ning luong tiém ning dé thay thé nhién liéu hoa thach
truyén thong nhd tinh chit bén vimg va than thién voi méi trudng [17], [2]. St dung
nhirg ngudn ning luong nay cho phép cac thiét bi vi co dién tir va di dong hoat dong
doc lap, co thé loai bo su phu thudc vao nhitng bo luu trir nang luong chéng han Pin.
Trong nghién ctru, thu thap, khai thac, chuyén d6i ning luong c6 thé phan chia bai
ngudn vat Iy duge chuyén d6i thanh dién nang hitu ich. Cac ngudn nay thong thuong
la: mat tro1 [3], nhiét [4], am thanh [5], co hoc [6], v.v. Trong $6 nhirng nguén nang
luong ké trén, dong nang ton tai & dang dao dong, chuyén vi ngau nhién hoic luc 1a
phd bién trong méi truong xung quanh. Co nhiéu co ché khac nhau dé chuyén doi
ning luong co hoc tir nhitng cdu trac dao dong (hoic chuyén dong) thanh ning lugng
dién can thiét cung cép cho thiét bi vi co dién tir, bao g@)m: bién tir; Tinh dién; Hiéu
ung ap dién. So véi phuong phap dién tir va tinh di¢n, thu thap nang lugng st dung vat
liéu ap dién cung cép mat do nang lugng cao, tinh linh hoat cao hon trong viéc tich

hop vao mét hé thdng cu thé, do d6 dugc nghién ciru rong rai nhat.

Trong nhitng nghién ctru trude day, phan 16n nhiéu cong trinh tip trung vao phat
trién bo thiét bi thu thap, khai thac nang luong dua trén hi€u ung cong huong tuyén
tinh. Tuy nhién, hi¢u suét thu thap nang luong h¢ co di¢n tuyén tinh cta b thiét bi thu
thap nang lugng 4p dién bi gidi han & dai rat hep xung quanh tan s6 cong huong. Bat
ky sai 1éch nao cua tan sb kich dong ra khoi ving cong hudng cé thé din dén giam
manh lugng dién nang thu hoi. Mot hudng tiép can khac nhiam khic phuc nhuoc diém
néu trén do 1a phan tich cac dic tinh ctia bo dao dong phi tuyén. Cu thé, mot bo dao
dong phi tuyén trong diéu kién thich hop c6 kha ning cung cap hiéu qué thu thap ning
luong tot hon so voi bo dao dong tuyén tinh trén ba khia canh d6 1a: (1)-Tong ning
luong duoc chuyén ddi; (2)-Phé tan sé dao dong rong hon (rong hon nhiéu so véi

tuyén tinh, tirc dai tan so lam viéc cua bg thiét bi 1om) va (3)-Co dai tan s lam viéc



rong, phtl hop véi tan sb co sin ciia cac tac dong bén ngoai [7]. Cac dap tng co dién
ctia bo thiét bj thu thap nang lugng ap dién da dugc nghién ctru rong rai trong mat )
cong trinh nghién ctru (8], [9], nhung van con nhiéu khoang tréng nghién ctru can
dugce bod sung, 1am rd. Va, hudng nghién ctru véi trong tm 13 phan tich dap tng co
dién, trong cac ving cong hudng cua b thiét bi PVEH (piezoelectric vibration energy
harvesting) phi tuyén trd thanh mot chii dé nhiéu trién vong, cé ¥ nghia khoa hoc va

thuc tién.

Mot bo thiét bi thu thap, khai thac, chuyén doi nang luong 4p dién thong thudng
bao gom: Cac 16p ap dién dugc gan trén két cau co s/ két cau chu tiép nhan dao dong;
két ciu co so dién hinh thong thuong c6 dang dam cong x6n [21]-[34]; dang két cau nay
thong thuong bao gom: Mot dau ngam, mot dau ty do, 16p dién cuc va c6 khdi luong
gan vao dau két cdu dam hosc khong. Két cau hinh hoc duogc sir dung pho bién nhét cia
bo thiét bi thu thap ning luong ap dién 13 ddm cong x6n bai dang két ciu nay cho phép
tuong thich vé mat hinh hoc véi quy trinh ché tao, don gian, hiéu quéa cao véi muyc dich
thu thap, chuyén doi, khai thac ning luong rung dong cua cac tac dong bén ngoai[24],

[33].

Phat trién cac phuong phap nghién ctru Iy thuyét dé phan tich cac dap tng hé co
dién phi tuyén va danh gia hiéu suat thu thap niang lugng ap dién van con dang 1a chu
dé dugc quan tdm nghién ctru. Trong sé cac phuong phap phan tich, phuong phap
trung binh 1a mdt trong nhirng k¥ thuat hiéu qua va manh dé phan tich céac hién tugng
phi tuyén trong hé dong luc. Mic du phuong phép trung binh da duoc sir dung tir 1au
trong co hoc. Tuy nhién, theo hiéu biét tot nhat cua tac gid luan an, chua c6 cong trinh
nghién ctru cong bd dé xac dinh cac biéu thirc giai tich ciia dap Gmg co dién bo thiét bi
v61 mO hinh mot bac tu do phi tuyén, dudi kich dong diéu hoa, trong nhitng hiéu ung
cong hudng khac nhau khi st dung phuong phép trung binh. Véi nhitng phan tich &
trén, nghién ctru sinh lya chon dé tai “Bdi todn khai thdc nang hrong cho mé hinh dam
dp dién phi tuyén véi hiéu img cong hieong chinh va thir cap”.

2.  Muc tiéu cia luan an

- Xay dung hé phuong trinh lién két co dién cua két cAu dam cong xon phi tuyén

gin 16p ap dién va mo hinh hoa két cdu bo thiét bi nghién ciru;



- Phat trién phuong phép trung binh dé giai bai toan dao dong ctia hé co dién phi
tuyén véi mo hinh khdi luong tap trung mat bac tu do chiu kich dong nén diéu hoa,
tir 46 quy trinh phwong phap da phat trién ap dung cho hé phi tuyén kiéu Duffing,
dang giéng don (mono-stable) trong cac hiéu tmg cong hudng phi tuyén bao gom:
Cong huong chinh (primary resonance), cong huéng thir cap ( bao gdm: thir diéu
hoa va siéu diéu hoa - sub and super harmonic resonance) va hé tuyén tinh twong

ung dung dé so sanh;

- Phan tich, khéo sat, danh gia anh huong cac tham sd t6i quan hé bién do-tan sb, cac
dap mg chuyén vi, dién ap, cong suat co hoc dau vao, dau ra, niang luong co hoc,
nang lugng dién hitu ich, hi¢u suit thu thap nang lugng ap dién ctia hé co dién phi
tuyén nghién ctru va hé tuyén tinh twong tng trong cac hiéu ing cong huong.
3. Poi twong, pham vi nghién ctru, co sé khoa hoc va thwe tién ciia dé tai

Dbi twong nghién ctru: Luan an nghién ctru hé co dién phi tuyén kiéu Duffing,
dang giéng don chiu kich dong nén diéu hoa véi md hinh khdi lugng tap trung mot bac
tu do cua bo thiét bi thu thap nang lugng str dung vat li¢u ap dién.

Pham vi nghién ctru: Luan 4n nghién ctru dim cong x6n Euler—Bernoulli gan 16p ap

di¢n trén toan by mat trén va dudi, xét dén quan hé phi tuyén cua chuyén vi va bién dang.

Phuong phép st dung chi yéu trong luan an 1a phuong phép trung binh két hop véi mo
phong s dé kiém tra hiéu qua cta phuong phap dé xuat trong Ludn an.

4. Noi dung nghién ciru

Luan an gdm phan m& dau, 04 chuong, phan két luan, danh muc cic cong trinh
da cong bd cua tac gia lién quan dén luan an, phu luc, tai liéu tham khao. Trong d6 ndi
dung chinh cta cac chuong nhu sau:

Phan m¢& dau néu 1y do lya chon, tinh cép thiét cua dé tai nghién ctru, ndi dung
nghién ctru, co s¢ khoa hoc va thuc tién ctia dé tai, nhitng déng gdp méi cua luan an.

Chwong 1. Luan an trinh bay tong quan vé cac nghién ciru da cong bb lién quan. Cy
thé, Luan an trinh bay cac ndi dung vé gi6i thiéu hiéu tmg ap dién, vat liéu ap dién, két
c4u, tong quan vé mo hinh ctia bd thiét bi, hiéu tmg phi tuyén, phuong phép nghién ciru,
phan tich mé hinh. Tiép theo, nghién ctru sinh trinh bay vé nhiing Gmg dung dién hinh, xu

hudng phat trién trong thu thap ning lugng ap dién va gidi thiéu cac ndi dung nghién ciru.



Chwong 2. Luan an trinh bay vé cic ndi dung xay dung, thiét 14p phuong trinh
dao dong udn ctia dam phi tuyén gan 16p ap dién khi xét t6i phi tuyén hinh hoc cua
dam co s¢ va phuong trinh dap tmg co dién cua bo thiét bi. Sau d6, Luan an xac dinh
cac phuong trinh vi phan thu dugc tr phuong trinh dao ham riéng khi giam bac, hé
phuong trinh thu duogc déng dang vé1 hé co dién dugec mo ta béi mo hinh khdi lugng
tap trung mot bac ty do phi tuyén dang Duffing, chiu kich dong nén diéu hoa, cac tham
s6 trong mo hinh duoc dinh nghia.

Chuwong 3. Luan an trinh bay vé ndi dung phat trién phuong phap trung binh st
dung cho hé co dién phi tuyén chiu kich dong nén diéu hoa vdi mé hinh khéi luong tap
trung mot bac tu do cia bd thiét bi thu thap nang luong ap dién, sau d6 ap dung cho hé
phi tuyén kiéu Duffing, dang giéng don trong cac hiéu tng cong huéng chinh va cong
huong tht cap. Xéac dinh cac biéu thirc giai tich cua quan hé bién do - tan s, dép tng
chuyén vi, dién ap, cong suét, niang lugng dau vao, ning luong dién hitu ich tiém ning
dau ra, hiéu sut thu thap ndng lugng cua hé co dién phi tuyén Luan an nghién ctru.

Chuwong 4. Luan an trinh bay noi dung vé khao sat, phan tich, danh gia anh huong
ctia tham sd t6i cac dap tmg chuyén vi, dién ap, cong suat co hoc dau vao, dau ra, ning
luong co hoc dau vao, nang lugng dién hitu ich tiém nang dau ra va hiéu suét thu thap nang
lwong cta hé co dién phi tuyén Luan 4n nghién ctru trong mdi hiéu tng lién quan dén hién
tuong cong hudng phi tuyén bao gdbm: cong hudng chinh, cong huong thir cp va tuyén
tinh trong tmg dé so sanh khi sir dung cac cau tric 1énh ¢6 san clia phan mém Matlab.

Mot s6 két luan va kién nghi, cac két qua chinh, méi cta luan an, nhirng van dé,
va huéng nghién ctru tiép theo duoc Tac gia trinh bay trong Két luan va kién nghi.

Danh sach cac cong trinh dd cong b c6 lién quan dén noi dung luan 4n duoc Téc
gia trinh bay trong Danh muc céc cong trinh cong bo lién quan dén luin an.

Céc tai lidu trich dan trong luan 4n duoc T4c gia trinh bay trong Danh muc Tai li¢éu tham
khao.

Mot sd cdu trac 1énh Matlab khao sat kiém nghi¢m sb trong ludn an duoc Tac
gia trinh bay trong Phu Luc.

5.  Nhirng dong goép méi cia Luin an

- Ludn 4n d4 thiét 1ap hé phuong trinh vi phan phi tuyén cho b6 thiét bj thu thap ning

luong dudi dang dao dong phi tuyén kiéu Duffing ctia dam cong xon ¢ hai 16p ap



dién trén va dudi,chiu kich dong nén dic€u hoa;

- Luan 4n d3 mo hinh héa bo thiét bi va phat trién phuwong phap trung binh st dung
cho hé co dién phi tuyén, véi md hinh khoi lugng tap trung mot bac ty do chiu kich
dong nén diéu hoa cua bd thiét bi thu thap nang luong st dung vat liéu ap dién dé
thiét 1ap, xac dinh cac biéu thirc giai tich dang hién cho quan hé tin s6 -bién do, dap
tmg chuyén vi, dién ap, hiéu suit thu thap ning luong trong cic hiéu tng cong

huéng phi tuyén;

- Luan 4n d3 phan tich, khao sat, danh gia anh hudng cia cac tham s co hé t6i cac
dap tng chuyén vi, dién 4p, ning luong co hoc dau vao, ning lugng dién hiru ich
tiém ning dau ra, hiéu suit thu thap ning luong trong cac hiéu tng cong hudng phi
tuyén, tir d6 dua ra cac két luan danh gia hiru ich;

Két qua nghién ctru luan 4n di dugc cong bd trong 05 cong trinh khoa hoc, trong d6 02
bai bao qudc té ISL, 01 bai dang trén tap chi Co Khi Viét Nam va 02 bai ding trong

tuyén tap hoi nghi co hoc toan qubc lan thu XI.



Chuwong 1. TONG QUAN VE THU THAP NANG LUQNG AP PIEN
1.1. M@t s6 ndi dung vé thu thap niing lwong ap dién

1.1.1. Gidi thigu vé thu thdp nding lwong

Vé6i nhitng budc tién manh mé trong cong nghé ché tao, nhiu chuyén gia, nha
khoa hoc da nghién ctru, phat trién thanh cong, tao ra cac bo thiét bi vi co dién tir, cam
bién ma muc st dung dién nang chi duéi 1 miliwatt [1]-[9]. Nhiéu bo thiét bi vi co dién
tir, cam bién khong day duoc ing dung rong rai trong cac linh vuc khac nhau nhu: theo
do1, giam st cac cong trinh xay dung va ha téng k¥ thuat [10]; theo doi, gidm sat h¢
théng duong 6ng [11], [12]; cham soc stic khoe [13]; phong chéng thién tai [14]; phat
hién, canh bao chay rimg [15] va hang loat img dung trong linh vuc y té, cham soc theo
ddi strc khoe. Tuy nhién, cong nghé luu trit niang lugng bang nhitng mé dun luu trir ma
dién hinh 13 Pin da khong thuc sy phét trién trong nhidu ndm van dé lai khoang cach 16n
gilta dién ning tiéu thy can thiét va kha nang dap tng cho nhiing thiét bi vi co dién tir
dang phat trién nhanh chong vai kich thude thiét bi rit nho, mat do cong suét va nhu ciu
tiéu thu dién ning ngay cang nho [16], [24]. Bén canh d6, nhitng hau qua dé lai bao gdm
nhing van dé kinh té, xa hoi va mdi truong lién quan dén ché tao, str dung, tai ché Pin
da thuc day nhiéu chuyén gia, nha khoa hoc nghién ctru cic khia canh khac nhau xoay
quanh chil dé thu thap, khai thac, chuyén ddi ning luong véi nhitng ngudn cé sin trong
moi truong nham duy tri sy hoat dong doc lap cua bo thiét bi vi co dién tir va cam bién
khong ddy. Bang cach thu nang lugng lang phi c¢6 trong mdi truong xung quanh (vi du:
ning luong tir dao dong, nang luong tir ngudn gradient nhiét va niang luong mat troi) dé
chuyén d6i thanh dién ning, nhitng k¥ thuat thu thdp ning lwong néu trén vé co ban da
thay d6i mo dun niang lwong (Pin) cia hau hét cac thiét bi vi co dién tir, tir phan tir luu
trir ning lrong sang phan tir san xuat va luu trit. V& mit 1y thuyét, khi ton tai kich dong,
bo thiét bi thu thap ning luong sé xir 1y dé thu thap, khai thac, chuyén doi co nang thanh
ning luong dién hiru ich véi cong suit vo han, cho phép cac thiét bi vi co dién tir duy tri
su hoat dong v&i thoi gian, tudi tho gﬁn nhu vo tan.

Thu thap, khai thac chuyén doi ning lugng duoc dinh nghia 1a su chuyén doi truc
tiép ngudn ning luong tir mdi trudng xung quanh (bao gdm: co hoc, mit trdi, nhiét,

gi6, dong chét long, v.v.) thanh di¢n nang hiru ich béng cach str dung mot vat liéu hoac



co ché chuyén d6i. Su chuyén d6i ning luong dao dong co hoc thanh dién bang cach
st dung vat li€u ap dién duoc goi la thu thdp nang luong ap dién [94]. BS thu thap
nang lugng ap dién co thé cung cdp mot ngudn dién 1au dai dé nhitng thiét bi vi co
dién tir c6 kha ning tu hoat dong ma khong can thay thé hodc bao tri. Khi d6, s& giam
nhirng khoan chi phi lién quan dén cong tac thay thé, bao tri, tai ché, xir 1y Pin.

Y tuéng vé chuyén d6i, thu thap ning luong dao dong c6 sin tir moi truong
thanh dién ning hiru ich dé cung cip cho céc thiét bi vi co dién ttr 1an dau tién xuat
hién va duoc cong bd trong nghién ctru cua Williams va Yates [16], vao nim 1996.
Hai nha khoa hoc Williams va Yates d3 mo ta nhiing co ché thu thap, khai thac,
chuyén d6i ning luong co ban va cong bd mot mé hinh nham mé ta co ché thu thap
nang luong dién tir dién tir. Theo Williams va Yates [16], c¢6 ba co ché chuyén doi
nang luong tir dao dong thanh dién la: dién tu [16], [17], tinh dién [18], [19], [20] va
ap dién [21]. P4 c6 nhiéu cong trinh nghién ctru tong hop, danh gia vé cac khia canh
khac nhau trong linh vyc thu thap, khai thac, chuyén doi nang luong ap dién, nhitng uu
diém, nhuoc diém cia cac co ché chuyén doi ning lugng duogc thyc hién k¥ ludng va
duoc cong bd béi nhiéu chuyén gia, nha nghién ctru trén khép thé gioi [21]-[36].

Khi so sanh sb luong nhitng cong trinh nghién ctru da dugc céng bd boi nhicu
chuyén gia, nha khoa hoc, c6 thé thiy co ché chuyén doi, thu thap ning luong dién sir
dung vat liéu ap di€n nhan dugc sy quan tam 16n nhat, dic biét 1a trong thap nién da
qua. Cu thé, bon bai bao danh gia tong quan cong bb lién tiép trong bén nim (2004-
2008) [23], [24], [25], [26] va dac biét trong thap nién trd lai day [27]-[35], [36] véi su
nhan manh vé s6 luong cong trinh nghién ctru tip trung xoay quanh cac khia canh cia
chu dé thu thap, khai thac, chuyén doi theo co ché ap dién. Theo s6 liéu tong hop duoc
cong bd béi Ghazanfarian va cong su [34], va Li va cOng su [36] trong hai thap ky gém
day sd luong cac cong trinh nghién ciru cong bd (khong bao gom cac bao cao tai hoi
nghi va danh gia hoi nghi) lién quan t6i hai tir khoa "piezo va thu thap nang lugng"
trich tir dit liéu Scopus duoc trinh bay trong Hinh 1. 1. Theo d6, bao gdm 4435 tai liéu,
trong d6 c6 874 bai bao truy cap md, 130 chwong sach va 36 cudn sach chuyén khao.
Cu thé hon, theo Li va cong su [36], sd lwong cong trinh nghién ctru duoc cong bd lién
quan dén tir khoa “thu thap ning luong p dién” lién tuc ting manh trong khoang thoi

gian tr ndm 2006 dén nam 2014 véi sb lugng cong bd nim sau xap xi gap tir (1.5-2)



1an niam lién ké trude do, va dat s6 luong hon 600 bai/nam trong cac nam 2015 va
2016. Nhitng t6 chirc thuong xuyén tai tro cho cic ndi dung nghién ciru lién quan t6i
chu dé thu thap ning luong, co thé ké dén 1a: Quy khoa hoc tu nhién Quéc gia Trung
Quéc, Quy nghién ciru co ban cho cac trudng Pai hoc Trung wong va Quy nghién ciru
Quéc gia Han Qudc... Hau hét nhimng linh vyc, chi dé nghién ciru duoc dé cip trong
cac cong bd phé bién la: Co k¥ thuat; Khoa hoc vat liéu; Vat 1y; Hoéa hoc va nang
luong. Pac biét, theo Mohsen Safaei va cong su [33], doanh thu hang ndm cua thiét bi
thu thip ning luong ap dién trén toan thé gidi da ting tir 22 ty d6 la My trong nim
2012 1én 37 ty do la vao nam 2017, diéu nay cho thay tinh tng dung rong rai cta vat
liéu ap dién.
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Hinh 1. 1. Thong ké sb lugng nghién ctru trong vong hai thap nién lién quan téi chu dé Piezo
va thu thap, khai thac, chuyén doi nang luong [34], [36]

Do tinh chat lién nganh ctia cha dé thu thap, khai thac, chuyén d6i nang luong s
dung vat li¢u ap dién, trong luan an nay khong dé cap chi tiét ti cac nghién ctru chuyén

sdu vé vat liéu ap, khoa hoc co nhiét, dién cling nhu k¥ thuat ché tao vat lidu.

1.1.2. Vit liéu ap dién, hiéu wrng dp dién
Briscoe va Dunn [41] di dinh nghia ap dién 1a: "dién tich tich lily nham dap img
cdc vmg sudt co hoc xudt hién trong vt liéu cé két cdu tinh thé khong doi ximg" ;
trong khi Erturk va Inman [42] dinh nghia ap dién 1a: "mét hinh thirc khép néi giita
cdc g xir co hoc va dién cia tinh thé trong gom sir & mét sé I6p nhat dinh" . Hiéu
g 4p dién, co thé coi 1a sy chuyén dbi giita ngudn ning luong dién va ning luong co
hoc. Nhitng loai vat li¢u thé hién hiéu ung ap dién duoc goi 1a vat liéu ap dién. Hi¢u

ung ap dién co6 tinh chét thuan nghich, hi€u tng thuén la su xuét hién dién tich trén bé



mat khi vat li¢u chiu ing suat co hoc con hiéu ung nghich 1a su bién dang cua vat li¢u
khi duoc cép mot nguén dién &p (dat trong dién truong) [42]. Hi€u tng ap di€n thuan
dugc anh em nha khoa hoc Pierre va Jacques Curie phat hién vao nam 1880 [37], va
hiéu ung ap di€n nghich duoc xay dung trén co so toan hoc (sau khi phat hién ra hi¢u
g 4p dién thudn) tir cic nguyén Iy co ban cua nhiét dong luc hoc duoc cong b boi
Gabriel Lippmann vao ndm 1881, sau d6 dugc xac nhan béng thyc nghiém bd1 hai nha
khoa hoc Curie [43]. Hi¢éu ing ap dién thudn va nghich cung tdn tai trong mot vat liéu
ap dién [44].

S~ ——————

— —_— — f
T~ —— l

— = ESTTE o
e
—_— — e

Hinh 1. 2. Phan cuc ctia vat liéu gbm ap dién da tinh thé [29]

(a) Sép xép ngau nhién ctia cac d6-men trude khi phan cuc; (b) Phan cuc dudi tac dung cta
dién truong tinh; (c) Duy tri su phan cyc sau khi loai bo dién truong

Trong mdi co ché, k¥ thuat thu thap, khai thac, chuyén doi nang luong co thé cho
phép thu hoi duoc mot luong dién nang hitu ich, sy lya chon gitra ba co ché (dién tur,
tinh dién, 4p dién) phu thudc vao mdi tng dung, trong d6 nhiing bd thiét bi thu thap
nang luong ap dién dugc nghién ciru rong rii nhat do mat do nang luong cao [37],
[38], [39], két cAu don gian, phu hop va dé dang twong thich véi cac tmg dung [37],
[38]. Ngoai ra, vat liéu ap dién khong yéu cau dién ap bo sung dau vao [37], khong
gidng nhu b thiét bi thu thap, khai thac ning luong tinh dién [18]-[20]. M6t vu diém
khac ctia vat liéu ap dién 1a dién ap dau ra thu duoc cao, chi phi tiét kiém, dai tan sb
lam viéc rong [39], dac biét co thé dé dang két hop trong két cAu cta bo thu thap nang
lugng va nhiéu loai vat liéu ap dién co6 nhi¢t d¢ Curie cao [40]. Theo do, su dung vat
liéu ap dién dé thu thap, khai thac chuyén ddi ning luong la co ché thu thdp ndng

lirong tot nhdt va ciing la Iy do dé tdc gid lya chon nghién citu trong Ludn dn nay.

Cudi cung, nhitng danh gia toan dién vé lich st hinh thanh, phat trién cua vat liéu

ap dién va nhiing tién bod cho dén nay di duogc tong hop, cong bd trong nhiéu cong
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trinh nghién ctru, sach chuyén khao va bai bao dugc xuat ban trén cac tap chi uy tin, do

d6 trong Ludn an nay nghién ctru sinh s& khong trinh bay chi tiét.

1.1.3. Quan h¢ teng suit — bién dang
Tiéu chuén IEEE thudc hi¢p hoi khai thac, thu thap nang lugng &p dién tiép tuc
sir dung phd bién ngay nay [45]. Dinh luat dau tién st dung cho vat liéu ap dién tuyén
tinh [46] dugc trinh bay bai biéu thirc sau:
U=o-l.jéi].+E,.D'i (1.1)
trong do, déu “ " 1a ky hi€u cua dao ham, U 1a mat do nang luong dugc luu trir ctia
vat lidu 4p dién, o, 1a véc to Gmg suat, &, 1a véc to bién dang, E;1a véc to dién truong,

D;1a véc to dich chuyén dién.

Dang/co ché 3-1

++++++++ : b) [31]
%, ;
) | LZ
F —
a) [36]
+ 4+ ++++ Danglcoché 3-3 c)[31]

=Tl

Hinh 1. 3. Dang/co ché 1am viéc cua vt lidu ap dién [31], [36]
a)-Dang lam viéc ctia vat liéu ap dién; b)-Mo hinh dam 2 16p ap dién; ¢)-Mo hinh dam 1 16p
ap dién
Mot hién tugng quan trong 1a sy thay doi phan cuc dudi ung suat co hoc cua vat
liéu ap dién (Hinh 1. 2. Phan cyc cua vat li¢u gém ap dién da tinh thé [29]). Ba yéu to
c6 thé anh hudéng dén hudng va cuong d6 phan cuc trong vt liéu 4ap dién 13: hudng
phan cyc trong tinh thé, tinh d6i xtng tinh thé va tng suat sinh ra boi bién dang co

hoc. Huéng cua tng suit thudng song song véi truc cuc (hudng truc 3) hoic vudng
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v6i nd (hudng truc 1), dan dén hai dang/ché d6 lam viéc phd bién cuia bd thiét bi thu
thap, khai thac, chuyén d6i ning luong ap dién (PEHs-piezoelectric energy harvesting)
dé la dang (3-3) va dang (3-1), nhu minh hoa Hinh 1. 3a. Vat licu 4ap dién dugc st
dung & dang (3-3) c6 nghia 1a tmg suat/bién dang song song v&i hudng truc cuc (3-3),
trong khi dién ap duogc tao ra theo hudng truc luc tac dung (ing suat bién dang cung
huéng cua dién truong). O dang (3-1), ing suat/ bién dang dugce ap dung vudng goc
voi1 truc cuc va hudng cua dién ap duoc tao ra theo hudng vudng goc véi huong luc
tac dung. Tuy nhién, khi vat liéu lam viéc & dang (3-1) din dén bién dang 16n theo mot
huéng, do d6 dang (3-1) thuong duge st dung trong bo thiét bi ctia hé thu thap, khai

thac, chuyén doi nang luong st dung vat li¢u ap dién (PVEHs).

Quan h¢ ung suat o b bién dang ¢ » va dich chuyén dién D , va dién truong E, ¢
dang/ché dd (3-1) duge biéu dién thong qua cac biéu thirc sau:
o ,=EF¢ —eE
x—p P P 3173 (12)

Dp =e8, ,+ &,E;5;

trong d6 E , e, va &, lan luot Ia m6 dun dan hoi, hang s6 tng suat ap dién va hang so

4 b
bién dang ap dién. Hé phuong trinh (1.2), 13 co s& ciia cic phuong trinh lién két trong
hé co - dién thu thap, khai thac, chuyén d6i ning luong ap dién s& duoc nghién ctru st

dung trong ludn an nay.

1.2. Tong quan vé két cAu, md hinh, phwong phap nghién ciu, ing dung va xu

hwéng phat trién ctia thu thap ning lwong ap dién

1.2.1. Két ciu bg thiét b thu thdp ning lwong dp dién

Theo Li va cong su [36], ty 1& cac bai bao, cong trinh nghién ciru di cong bd vé
nhitng cAu tric dién hinh cua bo thiét bi thu thap nang luong 4p dién (PEHs) nhu dugc
chi 1& trén Hinh 1. 4. Cu thé, s luong cc cong trinh nghién ctru vé thu thip ning
luong o6 két cdu dam cong xon chiém da s6 (voi 89.54%), trong khi chi ¢6 6.75% va
3.71% 1a céc cong bd lién quan tdi cac két cdu bo thiét bi co6 dang chiim choe va xép
chong. Mot bo thiét bi thu thap, khai thac, chuyén d6i ning luong 4p dién thong
thudng bao gdm: Cac 16p ap dién duoc gin trén 16p két cAu co so; Lop két cdu thuong

13 dAm cong x6n [21]-[34]; Lép dién cuc va c6 khdi lwong gin thém vao dau 16p két
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ciu hodc khong. S¢ di, két cau hinh hoc phd bién nhét ctia bo thiét bi thu thap ning
luong 4p dién 1a dam cong xon vi dang két cdu nay tuong thich vé mat hinh hoc vai
cac quy trinh ché tao, da duoc chimg minh 1a dé thyc hién va hiéu qua cho muc dich
thu thap, chuyén d6i, khai thac ning lugng rung dong tir cic tic dong bén ngoai[24],
[33].

Chiim choe (Cymbal structure )

Chiim choe

g 3.71% Xxép chong
T75%

Ddam cong xon

Hinh 1. 4. Thong ké ty 18 cac cong trinh d3 cong bd vé két cau dién hinh ctia PEHs [36]
Dam cong xon 1a két cdu co tan s6 cong hudng phu hop voi rung dong cua cac
tac dong bén ngoai, dong thoi c6 thé giam hon nira tan sé cong hudng bang cach bd
sung khdi luong & dau dam, tao ra bién dang 16m, do do6 tao ra nhiéu nang luong hon
so v6i két cau khac [22]. Tuy thudc vao sd lugng 16p ap dién gan trén két cdu dam co s
ma bo thiét bi c6 loai mot 16p ap dién (unimorph), hai 16p ap dién (bimorph) hoidc xép
ch6ng nhiéu 16p ap dién xen k& lop két cAu dam co s (multilayered-stack) [23], [47], [48].

Khi két cau dam gan 16p ap dién tiép nhan rung dong lam xuat hién bién dang trong
16p (céc) ap dién dan dén su phan cuc va chénh 1éch di¢n ap trén bé mat 16p vat liéu ap
dién, khi do6 tao ra dién 4p xoay chiéu trén dién cuc 16p 4p dién. Két chu phé bién cuia bd
thiét bi thu thap, khai thac, chuyén d6i ning lugng ap dién dang dam cong xon dugce minh

hoa trong Hinh 1. 5 [94].
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v Z(3)

T h(r) |
g() — : i RS (1)
¥=1
x=0 a)
X

b) r=L
A
L J
0) =1L

Hinh 1. 5. Mot s két cau bo thiét bi thu thap nang luong ap dién dién hinh [94]

a) Két cau bo thiét bi voi dgim cong x6n mot 16p p dién; b) Két ciu b thiét bi voi c}ém cong
x0n hai 16p ap dién; ¢) Két cau bo thiét bi Yc’ri c}ém cong x6n hai 16p &p dién c6 khéi lugng
dau dam
Theo Ghazanfarian va cong su [34], duToit va cong su [50] mot bd thiét bi thu thap,
khai thac, chuyén ddi nang lugng ap dién tir dao dong duoc phan loai theo nhiéu tiéu
chi khac nhau, cac tiéu chi phan loai dién hinh co thé ké dén bao gébm nhung khéng

gi61 han boi:

- Theo quan diém vé tan sb 1am viéc: Cac bo thiét bi lam viéc tai tan sd cong hudng
hozc gin cong hudng va cac hé thong khong cong hudng, khong phu thude vao bat
ky tan sb cu thé nao dé hoat dong.

- Theo quan diém hudng kich dong tao luc gy rung: Loai thiét bi thu thap, chuyén
d6i ning luong tir cac chuyén dong theo mot hudng duy nhit hodc tir nhiéu hudng.

- Theo quan diém diéu chinh cac mé hinh dong: Dam 4p dién tuyén tinh va phi tuyén.

1.2.2. Déam dp di¢n tuyén tinh
B0 thiét bi thu thap ning luong 4p dién tuyén tinh véi két cau dam da duoc cong
bd boi nhidu nha nghién ciru trén cac tap chi khoa hoc uy tin. Inman va cong su [51]

da st dung ly thuyét dam Euler-Bernoulli dé nghién ctru dong luc hoc cua bo thiét bi
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thu thap ning luong ap dién két hop véi phan tich can bang luc [52], hodc st dung
phuong phap ning lwong [53]. Sir dung nguyén 1y Hamilton mé rong, két hop véi 1y
thuyét dam Euler-Bernoulli, Sodano va cong su [54] da phat trién va phan tich mot bo
thiét bi thu thap ning luong 4p dién véi két cu dam cong x6n, cho phép du doan céac
dap tmg co dién ¢ cac dang kich dong cao hon nhung bo 15 mot sé diém chinh (vi dy:
cong hudng va cac diém chdng cong hudng). Mot mo hinh co dién dya trén phan tich
két ciu ciia dim cong x6n khi chiu kich dong nén duoc phat trién va cong bd boi Du
Toit [55], trong nghién ctru nay cac biéu thirc giai tich dang déng dé xac dinh, mo ta
va phan tich hiéu suét thu thap ning luong cta bd thiét bj da dugc trinh bay bang cach
st dung phuong phép tiém can, tip trung vao dang dao dong thtr nhat, tir d6 hiéu suat
thu thap nang luong dién tir cac nguén co hoc c6 thé duge du doan, toi vu dua trén cac
diéu kién ban dau cua kich dong nén va tai dién trd trén phu tai. M6 hinh nay da dugc
Du Toit va cong sy xac minh kiém nghi¢m bé‘mg thyc nghiém & dang chuan hoa, do d6
cho phép giai thich rd rang cac yéu té anh huong toi hiéu suét thu thap nang luong cia
b0 thiét bi.

Nhitng nghién ctru, thiét ké véi két cau bo thiét bi thu thap, khai thac, chuyén doi
nang lugng ap dién tuong tu da dugc cong bd boéi Kim va cong su [56], Erturk va
Inman [47], [48], [57]-[59] v&i két cAu bo thiét bi 1a dam cong xon gén 16p ap dién trén
co s 1y thuyét dim Euler-Bernoulli. Trong nhiing nghién ctru cia ho, ngudn kich
dong khong giéi han boi kich dong diéu hoa ma con duoc mod ta thém nhitng anh
huong cia chuyén vi ngang va goéc quay. Xac minh thuc nghiém ctia mé hinh nay
duogc trinh bay chi tiét trong cong trinh duoc thuc hién va cong bd boi A. Erturk va
cong su [57]. Cac két qua phan tich, danh gia cung cép cac két qua twong ty nhu Du
Toit va cOng sy [55] da nghién clru va cong bd. Véi cach tiép can mo hinh hoa nhung
b6 qua qua trinh chuan hoa, Ajitsaria va cong su [56] ciing cong bd nghién ciru trinh
bay vé mot bo thiét bi thu thap ning lugng véi két cau dam cong x6n hai 16p ap dién,
stt dung 1y thuyét dim Euler-Bernoulli va Timoshenko. Maiara Rosa va Carlos De
Marqui Junior [58] cling da nghién ctru, xdc minh béng thuc nghiém voi két cdu bod
thiét bi 1a dam cong x6n gin 16p ap dién trong d6 gin thém khéi lwong ¢ dau dam, véi
dién tich mit cat ngang cia dam thay d6i dé thu thap ning luong. Cach tiép can gan

dung vé6i 1y thuyét Rayleigh-Ritz, st dung nguyén 1y Hamilton tong quat dé xuat boi
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Crandall va cong su [59] dugc Sodano va cong sy [54], DuToit va cOng sy [55] da ap
dung 13 mdt x4p xi cac tham s6 phan tan bd thiét bi thu thap ning luong ap dién. Céc
phan tich trong ciu hinh b thiét bi thu thap ning luong 4p dién (md hinh dam) duoc
cong bd bdi Erturk va Inman [47], [48] ¢6 nhitng xac nhan, kiém chirng véi cac két
qua nghién ctru thuc nghiém.

Véi nhitng thiét ké cua bo thiét bi thu thap ning luong ap dién co két cau dién hinh
12 dam cong x6n dd dugc cong bd cac tac gia déu xudt phat tir quan hé tmg suit bién
dang, str dung nguyén 1y Hamilton hodc cic quan hé luong gidc trén mit cat ngang két
ciu dam ap dién dé tir 46 thu duoc hé phuong trinh lién két mo ta quan h¢ co—dién sau
khi 4p dung nguyén 1y Largance, va sit dung phuong phap giam bac Rayleigh- Ritz dé
chuyén phuong trinh dao ham riéng vé phuong trinh vi phan [47].

Tinh tuyén tinh trong cac thiét ké dién hinh cua bo thiét bi thu thap, khai thac,
chuyén d6i nang luong ap dién voi két ciu dam cong x6n di duge cic chuyén gia, nha
khoa hoc nghién ctru phé bién & hai khia canh d6 1a: (1) - Tuyén tinh vé vat liéu dbi véi
két cAu dim co s& (quan h¢ tng suét, bién dang tuan theo dinh luat Hooke, bé qua bién
dang uén dam co so- 1y thuyét dam Euler Bernoulli) va (2) - Tuyén tinh 16p vat lidu ap

dién gan trén dam.

1.2.3. Déam dp dién phi tuyén

Tinh phi tuyén trong nhiing thiét ké dién hinh ctia bo thiét bi thu thap nang luong
ap dién voi két ciu dam cong xon di dugc cong bd boi cac nha khoa phd bién & hai
khia canh d6 la: (1) - Phi tuyén két cdu dam co s (chu yéu dya trén tinh chat bién
dang 16n cua két cau dam co s0) va (2) - Phi tuyén cua 16p vat li¢u ap di¢én dan trén
dam [95].

Mo ta thich hop quan hé dap ung giita co - dién 13 mét diém quan trong trong
phan tich bo thiét bi thu thap, khai thac, chuyén d6i ning luong 4p dién tir dao dong.
Crawley va Anderson [60] dd cong bd cac két qua thuc nghiém véi viéc xem xét tinh
phi tuyén cta 16p vat liéu 4p dién gin trén két cdu dam co so, cu thé 13 truong dién
dong va khang dinh gia thuyét vat liéu ap dién tuyén tinh khong phu hop khi xét dén
bién dang 16n ctia két cdu dim co s&. Tuy nhién, tinh phi tuyén ctia 16p vat liéu ap dién

va anh huong ctia n6 doi véi thu thip nang lugng méi chi bat dau nhan dugc su quan
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tam. Hu va cong sy [61], d3 nghién ciru 1y thuyét két hop v6i phuong phap sé dé khao
sat anh hudng cia bién dang 16n t6i dién ap, cong sudt thu thip ning lwong, quan hé
budc nhay gitra bién do-tan sb o tan sd cong huong duoc xac dinh. Anh huong cta hé
s6 ghép ndi co dién toi cong sudt dién hitu ich tiém ning dau ra dbi voi két cau bo thiét
bi dang dim cong x6n gin hai 16p 4p dién cling d3 duoc Hu va cong su [62] nghién
ctru, khao sat, danh gia. Co sé vat Iy cho mo hinh ciia ho 14 1y thuyét dan hdi phi tuyén
véi cac hi€u ing dan hoi 1én dén bac bon [63], [64]. Triplett va Quinn [65] da nghién
ctru dap mg ctia hé voi mé hinh bo thiét bi thu thap ning luong ap dién khi xét toi cac
hiéu tmg khdp ndi co dién phi tuyén twong ty Crawley va Anderson [66], Crawley va
Lazarus [67]. Phan tich cong suét tao ra boi bd thiét bi thu thap nang lugng cho théy
cac hiéu img khép ndi ap dién phi tuyén anh huong dang ké dén hiéu qua thu thap
nang lugng, cac két qua trén cling da duoc duToit va cong su cong bd trong nghién
cuu trude do [55]. Silva va cong su [68], nghién clru anh hudng ctia hién tugng tur tré
trong khdp ndi 4p dién, cac tac gia so sanh két qua thu dugc giira cac mo hinh tuyén
tinh - phi tuyén va két luan hién tuong tir tré c6 kha ning ting hiéu qua thu thap ning
luong. Wagner va Hagedorn [69], dd chimg minh cac hiéu tng phi tuyén cia vat li¢u
ap dién anh huéng dén hiéu qua thu thap ning. Stanton va Mann [70] gan day dd phan
tich va xac minh bang thuc nghiém céc tham s phan tan ciia hé phuong trinh lién két co
dién, mo ta bo thiét bi co két cAu dam cong xoOn chiu kich dong nén, khi xét t6i tinh phi
tuyén vat liéu ap dién. Céac nghién ctru thyc nghiém dugc thyc hién cho théy sur théng
nhat gitra dit liéu khi khdo st s va thuc nghiém [63], [64], [70].

Nhirng nd lyc trong thap ky gan day cta nhiéu chuyén gia, nha nghién ctru nham
cai thién hiu qua thu thap ning lugng bang cach tiép can phi tuyén trong cac mach
quan 1y thu thap ning luong dd dugc cong bd boi M. Lallart va cong su [71], H. Shen
va cong su [72]. Trong nghién curu cua Silva va cdng su [73], dé cap dén anh huong
ctia hé s6 ghép ndi co dién trong cac hé thu thap nang lwong. M6 hinh ciia ho bao gom
hé co hoc mot bac tu do duge két ndi voi mach dién béng cac phﬁn tor ap dién. Cac két
qua s6 thu dugc tir md hinh tuyén tinh va phi tuyén dugc so sanh véi dir liéu thuc
nghiém do Kim va cong su [74] cong bo.

C6 thé noi rang nhirng khia canh phi tuyén dang duoc xem xét, nghién ctru, phan

tich nhim ting cudng hiéu qua thu thap ning luong ap dién tir cac ngudn dao dong co
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san trong moi truong. Thong thudng nhiéu chuyén gia, nha khoa hoc nghién ctru hiéu
mg phi tuyén dé mé rong sy két ndi gitra kich dong tir méi trudng va bo thiét bi thu
thap nang luong nham dat duoc muc dich mo rong dai tan sb lam viée [75].

Cac mo hinh xem xét khia canh tuyén tinh vé mat hinh hoc ddi véi két cAu dam
co s& gan 16p ap dién di duoc st dung rong rii dé du doan dap tmg va tdi wu héa cac
tham s ctia bo thiét bi thu thip ning lugng ap dién véi két cau dién hinh 1a dam cong
x6n [47]. B thiét bi thu thap, khai thic ning luong ap dién tir cac ngudn dao dong
hoat dong hiéu qua & dai tan sd gan cong hudng, khi xét toi bién dang 16n cua nhiing
két cdu didm co s& lam bﬁng vat liéu déo hodac khi kich dong nén 16n. Trong nhirng
truong hop ndy quan niém tuyén tinh vé miat hinh hoc c6 do chinh xac khong cao do
khong xét dén mdi quan hé phi tuyén giita bién dang va chuyén vi. B thiét bi thu thap,
khai thac ning lugng ap dién tir rung dong véi két cau dam cong xon trong diéu kién
kich dong & mirc cao, mdi quan hé tuyén tinh giita bién dang va chuyén vi khong du
chinh xac. Dudi cac muc gia tbc nhu vay, cac hidu ung xét téi bién dang 16n - phi
tuyén hinh hoc d3 duoc nhiéu chuyén gia, nha khoa hoc, nghién ctru st dung nham cai
thién do chinh xac trong xac dinh cac dép tng cta hé co dién thu thdp nang lugng.

Mohammed F. Daqaq va cong sy [76], Ravindra Masana va Mohammed F. Daqaq
[77], d4 nghién ctru mot md hinh phi tuyén téng thé bo thiét bi thu thap ning lugng ap
dién c6 thiét ké 1a két cau dam cong xon gan mot 16p ap dién bang viéc st dung 1y
thuyét Euler — Bernoulli véi cac diéu kién mé rong, phuong trinh dao dong udn cia két
ciu bo thiét bj duoc rut gon thanh phuong trinh vi phan dao ham riéng phi tuyén, trong
d6 xem xét ca luc doc truc va ubn, bén canh d6 khao sat dff)ng thoi anh hudng cua tinh
chat phi tuyén vat liéu két cdu dam va phi tuyén vat liéu ap dién. Quan hé bién do - tan
sd dugc cac tac gia mo ta va cac két qua nghién ciru 1y thuyét dugc so sanh, xac minh
bang thyc nghiém véi tinh chat dan hdi mém xuét phat tir hé s6 phi tuyén bac hai xuét
hién trong quan h¢ trng sut bién dang cua vat li¢u ap di¢n dugc giai thich. Ngoai ra hiéu
tmg phi tuyén do luc doc tryc va udn lam ting bién d6 dap ung & trang thai 6n dinh,
cong suit dau ra va dai tan s6 lam viéc bo thu thap nang lugng ciling da duoc dé cap,
nghién ctru. Trudc do, vao nam 2007 nhom cac tac gia S. Nima Mahmoodi, Nader Jalili
[78] nghién ctru mo6 hinh tuong tu dugc dé xuit béi Mohammed F. Daqaq va cong su

[76], ho chimg minh cac két qua thuc nghiém va 1y thuyét 1a phu hop véi nhau, diéu nay
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ching t¢ rang khung mé hinh phi tuyén cho phép cung cip mot biéu dién dong tét hon
s0 v6i cac gia thuyét tuyén tinh trude d6. Do tinh chit vi mé cua hé, bién do kich dong
dong vai trd quan trong, ngay ca mot sy thay doi nho c6 thé dan dén dao dong déng ké
va sy thay doi tan s6. Gan day Nayfeh va cong sy [79], [80] trong nhitng nghién ctru dbi
v6i két cAu dam cong x6n c6 khéi lugng gin bo sung & dau dam cua b thiét bi thu thap,
khai thac, chuyén ddi ning luong ap dién di danh gia tong thé anh hudng cac tham sb
phi tuyén vit liéu, hinh hoc. Hé s6 4p dién phi tuyén anh huong dang ké t6i dic tinh dan
hoi cirmg, mém ciia bo thiét bi thu thap, gia tri bic hai va bac bén mo dun dan hoi vat
liéu ap dién anh hudng dén dién ap thu dugc cling nhu bién dd kich dong anh huong
dang ké toi quan hé bién d6 - tan sd. Nhitng két luan nay cua Nayfeh va cong su ¢ cing
quan diém v&i cac nghién ctu trude d6 duoc cong bd boi cong dong cac chuyén gia.
Hosseini va cong su [81], da nghién ciru anh hudng cuia cac tham sb khac nhau bao gom
ty 16 d6 day va chiéu rong dam co s, chiéu dai va vi tri 16p ap dién, hé sb ap dién ddi
véi dao dong cudng birc. Ho két luan rﬁng vi tri cta 16p ap dién gén trén két cAu dam co
s& ¢6 thé 1a mot giai phap hiéu qua dé nang cao hiéu suit thu thap ning luong. Tinh phi
tuyén hinh hoc da dugc cac nha khoa hoc nghién ctru nham mé rong dai tan s lam viéc
bo thiét bi thu thap nang lugng ap dién nhu dugc Hamid Moeenfard va cong su [82], Li
va cong sy [83] trinh bay, ho di danh gia anh hudng cua khdi luong dau két cau dam
cong x6n tdi hi¢u qua thu thap nang luong.

Nhin chung khia canh phi tuyén tinh hinh hoc ddi véi két cau dam co so, két cau
16p 4p dién gin trén dam 12 mot chu dé hap dan, da, dang va trong tuong lai s& tiép tuc
thu hut cac chuyén gia, nha khoa hoc trong linh vuc thu thdp nidng luong nghién cuu.
Nhiéu nha nghién ctru déu c6 su dong thuan dé 1a yéu t6 phi tuyén hinh hoc cho phép
mo rong dai tan sd lam viée & cac vang cong hudng, gan cong hudng qua dé cho phép

tang cuong hiéu qua thu thap, khai thac va chuyén d6i nang lugng ap dién.

1.2.4. Mé hinh ciia b thiét bi thu thdp néing lwong dp dién
Thu thap, khai thac, chuyén d6i nang luong 4p dién lién quan dén nhiéu linh vuc
nhu: Co hoc; Ly thuyét mach dién; Vat lidu. Co ché cung cép nang lugng cho nhiing

linh kién dién tir nhé, céc thiét bi vi co dién tir dd thu hut nhiéu chuyén gia, nha nghién
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ctru tur cac linh vyc ky thuat khac nhau nhu: Co hoc; Co khi; Dién; Khoa hoc vat li¢u
[23], [24], [25], [26], [29]-[33]

Dé thu thap, khai thac, chuyén ddi ning lugng tir dao dong co hoc (rung dong) sir
dung vat liéu ap dién, cac chuyén gia, nha nghién cru d phat trién nhiéu dang két cdu
b thiét bi cho nhiing tng dung khic nhau ma dién hinh 13 két cAu dam céng x6n, c6
khéi lugng gia téc gan thém & dau dam hodc khong. Cung véi nghién ciru thiét ké, ché
tao bo thiét bi theo dang két cAu néu trén, cac chuyén gia, nha khoa hoc ciling da danh
nhiéu nd lyc dé dé xuit, phat trién, xay dung mé hinh toan hoc cho bo thiét bi thu thap,
khai thac nang luong 4p dién, nham nghién ctru nhitng dic tinh cua dang két cau nay.
Mbt s6 méd hinh nghién ctru da duoc dé xuit, ap dung khong chi dé du doan, phan tich
dap g co dién ctua bd thiét bi ma con dé tdi uu hoa trong cic ung dung cu thé. Mot
mé hinh toan hoc md ta bd thiét bi thu thap, khai thac, chuyén doi nang luong ap dién
dugc danh 13 toan dién khi don gian nhat c6 thé, nhung du tinh vi dé nim bt cac hién

tuong quan trong, co thé dai dién va du doan cac dap ung cua hé.
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Hinh 1. 6. M6 hinh khoi luong tap trung ~ Hinh 1. 7. Mb hinh khdi luong tap trung mot
mdt bac ty do tuyén tinh [49], [50] bac tu do phi tuyén [91], a) ap dién va tinh
dién, b) dién tir va cdm tng di€n tir

Hinh 1. 8 M6 hinh dam 4p dién [94]
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Céc mo hinh co dién cho két cdu bo thiét bi thu thap, khai thac ning luong ap
dién (PEHs) bao gébm: M6 hinh khéi lwong tap trung mot bac tu do tuyén tinh (Hinh 1.
6) ; Phi tuyén (Hinh 1. 7) ; M6 hinh dam ap dién (Hinh 1. 8) (mo hinh dim trén co so
1y thuyét dim Euler Bernoulli, dim Timoshenko khi 4p dung phuong phap giam béc
Rayleigh- Ritz). M&i mé hinh nghién ctru déu ¢ nhiing wu, nhuoc diém riéng va danh
cho nhitng tmg dung khic nhau trong thuyc tién.

Trong mo hinh toan hoc ban dau Roundy va cong su [49], duToit va cong su [50]
d3 stt dung mé hinh khéi luong tap trung tuyén tinh mot bac tw do. M6 hinh khéi
luong tap trung la mot cach tiép can mé hinh thuan tién vi mién dién da bao gff)m tham
sb gop: Tu dién do dién dung bén trong (hoac von c0) cua vat li¢u ap dién va dién tr&
tai bén ngoai. Do d6, diéu duy nhat can thiét 1a mo ta dugc cac tham sé tong hop dai
dién cho mién co hoc dé cac phuong trinh can bﬁng co hoc va dién c6 thé duoc lién két
thong qua cac quan hé cAu tao ap dién [45], [49], [50].

Trong s6 cac md hinh duoc chuyén gia, nha nghién ciru phat trién gan day cho hé
co dién thu thap, khai thac, chuyén d6i nang luong ap dién phi tuyén, mét mé hinh phd
bién 1a dya trén bo dao dong Duffing [84]. Mann va Sims [84] da nghién clru thiét ké,
phan tich mot bo thiét bi thu thap ning luong ap dién khi két ciu cua bo thiét bi duoc
dit trong tlr truong tao ra mot bo thiét bi thu thap nang luong c6 kha niang diéu chinh
gia tbc. Cac phuong trinh lién két mé ta hé co dién duoc nhiéu tac gia cong bo, chi ra
rang hé duoc thiét ké dang bo dao dong Duffing dudi ca tai tinh va tai dong. Triplett
va Quinn [65], d3 nghién ciru, phan tich bang cach st dung phéan tich nhiéu loan
Poincare’-Lindstedt khi quan ni¢ém mo hinh cua bo thiét bi thu thap nang luong bao
gdm giam chan co hoc, do cing phi tuyén cia bo dao dong Duffing. Daqaq va cong su
[85] dd nghién ctru cac dap Gng bo thiét bi thu thap ning luong ap dién kiéu Duffing
dang giéng don dudi kich dong On tring bang cach md rong phép bién doi Van
Kampen d6i v6i phuong trinh Fokker-Plank-Kolmogorov. Sebald va cong su [86] d4
cong bd nghién ciru bing xac minh thyc nghiém d6i véi mo ta tinh phi tuyén kiéu
Duffing, dudi kich dong diéu hoa, cac tac gia cho biét d6i véi mot dai kich dong cu
thé, dai tan sb cua cong suét du ra duoc nhan voi hé sb 5.45. Ghouli va cong su [87],
da nghién ciru mot bo thiét bi thu thap nang luong 4p dién c6 phuong trinh lién két

dang b6 dao dong Duffing chiu kich dong didu hoa trong trudng hop cong hudng thir
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diéu hoa, khi xét toi hién tuong tré, bang cach s dung phuong phap nhiéu loan hai
budc. De Paula va cong su [88] dd dé cip dén anh hudng cua phi tuyén bd dao dong
Duffing trong viéc thu thap niang luong tir két cau dan hoi ap dién, khi chiu kich dong
ngau nhién. Céc tac gia di st dung giai phap s, trinh bay va so sanh giira dién ap thu
dugc cua hé tuyén tinh, phi tuyén dbi v6i dang giéng don. Hé dao dong phi tuyén trong
truong hop cong hudng thir diéu hoa cho phép thu duge cac chuyén vi c6 bién d6 16n &
cac sb nguyén cua tin sb co ban, tir d6 mang lai tiém ning dé thu thap ning luong.
Zhang va cong su [89] da thyc hién nghién ciru bang cach mo phong sé bo thiét bi thu
thap nang lugng ap dién kiéu Duffing, trong trudng hop cong huong siéu diéu hoa, véi
viéc xem xét hién tuong tré bang cach st dung mo hinh Bouc-Wen. Gan day nhét, Yu
Jia va cong su [90] da tong hop va trinh bay tam nguyén tic, co ché thu thap ning
lugng 4p dién phi tuyén bd dao dong Duffing bao gdm (16 xo phi tuyén bac cao hon):
Dang giéng don; Dang giéng d6i; Cong hudng tham sb; Cong huong ngiu nhién;
Chuyén doi tan s6 co hoc; Hiéu ing dimg; Co ché tu diéu chinh va co ché khong dao
dong. Trong cong trinh nay céac tac gia da trinh by cic nguyén tic co ban, nhimng tién
b trong linh vuc thu thap ning luong rung ap dién, nhitng wu, nhuoc diém, ciing nhu

thao luan vé tinh phu hop ctia méi truong dao dong theo dinh huéng tmg dung.

1.2.5. Cdc hiéu ieng phi tuyén

Nhitng bo thiét bi thu thap, khai thac, chuyén doi ning luong hoat dong trén
nguyén tic cong huong tuyén tinh khong cho phép thu thip ning luong & nhitng dai
tan s rong hodc kich dong co6 su thay ddi tan sb, dd c6 mot sb nghién ctru nham cho
phép diéu chinh tan s, chiang han nhu dang két ciu v6i két cAu nhiéu dim coéng xon,
phuong phéap diéu chinh d6 cimg thu dong va chi dong [28], [101] Tuy nhién, khi c6
nhirng sai 1éch gitra tan s6 kich dong so voi ving cong hudng co thé dan dén giam
manh hiéu qua thu thap dién ning hitu ich. Pé khac phuc nhuge diém d6 trén cac bo
thiét bi thu thap, khai thac, chuyén ddi ning luong ap dién, mot sé chuyén gia, nha
nghién ctru da dua ra céc chién lugc va k¥ thuat, chrfmg han nhu: Ky thuat diéu chinh
tuyén tinh [137]; Tuyén tinh da phuong thuc [138]; Phi tuyén [10], [16] véi thé nang
dang giéng don (monostable), dang giéng d6i (bistable), dang giéng ba (tristable) [18],
[19], [20], [21], da 6n dinh [139], [140], lan luot twong ing véi thé nang cua dao dong
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hé c6: mdt vi tri (monostable), hai vi tri (bistable), ba vi tri (tristable), nhiéu vi tri
(multi-stable) can bang tinh 6n dinh; Cong hudng ngiu nhién [141], [142] va ndi cong
huong [143], [144]. Giai phap dugc danh gia 14 hiéu qua hon dé cai thién hon nita kha
ning mé rong dai tan s cong hudng d6 1a mé ta day du tinh phi tuyén bo thiét bi thu
thap, khai thac, chuyén d6i nang luong béi cac tham sb phi tuyén.

Trong diéu kién kich dong nén diéu hoa, bo thiét bi thu thap ning luong ap dién
phi tuyén duoc chimg minh 13 ¢6 kha ning mé rong dai tin sb gin ving cong hudng.
Céc dap tng h¢ co di¢n thu thip ndng luong 4p dién dugc mod tad bdi bd dao dong
Duffing trong trudng hop cong hudng chinh (primary resonance), cong huéng so cap
(sub and super-harmonic resonance) 13 cdc hiéu irng phi tuyén co hoc tai cdc ving
céng hwong da duoc cac chuyén gia, nha khoa hoc nghién ctru va cong bd cong trinh
trén cac tap chi uy tin nhu: Friswell va cong su [92], Dagaq va cong su [93], Harne va
Wang [98]. Tuy nhién theo hiéu biét tot nhit cta nguoi hoc, chua ¢6 bao cdo nghién
ctru tong thé, phan tich, xac dinh dap ung ciing nhu hiéu sudt thu thap, chuyén doi
ning luong trong nhitng hiéu tng phi tuyén noi trén, khi xét véi cung diéu kién kich

dong nén tuan hoan, d6i voi hé co dién thu thap nang luong ap dién phi tuyén.

1.2.6. Phwong phdp Iy thuyét trong nghién civu, phin tich by thiét bi, mé hinh
thu thdp nang luwong dp dién

Trong nhitng nim qua, nhiéu phuong phap giai tich gan dang nhu phuong phap
nhiéu d6 do [84], [92], [104], [105], phuong phap can bang diéu hoa [97], [106]- [111]
d3 duoc nhiéu chuyén gia phat trién trong phan tich hé dong luc phi tuyén cua bd thiét
bi thu thap nang luong. Mann va cong sy [84] da nghién ctru thiét ké va phan tich mot
bo thiét bi thu thap nang lugng mdi st dung hi¢u ung tur truong dé tao ra mot bod dao
dong voi tan sb cong hudng co thé diéu chinh duoc. Phuong trinh lién két mo ta hé co
dién cho thay hé dugc thiét ké dang bo dao dong Duffing dudi ca tai tinh va tai dong.
Céc tac gia di sir dung phuong phap nhiéu do do dé xac dinh quan hé bién do-tan s6
va rat ra két luan: Hién tuong phi tuyén ¢ thé duoc st dung nham cai thién hiéu qua
b thiét bi thu thap ning luong. Nam 2015, Chen va cong su [104] di dé xuat thiét bi
dién tir phi tuyén nhu mot nguyén mau b thiét bi thu thap ning luong cong hudng bén

trong. Tir cac phuong trinh lién két co dién, phuong phap nhiéu d6 do dugc cac tac gia
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st dung dé thiét 1ap mdi quan hé dép ung bién do-tan s trong cong hudng (1: 2). Céc
phuong trinh lién két co dién duoc khao sat s dudi kich dong nén diéu hoa va bdn
dang kich dong ngiu nhién (6n trang Gaussian, 6n mau dai hep, 6n mau dugc xac dinh
bdi bo loc bac hai va dn tring trong quan theo cip sd nhan).

Stanton va cong sy [97] trong nghién ctru cong bd nam 2012, ap dung phuong
phap can bang diéu hoa dé phan tich va danh gia anh huong cia cic tham sd t&i dap
g hé dang giéng ddi. Phuong phép can bang diéu hoa cho phép xac dinh cac dap tng
ctia bo thiét bi thu thap nang luong véi mot loat tan sb va tham sb khac nhau. Harne va
cong su [98] da str dung phuong phap can bang diéu hoa dé xac dinh biéu thirc clia cac
dap g dién dong luc hoc ap dung cho mot $6 dang cAu hinh b6 thu thap nang luong
ap dién va dién tir. Cac két qua phan tich minh ching hiéu ing cong hudng siéu diéu
hoa chi phdi cac dic diém quang pho, co kha niang mang lai hiéu qua 16n trong thu
thap nang lugng.

Cuong Hung Nguyen va cong su [106] da st dung phuong phap can bang dicu
hoa bac nhat dé xac dinh biéu thirc cta cac dap tng va phan tich bo thiét bi thu thap
nang lugng phi tuyén. Nhitng phan tich bao gém qua trinh chuyén doi co dién duoc
don gian hoa thanh tuyén tinh, do d6 gia thuyét hiéu Gng phi tuyén co hoc 16n hon céc
hiéu g tinh dién. Ho két luan thong qua két qua thu duoc bai phuong phap can bang
diéu hoa hiéu tung phi tuyén co hoc 1a mot giai phap on dinh hé tuan theo ciac mo
phong mién thoi gian mé hinh khdi lugng tap trung, tuy nhién c6 hai diém luu y. Dau
tién 1a viéc bo qua cac kich dong diéu hoa bac cao hon trong tinh todn cta phuong
phap can bang diéu hoa dan dén viéc danh gia qua cao budc nhay tan sd. Thir hai 1a
mo phong mién thoi gian ciia cac 1an quét khong dai dién cho tmg xir ¢ trang thai 6n
dinh. Hon nita, bang cach so sanh giita budc nhdy cua tan sb trong mé hinh c6 b 16 xo
kiéu Duffing va mé hinh ¢6 lyc dan hodi phi tuyén da thic bac bay, cing d6 cing bac
ba, ho két luan rang d6 cimg phi tuyén bac cao hon anh hudng dén dap Gmg cua bd
thiét bi thu thap ning luong. Trong truong hop ndy, hé sé phi tuyén mé ta yéu td phi
tuyén co hoc ¢ loi trong viéc mo rong dai tan sd bo thiét bi thu thap trong khi van giit bién
d6 tbi da xAp xi nhau.

Trong mot nghién ctru dugc thyc hién va cong bd boi Wang va cong su [108],

phuong phap can bang diéu hoa gia lwong didu chinh duoc st dung, trong d6 hé sb
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Fourier ctia phan du trong phuong trinh dai s6 phi tuyén duoc tinh gin ding bang
phép bién ddi Fourier va ma tran Jacobian ctia phuong trinh dai s phi tuyén duogc tinh
gan ding bang phuong phap Broyden. Phuong phap can bang diéu hoa gia luong diéu
chinh 1an dau tién duoc ap dung dé xéac dinh céc dap tng cua hé co dién bo thiét bi thu
thap ning luong 4p dién kiéu Duffing, cac dap umg thu dugc tir phuong phap can bing
diéu hoa gia luong diéu chinh hoan toan phu hop véi két qua md phong sé sir dung
phuong phap Runge-Kutta. Thoi gian tinh toan cho phuong phap cn bang gia luong diéu
chinh gan nhu it hon hai bac so véi phuong phap can bang diéu hoa gia lugng ban dau.
Phuong phép can bang diéu hoa, phuong phap nhiéu do do di duoc ap dung rong
rii dé x4c dinh cac dap ung cia bo thiét bi thu thap ning lwong phi tuyén. Tuy nhién,
s6 it nhitng cong trinh xem xét d6 chinh xéac tuong ddi cua hai phuong phap trong mé
ta dap tng bo thiét bi thu thap ning luong phi tuyén. Mot nghién ctru 1y thuyét duoc
Lihua Tang va cong sy [110] thuc hién dé xac dinh hiéu suat thu thap, khai théc,
chuyén d6i ning luong va dong luc phi tuyén bo thu thap ning luong hai bac tu do
bang cac phuong phap phan tich gin dung khac nhau. Vi kich dong nén 1a diéu hoa,
dap tng tan sb, dién ap dau ra duoc xac dinh bang ca phuong phap nhiéu do do va
phuong phép can bang diéu hoa, sau d6 két qua duoc xac minh bang céc thi nghiém va
mo phong mach twong duong. Su can thiét trong viéc xét dén thanh phan diéu hoa bac
0 ctia phuong phap can bang diéu hoa da duoc nghién ctru va thao luan. Ho két ludn
phuong phap can bang diéu hoa khong c6 thanh phan nay va phuong phap nhiéu do do
khong thé du doan chinh xac ing xtr dong phi tuyén, dai tn sé hoat dong cuia bo thiét
bi thu thdp ning lugng rung dong duoc mé rong do hi¢n tugng ndi cong huong (2: 1).
Wei Wang va cong sy [111] nam 2018 d4 khao sat ddp ing bo thiét bi thu thap
nang lugng phi tuyén dang giéng don nham cung cap nhitng danh gia vé d6 chinh xac
trong phan tich ciia phuong phap can bang diéu hoa va phuong phap nhiéu d6 do. Ham
dap mg tan s6 cua chuyén vi va dién 4p trong bo thiét bi thu thap ning luong phi
tuyén dang giéng don duoc dua ra boi ca hai phuong phap. Cac tham sé 6n dinh hé co
dién xé4c dinh tir cac phép do thyc nghiém dé khao sat nhim kiém chung két qua cua
giai phap 1y thuyét tir hai phuong phap. Ho két luan ring phuong phap can bing diéu

hoa chinh xac hon d€ mé ta dap ung tan s6 dudi cac mirc gia toc khac nhau, cling nhu
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dap mg bién d6 d6i voi cac tan s kich dong khac nhau. Trong khi ddi v6i phuong
phap nhiéu d6 do, diéu quan trong 14 phai chon tham s thich hop.

Dbi v6i cac hé co dién thu thap ning luong dang giéng ba (tri-stable) c6 nhiéu sb
hang phi tuyén hon va dong luc hoc phi tuyén phtc tap, Zhou [99] va Panyam [100] da
st dung két hop hai k¥ thudt d6 13 phuong phap can bang diéu hoa va phwong phap
nhiéu loan dé thu dugc cac dap tmg. Ho phat hién ra cac bo thiét bj thu thap nang
lwrong dang giéng ba (tri-stable) c6 dai tan sb 1am viéc rong v6i nhiéu giai phap mo
rong khi kich dong nén duoc mé ta 1a ham diéu hoa. Nhitng dic diém cua dap Gng khi
chiu ngudn kich dong 1a nhiéu trong b thiét bi thu thap ning luong phi tuyén da dugc
Cao va cong su nghién ciu [101] thong qua quy dao ciia goc 1éch pha, dap ung phd.
D4ap ung hé thu thap ning lugng dudi kich dong hon don da duge khdo sit thong qua
phuong phap 1y thuyét Melnikov, dugc cac chuyén gia, nha nghién ctru cong b trong
tai liéu [102], [103].

Phuong phap trung binh duoc phat trién dé xac dinh nghiém gan ding ctia bo dao
dong phi tuyén dudi kich dong nén diéu hoa duoc nghién ctru béi Xu va Cheung
[130], Roy [131]. Chen va cong su [132] 4p dung phuong phap trung binh dé phan tich
ranh gidi 6n dinh coa cic dam dan hdi c6 gia tdc doc truc. Yang va cOng sy [133]
nghién ctru tinh on dinh dong ciia mot dam bién dang c6 gia téc theo md hinh
Timoshenko trén gid d& don gian bang cach sir dung phuong phép trung binh. Kovacic
va Zukovic [134] nghién ctru dap tmg hé véi hé sé phi tuyén dang liiy thira va hé sb
giam chan dang dao ham phéan s6. Gu va Zhu [135] d& dé xuat mot quy trinh tinh sir
dung phuong phap trung binh ngu nhién dé dy doan cac dap tng cua hé khi chiu cac
kich dong ngiu nhién. Gan day, phuong phap trung binh ngiu nhién duoc dé xuét boi
Jiang va Chen [136] dugc &p dung cho bd thiét bi thu thap, khai thac nang luong ap dién
phi tuyén dudi kich dong 6n trang. Tuy nhién, trong nghién ctru trén anh hudng ciia hé
s6 phi tuyén 1ap phurong da bi mat, khong thé hién trong biéu thire giai tich thu duorc.

Phan tich dong luc hoc phi tuyén 6 thé 1a mot cong cu dé xac dinh cac dic tinh
ctia bo thiét bi thu thap, chuyén d6i nang luong ap dién. Phan tich toan hoc ciia hé nay
nhu mét cong cu dé thiét ké hodc giai thich cac thi nghiém yéu cau giai phap phan tich
cho cic phuong trinh vi phan phi tuyén. Hau hét cac cong trinh st dung lyc dan hoi

phi tuyén bac ba (mé hinh Duffing) dé mé hinh mét cach dinh tinh cac dbi twong phi
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tuyén trong mot thiét bi thu thap ning luong. Tuy nhién, dudi cac rung dong 16n, cac
dai séng cao hon co thé can thiét dé dam bao do chinh xac va can dugc xem xét. Ngoai
ra, can tinh dén su truyén tai co - dién. Tir nhitng nét chinh vé nhiing giai phap gan
dung duoc trinh bay & trén, co thé thiy phuong phap nhiéu d6 do can dua tham sb bé
vao bién doc 1ap va bién phu thudc, cach trién khai phuong phap don gian tuy nhién
qua trinh tinh toan c6 khéi lugng tinh toan cong kénh, phic tap. Phuong phéap can
bang diéu hoa dé thuc hién tuy nhién khdi luong tinh toan cong kénh do sb phwong
trinh dai s6 16n do d6 lam tc do tinh toan cham, v&i hé phi tuyén manh dén tdc do hoi
tu cia phuong phap cham din c6 thé dén sai s6 16n.

Trong s cac phwong phép phén tich, phuong phéap trung binh 14 mét trong nhiing
k¥ thuat hiéu qua va manh dé phan tich cac hién tuong phi tuyén trong hé dong luc.
Maic du phuong phép trung binh da dugc su dung tir 1au trong co hoc, phuong phéap
nay da dugc gidi thi€u rong rai trong cac cong trinh nghién ctru co ban cua Bogoliubov
[112], [113] va nhiéu sach chuyén khao cua Bogoliubov va Mitropolsky [114],
Mitropolsky [115], [116]. Phwong phap trung binh dugc phat trién thém trong cac
cudn sach ctia Sanders va cong su [117] va Burd [118], véi nhiéu khia canh trong hé
dong luc phi tuyén va phuong trinh vi phan.

Nhitng nghién ctru cling nhu dbi twong ap dung cta phuong phap trung binh réat
rong va da dang [119]. Uu diém dang ké ctia phuong phap trung binh 1a c6 thé ap dung
duoc cho ca hé tudn hoan va hé phi tuyén manh chiu kich dong xac dinh hoac ngﬁu
nhién. Bén canh d6, phuong phép trung binh con c6 mot sé wu diém khac. Phuong
phap nay co thé dugc ap dung dé nghién ctru dép ung, do on dinh va do tin cay cua h¢
, tinh phi tuyén ndi tai ctia hé ban dau duge gitr lai. Theo hiéu biét tot nhat cua nghién
ctru sinh, chwa c¢6 phan mé rong cua phuong phap nay dé xac dinh cac dap ung cia bd
thiét bi thu thap nang luong 4p dién phi tuyén kiéu Duffing, dang giéng don, chiu kich

dong nén dicu hoa.

1.2.7. Ung dung ciia thu thép, khai théic, chuyén déi ning lwong dp dién
Thu thap ning luong co sinh hoc 1a mot giai phap thay thé quan trong dién nang do
Pin cung cip cho cac thiét bj vi co dién ttr sir dung trong linh vuc y té. Sac bén trong cic

thiét bi y té cdy, gan trén co thé con ngudi (IMD’s) 1a mét g dung sinh hoc quan trong
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khac ctia bo thiét bi thu thap, khai thac, chuyén doi ning luong ap dién. Viéc kéo dai tudi
tho lam viéc ctia IMD’s va giam thiéu kich thuéc cua chung da tré thanh moét thach thue
chinh dbi véi su phat trién cta chinh né. Pdi véi cac thiét bj nhu vay, ning luong tir
chuyén dong cua co thé, co-gidn co, chuyén dong cua tim, phdi va tudn hoan méau dugc
str dung dé cung cip ning luong cho cac thiét bj y t& [120]. Ngoai cac van dé vé tinh
tuong thich sinh hoc, nhitng thach thirc chinh trong viéc phat trién céc bo thiét bi thu thap
ning lwong nay con ndm & khau ché tao mot thiét bi cho phép thu dugc nhidu ning lwong
nhét c6 thé ma it can thiép vao chirc ning tu nhién cia co thé. Ngoai ra, 1y tuéng nhét 1a
thiét bi khong 1am ting tong ning lwong ma mot nguoi can dé thuc hién cac hoat dong
hang ngay. Pic biét d6i voi IMD’s, tudi tho va cong suat dau ra cia bo thiét bi thu thap
nang luong c6 tam quan trong hang dau. Pillai va Deenadayalan [121] d& cong b mot
nghién ctru tong quan vé phuong phap thu thap ning lugng tir Am thanh, sir dung vat liéu
ap dién nhu mdt cong nghé déy trién vong. Hi¢u suit ctiia bo thiét bi thu thap nang luong
dao dong dua trén di€n tir va vat liu ap dién dé san xuat dién tir cac cay cau da duoc
Khan va Ahmad nghién ctru [122]. Al-Yafeai va cong su [123], da xem xét cac phuong
phap dé chuyén d6i nang luong tiéu tan trong b giam chén 6 t6 thanh dién nang, cung
véi viée thao luin vé cic md hinh va thiét 1ap thtr nghi¢ém tuong trng. Nhugc diém cua bd
tao ap so voi cac phuong phap khéc 14 khép ndi kém, tré khang dau ra cao, 10 i dién tich
va dong dién dau ra thap. Tuy nhién, uu diém 13 két cau don gian, khong can ngudn dién
ap bén ngoai va rang budc co hoc, kha ning twong thich véi thiét bi dua trén MEMS,
dién ap dau ra cao va c6 dai tan s rong. Ho cho rang, nghién ctru thu thap ning luong tir
mo hinh 6 t6 hoan chinh c6 thé duogc giai quyét trong nhitng nghién ctru trong lai.

O trong nudc, nhirng nam gr:fln day, két clu sir dung vat liéu ap dién da duoc quan
tam nghién ciu tai Vién Han Lam Khoa hoc va Cong nghé Viét Nam
(VHLKH&CNVN), bai hoc Bach khoa Ha N¢i (PHBKHN); Pai hoc Xay dung Ha
Noi (PHXDHN); Pai hoc Qudc Gia Ha Noi (PHQGHN) va Pai hoc Kién Trac TP H6
Chi Minh. O VHLKH&CNVN nghién ctru sinh Luu Quy Hudng di bao vé thanh cong
Luan an Tién si duéi sy huéng din ciia GS.TSKH Nguyén Tién Khiém, va TS Tran
Thanh Hai, vé chu dé s dung vat li¢u ap dién cho két cAu v&i muc dich dé chan doan
khuyét tat hu hong trong két cau [146], [147], GS.TSKH Nguyén Tién Khiém va cong

su da nghién ctru anh huong ctia miéng va ap dién dén tan so riéng cua dam FGM, chi
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ra su phu thudc cua tan s riéng dam FGM vao vi tri va kich thuéc caa miéng ap dién.
O PHBKHN va DPHXDHN dudi su huéng dan cua GS. Tran fch Thinh va GS. Tran
Minh Ta, nhém nghién ctru da dat dugc mot sb két qua trong vi¢c phan tich tinh, dong
clia tAm composite v6i cac 10p ap dién [148], [149]. Cac chuyén gia & PHQGHN thi
quan tim nghién ciru bai toan dao dong va on dinh cua tim, vo FGM va 16p ap dién
[150]. Trong cac nghién ctru, cac tac gia st dung chu yéu 1a phuong phap giai tich gan
dung dé nghién ctru 4nh hudéng cua nhiét do, nén dan hoi hay su khong hoan hao vé
hinh hoc. TS Nguyén Vian Hiéu cung cong sy & Pai hoc Kién trac TP HO Chi Minh
chu yéu 1a phat trién cac phuong phap mo phong so két cau ap dién dua trén cac bién
thé cua phuong phap phan tir hitu han [151]. Str dung phuong phap phan tir hiru han O
Hoc vién K¥ thuat Quan sy do GS.TS Nguyén Thai Chung chu tri, ciing cong su da
nghién ctru thiét 1ap thuat todn va chuong trinh tinh phan tich phi tuyén dong luc hoc
va 6n dinh ctia tAm, vo try thoai composite ap dién bang phuong phap phan tir hitu han
[154]. Cac nghién ctru ¢ Viét Nam hau nhu chua quan tdim dén san luong, ciing nhu

hiéu suat thu thap ning luong ap dién.

1.3. Dit van dé nghién ciru

Sau khi tim hiéu, nghién ctu céc tai li¢u da téng quan ¢ trén, luan an rat ra mot $6

nhan xét sau:

1) Thu thap, khai thac, chuyén d6i nang lugng tir mdi trudng xung quanh 1a mét linh
vuc khoa hoc va k¥ thuat khong méi nhung nhiéu tiém nang, mang tinh cdch mang
va thoi sy, trong d6 thu thip nang luong rung dong tir cac tdc dong bén ngoai vdi
két cAu dim cong xon st dung co ché cua vt liéu 4p dién chiém da sé trong céc
nghién ctru da dugc cong bd. Theo d6, hau hét nhitng nghién ctru gan day tap trung
vao bon huéng hudng chinh bao gdm: Phdt trién cong nghé ché tao co ché sir dung
vt lidu dp dién théng minh; Phat trién két cdu, mé hinh bé thiét bi thu thdp ndng
liwong; Phdt trién mé hinh nghién citu; Phat trién phwong phdp. Phat trién phuong
phap 1y thuyét trong nghién ctru co hoc vé thu thap ning luong st dung vat liéu ap
dién 1a mot chu dé can duge quan tam nghién ctu.

2) Trong nhitng nghién ciru trudc day di cong bd, phan 16n nhidu cong trinh tap

trung vao phat trién bo thiét bi thu thap, khai thic ning luong tuyén tinh. Tuy
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nhién, han ché 16n trong thu thap ning lugng ap dién tuyén tinh d6 13 bo thiét bi chi
dat dugc hiéu qua tdt trong ving lan cin cia cong hudng tuyén tinh ( khi tn sb
kich dong gén voi tan sd tu nhién), bat ky sai Iéch nao gitra tan sd ty nhién va tan
s6 kich dong s& 1am giam téng dién ning thu duge. Do d6, mot hudng nghién ciu
nhdm mé rong dai tan sd lam viéc va cai thién nang lugng dién hiru ich duoc
chuyén ddi, d6 1a nghién ctru hé thu thap ning luong 4p dién phi tuyén. Cu thé, hé
co dién phi tuyén cta bo thiét bi thu thap ning luong ap dién trong diéu kién thich
hop c6 nhitng vu diém ndi trdi hon so voi hé co dién tuyén tinh trén ba khia canh
d6 1a: (1)-Tong nang hrong dwoc chuyén doi;(2)-Phé tan sé dao dong rong hon (réng
hon nhiéu so véi tuyén tinh, tire ddi tan sé lam viéc ciia bé thiét bi Iém) va (3)-C6 dai
tan sé lam viéc réng, phit hop véi tan sé dao dong cia tac dong bén ngodi.

3) Dao dong 1a ngudn ning luong dau vao duge s dung phd bién nhat trong thu

thap, khai thac, chuyén doi nang lugng st dung vat li€u ap dién.

Toém lai, theo hiéu biét cua tac gia, phat trién phuong phap trung binh st dung cho
hé co dién phi tuyén kiéu Duffing v6i mé hinh khdi lugng tap trung mot bac tu do, chiu
kich dong nén diéu hoa dé xac dinh cac dép ung ciia bo thiét bi thu thap ning lugng ap
dién van con 13 van dé chua duogc cong bd va day 1a van dé dat ra trong ludn an nay. Cu
thé, van dé dat ra trong luan an 13 phat trién phuong phép trung binh dé tinh toan, xac
dinh cac biéu thirc giai tich ctia dap ung co dién bao gém chuyén vi, dién ap, cong sudt
dau vao, dau ra, nang luong co hoc dau vao, nang lugng dién hiru ich tiém nang dau ra va
hiéu suét hé co dién phi tuyén kiéu Duffing ctuia bd thiét bi thu thap nang lugng;

Véi nhing 1y do néu trén, luan 4n nay dit van dé phat trién phuong phap trung binh
str dung cho hé co dién thu thip ning luvong ap dién phi tuyén kiéu Duffing, voi mé hinh
khéi lwong tap trung mot bac tu do, chiu kich dong nén diéu hoa, dé tir d6 xac dinh cac
dap ung, hi¢u suét hé co dién dang xét.

Ngi dung nghién ciru chinh trong ludn an nay:

Mt la, Tac gia Luan an thiét 1ap hé phuong trinh vi phin mo ta bg thiét bi thu thap
ning luong véi két cdu dam cong xon chiu kich dong nén diéu hoa, dam gan 16p ap dién
trén toan bo mit trén va dudi, dim cong x6n khong co khdi lwong gin thém & dau tu do,
dam nghién clru c6 tiét dién chit nhat, trén co s& ly thuyét dam Euler—Bernoulli, xét dén

quan hé phi tuyén ctia chuyén vi va bién dang (phi tuyén hinh hoc khi xét dén vo cting bé
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béc cao cta bién dang — bién dang tuong ddi bac cao). Tur do, luan an mo hinh hoa két
cdu dam cong x6n gan 10p ap dién & dang dao dong riéng thir nhét cta bo thiét bj thu
thap ning lugng ap dién boi mo hinh khdi lwong tap trung mot bac tu do, chiu kich dong
nén diéu hoa ( Chuong 2);

Hai la, Tac gia Luan an phat trién phuong phap trung binh st dung cho hé co dién
phi tuyén kiéu Duffing, chiu kich dong nén diéu hoa v6i mo hinh khéi lwong tap trung
mot bac tu do ctia bd thiét bi thu thap nang lugng ap dién, tr d6 ap dung ddi véi hé dang
giéng don (hé co dién nghién ctru) trong cac hiéu tng lién quan dén hién twong cong
hudng phi tuyén bao gdbm: cong hudng chinh (primary resonance), thir cip (bao gdm:
cong huong thir diéu hoa va siéu diéu hoa - sub and super harmonic resonance) va hé
tuyén tinh dung dé so sanh v&i hé phi tuyén twong tmg, cic biéu thic gidi tich quan hé
bién do-tan sb, cac dap ung chuyén vi, dién ap, cong suét co hoc dau vao, dau ra, nang
luong co hoc, nang lugng dién hiru ich va hiéu suat thu thap nang lugng ap dién dugc
xac dinh ( Chuong 3);

Ba la, Tac gia Luan an st dung cac cdu trac 1énh ctia phuong phép sb trong chuong
trinh Matlab dé kiém ching két qua cta phuong phap giai tich luan 4n da phat trién, dong
thoi khao sat, danh gia anh hudng cta cac tham s toi dap tng chuyén vi, dién ap, céng
suét co hoc dau vao, diu ra, nang luong co hoc dau vao, nang lugng dién hitu ich tiém
nang dau ra, hiéu suat thu thap ning luong ap dién cta hé co dién nghién ciru trong cac
hiéu tmg lién quan dén hién trong cong hudng bao gdm: cong hudng chinh, cong hudng

thir cap va tuyén tinh twong tng ( Chuong 4);

Két luan chuong 1

Chuong 1, Luan 4n di trinh bay khai quat vé nhitng ndi dung lién quan dén thu thap
khai thac ning lwong 4p dién. Cac dang két cau, két ciu dién hinh bd thiét bj thu thap,
khai thac chuyén d6i nang lugng ap dién da duoc sir dung nghién ctru trong hai thap nién
gan nhét, phuong trinh lién két co dién hé tuyén tinh, phi tuyén duoc Nghién ctru sinh
trinh bay. Tiép theo, Tac gia ludn 4n trinh bay cac md hinh va phuong phap xac dinh cac
dap (mg co dién b thiét bi thu thap, khai thac nang luong ap dién phi tuyén. Xu huéng
phat trién trong tuong lai, mé hinh va muc tiéu nghién ciru duogc tac gia gidi thiéu, trinh
bay. Sau dé, dat van d& nghién ctru, ndi dung va trong tim nghién ctru duoc Nghién ctru

sinh trinh bay.
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Chuwong 2. XAY DUNG HE PHUONG TRINH LIEN KET CO PIEN CUA
KET CAU DAM CONG XON PHI TUYEN GAN LOP AP PIEN

Chuong nay Tac gia Luan an nghién ctru quan hé tmg suit — bién dang ctia dam
cong xon ap dién (dam ap dién) chiu kich dong diéu hoa vé6i cac 16p ap dién gan trén
toan bo mit trén va mat dudi cia dam co so, ung xu vat 1y gitra chung. Pau tién, Luan
an trinh bay ndi dung xay dung phuong trinh dao dong udn ctia dim ap dién khi xét
tinh chit phi tuyén hinh hoc va phuong trinh dap tmg co dién. Tiép theo, Tac gia Luan
an trinh bay nhitng ndi dung vé mé hinh héa két cau bo thiét bi nghién ctru.

2.1. Thiét 1ap hé phwong trinh lién két co dién ciia két cdu dim céng xon gin 16p
ap dién khi ké dén tinh phi tuyén hinh hoc
2.1.1. Thiét lap phwong trinh dao dong uon ciia két cau dim cong xon gin I6p
dp dién khi ké dén tinh phi tuyén hinh hoc dam co sé

Xét bo thiét bi thu thap, khai thac nang luong voi két cdu 1a dam cong xon dugc
gin hai 16p ap dién rat mong, co truc toa do dia phuong Ox,y,z, va dugc mo ta nhu
trén Hinh 2. 1, ¢ mat cét ngang A — A, (Hinh 2. 1. b)). DAm bi udn theo phuong truc

Z,, b6 qua dao dong doc truc.

Lop ap dién  Dam co so&

b=bs=b,

b)

Hinh 2. 1. Két cau dam ap dién (két cdu dam 4p dién nghién ctru)
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Lop ap dién rat mong dugc grfm trén toan bd mit trén va mit dudi cia dam co s,
hai dién cuc phiang phu kin trén bé mit 16p ap dién co chiéu day khong dang ké, dan
dién hoan hao va ndi véi dién tré ngoai (R). Két cu dam gan 16p ap dién c6 mot dau
ngam va mot dau tu do, tai mat cit 1an can dau ngam két cAu dAm chiu kich dong diéu
hoa. Két cu dam co s6 tuan theo md hinh Euler-Bernoulli, trong d6 L ,L, 1an luot 1a
chiéu dai cua dim co s& va 16p ap dién gin trén dam, chiéu rong dam co s& (by) bang
chiéu rong 16p 4p dién (b,), chiéu day dam co s& (h,) va chiéu day 16p 4p dién (h,). Luan
an str dung mot sb gia thiét sau:

- Vit liéu dim co s6 va 16p ap dién piezo 1a ddng nhat, dang hudng. O trang thai chwa
bién dang, truc trung hoa ctia dam gén 16p ap dién tring véi truc x, cua hé toa do
vudng goc Ox,y,z,, truc trung hoa cua dam nam trén mat trung binh.

- Chiéu day ctia dam co sé nhé so vdi chiéu dai (b <« L), chiéu day cua 16p ap dién
rat nho so véi chiéu day ciia dam co s cua (h, < h ). Mat cat ngang dim ban dau
phang va vudng goéc véi truc trung hoa cua dam, sau bién dang van phing va
vudng goc voi truc dim (gia thiét vé mit cat ngang, gia thiét Bernoulli).

- Lién két giita cac 16p 4p dién va bé mat dam 1a bam dinh tuyét d6i.

Theo Iy thuyét dim Euler-Bernoulli [125], truong chuyén vi xac dinh boi:

ow,
=T
1

v, =0 (2.1)
w, = w,(x,)

trong d6 (,,v,,w,) 1a cac chuyén vi theo cac phuong (X, y,,z,),w, la dd vong tai mot
diém bat ky trén truc trung hoa va z, 1a khoang cach tir diém dang xét dén truc trung
hoa. Chuyén vi theo phwong y, clia cic diém trén truc trung hoa bang 0(v, =0). Do
do, bién dang dai theo phuong X, cua cac diém trén truc trung hoa:

2
grO = lﬂ’x X, ~ l % (22)
S22 ox

Theo Reddy [124], Pao Huy Bich [157] bién dang dai cua diém cach tryc trung hoa
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mot doan z, # 0 (tryuc ddi xtrng hinh hoc cua dam gén 16p 4p dién)-Mot dang suy bién
ctia bién dang Green do chuyén vi theo phuong truc X, co dang:

o°w,
e (x,z,t)=¢,(x,1)—z 2 21 (2.3)

X

Theo Reddy [124] va Nayfeh [125], quan hé phi tuyén giira bién dang - chuyén vi tai

diém xét dén truc trung hoa (z, #0), vé1 dam co s6 ga"m 16p &p dién (xét dén quan h¢

2
phi tuyén ctia chuyén vi va bién dang khi ké dén vo ciing bé bac cao (%j ):
xl
ow, 1 ow ’ o*w
—e _ (I et W I 1 2.4
xX—s x0 Z1 axlz 2( ax] j Zl axlz ( )

Theo Erturk va Inman [47], [94], v&i 16p ap dién mong gan trén dam:

E_ =& (2.5)
Vi két cau dam co s0, ung suét phap - bién dang, duoc xac dinh boi:

O-x = Evgx_‘ (26)

\

Theo Erturk va Inman [47], [94], v6i 16p ap dién gin trén dAm co s, quan hé giita tng

suit, dich chuyén dién vé6i bién dang va dién truong [81], 1an luot 1a:

o-,wp = Epgxfp _831E3 (2 7)
D, =e,¢e, ,+e,Es;

xX=p

voi o 0,_, laung suat dam co sé va 16p 4p dién gan trén dam; £ €, 1a bién dang
dai dam co so va 16p ap dién gin trén dam; E;E, 1a md dun dan h6i Young dam co
sO va 1op ap dién (N/m?); e, la hang s6 hang sb tng suit ap dién; &, la hing s bién
dang ap di¢n va E, la di¢n truong; D, 1a do dich chuyén dién.

Biéu thuc (2.7), chi ra quan hé ung xir giita cac dic trung co hoc va dic trung
dién cua 16p vat liéu ap dién gin trén dam co s6. Phuong trinh dau tién cia biéu thic
(2.7) cho théy mot phén cta bién dang co hoc tac dung Ién bé mat vat liéu duge

chuyén thanh dién trudng trong 16p ap dién. Phuong trinh tht hai cua (2.7) chi rd mot
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phan dién truong tic dung 1én bé mit 16p vat lidu ap dién chuyén thanh tng suit co
hoc. Khi xay ra truong hop khong c6 dién truong (thc E, =0), thi phuong trinh thir
nhat cia biéu thirc (2.7) tré thanh o.,=E¢&._, (biéu thire dinh luat Hooke). Tuong
tu nhu vy, trong truong hop khéng cé tmg suat co hoc, phuong trinh thir hai khi d6 1a
D, = &,E, - m6 ta dac trung dién cua vat li¢u ap dién.

Luu y: dién cuc bé mat 16p vat liéu ap dién trén va dudi 1a nguoc dau (do phan
cuc dbi dién nhau) dé cac dién truong tic thoi cing hudng, hai 16p vt lidu ap dién cia
truong hop hai 16p nay ghép nbi tiép vé mat dién.

Theo Erturk va Inman [47], [94], véi dam cong xoOn co hai 16p ap dién, xét
truong hop dién trudng chi theo mot hudng chiéu day, khi d6 dién truong E, phan b
déu theo chiéu day cta vat liéu 4p dién va do dich chuyén dién D, dong déu trén bé
mit, quan hé dién truong E, va dién 4p v, dau ra khi ghép ndi tiép hai 16p dp dién

trén dam, xac dinh béi:

E =—— (2.8)

=—E¢&’ ; (2.9)

Tir cac biéu thie (2.5), (2.7) thé ning bién dang trén mot don vi thé tich cua 16p ap
dién [47], [81], [94], duoc xac dinh boi:

v,() 1 vi()

W, =3lne o0, 87 R

x—pCx-p

(2.10)

x=p

1
ED,) =§Ep32 +eyE,

Theo Erturk va Inman [47], [94], té)ng thé nang bién dang mot don vi thé tich ctia dam

gan 16p ap dién bao gdm:
W=lge 4o|lE g Yo g Ve 2.11
=3 &+ 5 Vv, teE, o — &4 3 (2.11)

Theo Erturk va Inman [47], [94], tich phan biéu thirc (2.11) trén toan bd mat cat ngang
ctia dam, thu dugc thé ning bién dang trén mit cit ngang, nhu duoc biéu dién boi biéu

thte (2.12):
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W= %E J j &2 dydz, +

2
+2( E _U £ pAvidz, + _U Exp 2}(;) dy,dz, _é _U €33 V;l—(gt)dyldzlj

A-p A-p A-p 14

T céc biéu thire (2.4) va (2.5), thu duoc:

272 2 ) 2
g_f—s‘ = l % a Wi 6W1 + Zl2 0 M;l — 857 (213)
o2 oy 6xl ox, ox, g

Tur cac biéu thire (2.13) va tir (2.11), (2.12), thu dugc :

2 5 b
g {5 g 55 e

A-s

2
0w,
+—E, zz[ 'j dy,dz, +
A:[ 1 a‘xlz : 1
272 2
1 1{ ow, o“w, [ ow
25l [E(—” e b [ T 5 v o
+2 A-s 1 1 1
+1E IZ2(82W1]2dde +
2 pA_S' axf e
2
1{ ow o°w, v (1) 1 v2(t)
+2 — lj -z Lle, ——dydz, —— || &3 —dydz
(Aplz[axl laxf} Yop, T 8Aﬂp o

Mat khac 2— va 6@”;1 la cdc ham cta x, va ¢t nén tir (2.14), thu duogc:
'xl xl

2
1 0w, [ ow 18 w1 ow, B
HEZI o (a—xJ dy,dz, = > o2 | ox 'gzldyldzl =0
0w, ’ o*w, ’ ow ’
K;j dy,dz, :( . 1 -[;[ 7 dy,dz, = S(p)(x)(gllj
272 r 272
” 1fow dy,dz, = A (x) 1 om
712\ ox, 2\ ox

2 2
1{ ow, v, () 1 ow
SN2 B gy g == 9 ()| 24
Iz(ax,j S on D=0 5

(2.15)
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0 v, (1)
J‘J‘( le 317dyldzl =0;
va: 2 : 0 (2.16)
v, t v (t
d = 4
/;Upgw vz, = €53 — e

p

Tir cac biéu thire (2.15), thé ning bién dang trén mit cit ngang dam gin 16p ap dién:

272 2 2 )
1 1( ow 1 o’w, ow, v, (1)
W=W +W, =—EA|-| 22| | +2EL| 2% | +] 25| 9y (1)-8e,, 22 (2.17
S b[z(axln 2 “(axf] (axJ W=y A7)

E,A,(x)=E,A (x)+2E,A (x); E,l, =E,I (x)+2E,I (x);

3 bh (4h*> +6h h_+3h’ &..bL
trong do: Iszbhs;l = ”( P S);E S o ST (2.18)
2 12 PTdy, T o
S A h, +h
9=b,|[Len, | -l |G =e31b( )
P12 4 th 2

Thé ning bién dang dan hdi trén mot don vi chiéu dai cia dAm gin hai 16p ap dién:
Ly ow V1 %1 ow Y T V)
W, =[=EA|=| 2| | dg+[-1E | S50 | d - [ 9z 2 dn,+
02 2\ ox, 02 ox, o 4h
(2.19)
“ Cow Y
+J‘ S[a—xlj v, (t)dx,

0 1

DPong ning trong mdi 16p phan bd theo chiéu dai dim co s¢ va cta hai 16p ap dién:

re 1. A, A X , 1% ow, 5Z12
Vi 16p két cau dam co sé: T = —I —+—=| p,A (x)dx; (2.20)
29\ 0t ot
1'%(ow, @
V&i mot 16p ap dién gan trén dam: T, = 5 I (— +§j A, (x)dx;; (2.21)
t
0

Mat d6 khéi lugng trén mot don vi do dai ctia dam gan hai 16p ap dién:
m, = pA(x)+2p,A,(x) (2.22)

Gia thiét bo qua anh huéng cua trong luc, va cong 4o cua dich chuyén dién tich, khi d6

cong 4o cua can moi truong dugce xac dinh boi [47], [81], [94]:

m L a ,t m 5} a 9t
swy = ct%é'w](x],t)dx]—)WM:—J. [l (Wl(x' )j dx,dt (2.23)
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Theo Richard Courant va David Hilbert [152], dua trén nguyén ly cua dinh luat bao

toan nang lugng, phiém ham S c6 dang:

S=[W,~T,—T,+Wdt (2.24)
t2 L
cu thé: j j f 8w1 a L ‘)d dr: (2.25)

trong do, f, c6 dang:
(ow Y| ow) (0w oy Y
EA|=| 22| | +EL| S5 | —m, (_Wl +ﬁj N
2\ ox, ox, ot ot

+2(a j‘g - 1933”?—161(%@“”)
o, 2 2 o

Theo Richard Courant va David Hilbert [152], phuong trinh Euler — Lagrange cua

fi= (2.26)

phiém ham (2.26) c6 dang:
o o o> o, o o

_ +_
o, o ow, ox] o[ o a(aw, j
ox, ox,” ot

Thay thé ham f, tu biéu thuc (2.26) vao (2.27), lan luot tinh cac dao ham riéng trong

-0 (2.27)

cac phuong trinh cua biéu thuc (2.27), thu duoc:

2
of, ow, [ ow, ow,
*k 1 _EA 1 1 4_119 1);
5 ow, bax](ﬁx]] ’ ox, Vp(®)
ox,
0O _p o), omfom) ], (2.28)
ox, [awlj Pox, | ox, | ox
ol M
ox,
do(x,—L
+419vp(t)|:d5(xl)_ ( p)}
dx, dx,
o o*w, o* o * (. *w
* L _=2E] L Lo 2 | = "L
a(azwlj b ax, 2 axlz a(azw]J b6x12 b lez
va: ox’ ox” (2.29)

*gi:_z (82W1+8211J w
ot j

8ta(6‘w1 o T ) “ar
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Thay thé dao ham riéng tir biéu thirc (2.28) va (2.29) vao phuong trinh (2.27),

Khi d6 phuong trinh Euler — Lagrange ctia ham S, nhu sau:

2 4 EA &w |k 2
mbavzv“rcb%JrEblbav?— : baw:l J. My dx; | =
ot ot ox, 2L ox ox,

0 (2.30)
d —-L 2
—419vp(t){d5(x‘)_ d(x p):|:_mba il;
dx, dx, ot
, o d"S(x —x dr™
trong do: ¢ =%;j_w%f(x)dx=(—l)” T (x): (2.31)
1

dx, "
Biéu thuc (2.30) 1a phuong trinh dao ham riéng mé ta dao dong udn cua dam cong x6n

E,A, O*w,
2L ox’

L 2
an hai 16p ap dién, s6 han v dx, |bidu dién tinh phi tuyén giira
g Op ap g i

o\ Ox
chuyén vi va bién dang khi xét dén bién dang vo cliing bé bac cao.
2.1.2. Phwong trinh ddp teng co dién ciia két cdu dam cong xon gin I6p dp dién

Theo Erturk va Inman [47], [94], v&i vat liéu ap dién tuyén tinh, quan hé gitra

dich chuyén dién tich (D,), bién dang (¢,_,) va dién truong (E, ), dugc x4c dinh boi:

2
1 ow oO*w v, (1)
D,=eye,, +enE =¢, {E[ axllJ —% 8x12] ]_533 Zpr (2.32)

Tich phan dich chuyén dién D, trén dién tich cua dién cuc thu duge dién tich g(7) [47]:

2
(kb 1{ ow, o’w, v, ()
q(t) = Llo{emb{g(a—%] - W}—%b o dx, (2.33)
Sau d6, dao ham biéu thirc (2.33), thu duoc phuong trinh dong di¢n:
2 3 bL dv (t
i) =MD _ " fo p| D0 OW_ O g, E &, ® (2.34)
dt %=0| 7 | Ox, Ox,Ot Ox, ot 2h, dt

Gan dung, khi bé qua dao dong doc truc (xem % la nho so voi % ), thu duoc:
t t

ﬁ{l[%] ]_ 0 (2.35)
ot| 2\ ox,
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St dung biéu thirc (2.35), phuong trinh dong dién trong 16p ap dién (2.34) tré thanh

: dq(t) ¢t o’w, gyubL, dv (1)
=D _ " 1o | - - 200 2.36
O="a L.=o{e31 ( Vot )| o, ar (230

Tir biéu thirc (2.36) cho thdy dong dién sinh ra trén bé mat dién cuc cia hai 16p ap dién
c6 hai thanh phan: s6 hang thir nhit dai dién cho dao dong ctua ddm gin hai 16p ap dién
va sb hang tht hai dai dién cho di¢n 4p va dién dung cua 16p ap dién, cu thé 1a

£..bL .
C =22 Vidién dung nay dugc ndi vaoi dién trd R tao thanh mach dién RC song song
i 2h

p

nhu trong Hinh 2. 1, thu dugc phuong trinh dap g co dién sau:

dv(t)y v(t) b | 0w _
“ +T__’9L10{axlzat b 2.37)

2.1.3. Mé hinh giam bdc ciia PEH phi tuyén hinh hoc
H¢ hai phuong trinh (2.30) va (2.37) cua két cdu dam nghién ctru chtra cac dao
ham riéng bac cao, dugc chuyén vé hé phuong trinh vi phan khi sir dung phuong phap
Ritz-Galerkin, v6i céc diéu kién bién cu thé nhu sau [94], [145], [152]:
Tai dau ngam (d6 vong bang 0 va goc xoay bang 0):
x =0: w,(0,1) =O;%§(O,t} =0; (2.38)

Tai dau ty do (md men bang 0, lyc cit bang 0):

2 3
OV (Lry=0, 2%

x, =L:
: ox” ox,’

(L,1)=0 (2.39)

Chuyén vi do bién dang duoc khai trién theo cac ham riéng nhu sau:
w,(x,,1) = X, (x)h (2) (2.40)

trong do: X,(x,) la ham dang dugc chon sao cho nghiém cua (2.40) théa man diéu
kién bién cta ddm cong x6n gan hai 16p 4p dién va ciling 1a ham bién d6 dao dong udn
tai vi tri x,, A (¢) 1a ham phu thudc thoi gian va can phai xac dinh va la ham dao dong
phu thudc vao diéu kién dau. Phuong trinh (2.40) thé hién rang dao dong phi tuyén cia

két cdu ddm cong xon gin hai 16p ap dién duoc xap xi ¢ dang dao dong riéng thir nhat
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(one mode). Bdi, dang dao dong riéng thir nhat 1a chu yéu, x4p xi dao dong cua két cdu
& dang dao dong riéng thir nhat da dugc sir dung rong rai trong cac bai toan phén tich
dao dong phi tuyén Reddy [124], Nguyén Van Khang [156].

Theo Erturk va Inman [94], ham riéng & tan s6 co ban:

X,(x) :[coshﬁ—cosﬂ—/l* (sinhﬂ—sinﬂﬂ (2.41)
L L L L

Thay thé biéu thirc (2.41) vao (2.40), thu duoc

A% cos 2 - 47 sinh 2% gjn A%
w,(x,,t) = [cosh 0s I A [smh I sin I ﬂh(r) (2.42)

Theo Erturk va Inman [47], [94], thu dugc phuong trinh dac trung sau:
cosA coshA +1=0; i=(,2,3...) (2.43)
Theo Erturk va Inman [47], [94], Nguyén Vin Khang [156], bang phuong phéap s6

hoic phuong phap d6 thi thu duoc tdp hop vO han nghiém cua tri riéng
A=A(i=12,3..), khi xét & dao dong riéng thir nhat, thu duoc cac dai lugng sau:

4 =1,875;0, =3,516 Eb[’; A= C(')Sll +C.OShZI ;cos A, cosh 4, +1=0; (2.44)
m, L sin A, +sinh 4,

Lan luot tinh cac dao ham riéng, va thé vao phuong trinh (2.30), sau d6 nhan hai vé

ctia phuwong trinh v6i ham riéng, 1ay tich phan doc theo chiéu dai cua dam, thu duoc:
M () +c,h () + K (@) + Kb (0 + gv, () =—M, 2, (1); (2.45)

trong do:

L 2
M, = mbj{cosh%—cos%—f (sinh%—sin %ﬂ dx;;

0
L 2

Mzzmb'[ coshﬁ—cosj“—x—/l (smhj1 L —si ﬂj x; fl(t):a il;
J 17 I L ot

Ax A

cosh— —cos

(2.46)

_491{415@) dé(x—L,)

ax }— (smhﬂ“ sinmﬂd)q;
L

6= 9_[ ﬂ“ coshﬂq‘+cosl1 L_A° sinhﬂ+sinﬂ dx
L L L :

_02
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L 2
¢, =c, {cosh%—cos%—f(sinh%—sin%ﬂ dx;;

(=R

4 L 2
va: K, = /11—4Eblbj. coshﬂ—cosﬂ—f (sinhﬂ—sin ﬂj dx,; (2.47)
L 0 L L L L
3 . coshﬁ—cosM cosh%+cosﬁ
K,=2EA | dx,;

4 bbb
2L 0| —1"| sinh M —sin ﬁ —A"| sinh ﬁ +sin M
L L L L

Theo dinh nghia ham Delta-Dirac dugc xac dinh boi:

o(x,—a))=0 khi x, #a,va fé(xl —a,)dx, =1 (2.48)

Ham nay c6 tinh chat: j £, (x)0(x,—a)dx = f,(a,) (2.49)
tir biéu thirc (2.49) thu duoc:

[ 1600 =80 — L)YV f,(x)dx, = £,0) = £(L,); (2.50)

j_fo{a’(x] )= (6= L)} f (x)dx, = £ (L)~ £ ,(0); (2.51)

Do do, tur cadc dao ham riéng (2.46)-(2.51), phuong trinh (2.37) c6 dang

dv, (1) . v, (1)

"oodt
Phuong trinh (2.45) va (2.52) 1a cac phuong trinh vi phan mo ta dao dong cua dam cong
x6n gan hai 16p ap dién ¢ dang dao dong riéng thtr nhat, tai tan sd co ban khi co kich
dong nén, déng thoi biéu dién quan h¢ vat 1y tuong tac co — dién cua bg thiét bi thu thap
nang lugng ap dién phi tuyén. Khi d6 duoc viét lai dudi dang sau:

M h()+c b () + K () + K () + gv, (1) =—M % (t) 055
dv (1) v (1) . .
C, # + ”T =0h,(t)
R& rang, phuong trinh thtr nhét trong hé phuong trinh lién két co dién (2.53) chira
hang sé phi tuyén bac ba cua chuyén vi, xét dén quan hé phi tuyén cta chuyén vi va
bién dang (phi tuyén hinh hoc khi xét dén v6 ciing bé bac cao cua bién dang — bién
dang twong dbi bac cao) — mot truong hop riéng cua quan hé phi tuyén Von Karman
ctia chuyén vi va bién dang nhung boé qua dao dong doc truc chi xét bién dang udn cia

két cau dam. Phuong trinh thr hai ctia h¢ phuong trinh lién két co dién (2.53) 1a
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phuong trinh vi phan tuyén tinh bac nhat, mo ta quan hé tuyén tinh giita Ung sut —

bién dang va dién truong trong 16p vat liéu ap dién gan trén dam cong xon co sd.

2.2.  MBo hinh héa b thiét bj thu thap ning lweng ap dién véi két ciu dAm cong

xon phi tuyén gin 16p vit liéu ap dién

2.2.1. Mé hinh héa bg thiét bi thu thidp ning lwong dp dién tuyén tinh

Theo Roundy va cong su [4], duToit va cong su [50] két cdu cua bo thu thap
ning lugng ap dién duoc mé ta nhu trén Hink 2. 2. a). Cu thé, bo thiét bi bao gdm
mot dam cong x6n gin 2 16p ap dién véi khdi luong gin thém & dau dam M .. Hai
16p 4p dién (PZT, va PZT,) phan cuc nguoc chiéu theo chiéu day, dong thoi duoc
lién két Iy tudng vo1 mat trén va mat dudi cua dim cong x6n chiu kich dong nén.
Cac cap dién cuc toan by phu mat trén va mat dudi ctua tdm ap dién, rat mong sao
cho anh hudng cia chiing vao chiéu day cua dam gin 16p 4p dién 13 khong dang ké.
Mot mach dién don gian bao gém tai dién trd (R, ) dugce két ndi truc tiép voi dau ra

cua bo thiét bi.

22
y .
Lép ap dién ix(1) 2
PZT, Tb
|
D :
0 -
PZT, Dam
Lop ap dién
yalt) e |
! Khoi luwong M*; i
i N " Piezoelictric
i ) o ia(t)
Xo(t) : Ks Cs } ‘ .
‘ [ C
: = —"
b) 1 | T R D
Co hoc i
2 | | — 1
; Nén :
777777777777777777777777777777 Kich déng nén

Hinh 2. 2. M6 hinh khéi luong tap trung mot bac tu do hé co dién tuyén tinh [4], [50]
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Trong cong trinh nghién clru dugc cong bd boi Roundy va cong su [4] (co sb
lwong trich dan cac cong trinh cong bd lién quan véi hon 3500 lugt- theo google
scholar) va duToit cong su [50] (co sb lugng trich dan cac cong trinh cong bd lién
quan véi hon 880 lugt- theo google scholar), ho ¢ m6 hinh hoa bo thiét bi thu thap
nang luong thé hién trén Hinh 2. 2. a) bdi md hinh khéi luong tap trung mot bac tu do
(SDOF-single-degreeof-freedom), bao gém: giam chéan - 10 xo- khéi luong, nhu thé
hién trong Hinh 2. 2. b). Khdi luong twong dwong, hé sé giam chin twong duong va do
cting tuong duong lan luot duoc ky higu 1a: M; C;; K, . Cac tham s6 dién dwoc dic
trung boi: HE s6 lién két co dién (a,); Dién dung (C;); Z,() va y,(t) lan luot 1a
chuyén vi ciia nén va khdi lugng tuong duong (M ,). Hé phuong trinh lién két co dién

ctia md hinh khéi lugng tap trung mot bac tu do trong Hinh 2. 2. b), c6 dang sau:

M5, +C,y, )+ K, y,t)+a,V,(t) = C,2,(t) + K, 7, ()
|40 . (2.54)
R

L

az[yz(t) - Z.2(1‘)]_C;Vz(l‘) = iz(t) =

trong do 7,(r) va V, (1) lan luot 1a cuong do dong dién va dién ap trén dién tré.

Cac dai luong twong dwong cia mo hinh khéi lugng tap trung c6 hai tham sb gop
quan trong, d6 1a: khdi luong twong duong (M 1) va do cuang tuong duong (K, ). Theo
Sodano va cong su [24], duToit cdng su [50] hai tham ) nay phu thudc vao cac héng
s6 vt liéu, thiét ké caa bo thiét bi thu thap ning luong va co thé xac dinh bang phan
tich cac dap ung trong cac dang dao dong khéac nhau.

Thong thuong, d§ cung tuong duong (K;) nhan dugc tor quan hé do vong cua
dam cong xon, khdi luong twong duong (M 1) thu duge bang cach xac dinh tong dong
nang cua dam. Theo Williams va Yates [16], duToit va cong sy [50], Kim [56]vi cac
b6 thiét bi thu thap ning luong c6 ngudn giy rung dong 1a nén do d6 nhiéu nha nghién
ctru da sir dung mo hinh khdi lwong tap trung voi cac tham sé phan tan, chiu kich dong
dong nén (uncoupled lumped parameter model -ULPM). Theo Williams va Yates [16]

céc tham sd twong duong ctia mo hinh khdi lugng tap trung mdt bac ty do nhu sau:

3E,1,

3

(2.55)

3

.M .
M, =—tan MK =
3 :
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trong do, E,I, 1a d cung cua dam cong xon gin 16p ap dién khi c6 khéi lugng gin
thém & du tu do (M, ), L, 1a chiéu dai cia ddm cong x6n gén 16p ap dién.

Tuy nhién, Erturk va Inman [47], [48], [56] da chi ra r?mg viéc sir dung céac tham
s6 twong duong nhu mo ta boi biéu thire (2.55) ddi v6i mé hinh ULPM dé xac dinh
cac dap ung chuyén vi ctiia bo thiét bi thu thap ning luong ap dién s& din toi sai s6 16n
hon 35% bét ké ty 1& giam chan co hoc (trang 46, [94]). Vi chua xét t&i su dong gop
ctia khdi lwong phan bb vao bién d6 kich dong , mé hinh ULPM ciing khong thé du
doan dap g tan s6 do thay doi tai dién trd. Pé khac phuc nhiing ndi dung néu trén,
Erturk va Inman [47], [48], [56] di dé xuit mdt mo hinh khéi luong tap trung két hop.
Pau tién, giai phap dé xac dinh cac tham sb phan tan ciia md hinh dugc cac tac gia
trinh bay, cac biéu thirc dap ting chuyén vi dau dam ty do cta bo thiét bi thu duoc tir 1y
thuyét dim Euler-Bernoulli. Tiép theo, bang cach so sanh biéu thirc ctia cac mbi quan
hé nay véi cac tham s6 ctia md hinh ULPM, hé s6 hiéu chinh bién d6 dugc dwa vao mé
hinh ULPM dé cai thién tinh chinh x4c ctia mé hinh.

Theo Erturk va Inman [47], cac biéu thic tham sé gdp twong dwong ctia mo hinh

khéi lugng tap trung dugc dinh nghia nhu sau:

. 30 « 3EI
M3 :meeam—i_Mt’ K3 = b3b'

(2.56)

Theo Erturk va Inman [47], két qua kiém chimg v6i mo hinh khéi luong tip trung
bang thi nghiém cho thiy sai s6 do st dung cac tham sé quy d6i twong duong nhu
trong biéu thirc (2.56) khi xac dinh tan sd tu nhién 1a x4p xi 0.5% véi truong hop
khong c6 khéi lwong dau dam (so véi tan s6 tu nhién dugc xac dinh theo 1y thuyét dam
Euler-Bernoulli ciia mé hinh). V&i mé hinh héa bd thiét bi thu thap nang luong tuyén
tinh, khong xét dén phi tuyén hinh hoc khi xét dén vo cling bé bac cao ctia bién dang —

bién dang tuong ddi bac cao - K, =0 (biéu thic (2.46)), lic 6 C, =C,;a, = y;va

C,,=C, dugc xac dinh nhu trong bicu thirc (2.46) va (2.47);

2.2.2. Mo hinh héa bg thiét bi thu thidp ning lwong dp dién phi tuyén
Trong nghién ctru vé thu thap ning luong ap dién tuyén tinh, di c6 nhiéu cong trinh
md hinh héa két cau dam cong xon & dang dao dong riéng thir nhat boi mé hinh khéi

lugng tap trung mdt bac tu do tuyén tinh, nhu da duogc trinh bay trong tiéu muc 2.2.1.
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Céac mo hinh khdi luong tap trung mot bac ty do nhu vay 1a phd bién trong céc tai liéu
(Sodano va cong su [24], duToit cdng su [50]...), va cac phuong trinh lién két co dién
ctia mo hinh nay dong dang véi cac phuong trinh thu dugc tir cac phuong phap giai tich
gan dung st dung trong md hinh. Ngoai ra, mot s6 cong trinh gan ddy di xem xét vai trd
ctia d6 ctng phi tuyén tinh ddi véi dap tmg cua cac bd thiét bi thu thap ning lugng (Hu
va cong sy [61], Dane Quinn va cong su [65], Mann va Sims [84], Dagaq va cOng su [91]
). Trong cac mo hinh cta b thiét bi thu thap ning lwong néu trén, do cimg phi tuyén xét
dén tinh phi tuyén cta vt liéu ap dién hodc phi tuyén hinh hoc cua két ciu dam co s&
gin 16p ap dién.

Xét mo hinh khoi lugng tap trung mot bac tuy do mo ta bd thiét bj thu thap nang
lugng 4p dién phi tuyén chiu kich dong nén tuan hoan duoc biéu dién nhu trong Hinh
2. 3. Trong do, thanh phén dién bao gém: mot doan mach dién duoc ndi voi phﬁn to

ap dién piezo c6 dién tré ngoai (R), va dién dung C, (Erturk va Inman [94]).

y(® — |
3 Khoi heong M i
1 . Piezoelectric
[ JE I 4
! ky c K3 i
H =) | 1% R ]
Co hoc !
z(1) R N N R s -
: Nén X
] ! Kich dong nén
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !

Hinh 2. 3. M6 hinh khdi luong tap trung mét bac tu do hé co dién phi tuyén Duffing, chiu
kich dong nén ctia bd thu thap ning luong ap dién [1], [2].

Thanh phan co hoc bao gom: Nén 14 dai dién ddc trung cho ddu ngam cua két ciu
dam cong xon ; Mot khdi lwong twong (M ) dai dién cho khdi lwong gia toc quy ddi bao
g6m khdi lugng két cau dam co so ; Lop dién gam trén dam va khéi lugng nay duoc lién
két v6i nén boi cac phan tir giam chén (c) —1a dai dién cho thanh phan can trong 16p vét
lidu ap dién, két ciu dam, can moi trudng ; Cac 10 xo tuyén tinh va phi tuyén (ky3ky) —

dic trung cho cac thanh phan do cimg tuyén tinh va phi tuyén cta két cdu dam gin 16p ap
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dién. Tinh phi tuyén co hoc ctia hé co dién duoc biéu dién bang luc dan hoi phi tuyén

kiéu Duffing, véi:

F(x) = kx + k% (2.57)
voi: kla do cing tuyén tinh va k, 1a do cing phi tuyén. Khi k, >0 hé xét c6 dang

giéng don (monostable). Mit khac, khi k, <0 hé xét co dang giéng doi (bi-stable).

Ap dung dinh luat Newton, xét can bang lyc, tir mo hinh trén Hinh 2. 3, thu dugc:

M5 +cx+kx+kx’ + 60V =—Mz (2.58)
Ap dung dinh luat Kirchhoff vé dong di¢n, xét can béng dong dién tai nut, ta co:
CV+ %v =0x (2.59)
voi ¢,C,,0,V,x lan luot 1a hé sb can, dién dung trong ap dién, hé sé ghép nbi co
dién hiéu dung, dién 4p ra trén phan tir ap dién, chuyén vi twong d6i cua khéi luong so
v6i nén. Mot tham s6 bé (&) khong thir nguyén duoc dua vao luc dan hoi tuyén tinh, dan
héi phi tuyén va 4p dién vi trong hé vat 1y, va két cau thyuc céc gia tri do dugce cia cac dap
ung la nhé [65], [112], [113], [115], [116].
Khi d6, phuong trinh (2.58), c6 dang sau:

M3+ gcx +kx+ gk x* + 0V = —Mz (2.60)

H¢ hai phuong trinh (2.59) va (2.60) thu dugc tr moé hinh khdi luong tap trung

phi tuyén kiéu Duffing nhu mo ta trén Hinh 2. 3. ddng dang v6i cac phuong trinh vi

phan da néu trong biéu thirc (2.53) cua bo thiét bi thu thap ning lugng ap dién phi

tuyén véi két cau dam cong x6n gan hai 16p dién & dang dao dong riéng thir nhat ma

Lu4n an da thiét 1ap. Str dung biéu thirc (2.56) va cac biéu thirc (2.46) 1a tham sb cua

két cau dam codng x6n phi tuyén gan hai 16p ap dién & dang dao dong riéng thir nhat,

thu duoc cac tham sb gin ding theo nghia trong dwong ctia mé hinh khéi luong tip
trung mot bac tu do hé thu thap nang luong ap dién phi tuyén.

Khi, kich dong nén 1a tuan hoan:

7=¢8AcosQt; 2 =—AQsin Q7 = —£ AQ* cos Qt (2.61)

trong d6 Q, A 1an luot 14 tan s6 va cuong d6 bién do kich dong nén.
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Cac tham sd khong thir nguyén, dugc thiét 1ap boi biéu thirc (2.62) nhu sau:

o’ :ﬂ;§=L;7=£;V= CPV;
M 2M M 0 2.6
, 0 ., K’ 1 . a . Q '
= K =—ia0=——0d=—;0=—
MC, A RC, , ,

thay thé biéu thirc (2.61) va (2.62) vao cac phuong trinh (2.58), (2.59), thu duoc cac
biéu thirc (2.63) va (2.64).

¥+apx=cf(x,%v)+AQ cos (2.63)
V+av=x (2.64)
voi: f(xxv)=—(2Ek+yx + %) (2.65)

vé mit vat Iy w, 1a tan sd tu nhién, & la hé sb can, y1a hé s6 do cung phi tuyén,
k* 13 hé s6 lién két co dién, o 13 hé sé 4p dién. Cac dai luong khong tht nguyén @,
&2, @ duoc su dung rong radi trong tai li¢u thu thap, khai thac nang luong (Alper
Erturk va cong su [127], Yang va cong su [128]), chung dugc dinh nghia tuong img 1a
ty s tan s, ty so lién két co dién co va ty sd ap dién. Hé phuong trinh (2.63), (2.64)

thu duoc 1a hé phuong trinh nghién ciru ctia Luan 4n sau khi chudn hoéa.

Két luan chwong 2
Trong chuong nay Luan an thu duoc nhiing két qua chinh sau day:

1. Luan 4n d4 xay dung hé phuong trinh lién két co dién cua két cdu dam cong x6n
gan 16p 4ap dién trén toan bo mit trén va dudi ciia dam khi xét dén quan hé phi
tuyén cua chuyén vi va bién dang (phi tuyén hinh hoc khi xét dén vo cung bé
bac cao ciia bién dang — bién dang tuong d6i bac cao). Hé phuong trinh vi phan
lién két co dién bao gdm: mot phuong trinh vi phan cdp hai biéu dién dao dong
ubn cua dam co6 sé hang dai dién cho thanh phan lyc co hoc v6i quan hé phi
tuyén 1én dén béac ba ctia chuyén vi va s6 hang dai dién cho thanh phan luc dién
tuong tac sinh ra trong 10p vat liéu ap dién; va mot phuong trinh vi phéan tuyén
tinh cp mot biéu dién dap Gng co dién cua két cdu dam cong xon ap dién;

2. Luan 4n dd mo hinh héa két cdu dim nghién ctru & dang dao dong riéng thir

nhét boi mo hinh khéi lugng tap trung mot bac ty do phi tuyén kiéu Duffing,
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chiu kich dong nén diéu hoa. Y nghia vat 1y ctia cac tham sd trong mo hinh khéi
luong tap trung mot bac tu do phi tuyén kiéu Duffing cua bd thiét bi thu thap
nang luong ap dién dugc trinh bay.

Mot s6 ndi dung, két qua nghién ciru cua chuong 2, duoc cong bd trén tuyén tip hoi

nghi co hoc toan quéc 1an thir XI [4].
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Chuong 3. PHAT TRIEN PHUONG PHAP TRUNG BINH SU DUNG
CHO HE CO PIEN PHI TUYEN, CHIU KiCH PONG NEN PIEU HOA
VOI MO HINH KHOI LUQNG TAP TRUNG MQT BAC TU DO

Chuong nay Téc gia clia Luan an trinh by nodi dung phat trién phuong phap trung binh
(PPTB) st dung cho h¢ co dién phi tuyén chiu kich dong nén diéu hoa véi md hinh khéi
luong tap trung mot bac tu do cia bd thiét bi thu thap nang luong 4p dién, sau do ap
dung dung cho hé phi tuyén kiéu Duffing, dang giéng don (hé nghién ctru) trong céc
hiéu mg lién quan dén hién twong cong hudng phi tuyén bao gom: cong hudng chinh,
cong huong tht diéu hoa, siéu diéu hoa va hé tuyén tinh twong tmg ding dé so sanh véi
hé phi tuyén. Panh gia do tin cdy ciia phan mé rong phuong phéap trung binh sir dung
cho hé co dién phi tuyén kiéu Duffing v&i bo thiét bi thu thap nang luong ap dién.

3.1. Phwong phap trung binh sir dung trong hé¢ co hoc
Xét phuong trinh dao dong phi tuyén c6 dang:

X t+apx,=cfy(x5,%), >0 (3.1)

Phuong trinh vi phéan (3.1) dugc chuyén vé dang chuan Bogoliubov. Theo Bogoliubov
va Mitropolsky [114], Mitropolsky, Dao, N.V va Anh, N.D [116], st dung bién doi:

x; =a, cos(Qyt +¢,) (3.2)
X, =— a;Qsin (Qyr +¢,) (3.3)
véi: a,=a, (1), ¢, =, (1) (3.4)

Dao ham biéu thirc (3.2) véi a,=a, (1), @, =@, (1) 1a ham theo thoi gian thu duoc:
X%, =— a; Q0 sin (Qut + @, ) —a,, sin (Qr + @, )+ aycos (Qyr + ;) (3.5)
So sanh hai biéu thire (3.3) va (3.5), thu duoc quan h¢ sau:
a,cosg, —a,p,sing, =0, @, =Q.t+@, (3.6)
tr biéu thte (3.3), thu duoc:
¥, =— a;Q,’cos ( Qut + @, ) —a,,c08( Qut + @, ) —a, €, sin(( Qut + ;) (3.7)
thay biéu thire (3.2), (3.3), (3.7) vao phuong trinh (3.1) thu dugc:
—a,Q, sing, —a, 0, cos g, =& f, (a, cos ¢, — a2, sin g ) (3.3)
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Céc phuong trinh (3.6) va (3.8) la mét h¢ hai phuong trinh dai ) tuyén tinh cua a, va
¢, . Giai h¢ phuong trinh nay, ta thu dugc:

. £ : )

a, :—Q—f3 (acosd,,—a,Q2,sing,)sin ¢,

’ (3.9)
& :
f;(aycos ¢, —a,Q, sin g, ) cos ¢,

Oy ==
a352,

Phuong trinh (3.9) duoc goi 14 dang chuin Bogoliubov cua phuong trinh (3.1).
Khi f,(¢) 1a ham tuan hoan cua ¢ véi chu ky T, f,(¢)=f,(¢+7T).Trung binh ciia ham
f, (1) trong khodng thdi gian mot chu ky duge dinh nghia béi biéu thire sau:
1 T
(f()= [ 1 (1) (3.10)
0

H¢ phuong trinh trung binh hoa ctua hé (3.9) c6 dang

dgz_Qi<f3(agcos¢3,—a3Q3sin¢3)sin¢3 >

3 3.11)
Oy =— d <f3(a3cos¢3,—a3Q3sin¢3)cos¢3>

HON

3.2. Phat trién phwong phap trung binh sit dung cho hé co dién phi tuyén, chiu
kich dong nén diéu hoa véi md hinh khoi hrong tip trung mét bic tu do

Theo Mitropolsky [115], st dung PPTB phuong trinh (2.63) duoc chuan hoa, nhu sau:

sAQ?
X:y+f0COSQt;f0:W (312)
Khi do6, hé phuong trinh lién két co dién (2.63) va (2.64), ¢ dang:
y+agy=cef (y+ f,cosQu,y—Qf, sinQr,v) (3.13)
v+av=y-—0Qf sinQt (3.14)

Theo Bogoliubov va Mitropolsky [114], Mitropolsky, Dao, N.V va Anh, N.D [116],
quan h¢ gﬁn dang gitra tan s6 tu nhién (w,) va tan s kich dong () khi xdy ra hién
tugng cong hudng phi tuyén, duoc biéu dién boi:

2
=" — o (3.15)

n
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v6io 1a tham sé diéu chinh; m,n 13 cac sé nguyén duwong. Theo Mitropolsky [115], thu
dugc nghiém cia hé tuyén tinh khi thay £ =0 vao phwong trinh (3.13). Khi d6, dang

cua dap tng chuyén vi va goc 1é€ch pha dugc bi€u dién bdi:

y=a(t)cos F Qr+ qo(t)} (3.16)
n
¥ =—a(t)ﬂQsin[ﬂQt+(p(t)} (3.17)
n n

0, =%Qr+co<t)

trong do: (3.18)

Thay thé biéu thirc ctia chuyén vi (3.16) va (3.17) vao phuong trinh (3.14) véi
v =Bsin@+Ccos @+ DsinQ + E cos (3.19)

Déng thoi, thé cac biéu thire (3.17), (3.19) vao phuong trinh (3.14), va can béng cac hé
s6 B, C, D, E & ca 2 vé, thu duoc cac tham s6 ciia phwong trinh biéu dién dap tng dién

ap hé co dién thu thap nang luong (3.19), nhu sau:

aa(m/n)Q B a(m/n)zQ2 N Ao D o f,Q

052+(m/n)2§22’ _052+(m/n)2£22’ A+ AP

(3.20)

Vi vay, tur (3.19) va (3.20) thu duoc biéu thirc cua dién ap 1a ham cua thoi gian sau:
a(m/n)Q

2 2 ~2

V(I)Z (04 +(m/n) Q

(asin¢—(m/n)Qcos¢)
(3.21)

+%(Qcosﬂt—asin9t)
a +Q

Lay dao ham cac biéu thuc (3.16), (3.17) khi coi bién do va goc 1éch pha 1a ham cua

thoi gian, thu dugc:

y:—(%Q+(pjasin¢+dcos¢ (3.22)
va: yz—%ﬂdsin¢—%ﬂ(%ﬂ+gbjacos¢ (3.23)

Tu cac biéu thire trén, so sanh hai phuong trinh (3.17) va (3.22), thu dugc phuong



52

trinh thtr nhét biéu dién quan hé gitta bién do dap tng chuyén vi va goc léch pha sau:
—pasing+acosg =0 (3.24)

Bén canh do6, tir cac phuong trinh (3.13) va (3.23), thu dugc phuong trinh thir hai biéu

dién quan hé giira bién do dap tmg chuyén vi va goc 1éch pha nhu sau:

—Qﬁ(dsin¢+(pacos¢) =

! (3.25)

= g{aa cos @+ f(acos¢ + f, cos Qt,—ﬂQasin(é —Qf, sin Qt,v(¢)ﬂ
n

Hé phuong trinh vi phan cua bién d6 dap ung chuyén vi (a) va goc 1éc pha (¢ ) tir hai

phuong trinh (3.24), (3.25), nhu sau:

oacosg+
en :
= m _ . sin ¢ (3.26)
mQ| +f| acosg+ f, cosQt,——Qasin ¢ — Qf sin Qt, v(P)
n
oacos¢+
. en
¢=- m_ . . cos¢
amQ)| +f (a cos¢ + f, cos Qt,——Qasin ¢ — Qf s1th,v(¢)j (3.27)
n

Khig, @ va ¢ nho, bién d6 dép tmg chuyén vi (a) va goc léch pha (@) dugc coi la
cac ham bién doi cham theo thoi gian. Theo Mitropolsky [115], chu ky dugc xac dinh
nhu sau: T =max(2zn/m, 27 /). Lay trung binh cac biéu thuc (3.26) va (3.27),
theo chu ky T, xét trudong hop bién do dap ung chuyén vi (a) va goc léch pha (o) Ia

céc hang sb trong qua trinh trung binh, thu dugc cac phuong trinh trung binh sau:

(a)= g—m:;S(a,go,Q) (3.28)
, n |1, m
(9)= e {5(% 0 ja+eQ(a,co,Q)} (3.29)

voi: S(a,gD,Q) = —<f(acos¢+ fo coth,—EQa sin ¢ — ), sin Qt,v(¢))sin ¢> (3.30)
n
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va: Q(a,0,Q)= —<f(a cos @+ f, cos o, a sin ¢ — Qf, sin Qt,v(gb)jcos ¢> (3.31)
n

Theo Bogoliubov va Mitropolsky [114], Mitropolsky, Dao, N.V va Anh, N.D [116],
cac nghiém dung cua bién do dap ung chuyén vi (a) va gbc 1éch pha (¢ ) véi hé hai

phuong trinh (3.28), (3.29), dugc xac dinh bdi diéu kién:

(a)=0—>S(a,0,Q)=0 (3.32)
((b)=0—>%(a)§—m—292ja+€Q(a,(p,Q)=0 (3.33)
n

voi a va ¢ la nghiém cda hé (3.32), (3.33), nghiém x(2), v(t) cia hé hai phuong trinh
(3.13), (3.14) duoc xéac dinh bang cach sir dung quan hé trong biéu thic (3.12), (3.16)
va (3.21). bBap ung di¢én ap (V) duoc xéac dinh béng quan h¢ V =v@/ C, tr biéu thirc
(2.62) khi chuan hoa céac tham sb cua hé co dién.

Trong tiéu muc nay, luan an trinh bay viéc phat trién phuong phap trung binh sir
dung cho hé co dién nghién ciru. Quy trinh tinh toan trén, ¢6 thé mo rong va ap dung

cho hé co dién phi tuyén bac cao hon trong thu thép, khai thic ndng luong ap dién.

3.3. Sir dung phwong phap trung binh cho hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich dong nén diéu hoa véi mé hinh khoi lwong tip

trung mdt béc tw do trong mét s6 hiéu ing cong hwéng

3.3.1. Hé co dién phi tuyén kiéu Duffing trong higu ing céng hwong chinh
(Primary resonance)
Kich dong nén 14 ham tuan hoan co dang:
z=gAcosQt, 7 =—cAQ? cos Ot (3.34)
Thiét 14ap twong tu biéu thic (2.62), khi d6 cac tham sé khong thir nguyén:

k cVv 2 1
M7 2M M 0 MC,”” RC,

(3.35)

Str dung céc biéu thuc (3.34), (3.35) thay vao hai phuong triph (2.58), (2.59), thu duoc
cac phuong trinh khong thr nguyén ctia hé co dién phi tuyén, trong truong hop cong
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huodng chinh, c6 dang sau:

it+opx=cf (x.%,v,)+eAQ cos O (3.36)
v vav, =i (3.37)
trong do: fxiv,)=—(28t+yx" +xv,) (3.38)

Ap dung quy trinh trung binh & tiéu muc 3.1 phia trén, va theo Mitropolsky, Dao, N.V
va Anh, N.D [116], khi phan tich truong hop cong hudng chinh, quan hé gin dung
gifta tin s6 tu nhién (@,) va tan s6 kich dong nén (Q) duge biéu dién bsi biéu thirc

sau (twong ung véi m=n=1):
a)g =0’ —¢co (3.39)

trong d6 o 1a tham s6 diéu chinh. Theo Mitropolsky, Dao, N.V va Anh, N.D [116],
khi thay &£ =0 vao phuong trinh (3.36) c6 nghi¢ém dugc coi la nghi¢ém ctuia phuong

trinh tuyén tinh, cac s6 hang a ,¢ 1a hang s6 . Khi dé:

X =acos [Qt + go(t)] (3.40)
X =—aQsin| Qr+¢(1) | (3.41)
VOi: o(t) = Qt + (1) (3.42)

Thuc hién phép thay thé biéu thirc (3.41), vao phuong trinh (3.37), v6i dang cta dién

ap thu duogc trén tai dién tré ngoai c6 dang:

v, =B sing+C cos¢ (3.43)
Khi d6, thay thé hai biéu thtc (3.41), (3.43) vao phuong trinh (3.37), va cn bang céac
h¢ sé B,, C, & ca 2 ve, thu duge cac hé sb cia dap ing dién 4p hé co dién phi tuyén

trong hi¢u ing cong huong chinh, nhu sau:

aal aQ)’
B =Gy = (3.44)
a +Q a +Q
theo do, quan hé cua dién &p trén tai dién tro:

acy’ aal) .
vp(t):mcos¢—ms1n¢ (345)
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Tiép theo, 1dy dao ham céc biéu thic (3.40), thu duoc:
X = asin(Qr + @) —aQcos (Qr + @) —agcos (Q + @) (3.46)

Thuc hién phép so sanh giita hai biéu thic (3.41) va (3.46), thu dugc biéu thirc thir

nhat biéu dién quan hé giira bién d6 dap Gmg chuyén vi va goc 1éch pha, nhu sau:

acos¢g—apsing =0 (3.47)
Lay dao ham biéu thirc (3.41), thu dugc:

¥ =—aQsin (Qf + @) — aQgcos (U + @) —aQ? cos (Q + @) (3.48)

Thay céc biéu thirc (3.40) va (3.48) vao phuong trinh (3.36), thu duoc biéu thirc thu

hai biéu dién quan hé giira bién do dap tng chuyén vi va goc 1éch pha, nhu sau:
—Qisin ¢ — aQcos ¢ = g[ax+ (x5, )+ AQ? cos Qz] (3.49)

Giai hé hai phuong trinh (3.47) va (3.49), thu duoc h¢ phuong trinh sau:

Cl:é‘S(a,(D,Q) (3 50)
¢ =¢0(a,p,Q) .
trong d06, cac dai luong S (a,go,Q) va Q(a,(o,Q) duoc xac dinh bai:
2 2
cacosg+2EaQsing— ya® cos’ ¢ — /(2 al? ~COSP+ | .
a +Q sin ¢
S(a.0.9)=- 6 s (3.51)
azK—an sin ¢ + AQ” cos ¢ cos @ + AQ” sin ¢sin ¢
o+
K’ al)’
oacosd+2EaQdsing — ya’ cos’ ¢——5—cosg+
0(a.p.Q) = a” +Q Cos ¢
a,0,.Q) =~ i . (3.52)
ak al) aQ)

R sin @ + AQ’ cos ¢ cos ¢ + AQ’ sin ¢sin @
a +

Thuc hién quy trinh trung binh mo rong da thiét 1ap cho hé nghién ciru trong hiéu Gng

cong hudng chinh, véi chu ky [0,27], thu duoc biéu thuc (3.53) 13 trung binh cua

S(a,(p,Q) va Q(a,go,Q):
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<S(a,¢),Q)> = —%(2&19 +AQ sing + k7 0[;%?22)
1 3 AQY O’ 523
<Q(a’¢’Q)>:_E[G_Z7a2+ ; cosp— K~ a2+Q2]

Str dung cac biéu thirc (3.32), (3.33), (3.53), nghi¢m dung quan hé gitra bién do dap
tmg chuyén vi (a)va géc léch pha (¢), xéc dinh tir phuong trinh sau:

AQ*sing = —a| 2EQ +
¢ ( &2 a’+Q° j
(3.54)

3 2
AQ*cosp=a| =ya’ —o+xK*
¢ (47/ at+Q?

Tu phuong trinh thir nhét ctia biéu thtc (3.54) chi ra, véi a,&,A,Q>0thi vé trai 1a sb
nguyén am, do d6 diéu kién can 1a sing < 0. Trong phuong trinh thtr hai cia biéu thirc
(3.54), vé trai phuong trinh c6 thé nhan gia trj 4m hoic dwong, do d6 goc 1éch pha nim
trong khoang 7 < ¢ <27 . Khi loai bo goc léch pha ¢ trong cac phuong trinh ciia biéu
thirc (3.54) thu duogc quan hé bién do - tan s6 trong hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich dong nén diéu hoa, & ving 1an can hiéu tng cong hudng

chinh ctia bo thiét bi thu thip ning luong ap dién, mé ta boi biéu thirc sau:

2
@ Y\ (3 %
A0 = 42 [(2&+ K’ " +QZJ +(Zj/a2 —o+K* = +sz :l (3.55)
Hai nhanh duong cong bién d{)-tén s0, nhu sau:
3 K A0 Q)
QZ—w§+g(Z;/a2+a2+Q2]+g\/ " —(2§Q+a2+92J (3.56)

Biéu thuc (3.56), biéu dién su phu thudc cua bién d§ dap tng (a ) vao tan s kich dong
nén (), dugc goi la quan hé bién do - tan sb.

Quan hé bién d¢ - tin s6 hé co dién phi tuyén cho boi biéu thire (3.55), khi loai
bo hé sb lién két co dién (tic x> =0, =0), thu duoc quan hé cta hé co hoc Duffing
tuong tng, da néu cu thé boi Mitropolsky, Dao, N.V va Anh, N.D [116]. Khi chuan

hoa céac ky hi€u, Luan an thu dugc quan h¢ bién do - tan s6 cua hé co dién phi tuyén
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trong hiéu tmg cong huong chinh 13 biéu thirc duoc cac tic gia Wei Wang va cong su
[111], khi str dung phuong phap nhiéu d6 do céng bd nim 2018.
Tir biéu thire (3.54), goc léch pha hé co dién phi tuyén kiéu Duffing, khi 4p dung

phuong phap trung binh mé réng, thoa man biéu thirc sau:

(2§Q+K2 5 zj
a +Q
1gp = 5 (3.57)
(7—E a’ —K? Q
47 a’+Q°

Quan h¢ bién do - tan s6 trong biéu thirc (3.56) cho théy su phu thudc phuc tap gitra
tan sb (Q) va bién do dap ing chuyén vi (@), rit kho dé biéu dién quan hé nay rd rang
vé mat giai tich. P& khac phuc kho khin nay, theo Bogoliubov va Mitropolsky [114],
Mitropolsky, Dao, N.V va Anh, N.D [116], ludn 4n x4c dinh nghiém gan ding bac

A 2
nhat Qg

hién thay & =0 vao biéu thuc (3.39), khi do:

ctia biéu thie (3.56) nhu mot ham cia bién do dap ung chuyén vi (a), thuc

QO =& (3.58)

Biéu thurc gan diung bac nhat ciia quan hé tan so - bién dg, dugc mo ta boi:

> > 3, Ko A’w) Kam, )
Qi =wy+e| —ya +—— |—¢ ——| 28w, +—— (3.59)
4 o+, a a + o,
> > 3, Ko Ao Kaw, |
Quy=wy +e| —ya +—— |+¢&,|——| 260, +——— (3.60)
4 a + o, a a +o,

Trong dai tan s6 lan can hi€u ing cdng hudng chinh, cac nhanh trai va phai cua do thi

bién d6- tan sb d6i xtmg qua truc xuong séng (backbone):

Qz(a):a)g+g(éya2+ K % j (3.61)

4 052+a)02

Khoang cach tir truc xuong séng dén cac dudng cong phia trai va phai:

5(a)= g\/ Azf)g - (25% + ’f“a’o j (3.62)

a a’+ o
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v6i S, 1a diém cao nhat trén duong cong quan hé tan so - bién do cua hé co dién luan

an nghién ctru trong trang thai hiéu g cong hudng chinh, dugc xac dinh bdi cac toa
do (Qs.a,,,). Khi d6 S, 14 giao diém ciia cac duong cong nhénh (1), nhanh (II) va

duong cong xwong séng, théa man diéu kién &(a)=0, khi d6

Aw,

peak = ; (3.63)
)

2 2
a +w,

a

RS rang, khi sing=-1 so sanh phuong trinh thir nhit cua biéu thirc (3.54) va (3.63)
cho thiy bién do kich dong nén dat gia trji 16n nhat. Theo do, tir biéu thirc (3.63) luan
an rut ra mot sb nhan dinh sau: Bién do dap tng cua chuyén vi 16n nhat 13 ham tang
clia bién d¢ ciia kich dong nén (A), tan s6 tw nhién (@] ), nhung 1a ham giam dbi véi hé
s6 can (&), hé sb ap dién (o) va hé sb lién két co dién (x2).

Tur cac biéu thic (3.63), (3.59) va (3.60) tan sb kich dong nén (Q,) tuong tmg

v61 bién do 16n nhat cua dap tmg chuyén vi (a,,,, ), xac dinh bai biéu thire:

— —1/2
3A° Kw
O =| o) +& TR e (3.64)
, o a +w,
4oy | 26 +—; 5
a’ + o,

Cac dap ung hé co dién duoc xac dinh tir biéu thuc (3.40), (3.45) tai bién do va gbc
1éch pha 16n nhit tng vé6i biéu thirc (3.63) va (3.64), c6 dang sau:

Awy} o’ Q.
= cos(Q +¢)———=sin(Qr+
i o xan, Lz o o8+ )~ ——sin co)} (3.65)
a’+a;

v6i goc 1éch pha duge biéu dién boi:

aQ)
280+ K*
[ 0 a2+Q2J

=atan
@ N (3.66)
47 a’+Q°
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Sir dung céc biéu thirc (3.36), (3.38), (3.40), (3.41) va (3.65), thu dugc:

" " . 2
x+z=ef(x,x,vp)—a)0x:

2 2 2

artaQ (3.67)
=¢g| 2EaQsind—ya’ cos® ¢ — Ka Ccos @+ Ka
[ ¢ p—y ¢ 2 02 ¢ o+ OF

sin 4 -wa cos(Qt + (p)

Theo Alper Erturk va cong su [127], cong suét tiéu thu nang lugng trén tai dién

tré bén ngoai trong hé co dién nghién ctru trong hi€u ing cong huong chinh, nhu sau:

P =gVI (3.68)

use—main

Tu cac biéu thirc (3.68) va (3.35), va theo Alper Erturk va cong su [127], cong suét
ti€u thu nang luong trén tai dién tré ngoai, nhu sau:

02 2
P iin =€ > vi (1)=ex’Maa’ {
RC,

2
— cos(Qt+g0)— > sin(Qt+g0)} (3.69)

a +Q a” +Q
Phan tich dong ning lugng trong hé co dién phi tuyén kiéu Duffing, chiu kich dong
nén 1a diéu hoa, hé mot giéng don cta bd thiét bi thu thap nang lugng &p dién trong
truong hop xay ra hién tugng cong huong chinh, nhu sau: R rang biéu thirc (3.69) 1a
ham tudn hoan, phu thudc vao hé sb ap dién (« ), bién do dap ting ctua chuyén vi(a),
va tan s kich dong (Q), biéu thirc c¢6 chira dau “— biéu thi dong ning luong bi hao
tan do can co-dién, va duogc hiéu theo nghia twong tac co dién hai chiéu.

Theo Alper Erturk va cong su [127], ning luong dién hitu ich tiém ning dau ra

ti€u thu trén tai dién trd ngoai trong mdt chu ky 7= 7/ Q, xac dinh bdi:

z/Q
MQ
use —Main — J‘ R,tsed _7[8—(1’(2(’12 (370)
o)

Tir biéu thirc (3.63), (3.64) va (3.70), nang luong dién hitu ich tiém ning dau ra tiéu

thu trén tai dién tré ngoadi & tan sb kich dong Q, ung voi bién do 16n nhit (a

max )

peac _ TEM Qg )

use-Main — ma’f a (3.71)
s

peak

Theo Alper Erturk va cong su [127], Yang va cong su [129], cong suét co hoc dau vao

P i =M(X+3)2 (3.72)

mm—main
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T cac biéu thire (3.34), (3.67) va (3.72), cong suit co hoc dau vao dugc xac dinh bai:

in—main

2£aQsin Q1 + @) — ya® cos® (Q + ¢)
£ 2 O2 >
=M —%cos(Qt+¢)+%sin(Qt+gp) x (—eQAcos Q) (3.73)
—wyacos(Qr +¢)

Str dung biéu thirc (3.54) va (3.73), nang luong co hoc dau vao trong mot chu ky
T=7/Q, tai diém cyc trj (€., ). xéc dinh boi
/Q

E = J.PmdtzfreMQa2 Etic’

in—Main ) s peak m (3.74)

Theo Alper Erturk va cong sy [127], tai bién do va tin sb 16n nhétS(Q5.a,,,, ). hiéu

suat thu thap nang lugng cia hé co dién phi tuyén & ving lan can cong hudng chinh:

ak’

[25(952 + a2)+ 0{1(‘2:|

Tir biéu thirc (3.75), chi rd hiéu suat hé co dién nghién ctru trong hiéu uing cong

peak __
77Main -

(3.75)

huong chinh, khong chi phu thudc vao tham sb cta hé ( 1a ham ting ctia hé sb lién két
co dién x* va hé sb ap dién a ma con phu thudc truc tiép vao tan so kich dong, déng
nghia phu thudc vao bién do kich dong nén).

Vé6i hé co dién thu thap ning luong ap dién tuyén tinh, tir biéu thic (3.64), khi

xay ra hién tuong cong hudng va loai bo hé sb phi tuyén (7 ), tan s kich dong:

) 1/2
Q, :{wgwi ] H (3.76)
o+,

Khi d6, hiéu suit thu thap ning lwrong hé tuyén tinh, thu duoc tir biéu thirc (3.75):

2
oK

[25(9; + a2)+ a/cﬂ

peak
Mvain-n =

(3.77)
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Theo Alper Erturk va cong sy [127], hiéu sudt thu thap ning lugng ap dién tuyén tinh:

K’ B ax’ B ax’
2£Q2 +2¢fa+1(2 2&2 +2§a2 +aK” 25(92 +a2)+a/<2
a

(3.78)

Thor =

So sanh, hiéu suat thu thap ning luong ap dién tuyén tinh tir hai biéu thtc giai tich
(3.77), (3.78) tuong tng khi st dung phuong phdp trung binh va khi stt dung phuong
phéap can bing diéu hoa [127], d6 tin cdy cta quy trinh phuong phép trung binh sir
dung cho hé co dién phi tuyén kiéu Duffing, chiu kich dong nén diéu hoa cua bo thiét

bi thu thap ning luong ap dién di duoc khang dinh va kiém ching.
3.3.2. H¢ co dién phi tuyén kiéu Duffing trong hi¢u g céng hwong thir diéu
hoa (Sub harmonic resonance)
Truong hop hiéu ing cong hudng thir didu hoa, khi d6 tir biéu thic (3.15), thu duoc:
(m;n)=(1;3) (3.79)
Thay thé biéu thirc (3.79) vao cac phuong trinh (3.12),(3.13), (3.15), (2.65), thu dugc:

x=acosp+ f,cos3(¢—9); x:—%Qasin(é—Qfo sin3(¢—@);

f(xxv)= —[—%&asin¢—2§ﬁfo sin3(g—¢)+ 7/(acos¢+ 1, <:os3(¢—g0))3 + (3.80)

, 3aQ ( Ne) j » Qf
K ——| aSsin@ ——cCoS +K —
90 + Q) $-gcoss a’+Q

- (Qcos3(¢—gp) —asin3(¢—(p))}

Thé biéu thirc (3.80) vao hai phuong trinh (3.30) va (3.31), thu duoc :
S(a,p,Q)= <(2§5€+ yx’+xv)sin ¢> =

_ <—%§Qasin2 ¢ — 250, sin3(¢—(p)sin¢+7/sin¢(ac0s¢+ f cos3(¢—(0))3 -

,  3aQ)
K —_—
9a° + O
> [

+K m(ﬂsin¢sin3(¢—(0)—0!Si11¢COS3(¢—¢’))>

(3.81)

(a sin’ ¢—%Qsin¢cos¢j+
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2

Q(a,p,Q) = %(0); —%j + 8<(2§X+ yx + sz)cos ¢> =

- %f"‘cm +<_§§Qa00s¢s1n¢—2§§2fo cos¢sin3(¢—(ﬂ)+

va: (3.82)

+7/cos¢(acos¢+ £, COS3(¢—(D))3 K’ %(0{ singﬁcosgzﬁ—%cos2 ¢J+
» O

i — OQZ(Qcos3(¢—¢)COS¢—asin3(¢—¢)COS¢)>

a +

Thuyc hién trung binh céc biéu thirc (3.81) va (3.82), theo chu ky, thu dugc:

3 8 4ok’ Q)
<S(a,¢,Q)> = ga[—ng + leO]/SIIl 3(0—%%]

(3.83)

Q) 3¢ &’k
<Q(Cl,(D,Q)> :g(a)g ——J‘F 8a7/ (d2 +2f02 +le0 COS3¢)+2(§22—+;:(2)

Str dung cac biéu thirc (3.32), (3.33), (3.83), nghiém dung quan h¢ gitta bién do dap

tmg chuyén vi (a)va goc léch pha (@), x4c dinh tir hai phuong trinh sau:

dearx’Q
a(—%+afoysm 3@—%} =0;

9a’
o ; e (3.84)
al @ =2 |+ 227 (2 12 f2 1 af, cos3p)+ 22K 4 g
(0 9] 3 (@ H2f vl cos3p)+ o
Quan hé giira bién do dap ing chuyén vi (a) va goc léch pha(¢)xé4c dinh béi:
28& Beax () . —Egafoy sin (3¢)
3 Q +9a
Q) 3gy Covs 3 (5.85)
2 _ —
[COO —FJ‘FT(CZ +2f0 )‘|‘F%“2 = 48]/leo COS(?)Q)

Tir hai phuong trinh cua biéu thtc (3.85), quan hé giita bién do - tAn sd cua hé co dién

luan 4n nghién ctru trong truong hop cong huong thir diéu hoa, nhu sau:

2
Q) 3 K’
{(0)02 —FJ'FZ(?]/(GZ +2f02)+m} +

o

(3.86)

2
3eak 9 ,.,,
— | ——¢ =0
+9a} 657 h
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Kiém chimg két qua phat trién phuong phéap trung binh sir dung cho hé co dién
phi tuyén kiéu Duffing, chiu kich dong nén 1a diéu hoa cua bo thiét bi thu thip ning
luong ap dién:

Néu phuong trinh (3.86) hé s6 lién két co dién x° =0;a =0, Luan 4n thu duoc
quan hé bién do-tan s cta bd dao dong co hoc Duffing trong trudng hop cong hudng
thtr diéu hoa, nhu duoc chi rd boi Mitropolsky, Dao, N.V va Anh, N.D [116]. Do do,
thém mot 1an nita khang dinh quy trinh phét trién ciia phwong phap trung binh sir dung
cho hé co dién phi tuyén kiéu Duffing, chiu kich dong nén diéu hoa cta b thiét bi thu
thap ning luong ap dién ¢ tiéu muc 3.1 1a dang tin cay.

Biéu thuc (3.86) 1a phuong trinh bac hai cta bién d¢ dap ting chuyén vi (a%), thuc

hién phép bién d6i toan hoc, thu duge biéu thic sau:

2.2
@ =2 (Qz—9a)§)—§f02— Kre” .
27ey 270 3y(Q +9a°)
2 4 9:Q0°x* 8ley ’ 3¢ 9ax’Q ’
+— > 9oy} —Q° + > >+ I 200+———| — (3.87)
9 (337/) Q° +9a 8 y Q" +9a

1/2
2.2 27 2\?
_L 9ay; — Q0 + 9fQK2+ £ Jq
3 Q" +9a 2

day 1a quan hé phu thudc gitra bién do dap tng chuyén vi (a) vao tan sb kich dong cua
nén (Q), phuong trinh (3.87) ton tai hai gia tri bién d6 dap ung chuyén vi (a”) tuong
g véi mdi tan so kich dong (Q).
Str dung quan hé trong biéu thire (3.85) thu dugc goc 1éch pha, vé6i truong hop nghiém
dirng, nhu sau:

12 2680(Q + 90 ) +92ax°Q2 |
49 =903 ) (0 +9a” )~ 276y (a” + 2, ) (R +9a” ) 3660k

tan3¢ = (3.88)

Tu biéu thire (3.20), (3.21) va (3.79), quan hé dién ap trén tai dién trd bén ngoai:

v(t):—ﬂ asin 9t+qp —chos 9t+gp
9a” + O’ 3 3 3

cAQY®

+( - Qz)( 2+Qz)(Qcoth—aSith) (3.89)
w, — 194
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Dap tng dién ap c6 chu ky 67/ Q; gip 3 1an chu ky luc kich dong. Cong suit tiéu thy
trén dién tré ngoai, xac dinh bdi:
v? 0’

P . =c—=c¢
use—Sub R Rsz

v? (1) = carx’Mv* (1) (3.90)

Str dung cac biéu thire (3.89), (3.90) va luu y quan h¢ trong cong thirc (2.62), ta nhan
dugc niang luong dién hitu ich tiém ning cia hé co dién nghién ciru trong truong hop

cong huong thir diéu hoa, v6i mdi chu ky, xac dinh boi biéu thuc (3.91), nhu sau:

use—Sub use—Sub - (Qz n az) (QZ + 9(22 )

0

- 3TQP dt = 3%zgocKZQM [ iy + a ] =
gAY a’ .
(@)@ o)) (9

= 3—ﬂgaKzQM
2
St dung cac biéu thire (3.13), (3.80), theo Alper Erturk va cong su [127], cong suat
dau vao co hoc dugc xac dinh boi:

P

in—sub

2 . (Q , Q ’
=<¢ 5§Qasm ?t+¢) + 280, sinQt — y| acos gt+(p + f, cos

,  3aQ) . Q Q Q
+K m o sin ;t-l—(ﬂ +§COS ;l‘+¢ - (392)

2 Qfo
a’+Q’

(QcosQr — asin Q)
> Q > :
~@,acos| 1+ |~ 0, f, cos Qi ¢ (—eMAQsin Qt)
Cong do kich dong bén ngoai thuc hién trén hé trong mot chu ky ¢ thé duge tinh 1a

nang luong co hoc du vao trong 1 chuky 7=97/Q.

I/
_ _372' 2 1 3 . 1 2
W .. = j Pdt =="2"AM [—ZQfof—Za }/sm3g0——(Qz +a2)Qa fox ] (3.93)

0

Tu biéu thire nghiém dung gitra bién d va goc Iéch pha (3.84), thu dugc:

37e” AMQ 1| ax’a 28a’ ax’f,
W, = Tl DEf —— - 0 (3.94)
in=Sub 2 { st fi(§22+9a2)+ 9 } (szz)}
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Phan tich dong ning luong trong hé co dién thu thap ning luong 4p dién phi tuyén
kiéu Duffing, chiu kich déng nén 1a diéu hoa, hé mot giéng don, nhu sau: Ning luong
co hoc dau vao thu duoc tir biéu thirc (3.93) c6 dang tuan hoan (ham sin), kich dong
tao ra ning luong hitu ich cho hé (W), nhung dong thoi ciling nhu tao ra ning lugng
tiéu hao (W™). Do d6, nang luong co hoc dau vao c6 thé rat nhé do cac cong nay triét

tiéu 1an nhau. Cong suat trung binh tinh theo cin bac hai (RMS) P s VO1chuky T.

E

in—Sub = |Wn7Sub

(3.95)

1

1
va, khi do: Eysin = TP =T |- [ Par (3.96)

Ning luong co hoc dau vao trong biéu thic (3.96) c¢6 thé dugc tinh bang giai phap s6.

s 10 A A 5 2 L4 s A 7 5
Loai bo s6 hang bac cao hon cta &7, cho gid tri gdn ding cia E, nhu sau:

E, =——M—=——¢ 2a° +
in—Sub 2 C’Z) QZ 286’(“)2 a (5)2 _1

3. QA | O @* (AT
—2 +

2 ~2 ~4 2
397 2a2+w—i2acos3go+2w— A1+
4 -1Q _

2 a"‘)Z &J)z 1)2 QZ
(3.97)
~2 ~2 =6 3
+L2#iz a3cos3gp+6az%i2+2a)—3 iz
107 5 -10 & 19 "z oy @

+K

o2, @@ &t (AY
2, 24 T3 > 7l a2
9a° +w a +w (5)2_1) Q
Tir biéu thie (3.91), rd rang ning luong dau ra phu thudc vao binh phuong bién d6
chuyén viz(r),x(1), tan s6 kich dong va hé sd lién két co dién. Trong cac biéu thirc
(3.93), (3.94) nang luong dau vao co hoc phu thudc vao kich dong nén, nang lugng co
hoc hé co dién bo thiét bi thu thap ning lwong phi tuyén biéu thi qua luc dan hdi phi
tuyén (ya’) va luc ap dién (x*A). Trong trudng hop cong hudng thir diéu hoa Q= 3w, ,
khi (Q2 —w; ) >0 hodc (&’ —1)>0nang lugng dau E, ., vao co sd hang am do mot

phan ning luong ddu vao “chay nguoc tré lai” ngudn kich dong nhu da duogc thao ludn
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boi Alper Erturk va cong sy [127]. bé nang luong co hoc dau vao cb gia tri duong, tur
biéu thirc ¢6 thé nhan théy diéu kién can 1a tan sb kich dong phai 16n hon tan s tu
nhién hé¢ O’ -} >0, va & hiéu Gmg cong hudng thir didu hoa khi Q~3w, dap tng
diéu kién can dé nang luong co hoc diu vao cé gia tri duong.

Theo Alper Erturk va cong sy [127], hiéu sudt thu thap ning luong 1a ty 18 giira
ning lugng dau ra va ning luong dau vao. Pé duy tri tinh nhit quan, xac dinh hiéu
sudt bo thiét bi thu thap ning luong ap dién theo cung mot cach, tirc 1a ty sb giira ning

luong dién hitu ich tiém nang daura E,, , va nang luong co hoc dau vao E,

in—sub *

E —Su
Mo = —E Sub (3.98)

in—Sub

Hiéu suit phu thudc vao tham sé khong thir nguyén ¢, tan s6 kich dong Q, ty sb tan
s6 @, dién trd chuan héa &, hé sd lién két co dién «°, do cung phi tuyén co hoc 7,
phu thudc vao bién do kich dong nén va dap ung, goc 1éch pha @. Can luu ¥ rang hiéu
sut lién quan truc tiép dén do 1éch pha giita kich dong va dap tng, diéu nay lam phirc
tap tinh toan. Vi vay, dé dat duoc hiéu qua thu thap nang lugng cao cin xem xét téng
thé, day du ciu tao, vat liéu va phuy tai dién. Panh gia hiéu suat va anh hudng cac tham
s6 trong co hé co dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong diéu
hoa cua bo thiét bi thu thap ndng lugng ap dién, dugc Ludn an nghién ctru, khao sat, va

phan tich bang mo phong s trong phan tiép theo.

3.3.3. Hé co di¢n phi tuyén kiéu Duffing trong hiéu trng céng hwéng siéu diéu
hoa (Super harmonic resonance)
Kich dong nén 1a ham tuin hoan, dugc mé ta twong ty nhu trong trudng hop
cong hudng chinh, cong hudng thir didu hoa, nhu sau:
z=8AcosQ;z = AQsin Qt; 7 = —g AQ’ cos QU (3.99)
Trong do: A;Q lan luot 13 bién do va tan sb kich dong nén. Quan hé gitra tan sb tu
nhién (@, ) va kich dong (Q):

2 2

2 2
a)§=’: 0 - o, (m,n)=(3,1);a:%(a)§—’:—92J (3.100)
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Hé phuong trinh vi phén gitta bién do va goc 1éch pha, biéu dién boi cac biéu thic sau:

oacos¢g+
£

30Q +f£ac0s¢+f0 cos

—-3Qasin ¢ — Qf sin~———=

(¢;¢) V(9

(¢-9) Jsingﬁ (3.101)
3

oacos@+

. £
p=—7=

3aQd +(acos¢+focos(¢;¢) —3Qasing — Qfosm(¢ Q)

(@J cos¢ (3.102)

Céc toan tir trung binh cho cac phuong trinh (3.101), (3.102) dan toi:

ak’ ef,)y
a)=—=2| 26+ —=—— |a+Z2Zsin 3.103
() 2(§9Q+aj uq Y G109
(p)=% I L S P f cos (3.104)
Y175 PR To T 8 0 7R '
. cAQY’
trong do: fo= Py (3.105)
Khi (a)=0,(¢) =0, tir cac phuong trinh (3.103) va (3.104), thu dugc:
2 3
30| 264+ 9 |_ ST Gng
90’ +&* 4a (3.106)
o3y XK Iy Ry |
R Yo TP 4a Y
Tir cac phuong trinh cua biéu thire (3.106), goc léch pha duoc xac dinh boi
ak”’
39(25 +w}
tanp = - (3.107)
_ff &_377/612
7o’ +a’ 4

Tur phuong trinh thir nhat cia biéu thic (3.106) chi ra, véi 7,a, /o thi vé trai 1 sb
duong, do d6 diéu kién can 1a sin@>0. V& trai trong phuong trinh thir hai cua biéu

thirc (3.106) ¢6 thé nhan gia tri am hoac duong, do d6 goc 1éch pha nam trong khoang
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0< @ <. Loai bd goc 1éch pha (¢ ) trong cic phuong trinh cuia biéu thirc (3.106) thu

duoc quan h¢ gitra bién dd - tan so h¢ co dién, mo ta bdi bi€u thire:

2 2
90’4’ (25+9902‘%J +a’ (0'—%/612 —%fozy— 9?;21’(;2j - 7?6%6 —0 (3.108)
Biéu thire (3.108), chi ra su phu thudc gitra bién do kich dong nén (a) vao tan s6 kich
dong (Q).

Thu dugc quan h¢ gitra bién do - tan sb tir (3.108) ddi v6i hé co hoc Duffing khi
xét truong hop hé sb lién két co dién (x° =0;a=0), nhu di dugc chi & boi
Mitropolsky, N.V. Dao, N.D.Anh [116]. R0 rang tu biéu thire (3.108), chi ra bién do
(a) hé co dién ung véi hidu Gng cong huong siéu diéu hoa ton tai, cho phép danh gia
anh hudng hé sb phi tuyén co hoc » trong thu thap ning luong.

Quan hé bién do - tan sb tir biéu thirc (3.108) cho théy su phu thudc phuc tap
gifta tan s0 kich dong nén (Q) va bién do (a), rat khé dé bicu dién rd rang vé mat giai
tich va cho dén nay, theo hiéu biét tt nhat cta tac gia, hién chua c6 biéu dién quan hé
bién do- tan s cua biéu thirc (3.108) trén mot do thi. Bé khic phuc khé khan nay, luan
4n tim nghiém gan ding bac nhat QF, trong bicu thic (3.108) nhu mot ham cua bién
d6 kich dong nén [114], [115], [116].

Biéu thic gan dung bic nhit quan hé giira bién do - tin s6, mo ta bai:

o, €3y 3¢’y K’ g |e°A%? a®
Q= D L 2 LA T | 2 | 28+ 3.109
“ 9 9{ 4 128 o +a’) 9\ 2%a> 7 ¢ o +a’ (-10%

2 2 2 2 646 2 2 \2
Q(ZM_&+£(3_7a2+35_7,42+&j+£\/ﬂw§[25+ ax J(&”O)

9 9 4 128 ol +a’ ) 9\ 2%’ ) +a’

Quan h¢ gitra bién do - tan s6 cua hé nghién ctru trong hi€u img cong huong siéu diéu
hoa la do1 xirng qua truc xuong song va dugc xac dinh bdi phuong trinh sau:

2 2 2.2
=%, 3—7a2+38—7A2+% (3.111)
9 94" 18" Tqra



69

Khoang cach ngang tir truc xuong soéng (backbone) dén cac duong cong nhanh phia

trai va nhanh phia phai ctia d6 thi quan hé bién d¢ - tan sé duoc xac dinh boi:

& |e°A%? ar® )
S(a)== —7—w§[2§+ : 2] (3.112)

9\ 2*d’ W, +a

backbone

0 Qs

Hinh 3. 1. D6 thi quan hé tin s6 - bién do ctia hé co dién phi tuyén kiéu Duffing, dang giéng
don chiu kich dong nén diéu hoa véi hiéu tmg cong hudng siéu diéu hoa [2]

Do thi quan h¢ tan sb - bién do cua hé co dién nghién clru trong hiéu tng cong
huéng siéu diéu hoa duoc thé hién dudi Hinh 3. 1., v6i ), twong tng voi duong
cong nhanh (1), Q(zl) ,tuong g vo1 duong cong nhanh (/7). Cac duong cong xuong
song (dudng trung hoa) va cac nhanh dudng cong nhanh (7), nhanh (II) udn cong sang
phai do thi néuy >0, ubn cong sang trai néu y <0. Véi S, 1a diém cao nhét trén dudng
cong quan hé gitra tan s6 - bién d6 hé co dién cua bo thiét bi thu thap nang luong ap
dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén, trong hiéu tmg cong
hudng siéu didu hoa (trén Hinh 3. 1.) va dugc xéac dinh béi cac toa do (a,, , Q).

Vi S 1a giao diém cua cac duong cong nhanh (1), nhanh (II) va dudong xuong
song, thoa min diéu kién &(a)=0, khi do:

eAy

Oy = - (3.113)
2048@0(2§+ o }

w; +a’
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RO rang, khi singp=1 so sanh phuwong trinh thir nhét cia biéu thuc (3.106) va (3.113)
cho théy bién do kich dong nén dat gia tri 1on nhét. Theo do, tir biéu thirc (3.113) cho
thiy bién do 16n nhat 1a ham ting ctia hé sb phi tuyén () va bién do kich dong nén
(a), nhung 13 ham giam d6i voi hé s6 can (&) va hé sb lién két co dién («?), tan sb tu

nhién hé co dién (w,). T cac biéu thirc (3.113), (3.109) va (3.110) tan sb kich dong

nén (2, twong tng vaGi bién d6 16n nhat duge xac dinh boi biéu thire sau:

- 1/2
2 6 46 3 2 2.2
W, & 3¢°A 3¢ WK
Q,=| 2 R e (3.114)
9 9 I 128" &l +a
%) | 28+ ———
o, +a

Céc dap ung trong hé co di¢n nghién ctru tronghi€u tng cong hudng si€u diéu hoa:

2

x=acos(39t+gp)+%cos§2t (3.115)
@, —Q
3
)'c:—3Qasin(3Qt+go)—ng—stith (3.116)
wy —
B 3
—~64Qa sin(3Qt+¢)—%sin Qt +
w; —

2

3
+y(a cos(3Q +¢)+ ng—g;zcos Qtj +

0

3Qax’ .
+m(3§2 oS (3Qt + go) —asin (3Qt + go))

’ B (3.117)
+( : 521‘;(92 Q2)(§2coth—ozsith)
a + Wy —

2
-, [a cos(3Q1 + )+ ng—chos Qtj +AQ’ cos Qt
w, —Q
v(1) :£(3Qcos(3§2t+go)—asin(3Qt+¢)))+
o’ +90°
va: SAQ (3.118)

TN =) (Qcos Qt —asin Qt)
0
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Cong suét tiéu thu ning luong trén tai dién tré ngoai:

P = VI (3.119)

use—super
Tu (3.118), (3.119) va (2.62), cong sudt tiéu thu nang luong trén tai dién tré ngoai:

2

3a
900 + o

use—super =& RC 2

p

v (t)=6‘0!K2MQ|: (3Qcos (3Q1 +¢) - asin (3Qr + ) ) +

(3.120)
cAQY

+
(Q* +a’) ] - )

2
(QcosQr—asin Qt)}

Ning luong dién hiru ich tiém ning dau ra, trong mot chu ky, xac dinh béi:

7/Q 2 2 424

reM Q) 9a EAQ

use—Super = Pusedt = aKz 2 2 + 2 2 2 2.2 (3.121)
2 (907 +a*) (@ +a* Q" — )

0

Nang lugng dién hitu ich tiém ndng dau ra ti€u thu trén tai dién tré ngoai ¢ tan so kich

dong Qg ung véi bién do l6n nhata,,_ :

Pea aeMQ, L[ 9a & A*Q)
use—Super =—5 @K 2 2 + 2 2 P 2.2 (3 122)
2 90 +a” (Q;+a” )Q —w))
Theo Mitropolsky [116] va Yang [129], cong suit co hoc dau vao xac dinh boi:
 sper =M (X +2)2 (3.123)
AQY’
—{acos(39t+(o)+ 82 - coth} w, +
.
AQY
29{—3941 sin (301 + ) -~ S7Sin Qt} +
. 0
P, e Z(SMAQSIDQt) X (3.124)

3
AQ
£ ;{acos(39t+gp)+ i o coth} +

0
3Qa[3Qcos (301 + ¢) — asin (3Q1 + ¢) |
) a’+90)°
) eAQ’ (QcosQt — arsin Q)
(w; - )a® + Q%)
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Do do, ndng lugng co hoc dau vao trong mot chu ky 7 =7z /Q, xac dinh boi:

/0 e’ MA 3 . Qax?
“]infSuper = _[0 P, dr = fo| —2Q¢ - Za?/fo sime — m
(3.125)
e’ MA 9q ) 94’ 1
= Qf | 28| 1+ - |—ox - ~ St -
2 f, (9" +a) s’ (@' +a’)
Véi: in—Super = ‘“]infSuper (3126)

Tir cac biéu thire (3.122), (3.125) va (3.126), hiéu suat thu thap ning luong hé co dién

nghién ctru trong hi¢u img cong huong si€u di€u hoa, xac dinh béi:

2 2
aK’ 9261 —_— 2fo .
<9Q +a ) Q +a’)
nSuper: 9 ) 9 5 1
a 2 a
cAf, | 2¢| 1+ — |+ax -
fo 68( fozj [(992+a2)f02 (Qz_'_az)J

Tir biéu thirc (3.127) chi ra rang hiéu suat chuyén doi, thu thap ning luong (Msuper )

(3.127)

khong chi phy thudc vao tham sd cia hé, ma con phu thude truc tiép vao bién do (a) va
tan s kich dong (Q), do d6 ton tai mot gia tri hidu suit Gmg voi mdi diém trén do thi

dudng cong bién dd - tan sb. Tai diém c6 bién d va tan s6 16n nhat S (a,,,.%; )., bicu

thtrc hiéu suat cua hé co dién Duffing, dang giéng don, chiu kich dong nén diéu hoa:

2 2
peak (9QS ta ) (QS ta )
nSuper - 9a2 5 9a2 5 1
EAf, 2§(l+ma" }+a1<2 max -
‘ 1. (90; +a’) £ (@5 +a?)

3.4. Dap ing co dién ciia bd thiét bi thu thap ap dién tuyén tinh

(3.128)

Hé co dién tuyén tinh cta bo thiét bi thu thap ap dién duoc xac dinh boi hai

phuong trinh (2.63) va (2.64), khi ¥ =0, tuong tmg voi:

¥+ awjx= —g(2§x+K2v)+gA,Q2 cos Q¢ (3.129)

V+av=x (3.130)
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Nghiém cua h¢ phuong trinh lién két co dién (3.129) va (3.130) ¢ dang sau

x=D, sinQx + E, cos (3.131)
v =B, sinQr+C, cos (3.132)
Pao ham, thay cac biéu thirc (3.131), (3.132) vao céc phuong trinh (3.129), (3.130) va
can bang cic s6 hang cua sinQrva cosQr, thu dugc cac hé sd trong hai biéu thic

(3.131) va (3.132) nhu sau:

£ AQ (25 +a’) +Kar)
D, =
EQ[4Q°E + Qea+ 1) [+ (0] Q) 26X + (0] -7 ) (o +Q7) | .
eAQ? (@} ~ )@ + Q) + 6’ G139
E, =
£ [40°8 + 2 +) | +(e} —QZ)[zgmz + (w2 =) (o +Q2)]
8AQ3(2(€§Q2 —a(a)g —Qz))
B, =
£ [ 4028 + e+ k) |+ (e} —Qz)[zgmz + (0 -0*)(a? +Qz)] G

cAQ! (a)g —O +e(k” + 2§a))
£ [40°E + 2 +K7) |+ (] - )[251892 (0} -Q)(a? +22 )}

L:

Nang luong dién hiru ich ti€u thu trén tai dién trdé ngoai, véi hé tuyén tinh xac dinh béi

710 7/Q 2 zeMax (B +C?
jpu;dt—j 0 v = (B:+C0) (3.135)
C, 20
Tir cac biéu thic (2.61), (3.129), (3.131), (3.132), thu dugc:
—&| 2E(QD, cosQt —QE, sinQt)+«x” (B, sinQt +C, cosQt) |-
—ay; (D, sinQt + E, cos Q)
Ning luong co hoc dau vao hé tuyén tinh
z/Q EAM
Ep= [ M(%+2)zdt =T(a)§DL +ex”B, — 26£QE, ) (3.137)
0
Do d6, hiéu suat thu thip ning luong ap dién tuyén tinh xac dinh boi:
L ax’ (B, +C;
7y = e CALY (3.138)

E;  AQ(wlD, +sx’B, - 2650E, )

Tir biéu thire (3.138) cho thay, hiéu suét thu thap ning lwong ap dién tuyén tinh 1a ham
tang cua hé s6 lién két co dién x?va hé sb ap dién «, ty 1€ nghich voi tan sd tu nhién
a)g , tan s kich dong Q va bién dd cua luc kich dong A.
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Két luan chuwong 3
Trong chuong 3, Ludn 4n da thu duoc nhitng két qua chinh sau day:

1. Luan 4n da phat trién, mo rong phuong phap trung binh sir dung cho hé co dién
phi tuyén, chiu kich dong nén diéu hoa véi mé hinh khdi luong tap trung mot

bac tu do.

2. Tu ndi dung phét trién, mo rong ctia phuong phap trung binh sir dung cho hé co
dién phi tuyén, Luén 4n d x4c dinh cac biéu thic gidi tich cta quan hé bién do
- tan s6, cac dap ung chuyén vi, dién ap, cong suét co hoc dau vao, dau ra, nang
lugng dién hitu ich tiém ning dau vao, dau ra, va hiéu suat thu thap ning luong
ctia hé co dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén diéu
hoa trong cac hiéu tng cong hudng phi tuyén bao gdm: cong hudng chinh, cong

huong thit cAp va hé tuyén tinh twong Gmg dé so sanh.

3. Noi dung phét trién, mé rong ctia phuong phép trung binh st dung cho hé co
dién phi tuyén da duoc Tac gia Luan an kiém tra, kiém ching do tin cay. Cu
thé, Luan an di kiém chimng, so sanh biéu thirc giai tich quan hé bién d6 - tan sd
( trong ca hai trudng hop d6 1a: (1)-Khi loai bo cac tham s6 dién (a = 0;x* =0)
thu dugc quan hé bién do - tan sd cua hé co hoc; (2)-Khi so sanh voi két qua
nghién ctru cua tac gia khac; Va hiéu suat thu thap nang lugng hé co dién nghién
ctru & truong hop cong hudng chinh (khi xét hé trong truong hop tuyén tinh) voi
két qua nghién ctru cua tac gia khéc.

Mot s6 ndi dung, két qua nghién ctru ciia chuong ba dugc cong bd trén tap chi ISI [1], [2]
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Chuong 4. PHAN TiCH ANH HUONG CUA CAC THAM SO HE CO
PIEN PHI TUYEN KIEU DUFFING, DANG GIENG PON, CHIU KiCH
PONG NEN PIEU HOA TRONG CAC HIEU UNG CONG HUONG

Chuong nay Tac gia Ludn 4n st dung chuong trinh Matlab dé khao sat, danh gia anh
hudng cua cac tham sb t6i dap img chuyén vi, dién ap, cong suit co hoc dau vao, dau ra,
ning luong co hoc dau vao, nang lwrong dién hitu ich tiém ning dau ra, hiéu suét thu thap
ning luong 4p dién cua bo thiét bi thu thap niang luong voi két cdu dam cong x6n ap
dién xét & dang dao dong riéng thi nhét duoc mé hinh hoa béi mo hinh khéi luong tap
trung mot bac tu do, phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén diéu
hoa trong cac hiéu tng lién quan dén hién tuong cong hudng phi tuyén bao gém: cong
huong chinh, cong hudng tht cip va tuyén tinh twong tmg. So sanh, danh gia, kiém tra

hiéu qua ciia phuong phap dé xuat trong Luan an vé6i két qua mo phong s6.

4.1. Khio sat s6 kiém nghiém két qua

Trong tiéu muyc nay, Nghién ctru sinh thuc hién cac khao sat s sir dung phuong
phap Runge Kutta bac 4 — v4i cac cau tric 1énh ¢ sin trong phan mém MATLAB la
ham @ODE45, dé xac dinh cac nghiém cua hé phuong trinh lién két co dién phi tuyén
kiéu Duffing, xét & trudng hop cong hudng chinh, déng thdi so sanh véi cac dap ung
chuyén vi, dién ap duoc xac dinh boéi phuong phap trung binh ma Lun an d3 phat

trién. Hé céac phuong trinh (3.36) va (3.37) duoc dua vé dang sau:

. dx dx,  _
x:_:_:‘XZ;
dt dt
X, = % =X =—w’X, —5(25)?2 +yx’ +K2)T3)+5A92 cos Qr; 4.1)
= dx, a’vp _ _
Xy=——=—"=X, —Qax
dt dt

Khao sat khi thay doi bién d6 kich dong (khao sat véi A =0.1;0.2;0.3), véi cung
mot tan so kich dong tai diém 1an can xdy ra hiéu Gmg cong hudng chinh (Q* =0.9938)
va giit nguyén cac gia tri tham sb khac cua hé, nham danh gia anh huong cta bién do

kich dong t6i dap tmg chuyén vi, dién ap.
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Vi sai s6 duge dinh nghia béi:
Ode45 |_|PPTB

M 100%:  (i=1:3) 4.2)

—|Oded5
¥

L

y 1],
Sai s0 (%) =

Nhu duoc trinh bay trén Hinh 4. 1. a) va Hinh 4. 1. b), 10 rang cac duong cong
biéu dién két qua sé gan nhu triung khit (tiém cn) véi duong cong thu duge tir phwong
phap giai tich. Pong thoi, két qua sd va giai tich co cung két luan d6 1a: bién do dap
mg chuyén vi, dién ap ting manh khi ting bién do cua kich dong nén. Khi thay doi
bién d6 kich dong, sai s6 10n nhéat cua bién d6 dap tmg chuyén vi, dién ap 16n nhat
giita phuong phép s6 va phuong phap trung binh 1an luot 1a 0.0355% va 0.3791%,

dugc néu cuy thé trong Bang 4. 1.

—PPTB; A=0.1; |—PPTB; A=0.1;

— Ded5; A=0.1; | m—=10Ded5; A=0.1;

a) —PPTB; A=0.2; b) |~=—PPTB: A=0.2:

= ODe45; A=0.2; |= ODeds; A=0.2;

= - - —~—PPTB; A=0.3; ; Z p |~—PPTB: A=03;

s 3|L_, =0.9938;1=1;x°=0.015,0=1; £20.0%;¢=0.01; u?=1 ||u @ ODed5; A=0.3; - 0%=0,9938;7=1,x7=0.015;0=1; £=0.01;,c=0.01; w2=1 |s #=0De45; A=0.3:

xMié.m
o

0 0.5 1 15 2 2.5
(2% )

Hinh 4. 1. Tuong quan dap Gng chuyén vi, dién ap khi str dung mé phong sé va phuong
phap trung binh cua hé co dién phi tuyén kiéu Duffing trong hiéu (mg primary resonance
theo thoi gian khi thay doi gid trj bién do kich dong nén a, | = £AQ?

Bdng 4. 1. Két qua so sanh giita phuong phéap s va phuong phap trung binh khi thay

do1 bién dg kich dong nén trong hé co dién luan an nghién ctru

Tham | Ode45 | PPTB | Saisd | Ode45 | PPTB | Saisd | Ode45 | PPTB | Sai sb
sb (%) (%) (%)

A=0.1 A=0.2 A=0.3

max|x1| 0.0500 | 0.0500 | -0.0283 | 0.0990 | 0.0990 | -0.0402 | 0.2819 | 0.2820 | -0.0355

max|x3| 0.0353 | 0.0353 | -0.0037 | 0.0698 | 0.0698 | 0.0068 | 0.1982 | 0.1989 | -0.3791
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Tiép theo, luan an khao sat khi thay doi hé sé phi tuyén (xét véi » =0.3; 0.5; 1.0), véi
cung 1 tan sb kich dong (Q* =0.9938), bién do kich dong tng véi A=0.3 va giir
nguyén céac gia tri tham sé khac cua hé. Nhu duoc trinh bay trén Hinh 4. 2 ( tuong tng
v6i dap Gmg chuyén vi 1a Hinh 4. 2. a), dién ap Hinh 4. 2 ¢)), cac duong cong biéu dién
két qua sb va giai tich rat tiém can, rd rang két qua cac biéu thire giai tich cua dap tng
chuyén vi, dién ap thu duogc khi sir dung phuong phap trung binh trong hé co dién phi

tuyén 1a dang tin cay.

—PPTB; =0.3 —FETB =0y

0045, =0.3 0D ed5; =03
a) ~+—PPTE; +=0.5 b) ——PPTB; 1=0.5

= ODed5; 1=0.5 == ODed5; +=0.5

| |=—PPTB; ;=10 | |=—PPTB; 7=1.0

| A=0.3.0%=0992,,2=0.015; =1, £20.01=0.01; «3=1 | |ammQpeds: 1=1.0 IA=0.3;s!?=n.992;.;?=o.or5;n=1; £=0.01;¢=0.01; w?=1 | |amwOpeds: -=1.0
0.4 . . . . T : ; ; E = :
0.35
0.3
=
>
0251
0.2 " : : : :
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
v(2'x) ¥(2* )
——PPTE; 1=0.3 —PPTR: 4=0.3
= ODe45; 1=0.3 = ODe45; 1=0.3
~—PPTB; 1=0.5 ~—PPTB; 1=0.5
w0845, v=0.5 mm=ODe45; 4=0.5
C) —~4—PPTB; =1.0 d) —4—PPTE; 4=1.0
A=0.3,0°=0.992,x°=0.015;0=1; £=0.013e=001; wp=1 ]- = ODed5; 4=1.0 A=0.3;1°=0.992;x°=0.015;0=1; £=0.013=007; wp=1 ‘- = ODed5; 4=1.0
: - 0.26 | - o
02571
0.24 1 |
023f
£ € [
- Z022¢ 1
> T
0.21
- 0.2} |
“ 0.19} 1
0 0.5 1 1.5 2 2.5 3 075 0.8 085 09 095 1 1.05 1.1
th2* ) th2* )

Hinh 4. 2. Tuong quan dap tmg chuyén vi, dién ap khi sir dung mé phong s va phuong
phap trung binh cua hé co dién phi tuyén kiéu Duffing trong hiéu g primary resonance
theo thoi gian khi thay ddi hé s phi tuyén »

Tur két qua khao sat s6 cho thay dap tng chuyén vi, dién ap it bi dnh hudng boi
su thay ddi cua hé sb phi tuyén khi cac tham sd khac cua hé khong ddi, va khi hé sb

phi tuyén ting ca dap tng dich chuyén va dién ap déu giam. Khi thay doi hé sé phi



78

tuyén, sai s6 10n nhat ciia bién do dap tmg chuyén vi, dién ap 16n nhat giita phuong
phap s6 va phuong phap trung binh lan luot 12 6.9089% va 7.2163%, ung véi gia tri hé
sO phi tuyén » =1.0, dugc néu cu thé trong Bdng 4. 2

Bdng 4. 2. Két qua so sanh giita phuong phap s va phuong phap trung binh khi thay d6i hé

sO phi tuyén trong hé co dién ludn an nghién ctru

Tham | Ode45 | PPTB | Saisd | Ode45 | PPTB | Saisd | Ode45 | PPTB | Sai sd
56 (%) (%) (%)
y=0.3 y=0.5 y=1.0
max|)_cl| 0.3588 | 0.3360 | 6.3545 | 0.3508 | 0.3510 | -0.0570 | 0.3358 | 0.3590 | -6.9089
max|)_c3|

0.2525 | 0.2371 | 6.0805 | 0.2468 | 0.2477 | -0.3501 | 0.2363 | 0.2533 | -7.2163

|—PPTB; n?=0.9702
m—()Ded5; (1°=0.9702
~o—PPTE; (1°=0.9801
a 2
==QDed5; 1°=0,9801 b)
=4 PP TB; 17=0.9900
" ® ODeds; 1°=0,9900

——PPTB; 1°=09702
—(Dad5; (1°=0.9702
~PPTB; N?=0.9801
==(Ded5; (1°=0.9801

>=PPTE: 0%=0.9900
|A=03:7=1:4%=0015,0=1; £0.01,c=0.0%; w2=1 | |8 @ 0De4s; 12=0.9900

A

A=0.3;7=1;+=0.015,0=1; £20.01;¢=0.01; 2=1 |

0.3,

0.2

Main

3

—PPTE; 07=1.01 [—PPTE: 02=1.01

—C0eds; (17=1.01 | D eds: 072101

~+—PPTB; (17=1.02 |- ppTE: n7=1.02

C) = ODed5; 1°=1.02 | = 0peds: 17=1.02

——ppTE; (1?=1.03 d) | ~e=ppTE: N2=1 03

L oP=1 i . 2=1,

| A=0.3;7=1,5"20.015;0=1; £20.01,e=0.01; w2=1 | = ODed5; (1°=1.03
0.4 : . - .

A=D.3;9=1;57=0.015;a=1; £20.01;e=0.07; Cruill] |w ® ODe4s: 0?=1.03

0.2

XMBin
o

-0.2
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Hinh 4. 3. Tuong quan dap Gmg chuyén vi, dién ap khi str dung mo phong sé va
phuong phap trung binh ctia hé co dién phi tuyén kiéu Duffing trong hiéu g primary

resonance theo thoi gian khi thay doi tan s kich dong Q
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Cudi ciing, Luan an khao sat khi thay doi tan sé kich dong (xét véi tan sb kich
dong gan vung nhanh trai va nhanh phai cua lan cin cong hudng chinh, twong tng véi
Q’ =0.9702; 0.9801; 0.99 va Q°=1.01; 1.02; 1.03 ), v6i cung bién do kich dong
tmg voi A=0.3 va giit nguyén cac gia tri tham s khac ctia hé co dién phi tuyén. Nhu
dugc trinh bay trén hinh Hinh 4. 3. a), Hinh 4. 3. b) (twong tmg voi dap tng chuyén vi
va dién dp ¢ nhanh tréi ctua 1an can cong huoéng) va Hinh 4. 3. ¢), Hinh 4. 3. d) (tuong
mg voi dap Gmg chuyén vi va dién 4p ¢ nhanh phai cta 1an can cong huodng), cac
duong cong biéu dién két qua sb va giai tich rat tiém can, 16 rang két qua cac biéu thirc
giai tich ctia dap ung chuyén vi, dién ap thu duoc khi sir dung phuwong phép trung binh
trong hé co dién phi tuyén 1a dang tin cay.

Bdng 4. 3. Két qua so sanh gitta phwong phéap sé va phuong phép trung binh khi thay

doi tan so6 kich dong trong hé co dién luan an nghién ctru

Tham | Ode45 | PPTB | Saisd | Ode45 | PPTB | Saisd | Ode45 | PPTB | Sai s
50 (%) (%) (%)

€Q2=0.9702 €2=0.9801 €Q2=0.99

max|x1| 0.1000 | 0.1000 | 0.0000 | 0.1490 | 0.1490 | 0.0000 | 0.2809 | 0.2810 | -0.0356

max|x3| 0.0701 | 0.0702 | -0.1019 | 0.1044 | 0.1048 | -0.3739 | 0.1974 | 0.1989 | -0.7685

Tham | Ode45 | PPTB | Saisd | Ode45 | PPTB | Saisd | Ode45 | PPTB | Sai sd
SO (%)) (%) (%)

Q=101 Q=102 Q=103

max|xl| 0.3302 | 0.3300 | 0.0743 | 0.1533 | 0.1510 | 1.4816 | 0.1026 | 0.1000 | 2.5717

max |)_c3 |

0.2331 | 0.2339 | -0.3680 | 0.1091 | 0.1073 | 1.6148 | 0.0740 | 0.0712 | 3.8027

Cu thé, khi thay doi tan s6 kich dong nén, sai s6 16n nhat cia bién d6 dép ng
chuyén vi, dién ap 16n nhit giira phuong phap sé va phuong phép trung binh 1an luot
14 2.5717% va 3.0827%, twong tng khi khao sat voi cac tan s6 kich dong & nhanh phai
cta 1an can cong huong chinh (Q? =1.01; 1.02; 1.03), cu thé trinh bay trong Bdng 4.

3. O cac tan sd phia nhanh trai cua 1an can cong hudng chinh (véi ©QF =0.9702;
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O? =0.9801; O =0.99), khi tan s kich dong ting bién do cac dap ung chuyén vi va
dién 4p ting theo, nguoc lai & cc tin sd ¢ nhanh phai cta 1an cin cong huong chinh
khi tan sb kich dong ting bién do dap ung chuyén vi va dién 4p lai giam. So sanh giita
khao sat s6 va giai tich cho thay dap tng chuyén vi, dién 4p ting manh khi tan s kich
dong tién sat vé tan sd tu nhién cua hé, diéu nay cling da dugc Alper Erturk va cong su
[127] khang dinh trong cic nghién cru cia minh. Dong thoi, cac két qua tinh toan sd
pht hop quy ludt co hoc, diéu ndy c6 tac dung tiép tuc khing dinh su phu hop cua

thuat toan, do tin cay cua chuong trinh tinh da lap.

4.2. Phan tich, khao sit znh huong ciia tham sé hé co dién phi tuyén kiéu Duffing,
dang giéng don, chju kich déng nén diéu hoa véi mé hinh khoi lwong tap trung
mot bac tu do trong hiéu irng cong hwéng chinh

4.2.1. Tham sé khdo sdt hé co dién trong hiéu ikng cong hwéng chinh
Cac tham sb Luan an lua chon khao sat hé co dién cua bo thiét bi thu thap, khai
thac nang lugng 4p dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén

diéu hoa, trong hiéu irng cong hudng chinh nhu sau [2], [3]:

e=0.0Law, =1;¢ =(0.01;0.1;0.3); » = (0.15;0.3;0.5;1);

4.3)
a =(0.05;0.5;1);x° =0.015; A = (0.1;0.3;0.5);

4.2.2. Anh hwéng ciia cdc tham sé tdi quan hé giiva bién dj - tan so
T biéu thuc (3.56), quan h¢ gitra bién do - tan s hé co dién duoc khao sat trong

hiéu tng cong huéng chinh khi thay doi bién do kich dong nén a, = £AQ, hé s6 phi

tuyén lap phuong y, hé sd can &, hé s6 lién két co dién x* dugc trinh bay trén Hinh 4.
4, Hinh 4. 5, Hinh 4. 6 va Hinh 4. 7. Cac nhanh biéu dién duong cong bién d¢ - tan sb
hé co dién co dién tién hanh khao sat, trong hi¢u ting cong hudng chinh dff)ng dang voi
hiéu Gng cong hudng siéu diéu hoa va hé co hoc thuan tay [115], [116]. Diéu d6 khang
dinh cac tham sb co dién (hé sb ap dién o, hé s6 lién két co dién «*) khong anh hudng
t61 dang duong cong bién do - tan sd, anh hudng cua cac tham s hé bao gdm: hé sd can

&, hé s6 phi tuyén y 1én quan hé bién do - tin sb twong ty hé co hoc thudn tuy.
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Hinh 4. 4. Quan hé bién do - tan sb ctia hé
co dién phi tuyén kiéu Duffing trong hi¢u
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Hinh 4. 5. Quan hé bién do - tan sb cua hé
co dién phi tuyén kiéu Duffing trong hi¢u
g cong huong chinh, khi hé s6 phi tuyén
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Hinh 4. 7. Quan hé bién do - tan s6 cta hé

co dién phi tuyén kiéu Duffing trong hi¢u

g cong hudng chinh, khi thay doi hé s6
lién két co dién «>

Tiép theo, bién d6 dinh ctia duong cong bién do - tdn sé co budc nhay manh khi
tang gia tri bién d6 kich dong nén (Hinh 4. 4.), nhung gan nhu it thiy sy thay doi trong
truong hop gia ting gia tri hé s6 phi tuyén lap phuong y (Hinh 4. 5.), cic nhanh duong
cong bién d6 - tan s6 co xu hudng nghiéng vé phia phai clia hé toa d6 0aQ* khi ting
bién d¢ kich dong nén va hé sd phi tuyén 1ap phuong, nghiéng vé phia trai ciia hé toa

d6 0aQtrong trudng hop nguoc lai va tién gan vé cac dudng cong hé co dién tuyén



82

tinh twong Gmg. Pdng thoi, gia tri bién d6 dinh cta hé co dién phi tuyén (biéu thirc
(3.63)) ludn cao hon trong khi dudng biéu dién truc trung hoa gitta hai nhanh cua
duong cong bién d6 - tan sd hé co dién phi tuyén tring v6i hé tuyén tinh twong Gng khi
khao sat voi ciing mot bo tham sé dau vao. Rd rang, hé co dién phi tuyén dai tan sb &
trang thai cong hudong chinh 16n hon hé tuyén tinh twong tmg, qua d6 cho phép mo
rong dai tan sO lam viéc cua bd thiét bj thu thap, khai thac nang lugng ap dién. Nhu
duogc trinh bay trén Hinh 4. 6 va Hinh 4. 7, toa d6 cyc tri (a,,,, ;Qi) c6 budc nhay giam
khi gia ting gia tri hé sb6 can & (Hinh 4. 6) va hé s6 lién két co dién «° (Hinh 4. 7), cac
nhanh duong biéu dién quan hé bién do - tan s6 c6 xu hudng nghiéng manh vé phia
phai d6 thi khi giam gia tri hé s6 can va hé sb lién két co dién. Diéu d6 cho thiy, kha
ning mo rong dai tan sb 1am viéc hé co dién phi tuyén gan ving cong hudng chinh tot
hon khi gié tri hé s6 lién két co dién nho.

4.2.3. Anh hwong ciia cdc tham sé téi ddp g chuyén vi, dién dp, cong suit co

hoc dau vao, dau ra

[ = A=001:.221,62001; 4=1:1%200150=1 221362001, 1=1.0:4%20,0150=1
= A=0.10,05=1:£20.01; 4=1,67=0015,0=1 ; 7=0.5:x=0.015;0=1
— A=0.30=1,620.01; 1= 17 =0.0150=1 )1; 1=0.15,4"=0.015;0=1
a) sees AS0.30,07=1,620.01; 4=0,17=0.015,0=1

Main

0 D.JS TI 1.-5 :2 2?5 3 0 0.5 1 ‘I.I5 2 2‘.5 3
t(2*x) ¥(2*x)
Hinh 4. 8. Dap tmg chuyén vi ctia hé co dién phi tuyén kiéu Duffing trong hiéu tmg
primary resonance, tuyén tinh theo thoi gian véi cac gia tri bién do kich dong nén
a. =&AQ’ vahé s phituyén y

<, peak

Tir cac biéu thire (3.40), (3.131) va (3.133), dap ung chuyén vi hé co dién duoc
khao sat & hiéu ung cong hudng chinh, tuyén tinh twong tng theo thoi gian trong céc

truong hop thay d6i bién do kich dong nén a. =&AQ’, hé s6 phi tuyén 1ap phuong

peak

¥, voi cac tham s6 (4.3), va trinh bay trén Hinh 4. 8. a) va Hinh 4. 8. b).
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Cu thé, bién do dap ung chuyén vi ty 18 thuan, ting manh véi sy gia ting gia tri
bién d¢ kich dong nén, trong khi it anh huéng boi su thay doi gia tri hé sb phi tuyén
1ap phuong. Tuy nhién, gia tri bién do dap Gmg chuyén vi cia hé co dién phi tuyén

luén cao hon nhiéu hé tuyén tinh twong g khi c6 cung tham sé dau vao.

Tir cac biéu thic (3.65), (3.132), va (3.134), cac duong cong dang tuan hoan biéu
dién dap ung dién 4p hé co dién dugc khao sat ¢ hiu ung cong hudng chinh, tuyén
tinh twong tmg theo thoi gian trong cac truong hop thay doi bién do kich dong nén
a. = £AQ’, hé sb phi tuyén lap phwong y, trinh bay trén Hinh 4. 9. a) va Hinh 4. 9.
b). Twong tu nhu bién do ap ung cuia chuyén vi, bién do dap ung dién ap ty 1¢ thuan,
taing manh v&i sy gia tang gia tri bién do kich dong nén, trong khi it anh hudng boi sy
thay doi gia tri hé sé phi tuyén lap phuong, nhung van 16n hon rat nhiéu so v&i hé

tuyén tinh trong tg khi khao sat cting bo tham sé.

. g i S ] -

= A=001u7=1:€20.01; v=1:n7=0.018:021 O Dt
- 2od e T - »

== A=0.10::221:£20.01; ~=1;4720.015:0=1 B e

a) —A=0.30,u=16=0.01; 1=1:7=0.0150=1 © 4=0.15::2=0,015;0=1
B B o i

saes A=0.30,u21,620.01; ~=0;1=0.015:0=1 © 20.0:42=0.015:0=1

0 0.5 1 1.5 2 25
t(2*x)

Hinh 4. 9. Pap ting dién ap ctia hé co dién phi tuyén kiéu Duffing trong hiéu tng primary
resonance, tuyén tinh theo thoi gian vai cac gia tri bién dg kich dong nén a. = sAQY

1k

va hé sb phi tuyén y

Cong sudt co hoc dau vao hé co dién duoc khao sat & hiéu ung cong hudng
chinh, tuyén tinh twong Ung theo thoi gian trong cac truong hop thay doi bién do kich
dong nén a, ~=&AQ’, hé s6 phi tuyen 1p phuong 7, tir cie bieu thuc (3.73) duge
trinh bay trén Hinh 4. 10. a) va Hinh 4. 10. b), v6i bo s6 liéu khao sat (4.3). Cu thé, gia

tri bién do nang luong co hoc dau vao hé co dién phi tuyén ty I¢ thuédn véi su gia tang



84

gia tri bién do kich dong nén va hé sb phi tuyén lap phuong, ddng thoi 16n hon rat

nhi€u so vo1 hé tuyén tinh twong ing.

= = A=0.05:.7=1:=0.01; 1=1:57=0.015,0=1 = = A=0.30:u2=1:620.01: 7=1.0:4720.015:=1

== A=0.10:551:620.01; 7= 1:67=0.015,0=1 ===+ A=0.30;u]=1:620.01; 1=0.5:5"=0.015,0=1

——A=0.30,7=1;6=0,01; 7=1,x*=0.015,0=1 —— A=0.30;u2=1:£=0.01; 1=0.15x"=0.015;a=1
a) o b) 0

——A=0.30,7=1:620.01; 7=01x"=0.01670=1 smee A=0.30:u7=1:6=0.01; 4=0.0:7=0.015:0=1

e

5 2 : ; J 3
v(2*r)

Hinh 4. 10. Cong suit co hoc dau vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
{ng primary resonance, tuyén tinh theo thoi gian véi cc gia tri bién do kich dong nén
a. =¢&AQ’vahé s phi tuyény

Zpeak
(= -A=0.05.21;6=0.01; 7=15%=0.015;0=1 = = A=D30=1i€0.01; 1=1.0:x°-0.015ia=1
= = A=010,21:60.01; 4=1:7=0. 01501 === A=0.30;.3=1:6=0.01; +=0.5;"=0.015:0=1
o o2 " e
_._,q=0.30;_§=|._r_=0.01; ~=1n2=0.015:021 b) 1 7=0.15"=0.0150=1
a) = A=0.30.2=1;6=0.01; +=0:x’=0.015a=1  7=0.0;7=0.018:0=1
0.012 T T : = - 0.012 =
0.01 0.014
oio8 0.008
. ;
2 » 0.006
E 0.006 .
o
0.002 0.002
0 ] - - ; 0
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Hinh 4. 11. Cong sut dién hitu ich tiém ning dau ra cua hé co dién phi tuyén kiéu
Duffing trong hiéu ng primary resonance, tuyén tinh theo thoi gian véi cac gia trj bién
do kich dong nén a, = &AQ’ va hé s6 phi tuyén y

Tuong ty nhu cong suat co hoc dau vao, cong suat dién hiru ich tiém nang dau ra
hé co dién dugc khao sat trong hi¢u tng cong hudng chinh ty 1€ thudn vdi su gia tdng
gia tri bién do kich dong nén va hé sb phi tuyén 1ap phuong. Nhu duogc trinh bay trén

Hinh 4. 11. a) va Hinh 4. 11. b), tir biéu thirc (3.69) cac duong cong c¢6 dang tudn hoan
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theo chu ky, thém vao do6 bién do kich dong nén tac dong manh hon anh hudéng cua hé
s6 phi tuyén lap phuong, cong suit dién hitu ich tiém ning hé co dién phi tuyén 16n

hon rat nhiéu so v6i hé tuyén tinh twong tng.

4.2.4. Anh hwéng ciia cdc tham so t6i ning lwong co hoc diu vao, ning lwong
dién hitu ich tiém ning dau ra, hiéu sudt thu thip nang lwong

Tir cac biéu thuce (3.74), (3.70), (3.137) va (3.135), anh hudéng cua hé sb lién két

co dién x° t6i nang lugng co hoc dau vao, nang lugng dién hitu ich tiem nang dau ra

hé co dién dugc khao sat trong hi¢u ing cong hudng chinh, hé tuyén tinh tuong tng,

biéu dién trén Hinh 4. 12.

<1072
8 — =1; £=0.01; +=0.015; a=1;:=0.01;
k ; w?=1; £20.01; 7=0.000; a=1;¢=0.01;
7 == A=0.10; w221} £20.01; 1=0.015; a=1:=0.0%;
i a) —A=0.10; u7=1: £20.01: 4=0.000: a=1:¢=0.01;
o B
1
[ b)
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Hinh 4. 12. Nang lugng co hoc dau vao cia hé co dién phi tuyén kiéu Duffing trong hiéu
ung primary resonance, tuyén tinh theo hé s6 lién két co dién x? véi cac gia tri bién do
kich dong nén a, = £AQ va hé s6 phi tuyén y

Cu thé, nang luong co hoc dau vao hé co dién phi tuyén giam trong khi h¢ tuyén
tinh twong Ung ting manh va dat cyc tri, sau d6 giam dan tuyén tinh tiém can duong
biéu dién hé co dién phi tuyén khi gia tri hé so lién két co dién ting (Hinh 4. 12.a)).
Piém dat cuc tri cla nang lugng co hoc dau vao hé tuyén tinh ludn théip hon hé co dién
phi tuyén tai mdi gia tri ciia hé sb lién két co dién, dudng biéu dién ning luong co hoc
dau vao hé co dién phi tuyén ludn nim trén hé tuyén tinh twong tng trén dd thi voi
moi gia tri ciia bién d6 kich dong nén. Nguoc lai, duong biéu dién nang luong dién
hiru ich tiém nang hé tuyén tinh nam trén hé co dién phi tuyén twong @mg khi c6 cling

bd tham s6 khdo sét, cac dudong cong biéu dién ning lugng dién hiru ich tiém ning véi
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ca hai hé co dién phi tuyén va tuyén tinh déu ting manh khix* ~ (0—0.1), dat diém
cuc tri va sau do giam tuyén tinh, tuy nhién diém cuc tri hé co dién phi tuyén dat sém
hon khi gia tri hé s6 lién két co dién nam trong dai x* =~ (0—0.015) (Hinh 4. 12.b)). Ca
nang lugng co hoc dau vao va ning luong dién hiru ich tiém ning hé co dién phi tuyén
déu ty 1& thuan voi sy gia tang gia tri bién do kich dong nén va hé sd phi tuyén lap
phuong, tuy nhién anh hudng cua bién d6 kich dong nén t6i ning luong co hoc dau
vao 13 rét hon hé s6 phi tuyén lap phuong téi ning lugng dién hitu ich tiém ning.

Tiép theo, trén Hinh 4. 13. a) va Hinh 4. 13. b), anh huéng cua hé sé ap dién «
té1 nang lugng co hoc dau vao, nang lugng dién hitru ich tiém nang diu ra hé co dién
dugc khao sat trong hiéu tng cong huéng chinh, hé tuyén tinh twong ng, duoc trinh

bay tir cac bidu thirc (3.74), (3.70), (3.137) va (3.135).

—A=0.05; .»-;=1: £=0.01; 9=0.15; x°=0.015; n=1;¢=0.01; Main |aw= A=0.08; w3=1; £20.01; 42015, »*=0.018; 1=1;:=0.01; Main
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Hinh 4. 13. Nang luong co hoc ddu vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
{mg primary resonance, tuyén tinh theo hing s6 ap dién a véi cac gia tri bién do kich
dongnén a, =&AQ’ va hé sb phi tuyén »

RS rang, ning lugng co hoc dau vao, ning luong dién hitu ich tiém ning ty 18
thuan voi sy gia tdng gia tri bién do kich dong nén, va 1én hon rat nhiéu so véi hé
tuyén tinh twong tmg. Trong d6, ning luong co hoc dau vao hé co dién phi tuyén la
ham giam khi gia tri hé s6 ap dién nam trong ddi o ~ (0—1), sau d6 dat cyc tiéu va tro
lai 12 ham tang khi o ting dan. Nguoc lai, nang lugng hitu ich tiém ning 1a ham tang

khi gi4 tri hé s6 ap dién nam trong dai « ~(0—1), dat cyc dai khi @ ~1 va giam tuyén

tinh khi hé s 4p dién tang dan trong ca hé phi tuyén va tuyén tinh co dién.
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Anh huong cua hé s can & t6i nang luong co hoc dau vao, nang luong dién hitu
ich tiém nang dau ra hé co dién dugce khao sat trong hi€u ung cong hudng chinh, hé
tuyén tinh twong tng dugc trinh bay trén Hinh 4. 14. a) va Hinh 4. 14. b), 16 rang
duong biéu dién ning luong co hoc dau vao hé co dién phi tuyén ludn ndm trén so véi
hé tuyén tinh tuong Gmg voi moi gia tri thay d6i cta hé s can, hé co dién phi tuyén 1a
ham giam trong khi hé tuyén tinh twong ng 1a ham ting khi hé s6 can nam trong
dai & ~ (0—0.05), dat dinh cyc tri va giam dan khi gia tri hé sd can ting dan ddi véi
nang luong co hoc dau vao va ning lugng dién hiru ich tiém ning. Tuong tu nhu ning
lugng co hoc dau vao, nang luong dién hitu ich tiém ning hé co dién phi tuyén 1a ham

giam khi gia tri cua h¢ so can tdng dan.
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Hinh 4. 14. Nang lugng co hoc dau vao ciia hé co dién phi tuyén kiéu Duffing trong hiéu
g primary resonance, tuyén tinh theo hé s6 can & véi cac gia tri bién do kich dong nén
a.

Zpeak

Nhu dugc thé hién trén Hinh 4. 15. a) va Hinh 4. 15. b), nang lugng co hoc dau

= gAQY va h¢ s6 phi tuyén .

vao hé co dién phi tuyén 1a ham ting tuyén tinh ciia hé s phi tuyén lap phuong, trong
khi 13 ham giam manh déi v6i hé tuyén tinh twong tng. Cu thé, ning luong co hoc dau
vao hé co dién phi tuyén 1én hon nhiéu so v6i hé tuyén tinh tuong ing véi su gia ting
gia tri hé s phi tuyén lap phuong, nguoc lai ning luong dién hitu ich tiém niang hé co
dién phi tuyén 1a ham giam, nhung 16n hon nhiéu so véi hé tuyén tinh twong tng khi
hé s phi tuyén 14p phuong nam trong dai » <0.05, sau d6 giam tuyén tinh va tiém can

(gan sat) véi cac duong cong hé co dién phi tuyén tuong Gng.
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Hinh 4. 15. Nang luong co hoc dau vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
ung primary resonance, tuyén tinh theo hé so phi tuyén y véi céc gia tri bién do kich dong
nén a. =cAQ’

Z peak
Tu cac biéu thirc (3.75), (3.138) anh hudng cta hé so lién két co dién 2, hé so
ap dién «a, h¢ s6 can &, he¢ $6 phi tuyén y té1 hi¢u suét thu thap ndng luong h¢ co
dién tién hanh khdo sat, trong hiéu ung cong huong chinh, hé tuyén tinh tuong tng

duoc biéu dién trén Hinh 4. 16, va Hinh 4. 17.
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Hinh 4. 16. Hiéu suat thu thap niang luong ctia hé co dién phi tuyén kiéu Duffing trong
hiéu tmg primary resonance, tuyén tinh theo hé s6 lién két co dién «2, hang sb ap diéna
voi céc gi tri bién d6 kich dong nén a. = eAQ’

Nhu dugc biéu dién trén Hinh 4. 16 va Hinh 4. 17, hiéu suit hé co dién tuyén
tinh 16n hon nhiéu so v4i hé co dién phi tuyén twong (mg khi ciing bd tham sé khao sat

dau vao, bén canh d6 hiéu suét 1a ham tang tuyén tinh ddi vai hé co dién phi tuyén. Cu
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thé, voi cing gia tri bién do kich dong nén, cac duong biéu dién hiéu suat hé tuyén tinh
la ham tang cua hé s6 lién két co dién, tang manh khi hé s6 lién két co dién nam trong
dai x* =~ (0—-0.1);sau d6 ting nhe véi su gia ting cta hé s6 lién két co dién (Hinh 4.
16. 2)). Khao sat anh hudng cia hé sd ap dién, duong biéu dién 1a ham ting manh, dat

dinh khi & ~1 sau d6 giam dan tuyén tinh ( Hinh 4. 16. b)).
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Hinh 4. 17. Hiéu suét thu thap ning luong ctia hé co dién phi tuyén kiéu Duffing trong
hiéu tmg primary resonance, tuyén tinh theo hé s6 can & va hé sé phi tuyén y vdi cac gia
trj bién do kich dong nén a, = =e£AQ’

Nhu duogc thé hién trén Hinh 4. 17. a), hiéu suét thu thap nang lugng hé co dién
tuyén tinh 1a ham giadm vai sy gia tdng cuia hé sb can, cu thé, duong biéu dién hiéu suit
hé tuyén tinh c6 d6 dbc 16n (giam manh) khi &~ (0—0.05), sau d6 giam tuyén tinh khi
gia ting gia tri hé sb can. Tiép theo, cac dudng biéu dién danh gia anh hudng cua hé sb
phi tuyén lap phuwong téi hiéu suét thu thap ning luong hé co dién phi tuyén va tuyén
tinh gﬁn nhu song song, c6 xu huéng giam, vaoi dac diém ndi bat 1o rang hi¢u suét hé
tuyén tinh lu6n 16n hon so vé&i hé phi tuyén twong tmg khi c6 cling bd tham s khao sat
(Hinh 4. 17. b).
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4.3. Phén tich, khao sat anh huwéng cia tham so hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich dong nén diéu hoa véi md hinh khdi hrong tap trung

mét béc tw do trong hiéu ng céng hwéng thir dicu hoa
4.3.1. Tham sé khdo sdt hé co dién trong hi¢u ikng céng hwéng thiv diéu hoa

Céc tham sb dugc Luan 4n lua chon khao sat hé co dién cua bo thiét bi thu thap
nang luong ap dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén diéu
hoa, trong hiéu tng cong hudéng thir diéu hoa nhu sau [1] :

e=0.0Law, =1;¢ =(0.01;0.02;0.3); » = (0.05;0.5;1);

4.4)
a =(0.05;0.5;1);x° =0.015; A = (10;20;30;50);

4.3.2. Anh hwéng ciia cdc tham sé téi quan hé giiva bién d - tan so
Tur biéu thuc (3.86), quan h¢ gitra bién do - tan sd hé co dién duge khao sat trong
trang thai hiéu tmg cong hudng thir diéu hoa, thé hién trén Hinh 4. 18., khi thay doi cac
gi tri ctia hé s6 phi tuyén lap phuong =0.3; 7=0.5; 3=1; vdi ciing bién do kich dong nén
trong hai truong hop xét véi & =0.3 (Hinh 4. 18.a)) va £=0.01 (Hinh 4. 18.b)).
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Hinh 4. 18. Quan hé bién d6 - tAn sd ctia hé co dién phi tuyén kiéu Duffing trong hiéu tng
sub-harmonic, khi hé s6 phi tuyén thay ddi =0.3; 7=0.5; »=1; v6i cling bién do kich dong
nén trong 2 truong hop & =0.3; £=0.01

R rang, khi ¢ cung gi tri bién do kich dong nén (a, = eAQY | véi A=50) gia
tri bién do dap tng chuyén vi ting manh rd rét khi hé s6 phi tuyén 1ap phuong giam
dan, xét trong trudong hop gia tri cia hé s6 can £&=0.3 va chi ting nhe khi hé sb phi

tuyén 1ap phuong giam dan, xét trong trudng hop gia tri hé sd can £=0.01, dudng
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cong biéu dién hai nhanh d6 thi c6 xu huéng nghiéng manh vé truc tan sb kich dong Q

khi ting gid tri cua hé s phi tuyén 1ap phuong () .

Quan h¢ gifra bién do - tan s6 cua hé co dién duoc khéao sat trong hi¢u trng cong
huong thir diéu hoa, biéu dién trén Hinh 4. 19, xét cac trudng hop cho gid tri hé s6
can ¢ thay doi. RS rang voi cung bién do kich dong nén gia tri cua bién do dap tng
chuyén vi ting, khi hé sb can ting 1én tng v6i mbi tan sb kich dong, toa do cua cip gia
tri (a,Q?)- diém giao nhau giita hai nhanh ctia dudng cong bién do-tan sb co xu
hudng day 1én cao, trong hé toa d6 (0aQ)?) anh hudng cia hé s lién két co dién ()
trong quan h¢ gitra bién d§ - tan sd hé co dién duoc khao sat trong hi€u ng cong
hudng thi diéu hoa, thé hién trén Hinh 4. 20. Khi hé s6 lién két co dién bang 0
(x* =0), khao sat cac dudng cong bién do - tan sb ctia hé co hoc Duffing twong tng, cac
dudng cong nay nam sat va gan nhu tring voi duong cong hé co dién phi tuyén. RS rang

anh huong ctia hé so0 lién két co dién «* trong quan hé gitra bién do - tan so 1a nho.
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Hinh 4. 19. Quan hé bién dd - tan sb cua
hé co dién phi tuyén kiéu Duffing trong
hiéu itmg sub-harmonic, khi hé s6 can thay
dbi &=0.01; &=0.2; £&=0.3; v6i ciing bién do
kich dong nén

Hinh 4. 20. Quan hé bién d6 - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hiéu
ung sub-harmonic va hé co hoc, khi hé $6
can thay dbi &=0.01; £&=0.3; v6i cuing bién

d6 kich dong nén

Anh huéng cua bién do kich dong (a. = £AQ?) trong quan hé giira bién do - tan sd

cua h¢ co dién dugc khao sat ¢ hi¢u rng cong huong thi diéu hoa dugc trinh bay trén

Hinh 4. 21 va Hinh 4. 22, vo6i hai gia tri cia can £=0.3, £&=0.01. R0 rang, khi bién do
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= gAQ’; voi A=30; A=50; A=90) diém xay ra hiéu tng

peak

cong huong thir diéu hoa sdm hon (ing véi cip bién d6 dap tmg a va tan sb kich dong

nén Q nho hon), dong nghia hé co dién dang khao sat, hidu tng cong huong tht diéu

hoa xay ra sém hon khi tan s kich dong nho va bién do kich dong 16n, trong trudng

hop gia tri caa hé sb can 16n (&=0.3; Hinh 4. 21). Nguoc lai khi hé sb can nho

(&=0.01), hé co dién phi tuyén kiéu Duffing x4y ra hiéu tmg cong hudng thir diéu hoa

som hon khi gié tri cua bién do kich dong nén nhé (Hinh 4. 22).
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Hinh 4. 21. Quan hé bién d0 - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hiéu
ung sub-harmonic, khi bién do kich dong

nén a, ~=&AQ’ thay doi véi £=0.3
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Hinh 4. 22. Quan hé bién d6 - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hiéu
ung sub-harmonic, khi bién do kich dong

nén a, ~=&AQ’ thay doi tmg voi &=0.01
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Hinh 4. 23. Quan hé bién do - tan s6 cta hé co dién phi tuyén kiéu Duffing trong hiéu

mg sub-harmonic, khi thay doi hé s ap dién o
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Anh huéng cua hé sb ap dién a trong quan hé giira bién do - tan sb cta hé co
dién ddi v4i hé co dién duoc khao sat trong hi€u ing cong huong thi diéu hoa, trinh
bay trén Hinh 4. 23, v6i cac gia tri thay d6i ciia a =0.05;a =0.5;a =1; Nhu dugc thé
hién trong hinh Hinh 4. 23. a), hai nhanh ctia d6 thi ing véi cac gia tri khac nhau ctia tham
sO o gan nhu trung khit nhau (Hink 4. 23. b) — hinh phong to), két qua khao sat chi ra rd

rang hé s 4p dién tac dong nho t6i quan hé bién do - tan sd trong hé co dién phi tuyén.
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Hinh 4. 24. Quan hé bién d9 - tan s6 cua hé co dién phi tuyén kiéu Duffing trong hiéu
mg sub-harmonic, tuyén tinh v&i cac gid tri bién do kich dong nén a. = gAQY

Puong biéu dién hai nhanh dudng cong quan hé bién d6 - tan sd cta hé co dién
dugc khao sat trong hiéu timg cong hudng thir diéu hoa, va hé co dién tuyén tinh trong
ung voi gia tri cia bién do kich dong (a.w = gAQ’; v&i A=50) va vdi cac gia tri khac
nhau cua bién do (az.mk =eAQ’; voi A=10; A=20; A=30) biéu dién 1an luot trén cac
Hinh 4. 24.a) va Hinh 4. 24.b). Két qua khao sat cho thiy, véi cing gia trj ctia bién do
kich dong nén hai nhanh dudng cong bién d6 - tan sé hé co dién phi tuyén déu nim
phia trén hé tuyén tinh khi bién do kich dong nén nho (a, =&AQ; v6i A=10), khi
bién do kich dong nén ting 1én (a.z.mk = &AQY; voi A=20; A=30 - Hinh 4. 24.b) va A=
50-Hinh 4. 24.a)) duong biéu dién hé tuyén tinh cit cdc nhanh cua hé co dién phi
tuyén kiéu Duffing tai hai diém (Ung vé6i hai nhanh ctia dudng cong hé co dién phi
tuyén), tai d6 cac dap ng bién do - tan sb hé tuyén tinh va phi tuyén 1a twong dong.

Tuy nhién duodng cong hé co dién tuyén tinh nam dudi cdc duodng cong biéu dién hé
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phi tuyén tuwong tng, dai tin sd 1am viéc cua hé co dién phi tuyén gan ving cong
hudng thtr diéu hoa rong hon hé tuyén tinh.
4.3.3. Anh hwéng ciia cdc tham so téi dap vng chuyén vi, dién dp, cong sudt co
hoc dau vao, dau ra
Tir cac biéu thire (3.12), (3.80), (3.131) va (3.133) dap tng chuyén vi ctia hé co
dién duoc khao sat trong hiéu Gmg cong huong thi didu hoa, tuyén tinh theo thoi gian
v6i cac gia tri khac nhau cta bién do kich dong nén va hé sb phi tuyén trinh bay trén

Hinh 4. 25. a) va Hinh 4. 25. b).
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Hinh 4. 25. Dap ung chuyén vi ctia hé co dién phi tuyén kiéu Duffing trong hiéu tmg sub-
harmonic, tuyén tinh theo thoi gian véi cac gia tri bién do kich dong nén a, == sAQY
va hé so phi tuyén y

Cac duong cong biéu dién dap tng chuyén vi theo thoi gian cia hé co dién tuyén
tinh va phi tuyén déu c6 dang tuan hoan. RS rang, bién d6 cua dap tmg chuyén vi giam
manh khi gia tri bién d¢ kich dong nén tang 1€n, khi c6 cung gia tri bién do kich dong
nén thi bién do dap tng hé phi tuyén 16n hon rt nhidu so v6i hé tuyén tinh twong tng
(Hinh 4. 25.a)). Nguoc lai, khi gia tri hé s6 phi tuyén 1ap phuong ting, bién do cia dap
g chuyén vi hé co dién phi tuyén giam manh.

T céac biéu thire (3.89), (3.132) va (3.134) dap ung dién 4p cua hé co dién dugc
khao sat trong hi¢u ing cong huong thir diéu hoa, tuyén tinh theo thoi gian véi cac gia
tri khac nhau cua bién d¢ kich dong nén va hé sb phi myén, biéu dién trén Hinh 4. 26

a) va Hinh 4. 26.b). Két qua khao sat cho thiy, bién do dién ap giam manh khi gié tri
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bién d¢ kich dong nén tang, diéu d6 khéng dinh hi€u qua ctua bo thiét bj thu thap nang
luong ap dién phi tuyén duogc coi 14 tét hon véi cc gia tri bién dd nho va tan sd thap (
Hinh 4. 26. a)). Nhu dugc thé hién trén Hinh 4. 26. b), bién do dap ung dién ap tang
khi gia tri cia hé s6 phi tuyén 14p phuong giam, cho gia tri 16n nhat khi hé tuyén tinh
(5=0) v6i cung mot gia tri bién do kich dong nén. Cac duong cong biéu dién dap ung

dién ap theo thoi gian cta hé co dién tuyén tinh va phi tuyén déu c6 dang tuan hoan.
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Hinh 4. 26. Bap tmg dién ap cua hé co dién phi tuyén kiéu Duffing trong hiéu tng sub-
harmonic, tuyén tinh theo thi gian véi céc gid tri bién df kich dong nén a, = £AQ’va

hé s6 phi tuyén »
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Hinh 4. 27. Dap tng chuyén vi, dién ap, kich dong ctia hé co dién phi tuyén kiéu Duffing
trong hiéu (mg sub-harmonic, tuyén tinh theo thoi gian véi cac gia tri bién do kich dong

nén

. 2 N 1A A o ps £
a. = £AQ” va hé so phi tuyén y
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Tuong quan giita cac dudng biéu dién kich dong nén va cac dap ung chuyén vi,
dién ap ctia hé co dién dugc khao sat trong hiéu timg cong huong thir diéu hoa theo
thoi gian Gmg véi cac gia tri kich dong nén, va hé s6 phi tuyén, thé hién trén hinh Hinkh
4. 27. a) va Hinh 4. 27. b). R0 rang, gia tri cia bién dé kich dong nho hon dap tng
chuyén vi nhung 16n hon bién d6 dap tng dién ap khi hé sé phi tuyén 16n (y=1-Hinh 4.

27. a)). Nguoc lai khi hé s6 phi tuyén nho (y=0.3-Hinh 4. 27.b)), gia trj cta bién do
kich dong 16n hon bién d6 cua dap tng chuyén vi va dap tmg dién 4p, véi trudng hop
gia ting gia tri bién do kich dong nén.

Tur biéu thtc (3.92), cong suét co hoc dau vao cua hé co dién duge khao sat trong
hiéu tng cong huong thir didu hoa theo thoi gian voi cac gia tri kich dong nén, va hé
sO phi tuyén, biéu dién trén hinh Hinh 4. 28. a) va Hinh 4. 28. b). RS rang, khi gia tri
bién do kich dong nén tang bién do cua cong suét co hoc dau vao cling tang theo, trong
khi gia tri ctia hé s6 phi tuyén l1ap phuong ting lam giam cong suét co hoc dau vao hé

co dién. Tuy nhién, vdi cing bién do kich dong nén, hé co dién phi tuyén co ning

luong co hoc dau vao 16n hon nhiéu so v6i hé tuyén tinh tuong tng.
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Hinh 4. 28. Cong sut co hoc dau vao cta hé co dién phi tuyén kiéu Duffing trong hiéu
g sub-harmonic, tuyén tinh theo thoi gian véi cac gia tri bién do kich dong nén
a. =&AQ*vahé s phituyén y

zpmk
Cac duong biéu dién cong suat dién hitu ich tiém ning cua hé co dién dugc khao
sat & hi¢u ung cong hudng thir dieu hoa theo thoi gian véi cac gid tri kich dong nén, va

hé sb phi tuyén, trinh bay trén Hinh 4. 29. a) va Hinh 4. 29. b), tir biéu thic (3.90).
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Cong suat dién hiru ich tiém ning hé co dién phu hop véi cac kich dong cé bién d6 nho,
khi cting mot gié tri bién do kich dong hé phi tuyén thu dugc cong suét dién hitu ich tiém
nang 16n hon nhiéu so véi hé tuyén tinh twong tng, déng thoi su gia ting cta gia tri hé sd

phi tuyén 1ap phwong ty 1& nghich véi bién d6 cua cong suit dién hitu ich tiém ning.
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Hinh 4. 29. Cong suit dién hitu ich tiém ning dau ra caa hé co dién phi tuyén kiéu
Duffing trong hiéu trng sub-harmonic, tuyén tinh theo thoi gian véi cac gid tri bién do
kich dong nén a, = £AQ va hé s6 phi tuyén y
4.3.4. Anh hwéng ciia cdc tham soé t6i nang lwong co hoc diu vao, ning lwong
dién hivu ich tiém néing ddau ra, hiéu sudt thu thap ning lwong
Tir cac biéu thuc (3.94) va (3.137), anh huong cia tan sd kich dong toi ning
luong co hoc dau vao hé co dién duoc khao sat & hiéu ung cong huong thi diéu hoa,
Vo1 cac gia tri bién do va hé sb phi tuyén, nhu dugc trinh bay trén Hinh 4. 30.
RS rang, sy thay doi gia tri hé sd phi tuyén 1ap phuong (Hinh 4. 30. a)) it anh
huong t6i ning luong co hoc dau vao trén ca hai nhanh (tng voi cac nhanh cia dudng

cong bién do - tan so0), trong khi ndng lugng co hoc dau vao giam nhe (trén ca hai

nhanh cia dudng cong bién do - tan s6) khi gia tri ctia bién d6 kich dong nén ting
(Hinh 4. 30. b)). Bén canh d6, khi tan s kich dong nén tang gia tri ning lugng co hoc
dau vao ciing ting theo quy luat tuyén tinh. Két qua tuong tu thu dugc khi khao anh
hudng cta tan sd kich dong nén 1én ning lugng dién hitu ich tiém ning hé co dién phi

tuyén (Hinh 4. 31. a) va Hinh 4. 31. b)).
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Hinh 4. 30. Nang luong co hoc ddu vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
g sub-harmonic theo tan sb kich déng Q véi cac gia tri bién d6 kich dong nén
= ¢ AQ’va hé sb phi tuyén »
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Hinh 4. 31. Nang lugng dién hitu ich tiém ning dau ra ctia hé co dién phi tuyén kiéu
Duffing trong hiéu g sub-harmonic theo tan s6 kich dong Q véi cac gia tri bién do
kich dong nén a,  =&AQ’vahe s0 phi tuyén »

Hiéu suit hé co dién dugc khao sat trong hiéu tmg cong hudng thir diéu hoa tir
biéu thuc (3.98) va (3.138), v6i hai nhanh cua duong cong hi¢u suat twong ung vaéi hai
gia tri cua bién do - tan s6 (3.87) va tuyén tinh twong ng, trinh bay trén Hinh 4. 32. a)
va Hinh 4. 32. b). Puong cong biéu dién hi¢u suat hé phi tuyén ton tai dinh, dat cuc tri
khi tan s6 kich dong gﬁn tan s6 gﬁn cong huong Q~(3.1-3.2), sau diém dat cyc tri
hiéu sudt hé phi tuyén giam tuyén tinh tuwong tu dang dudng cong ctia hé tuyén tinh,
tuy nhién van 16n hon rat nhiéu so v6i hé tuyén tinh tuwong tng trong cé hai trudng hop

v6i cac gia tri hé sb phi tuyén 1ap phuong va bién d6 kich dong khic nhau. Hiéu suat
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thu thap niang luong hé phi tuyén, trong hiéu timg cong hudng thtr diéu hoa giam nhe

khi gi tri bién do kich dong nén ting lén.
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Hinh 4. 32. Hiéu suét thu thap nang luong ctia hé co dién phi tuyén kiéu Duffing trong
hiéu mg sub-harmonic, tuyén tinh theo tan s6 kich dong Q véi cac gié tri bién do kich
dongnén a, = &AQ’va hé s6 phi tuyén »
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Hinh 4. 33. Nang luong co hoc ddu vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
g sub-harmonic theo hé s6 ap dién a véi cac gia tri bién do kich dong nén
a, =&AQ’ vahé sO phi tuyén »

Céac duong cong thé hién anh hudng ctia hé sd ap dién t6i ning lugng co hoc dau
vao, nang luong dién hitu ich tiém nang, hiéu suit thu thap nang lugng h¢ co di¢n
dugc khao sat trong hiéu Gmg cong hudng tht diéu hoa, trinh bay trén Hink 4. 33. a) va
Hinh 4. 33.b), Hinh 4. 34. a) va Hinh 4. 34. b), Hinh 4. 35. a) va Hinh 4. 35. b) khi cac

gia tri bién d6 va hé sd phi tuyén 1an luot thay doi 1a dong dang. Cac dudng cong c6 xu
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hudéng ting manh, dat dinh tai gid tri cia tham sb ap dién trong vung lan can
a~(0.9-1.1) va sau d6 giam dan déu. Ca ning luong co hoc diu vao va ning luong
dién hiru ich tiém ning déu ty 1¢ thuan véi sy gia ting gia tri bién do kich dong nén

nhung ty 1& nghich véi sy gia ting gia tri hé s6 phi tuyén 14p phuong.
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Hinh 4. 34. Nang luong dién hitu ich tiém ning dau ra cta hé co dién phi tuyén kiéu
Duffing trong hiéu rng sub-harmonic theo h¢ ) ap dién o véi cac gid tri bién do kich
dongnén a. = &AQ’ vah¢ sb phi tuyén »
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Hinh 4. 35. Hiéu suét thu thap nang luong ctia hé co dién phi tuyén kiéu Duffing trong
hiéu tmg sub-harmonic, tuyén tinh theo hé s6 ap dién « véi cac gia tri bién do kich dong
nén a,  =&AQ’va hé s6 phi tuyén »

Trén Hinh 4. 35. a) va Hinh 4. 35. b) cho thiy sy gia ting gid tri bién do kich
dong nén va hé sé phi tuyén 1ap phuong ty 1 nghich v4i hiéu suat thu thap ning luong

ctiia hé co dién phi tuyén kiéu Duffing, nhung hiéu sudt ludn tot hon hé tuyén tuyén
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tuong ng (cic duong cong biéu dién hiéu sudt hé tuyén tinh tng voi 3 gia tri khac
nhau cta kich déng nén gan nhu tiém can: dudng cham gach (mau tim), dudng nét dut
(mau tim), duong lién (mau do)). R& rang, hiéu suat thu thap ning lwong hé 4p dién

phi tuyén cao hon vé6i dai bién d6 kich dong nho.
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Hinh 4. 36. Nang luong co hoc ddu vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
g sub-harmonic theo hé s lién két co dién x> vdi cac gia tri bién do kich dong nén
a. =&AQ’vahé so phituyén y

Puong cong danh gia anh hudng ciia hé s6 lién két co dién x> téi ning luong co
hoc dau vao, nang lugng dién hitu ich tiém nang, hiéu suét thu thap nang lugng hé¢ co
dién dugc khao sat trong hiéu Gmg cong hudng thir diéu hoa duogc thé hién, véi cac gia
tri bién do va hé sb phi tuyén l1an luot, thé hién trén Hinh 4. 36, Hinh 4. 37 va Hinh 4.
38. Cac duong cong nay c6 dang tuyén tinh va do dbc 16n, khi hé sb lién két co dién
x> =0hé tré nén thuin co hoc va ludn ton tai mot gia tri nang lugng co hoc dau vao

(Hinh 4. 36. a) va Hinh 4. 36. b)).

Ning luong co hoc ddu vao va ning luong dién hitu ich tiém ning ty 18 thuan véi
su gia tdng cua gia tri bién dJ kich dong nhung ty 1€ nghich v&i sy gia tang gia tri hé
s6 phi tuyén 1ap phuong (Hinh 4. 37. a) va Hinh 4. 37. b)). Nguoc lai, hiéu suat thu
thdp nang lugng cung ty 1€ nghich vai sy gia tang cua bién do kich dong va hé sb sb
phi tuyén 1ap phuong (Hinh 4. 38. a) va Hinh 4. 38. b) va Hinh 4. 38. ¢) — hinh phong
to). Nhung rd rang, hiéu suit thu thap ning lwong hé co dién phi tuyén 16n hon rat
nhiéu hiéu suit hé tuyén tinh trong tmg khi xét trong trudng hop gia ting gid tri hé sb

lién két co dién. Nang luong dién hiru ich tiém nang va hiéu suét thu thap ning luong



102

déu tang tuyén tinh theo sy gia ting gia tri hé sd lién két co dién «°, véi gde toa do tai
0 khi x* = 0va dic biét ting manh trong khodng x° = (0.01-0.015).
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Hinh 4. 37. Nang lugng dién hitu ich tiém ning dau ra ctia hé co dién phi tuyén kiéu
Duffing trong hiéu ng sub-harmonic theo hé s6 lién két co dién «* véi cac gia tri bién

d6 kich dong nén a.  =&AQ’ vah¢ sO phi tuyén y

pea
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Hinh 4. 38. Hiéu suét thu thap nang luong ctia hé co dién phi tuyén kiéu Duffing trong
hiéu mg sub-harmonic, tuyén tinh theo hé s6 lién két co dién «* vdi cac gia tri bién do
kich dong nén a, =&£AQ® va hé s6 phi tuyén »

Ning luong co hoc ddu vao va ning luong dién hitu ich tiém ning ty 18 thuan véi
su gia tang cua gia tri bién do kich dong nhung ty 1¢ nghich véi su gia tang gia tri hé

s6 phi tuyén 1ap phuong (Hinh 4. 37. a) va Hinh 4. 37. b)). Nguoc lai, hiéu suat thu

14
A

thap nang luong cung ty 1 nghich voi su gia tang cua bién do kich dong va hé s sb
phi tuyén lap phuong (Hinh 4. 38. a), Hinh 4. 38.b)). Nhung rd rang, hiéu suit thu thap

nang luong hé co dién phi tuyén 16n hon rat nhiéu hiéu suit hé tuyén tinh tuong tng
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khi xét trong trudng hop gia ting gia tri hé s lién két co dién. Nang lugng dién hiru
ich tiém ning va hiéu sut thu thap ning lugng déu ting tuyén tinh theo su gia ting gia
tri hé sb lién két co dién 2, véi géc toa do tai 0 khi x° =0va dic biét ting manh

trong khoang x> = (0.01-0.015).

4.4. Phan tich, khao sat anh huwéng ciia tham so hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich déng nén diéu hoa véi mé hinh khoi lwong tap trung

mét bic tw do trong hiéu ng céng hwéng siéu diéu hoa

4.4.1. Tham sé khdo sdt hé co dién trong hi¢u irng cong hwéng siéu diéu hoa
Céc tham sd Luan an lya chon khao sat hé co dién cua bo thiét bi thu thap, khai
thac nang luong ap dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén
diéu hoa, trong hiéu ing cong hudng siéu diéu hoa nhu sau [2]:
e=0.0Lw,=1;£ =(0.01;0.1;0.3); y = (0.3;0.5;1); 45)
a =(0.05;0.5;1); * =0.015; A = (300;500;700);
4.4.2. Anh hwéng ciia cdc tham sé téi quan hé giiva bién dg - tan sé
Quan h¢ gitra bién 4o - tan s hé co dién duoc khao sat ¢ hiéu ung siéu hudng va
hé tuyén tinh twong tng dugc trinh bay 1an luot trén cac Hinh 4. 39, Hinh 4. 40, Hinh
4. 41 va Hinh 4. 42 , véi cac gia tri khac nhau cua bién do, hé sb phi tuyén, hé sb can
va hé s0 4p dién thu dugc tir céc biéu thirc (3.109) va (3.110).
Nhu duogc thé hién trén cac Hinh 4. 39, Hinh 4. 40, gia tri bién do dinh cua dap ung
chuyén vi hé co dién tién hanh khao sat ¢ hiéu Gmg cong huong siéu diéu hoa ty 18
thuan véi su gia ting gia tri bién do kich dong nén ( a. = £AQ®) va hé s phi tuyén
1ap phuong, dong thoi 1én hon nhiéu so voi bién d6 dap tng hé tuyén tinh twong tng.

Khi gi4 tri bién do kich dong nén (a. =&AQ’) va hé s6 phi tuyén 1ap phuong tang

1én cac duong cong biéu dién quan hé bién do - tan sd hé co dién phi tuyén cé xu
huéng nghiéng vé phai ciia do thi, rd rang trong truong hop ndy dai tan s6 lam viéc hé
co dién phi tuyén dugc mé rong trong hiéu tng cong hudng siéu didu hoa. Trong cac
truong hop gié tri bién do kich dong nén va hé sé phi tuyén 1ap phuong ting diém cuc
trj trén truc tin s Q° nghiéng vé phia phai d6 thi toa d0 0aQ*theo xu hudng nghiéng

cua cac nhanh duong cong.
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Hinh 4. 39. Quan hé bién d6 - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hi¢u
g super-harmonic va tuyén tinh, khi thay

A1t A A 1.7 A A 2
do1 bién do kich dong nén a. = cAQ
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Hinh 4. 41. Quan hé bién do - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hiéu
(g super-harmonic va tuyén tinh, khi thay
d6i hé s6 can &
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Hinh 4. 40. Quan hé bién d6 - tan s6 cta hé
co dién phi tuyén kiéu Duffing trong hiéu
g super-harmonic va tuyén tinh, khi hé
sO phi tuyén thay doi y=0.3; y=0.5; y=1;

3
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poak
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Hinh 4. 42. Quan hé bién do - tan s6 cua hé
co dién phi tuyén kiéu Duffing trong hiéu
{g super-harmonic va tuyén tinh, khi thay
d6i hé sb ap dién o

Nhu duoc trinh bay trén Hinh 4. 41 va Hinh 4. 42, gia tr1 bién d0 dinh cia dap

ung chuyén vi cua h¢ co dién dugc khao sat trong hi¢u ung cong hudng siéu diéu hoa

ty 1€ nghich v&i cac gia tri hé so can & va h¢ s6 ap dién a khac nhau, 16n hon rat nhiéu

so v6i bién do dap ung hé tuyén tinh twong tmg. Khi gia tri hé sé can & va hé sé ap

4

dién a giam cac duong cong bic¢u dién quan hé bién do - tan s6 hé co dién phi tuyén

¢6 xu hudng nghiéng vé phai ctia dd thi, tuy nhién dudng trung hoa khong dich chuyén
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< A . s~ . , \ ‘A A LA A A A A 2 o~ .
di€ém giao nhau gitra hai nhanh dudng cong bién do-tan so trén truc tan so6 27, rd rang

luc do dai tan s6 hé phi tuyén dugoc mé rong trong hi€u ing cong hudng si€u diéu hoa.

4.4.3. Anh hwéng ciia cdc tham so téi dap vng chuyén vi, dién dp, cong suit co
hoc diu vao, dau ra

Tir cac biéu thirc (3.115), (3.131) va (3.133), cac dudng cong biéu dién dap ung
chuyén vi cua h¢ co dién dugce khao sat & hi€u ing cong hudng sic¢u diéu hoa, hé tuyén
tinh twong Gmg theo thoi gian, trinh bay voi cac gi tri khac nhau cta bién do, hé sb phi
tuyén dugc trinh bay trén Hinh 4. 43. a) va Hinh 4. 43. b), cac duong cong ndy co
dang tuan hoan. Gia trj trung binh bién do dap ung chuyén vi ty 1¢ thuan véi su gia
ting gia tri bién d6 kich dong nén va hé s phi tuyén 1ap phuong, va 16n hon nhiéu so

v6i hé tuyén tinh twong Gmg khi cing cac tham s khac.
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Hinh 4. 43. Dap ung chuyén vi ctia hé co dién phi tuyén kiéu Duffing trong hiéu g
super-harmonic, tuyén tinh theo thoi gian véi céc gia tri bién do kich dong nén
a, =&AQ’vahe sO phi tuyén »

Cac duong cong biéu dién biéu dién dap Gng dién ap cua hé co dién duge khao
sat & hiéu ing cong hudng siéu diéu hoa, hé tuyén tinh twong tng theo thoi gian, trinh
bay voi cac gia tri khac nhau cua bién do, hé sb phi tuyén duoc trinh bay trén Hinh 4.
44. a) va Hinh 4. 44. b) c6 dang tuan hoan, thu duoc tir cac biéu thire (3.118), (3.132)
va (3.134). RO rang gia tri bién do cua di¢n ap h¢ co dién phi tuyén ty 1¢ thuan voi sy
gia ting gia tri bién do kich dong nén, hé sé phi tuyén l1ap phuong va 16n hon hé tuyén

tinh twong Gng khi cung tham sb dau vao.
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Hinh 4. 44. Bap tmg dién ap hé co dién phi tuyén kiéu Duffing trong hiéu tmg super-
harmonic, tuyén tinh theo thoi gian v6i cc gid tri bién df kich dong nén a, = £AQ’ va
hé s6 phi tuyén »

Tuong quan giita dap Gmg chuyén vi, dién ap va kich dong nén cua hé co dién
dugc khao sat ¢ hiéu cong huong siéu diéu hoa véi cac gia tri khac nhau cia bién do
theo thoi gian, thé hién trén Hinh 4. 45. a) va Hinh 4. 45. b), 1 rang, cac dudng cong
biéu dién twong tng c6 dang tuin hoan, gia tri bién d6 ciia dap tng chuyén vi 16n hon

dap tng dién ap va kich dong nén khi cung tham sb khao sat.

8 1.5

t{2*m) v(2*m)
Hinh 4. 45. Dap tng chuyén vi, dién ap, kich dong nén h¢ co dién phi tuyén kicu

Duffing trong hi¢u ng super-harmonic, tuyén tinh theo thoi gian véi cac gia tri bién

d6 kich dong nén a. = ecAQ’

peak
Tur bicu thire (3.124), cac duong cong biéu dién cong suat co hoc dau vao cua hé
co dién dugc khdao sat ¢ hi¢u ing cdng huong si€u dieu hoa, tuyén tinh twong ing theo

thoi gian, trinh bay trén Hinh 4. 46. a) va Hinh 4. 46.b) v6i su thay ddi gia tri bién do
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kich dong nén va hé s phi tuyén 1ap phuwong c6 dang tudn hoan. Gia tri bién do cong

suat co hoc dau vao la ham tang cua gia tri bién do kich dong nén va hé s6 phi tuyén

lap phuong, khao sat voi cung tham s6 dau vao bién do cong suat dau vao hé co dién

phi tuyén kiéu Duffing 16n hon rat nhiéu so véi hé tuyén tinh twong tng.

10 T 1.5
8r :‘: % H ."-_ : '-__
Py e 1 %
G e "
- Auano;-.=1.a1| i S e 2
L |===ass00;=10| 7 ' : x| : B
A |or-a=r00ire10 : i : B 0.5 : SN
= A=TO0;7=0.0| ; - H H IR o
NI S T T IO B . 2 " e Y -~ i
o : s : @ Pl i
SNSRI RRARY (NSRS QN ‘ESeses; GERN RRr |
Wﬂ—-—&ﬂr‘“—_- B A 4
;O S P L ! i N ¥ LS. AN
; - ', F s : - ) .
o, : .‘\‘\ ol /¢f 1 \‘\
-0.5 * ™ ﬁ-"-‘l \\\
2 3 :
& al B
et a) 1 b) K
-10 : ) -1.5 : . : !
0 1 2 3 4 5 6 0 1 2 3 4 5 6
(2" ) (2% )

Hinh 4. 46. Cong suit co hoc dau vao hé co dién phi tuyén kiéu Duffing trong hiéu ing
super-harmonic, tuyén tinh theo thoi gian véi cac gia tri bién d6 kich dong nén
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= ¢ AQY va hé s6 phi tuyén y
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Hinh 4. 47. Cong suit dién hitu ich tiém ning dau ra cua hé co dién phi tuyén kiéu
Duffing trong hiéu ting super-harmonic, tuyén tinh theo thoi gian véi cac gid tri bién do

kich dong nén a. = &AQ” va h¢ so phi tuyén y
peak

Cong suat dién hiru ich ti€ém ndng dau ra cua hé co di¢n dugc khao sat & hi¢u ung

cong hudng siéu diéu hoa, tuyén tinh twong theo thdi gian tir biéu thirc (3.120) vdi cac

gia tri bién d6 kich dong nén va hé sé phi tuyén biéu dién trén Hinh 4. 47. a) va Hinh

4. 47.b) 1a cac dudng cong dang tuin hoan. Rd rang, gia tri bién d cong suat dién hitu
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ich tiém ning ty 1& thuan voi sy gia ting gia tri bién do kich dong nén va hé sb phi
tuyén l4p phuong, khao sat véi cing tham s6 dau vao hé co dién phi tuyén cé gia tri

bién do cong suat 16n hon rat nhiéu so voi hé tuyén tinh twong trng.

4.4.4. Anh hwéng ciia cdc tham so t6i ning lwong co hoc diu vao, ning lwong
dién hitu ich tiém néng dau ra, hiéu sudt thu thip nang lwong

Cac duong cong biéu dién anh hudng cua tan s kich dong nén t6i ning lugng co

hoc dau vao, nang lugng dién hitu ich tiém nang, hi¢u suét thu thap nang lugng h¢ co

dién duoc khao sat ¢ hiéu tng cong hudng siéu diéu hoa twong tng hai nhanh trén d6

thi (nhanh 1, nhanh 2 cia biéu thirc quan hé bién d6 - tan s6 (3.109) va (3.110)) thu

dugce tir céc biéu thire (3.125), (3.122) va (3.127) dwoc trinh bay 1an luot trén cac Hinh
4. 48, Hinh 4. 49, Hinh 4. 50.
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Hinh 4. 48. Nang luong co hoc dau vao hé co dién phi tuyén kiéu Duffing trong hiéu tng
super-harmonic theo tan sb kich dong Q véi cac gia tri bién d6 kich dong nén

a. =&AQvahé s phituyén y

2 peak

Cu thé, nhu duoc thé hién trén Hinh 4. 48. a) va Hinh 4. 48. b), Hinh 4. 49. a),
Hinh 4. 49. b), rd rang duong cong biéu dién anh hudng cia tan sd kich dong nén t6i
nang lugng co hoc dau vao, nang lugng dién hiru ich tiém nang déng dang va gﬁn Vo1
duong cong quan hé bién dg - tan s6 hé co dién duoc khao sat & hiéu ung cong hudng
siéu diéu hoa. Gid tri cia ca nang lugng co hoc dau vao, ning luong dién hitu ich tiém
ning déu ty 1¢ thuin véi sy gia ting gid tri bién do kich dong nén va hé sb phi tuyén

lap phuong trén cac nhanh cta dd thi, do d6 kha ning mo rong dai tan s6 gan ving
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cong hudng siéu diéu hoa phu thudc 16n vao bién do kich dong nén va tinh phi tuyén

ctia két cau bo thiét bi thu thap nang lugong ap dién.

<10 <107
5 2.5
K4
;7=1.0; nhanh 1 ;‘. 1v=0.3; nhanh 1 &
al +7=1.0; nhanh 2 & ot =0.3; nhanh 2 P
:7=1.0; nhanh 1 A v=0.5; nhanh 1 Vs nd
. ‘.‘ ~=0.5; nhénh 2 ol
i K = A=350;y=1.0; nhanh 1 /.o’
= \d smmp=350~=1 (' nha &
8_ 3 e 5 15t [ A=35017=1.0; nhanh 2 /..
= 78 £ / ‘.'
(73] 7 5] VA,
. L
g ol a) b) vair
ks S i 1 .
+ +*
7 ALa
/' * 7] e K
1t ¢ o 0.5} 4 ’ »
724 SRR :
LA D
if LK - K
- nny

0 0
0.3335 0.334 0.3345 0.335 0.3355 0336 03334 03336 03338 0334 03342 03344 03346
{1 Q

Hinh 4. 49. Nang lugng dién hitu ich tiém niang dau ra hé co dién phi tuyén kiéu Duffing
trong hiéu tmg super-harmonic theo tan s kich dong Q vdi cac gié tri bién do kich dong
nén a, = &£AQ’va hé sb phi tuyén y
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Hinh 4. 50. Hiéu suét thu thap nang lugng hé cia co dién phi tuyén kiéu Duffing trong
hiéu tmg super-harmonic theo tan s kich dong Q vdi cac gid tri bién do kich dong nén
a, ~=&AQvahg so phi tuyén y

Tuy nhién, hiéu suét thu thap ning luong cua hé co dién c6 xu huéng giam &
vung 14n c4n cua tan sb hiéu ing cong hudng siéu diéu hoa véi diém cuc tiéu tai bién
d6 dinh, toa d6 diém cuc tiéu ctia hidu suat c6 xu hudng dich vé phia trai cta do thi,
v6i bude nhay ting rd rét khi hé sb phi tuyén 1ap phuong giam, dong thoi dai tan sb
gan ving cong hudng siéu diéu hoa cia hé bi thu hep dang ké (Hinh 4. 50. a) va Hinh
4. 50. b)). Anh huéng cua bién d6 kich dong nén toi hiéu suét thu thip ning lugng
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tuong tu nhu hé sé phi tuyén 1ap phuong, tuy nhién diém gia tri cuc tiéu cta hiéu suat
khong c6 bude nhay 16n va dich chuyén rd rét vé phia trai d6 thi.

Cac dudng cong biéu dién ning luong co hoc dau vao, ning luong dién hiru ich
tiém ning hé co dién dugc khao sat ¢ hiéu tng cong hudng siéu didu hoa, tuyén tinh
turong Gmg khi thay d6i gia tri bién do kich déng nén va hé s phi tuyén 1ap phuong la
dong dang, va trinh bay 1an luot trén Hinh 4. 51. a), b) va Hinh 4. 52. a), b). R3 rang,
gia tri cua ning luong co hoc dau vao, ning luong dién hitu ich tiém ning ty 18 thuan
vGi su gia ting gia tri bién do kich dong nén va hé sé phi tuyén 1ap phuong, dong thoi

16m hon rat nhiéu so vdi h¢ tuyén tinh tuong ing c6 cung tham sé dau vao.
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Hinh 4. 51. Nang luong co hoc dau vao hé co dién phi tuyén kiéu Duffing trong hiéu tng
super-harmonic theo h¢ s6 ap dién o vé1 cac gia tri bién dd kich dong nén
a, ~=&AQvahg so phi tuyén y

Nhu duogc thé hién trén Hinh 4. 51. a) va Hinh 4. 51. b) gia tri ning luong co hoc
dau vao hé co dién dugc khao sat & hiéu ing cong huong siéu diéu hoa dong loat giam
khi ddnh gia 4nh hudng ctia hé s6 ap dién « voi cac gia tri bién do kich dong, hé s6 phi
tuyén khac nhau dat diém cuc tiéu tai vung lan can khi a = (0.9—-1.1), sau d6 tang dan
tuyén tinh khi hé sb ap dién ting. Nguoc lai, cac duong cong biéu dién ning luong
dién hiru ich tiém nang (Hinh 4. 52. a), b),) hiéu suat thu thap ning lwong ( Hinh 4. 53.
a), b)) hé co dién thu thap ning luong ap dién phi tuyén kiéu Duffing, dang giéng don
trong hiéu tmg cong hudng siéu diéu hoa, tuyén tinh twong Gng khi thay doi gia tri bién
d6 kich dong nén va hé s phi tuyén 1ap phuong ting manh, dat dinh tai ving lan can khi
a ~(0.9-1.1), sau d6 giam nhe va gan nhu giam tuyén tinh khi hé s6 4p dién ting.
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Hinh 4. 52. Nang luong dién hiru ich tiém ning dau ra hé co dién phi tuyén kiéu Duffing
trong hiéu Gmg super-harmonic theo hé s6 ap dién « véi cac gia tri bién do kich dong nén

= ¢ AQ’va hé sb phi tuyén »
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Hinh 4. 53. Hiéu suét thu thap nang luong hé cta co dién phi tuyén kiéu Duffing trong
hiéu tmg super-harmonic theo hé sb ap dién o voi cac gid tri bién do kich dong nén
= ¢ AQ’va hé sb phi tuyén »

z peak

Nhu dugc biéu dién trén Hinh 4. 52. a), b) va Hinh 4. 53. a), b) quy luat cac
duong cong biéu dién nang luong dién hitu ich tiém ning (Hinh 4. 52. a), b)), hiéu suat
thu thap nang luong (Hinh 4. 53. a), b)) cua hé co dién duogc khdo sat ¢ hi¢u ing cong
hudng siéu diéu hoa, tuyén tinh twong tmg trong ca truong hop thay doi gia tri bién do
kich dong va hé s6 phi tuyén 1a ddng dang. Tuy nhién, hi¢u suat hé tuyén tinh tuong
mg 16m hon nhiéu hé phi tuyén & ving 14n c4n tan sd cong hudong siéu diéu hoa, diém
dat toa do dinh hiéu suét hé tuyén tinh khi hé s6 ap dién nam & vung lan can tuong tu

hé phi tuyén, khia ~ (0.9—-1.1). Cac duong cong biéu dién hiéu suat hé phi tuyén tng
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V61 cac gia tri bién do kich dong (A=300; 350; 400) rat tiém cén & trén ca hai hinh
Hinh 4. 53. a), b).

Nhu duoc biéu dién trén Hinh 4. 54. a) va Hinh 4. 54. b), Hinh 4. 55. a), Hinh 4.
55. b), anh hudng cua hé sd lién két co dién x* t6i ning luong co hoc dau vao, ning
lugng dién hiru ich tiém nang hé co di¢n dugc khao sat ¢ hi¢u ing cong huong siéu
diéu hoa, tuyén tinh twong tng khi thay doi gia tri bién do kich dong nén va hé sd phi

tuyén 1ap phuong twong tu nhu hé s6 ap dién e .
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Hinh 4. 54. Nang luong co hoc dau vao ctia hé co dién phi tuyén kiéu Duffing trong hiéu
ung super-harmonic theo hé s6 lién két co dién & véi cac gia tri bién do kich dong nén
a. =&AQ’ vahg sO phi tuyén y

Cu thé niang luong co hoc ddu vao (Hinh 4. 54. a), b)), ning luong dién hitu ich
tiém nang (Hinh 4. 55. a), b)) ty 18 thuan véi su gia ting gia tri bién do kich dong nén,
hé s phi tuyén 1ap phuong va ludn 16n hon rat nhiéu hé tuyén tinh twong véi khi cing
tham sb khao sat. Cac duong biéu dién nang luong co hoc dau vao, nang luong dién
hiru ich tiém niang ctia hé tuyén tinh 12 duong thang, trong khi cia hé phi tuyén 1a dang
dudng cong c6 dinh tai ving lan cdn x” ~(0.01-0.015). Khi x° ~(0—0.015) ning
lugng co hoc dau vao co xu hudng giam, dat diém cuc tiéu va sau do tang tuyén tinh,
trong khi nang luong dién hitu ich tiém ning c¢6 xu hudng ting manh trong khoang
K* ~(0—-0.015)cta hé s6 lién két co dién, dat diém cuc dai, giam nhe khi
K> ~(0.015-0.2) va tiép tuc tang tuyén tinh khi khao st trong ca hai truong hop thay
d6i gia tri bién do kich dong va hé so phi tuyén 1ap phuong.
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Hinh 4. 55. Nang lugng dién hitu ich tiém ning dau ra ctia hé co dién phi tuyén kiéu
Duffing trong hi€u ing super-harmonic theo h¢ s6 lién két co dién > véi cac gia tri bién
d6 kich dong nén a. =&AQ’ vah¢ sO phi tuyén y
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Hinh 4. 56. Hiéu sut thu thap nang lugng ctia h¢ co dién phi myén kiéu Duffing trong
hi€u tng super-harmonic theo h¢ s lién két co dién «? véi cac gia tri bién do kich dong
nén a, =&AQ" vahe s0 phi tuyén »
Hiéu suét thu thap nang luong cia h¢ co dién dugce khao sat & hi€u ung cong hudng
siéu didu hoa, tuyén tinh twong tmg theo hé s6 lién két co dién x? trong hai truong hop
thay ddi gia tri bién do kich dong nén va hé sé phi tuyén lap phuong duoc biéu dién trén
Hinh 4. 56. a) va Hinh 4. 56. b). Cac duong cong biéu dién hé phi tuyén rat tiém can khi
thay doi gi4 tri bién do kich dong nén (A=300; 350; 400) trén ca hai dd thi. R5 rang hiéu
suat hé co dién tuyén tinh tot hon phi tuyén tuong Gng trong ca hai truong hop khi co
cung tham s6 khao sat dau vao, ca dudng cong biéu dién hiéu suat hé co dién phi tuyén va
tuyén tinh twong Gng déu ting manh khix’ = (0.01-0.015), sau d6 ting nhe khi

K ~(0.015—0.1) va ting cham dan khi hé s lién két co dién x° >0.1.
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Két luan chwong 4

Trong chuong nay Lu4n an thu duoc nhitng két qua chinh sau day:
Luan an di khdo sat, phan tich, danh gid anh hudng cta cac tham sd hé co dién
nghién ciru téi cac dap ung chuyén vi, dién ap, cong suit co hoc dau vao, dau ra,
nang luong co hoc dau vao, ning lugng dién hitu ich tiém ning dau ra, hiéu suit
thu thap ning luong véi mé hinh khéi lugng tap trung mét bac tu do trong céc
cong huong chinh va hiéu Gng cong hudng thi cip ciing nhu hé tuyén tinh twong
g dé so sanh khi sir dung phan mém Matlab.
Két qua khao sat chi ra, cac duong cong biéu dién quan h¢ bién do - tan sd hé co
dién luan an nghién ctru trong cac hiéu tmg cong hudng cao hon so véi hé tuyén
tinh twong tng, dic biét dai tn sd gin ving 1an cén cac hiéu tng cong hudng cia
hé co dién phi tuyén rong hon hé tuyén tinh twong Gng.
Két qua khao sat cling chi ra hiéu suat hé co dién thu thap ning luong ludn an
nghién ciru 16n hon trong vung lan can cong hudng thir didu hoa nhung nho hon
trong ving 1an can cong hudng siéu diéu hoa va cong huong chinh so voi hé tuyén
tinh twong ung. Tuy nhién, cong suat co hoc dau vao, dau ra, nang luong co hoc
dau vao, ning luong dién hiru ich tiém ning hé co dién luan an nghién ctu trong
cac hiéu tng cong hudng 16n hon hé tuyén tinh twong tng.
Cong suét co hoc dau vao, dau ra, nang luong co hoc nang lugng dién hitu ich
tiém nang du ra hé co dién luan an nghién ctru trong cac hiéu ing cong hudng phi
tuyén va tuyén tinh twong tmg déu phu thudc vao bién do, tan sd cua kich dong
nén, & cac dai tan sd 1an can cong hudng chinh bién dd luc kich dong can thiét 1a
nho nht, trong khi 16n nhat tng véi hiéu tng cong hudng siéu diéu hoa. Cuy thé, &
ving cong huong chinh, bién do kich dong nén can thiét 1a nho hon rat nhiéu so
v6i hai trudong hop d6 12 & ving 14n can cong hudng thtr didu hoa va siéu diéu hoa.
Khi bién dd kich dong nén ung voi gia tri A=0,72 tai d6 bién d§ tuong Gng cua
ning luong dién hiru ich thu duoc trong ca trudng hop cong hudng siéu diéu hoa
va thtr diéu hoa 13 giong nhau;
Lu4n 4n d3 so sanh giita két qua giai tich cta dap Gng chuyén vi, dién 4p thu dugc
khi st dung phuong phap trung binh cho h¢ co dién thu thidp nang luong &p dién
phi tuyén véi két qua phuong phéap sd, cho thdy do tin cdy khi sir dung phin mo
rong cta phuong phap trung binh cho hé co dién phi tuyén.

Dy 1a két qua moi duoc cong bb trén tap chi ISI [1], [2]
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KET LUAN VA KIEN NGHI

KET LUAN
Luén 4n da thiét 1ap hé phuong trinh vi phan phi tuyén cho b thiét bi thu thap ning
lwong duéi dang dao dong phi tuyén kiéu Duffing ctia ddm cong x6n co hai 16p ap
dién trén va dudi,chiu kich dong nén diéu hoa;
Luan 4n d3 mo hinh héa bo thiét bi, phat trién va kiém tra d6 tin cdy khi ap dung
phuong phap trung binh cho hé thu thip ning lugng ap dién phi tuyén. Muyc tiéu 1a
thiét 1ap va xac dinh cac biéu thire giai tich dang hién biéu dién quan hé bién do va
tan sb, do dich chuyén, dién ap va hi¢u suat thu thap nang luong trong hi€u g cong
hudng chinh, thir cip va tuyén tinh twong tng. Két qua nay dat duoc khi sir dung md
hinh khéi luong tap trung mat bac tu do, chiu kich dong nén diéu hoa;
Luén 4n da phén tich, khao sat, d4nh gia anh huong ctia cic tham sb co hé tdi cac dap
g chuyén vi, dién ap, ning luong co hoc dau vao, nang luong dién hiru ich tiém
ning dau ra, hiéu suat thu thap ning luong trong cac hiéu tmg cong hudng phi tuyén,

tir 46 dua ra cac két luan danh gia hiru ich;
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KIEN NGHI

Phuong phéap trung binh la cong cu hi¢u qua trong céc bai todn dao dong phi
tuyén, luan an da phat trién, md rong dé thiét 1ap quy trinh sir dung cho hé co dién thu
thap ning lugng 4p dién phi tuyén kiéu Duffing, véi mo hinh khéi lwong tap trung mot
bac tu do, dang giéng don, chiu kich dong nén diéu hoa trong cac truong hop cong
huong so cap va cong huong chinh. Tuy nhién cic ngudn ning lugng dao dong tir méi
truong xung quanh thuong xuit hién dudi dang ngiu nhién, tirc kich dong 1a ngiu
nhién day 1a van dé Luan an dén nay chua thuc hién va ciing 1a huéng nghién ctru tiép
theo ctia nguoi hoc dugec GS.TSKH Nguyén Pong Anh dinh huéng. Pong thoi, tiép
tuc nghién ctru anh huéng cac tham sé hinh hoc két ciu dam gép 16p ap dién t6i cac

dap g h¢ thu thép nang lugng.



117

DANH MUC CAC CONG TRINH CONG BO LIEN QUAN PEN LUAN AN

[1] Anh, N. D., Linh, N. N., Van Manh, N., Tuan, V. A., Van Kuu, N., Nguyen, A.
T., & Elishakoff, 1. (2020). Efficiency of mono-stable piezoelectric Duffing energy
harvester in the secondary resonances by averaging method. Part 1: Sub-harmonic
resonance. International Journal of Non-Linear Mechanics, Volume 126, November
2020, 103537, https://doi.org/10.1016/j.ijnonlinmec.2020.103537. (ISI)

[2] Linh, N. N., Nguyen, A. T., Van Manh, N., Tuan, V. A., Van Kuu, N., Anh, N.
D., & Elishakoff, I. (2021). Efficiency of mono-stable piezoelectric Duffing energy

harvester in the secondary resonances by averaging method, Part 2: Super-harmonic
resonance. International Journal of Non-Linear Mechanics, Volume 137, December

2021, 103817, 31/08/2022, https://doi.org/10.1016/j.1jjnonlinmec.2021.103817. (ISI)

[3] Nguyen Ngoc Linh, Nguyen Van Manh, Vu Anh Tuan, Analysis of main
resonace for a nonlinear piezoelectric energy harvester by averaging method, Tap chi
co khi Viét Nam, s6 dic biét, 10/2020, Trang 434-439.

[4] Nguyen Ngoc Linh, Nguyen Dong Anh, Nguyen Van Manh, M6 hinh khoi
lirong tdp trung ciia b thu thdp nang luong cé két cau dam céng xén véi hai l6p dp
dién phi tuyén. Tuyén tap cong trinh khoa hoc Hoi nghi Co hoc toan qudc 1an thu XI,
Ha Noi, 2-3/12/2022, tap II. ISBN 978-604-357-085-4, trang 127-136.

[5] Nguyen Van Manh, Nguyen Dong Anh, Nguyen Ngoc Linh, Hiéu sudt ciia bé
thu thdp ndang lwong ap dién lén hé phi tuyén kiéu Duffing — Trieong hop céng hudng
chinh. Tuyén tap cong trinh khoa hoc Hoi nghi Co hoc toan quéc lan the XTI, Ha Nbi,
2-3/12/2022, tap 11. ISBN 978-604-357-085-4, trang 73-83.


https://doi.org/10.1016/j.ijnonlinmec.2020.103537
https://doi.org/10.1016/j.ijnonlinmec.2021.103817

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

118

DANH MUC TAI LIEU THAM KHAO

Donelan, J. Maxwell, et al. Biomechanical energy harvesting: generating
electricity during walking with minimal user effort. Science 319.5864 (2008):
807-810.

Choi, S. B., M. S. Seong, and K. S. Kim. Vibration control of an
electrorheological fluid-based suspension system with an energy regenerative
mechanism. Proceedings of the Institution of Mechanical Engineers, Part D:
Journal of Automobile Engineering 223.4 (2009): 459-469.

Erturk, Alper, and Daniel J. Inman. Broadband piezoelectric power generation
on high-energy orbits of the bistable Duffing oscillator with electromechanical
coupling. Journal of Sound and Vibration 330.10 (2011): 2339-2353.

Roundy, Shad, Paul K. Wright, and Jan Rabaey. A study of low level vibrations
as a power source for wireless sensor nodes. Computer communications 26.11
(2003): 1131-1144.

Lumentut, M. F., and 1. M. Howard. Analytical and experimental comparisons
of electromechanical vibration response of a piezoelectric bimorph beam for
power harvesting. Mechanical Systems and Signal Processing 36.1 (2013): 66-
86.

Wang, Hongjin, and Qingfeng Meng. Analytical modeling and experimental
verification of vibration-based piezoelectric bimorph beam with a tip-mass for
power harvesting. Mechanical Systems and Signal Processing 36.1 (2013): 193-
209.

Chen, Zhongsheng, et al. Broadband characteristics of vibration energy
harvesting  using one-dimensional phononic piezoelectric  cantilever
beams. Physica B: Condensed Matter 410 (2013): 5-12.

Liu, Jing-Quan, et al. A MEMS-based piezoelectric power generator array for
vibration energy harvesting. Microelectronics Journal 39.5 (2008): 802-806.
Sodano, Henry A., Daniel J. Inman, and Gyuhae Park. Comparison of
piezoelectric energy harvesting devices for recharging batteries. Journal of
intelligent material systems and structures 16.10 (2005): 799-807.

S. Kim, S. Pakzad, D. Culler, J. Demmel, G. Fenves, S. Glaser and M. Turon,
Health monitoring of civil infrastructures using wireless sensor networks, In
Information Processing in Sensor Networks, 2007. IPSN 2007. 6th International
Symposium on, pages 254—-263. IEEE. 2007.

I. Stoianov, L. Nachman, S. Madden, T. Tokmouline and M. Csail, Pipenet: A
wireless sensor network for pipeline monitoring, In Information Processing in
Sensor Networks, 2007. IPSN 2007. 6th International Symposium on, pages
264-273. IEEE. 2007.

Z. Sun, P. Wang, M. C. Vuran, M. A. Al-Rodhaan, A. M. Al-Dhelaan and I. F.
Akyildiz, Mise-pipe: Magnetic induction-based wireless sensor networks for
underground pipeline monitoring, Ad Hoc Networks, 9(3):218-227. 2011.

A. Milenkovic, C. Otto and E. Jovanov, Wireless sensor networks for personal
health ~ monitoring, Issues and an implementation. Computer communications,
29(13):2521-2533. 2006.

K. I.-K. Wang, Z. Salcic, M. R. Wilson and K. M. Brook, Miniaturized wireless



[15]

[16]

[17]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

119

sensor node for earthquake monitoring applications. In Industrial Embedded
Systems (SIES), 2012 7th IEEE International Symposium on, pages 323-326.
IEEE. 2012

X. Wu and D.-W. Lee, An electromagnetic energy harvesting device based on
high efficiency windmill structure for wireless forest fire monitoring
application, Sensors and Actuators A: Physical, 219:73-79. 2014.

Williams, C.B. and Yates, R.B., Analysis of a Micro-electric Generator for
Microsystems, Sensors and Actuators A, 52, pp. 8—11 (1996)

Glynne-Jones P., Tudor, M.J., Beeby, S.P. and White, N.M., An
Electromagnetic, Vibration-powered Generator for Intelligent Sensor Systems,
Sensors and Actuators A, 110, pp. 344-349. (2004)

Erick O. Torres, Gabriel A. Rincon-Mora, Electrostatic Energy-Harvesting and
Battery-Charging CMOS System Prototype, IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 56, NO. 9,
SEPTEMBER 2009

Andrea Crovetto, Fei Wang, Ole Hansen, Modeling and Optimization of an
Electrostatic Energy Harvesting Device, Journal of Microelectromechanical
Systems ( Volume: 23, Issue: 5, Oct. 2014)

Rita T. Aljadiri, Luay Y. Taha, and Paul Ivey, Electrostatic Energy Harvesting
Systems: A Better Understanding of Their Sustainability, Journal of Clean
Energy Technologies, Vol. 5, No. 5, September 2017

Roundy, S., Wright, P.K. and Rabaey, J.M., A Study of Low Level Vibrations
as a Power Source for Wireless Sonsor Nodes, Computer Communications, 26,
pp-1131-1144 (2003)

Beeby, S.P., Tudor, M.J. and White, N.M., Energy Harvesting Vibration
Sourcesfor Microsystems Applications, Measurement Science and Technology,
17, pp. R175- R195. (2006)

Cook-Chennault, K.A., Thambi, N., Sastry, A.M., Powering MEMS Portable
Devices — a Review of Non-Regenerative and Regenerative Power Supply
Systems with Emphasis on Piezoelectric Energy Harvesting Systems, Smart
Materials and Structures, 17, 043001 (33pp) (2008)

Anton, S.R. and Sodano, H.A., A Review of Power Harvesting Using
Piezoelectric Materials (2003-2006), Smart Materials and Structures, 16, pp.
R1-R21. (2007)

Sodano, H., Inman, D., Park, G, A review of power harvesting from vibration
using piezoelectric materials, The Shock and Vibration Digest., pp. 36, 197—
205 (2004)

Priya, S., Advances in Energy Harvesting Using Low Profile Piezoelectric
Transducers, Journal of Electroceramics, 19, pp. 167-184

Ibrahim, S. W., Ali, W. G, A review on frequency tuning methods for
piezoelectric energy harvesting systems”, Journal of Renewable and
Sustainable Energy, 4(6), 062703 (2012)

Daqaq, M. F., Masana, R., Erturk, A., Dane Quinn, D., On the Role of
Nonlinearities in Vibratory Energy Harvesting: A Critical Review and
Discussion, Applied Mechanics Reviews, Vols. 66(4), 040801 (2014)

Yang Z., Zhou S., Zu J., Inman D, High-performance piezoelectric energy


https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=84
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=84
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6913031

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

120

harvesters and their applications, Joule 2(4) 642-697 (2018)

Corina Covaci, Aurel Gontean, Piezoelectric Energy Harvesting Solutions: A
Review, Sensors 20(12):3512 (2020)

Liu, H., Zhong, J., Lee, C., Lee, SW., Lin, A comprehensive review on
piezoelectric energy harvesting technology: Materials, mechanisms, and
applications, Applied Physics Reviews, pp. 5, 041306 (2018)

Nurettin , Muammer Kog¢, A comprehensive review on the state-of-the-art of
piezoelectric energy harvesting, Nano Energy, Volume 80, February 2021,
105567

Mohsen Safaei , Henry A Sodano and Steven R Anton, A review of energy
harvesting using piezoelectric materials: state-of-the-art a decade later (2008—
2018), Smart Mater. Struct. 28 (2019) 113001 (62pp)

Ghazanfarian, Jafar, Mohammad Mostafa Mohammadi, and Kenji Uchino:
Piezoelectric Energy Harvesting: A Systematic Review of Reviews, Actuators.
Vol. 10. No. 12. MDPI, 2021.

Tran, Ngan, Mergen H. Ghayesh, and Maziar Arjomandi, Ambient vibration
energy harvesters: A review on nonlinear techniques for performance
enhancement, International Journal of Engineering Science 127 (2018): 162-
185.

Li, L., Xu, J., Liu, J. et al. Recent progress on piezoelectric energy harvesting:
structures and materials. Adv Compos Hybrid Mater 1, 478-505 (2018).
https://doi.org/10.1007/s42114-018-0046-1

Maghsoudi Nia, E.; Wan Abdullah Zawawi, N.A.; Mahinder Singh, B.S. ,
Design of a pavement using piezoelectric materials, Mater. Werkst. 2019, 50,
320-328. [CrossRef]

Gareh, S.; Kok, B.C.; Yee, M.H.; Borhana, A.A.; Alswed, S.K, Optimization of
the Compression-Based Piezoelectric Traffic Model (CPTM) for Road Energy
Harvesting, Application. Int. J. Renew. Energy Res. 2019, 9, 12721282

Wu, L.; Do, X.-D.; Lee, S.-G.; Ha, D.S, A Self-Powered and Optimal SSHI
Circuit Integrated with an Active Rectifier for Piezoelectric Energy Harvesting,
IEEE Trans. Circuits Syst. I Regul. Pap. 2017, 64, 537-549. [CrossRef]
Piliposian, G.; Hasanyan, A.; Piliposyan, D, The effect of the location of
piezoelectric patches on the sensing, actuating and energy harvesting
properties of a composite plate. J. Phys. D Appl. Phys. 2019, 52, 445501.
Briscoe, J.; Dunn, S, Background. In Nanostructured Piezoelectric Energy
Harvesters, 1st ed.; Springer International Publishing: Berlin/Heidelberg,
Germany, 2014; pp. 3-4.

Erturk, A.; Inman, D.J, Summary of the Theory of Linear Piezoelectricity. In
Piezoelectric Energy Harvesting, 1st ed.; John Wiley & Sons: Hoboken, NIJ,
USA, 2011; pp. 9-12.

Lippmann, G, Principe de la conservation de lélectricité, ou second principe de
la théorie des phénomenes électriques, J. Phys. Theor. Appl. 1881, 10, 381—
394. [CrossRef]

Koh, S.J.A.; Zhao, X.; Suo, Z, Maximal energy that can be converted by a
dielectric elastomer generator, Appl. Phys. Lett. 2009, 94, 262902. [CrossRef]
IEEE 1987 ANSI Standard 176-1987: IEEE Standard on Piezoelectricity


https://www.sciencedirect.com/science/journal/22112855
https://www.sciencedirect.com/science/journal/22112855/80/supp/C
http://dx.doi.org/10.1002/mawe.201900002
http://dx.doi.org/10.1002/mawe.201900002
http://dx.doi.org/10.1109/TCSI.2016.2608999
http://dx.doi.org/10.1109/TCSI.2016.2608999
http://dx.doi.org/10.1109/TCSI.2016.2608999
http://dx.doi.org/10.1051/jphystap:0188100100038100
http://dx.doi.org/10.1051/jphystap:0188100100038100
http://dx.doi.org/10.1063/1.3167773
http://dx.doi.org/10.1063/1.3167773

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

121

Tiersten, H.F. (1969) Linear Piezoelectric Plate Vibrations, Plenum Press, New
York
Erturk A and Inman D J, A distributed parameter electromechanical model for

cantilevered piezoelectric energy harvesters, J. Vib. Acoust. 130 041002, 2008
Erturk A and Inman D J, On mechanical modeling of cantilevered piezoelectric
vibration energy harvesters, J. Intell. Mater. Syst. Struct. 19 1311-25, 2008
Roundy, S. and Wright, P.K., 2004, A Piezoelectric Vibration Based Generator
for Wireless Electronics, Smart Materials and Structures, 13, pp.1131-1144.
duToit, N.E., Wardle, B.L. and Kim, S., 2005, Design Considerations for
MEMS-Scale Piezoelectric Mechanical Vibration Energy Harvesters, Journal of
Integrated Ferroelectrics, 71, pp. 121-160.

Inman, Daniel J., and Ramesh Chandra Singh. Engineering vibration. Vol. 3.
Englewood Cliffs, NJ: Prentice Hall, 1994.

J. Soderkvist, Dynamic behavior of a piezoelectric beam Journal of the
Acoustic, Society of America 90 685-92, 1991.

N. Hagood, W. Chung, and A. Von Flotow, Modelling of piezoelectric actuator
dynamics for active structural control, Journal of Intelligent Material Systems
and Structures 1 327-54, 1990.

Sodano, H.A., Park, G. and Inman, D.J., 2004, Estimation of Electric Charge
Output for Piezoelectric Energy Harvesting, Strain, 40, pp. 49-58.

N. E. duToit, and B. L. Wardle, Performance of microfabricated piezoelectric
vibration energy harvesters, Integr. Ferroelectr. 83 13-32, 2006.

Ajitsaria, J., Choe, S.Y., Shen, D. and Kim, D.J., 2007, Modeling and Analysis
of a Bimorph Piezoelectric Cantilever Beam for Voltage Generation, Smart
Materials and Structures, 16, pp. 447-454.

A. Erturk, and D. J. Inman, An experimentally validated bimorph cantilever
model for piezoelectric energy harvesting from base excitations, Smart Mater.
Struct. 18 025009, 2009

Maiara Rosa and Carlos De Marqui Junior, Modeling and Analysis of a
Piezoelectric Energy Harvester with Varying Cross-Sectional Area, Shock and
Vibration Volume 2014, Article ID 930503, 9 page

Crandall, S.H., Karnopp, D.C., Kurtz, E.F. Jr., and Pridmore-Brown, D.C.
(1968) Dynamics of Mechanical and Electromechanical Systems, McGraw-Hill,
New York

Crawley and E. H. Anderson, Detailed models of piezoceramic actuation of
beams, Journal of Intelligent Material Systems and Structures, vol. 1, no. 1, pp.
4-25, 1990

Hu, Yuantai, et al, Nonlinear behavior of a piezoelectric power harvester near
resonance, IEEE transactions on ultrasonics, ferroelectrics, and frequency
control 53.7 (2006): 1387-1391

Hu, Yuantai, et al, The effects of first-order strain gradient in micro
piezoelectric-bimorph power harvesters, IEEE transactions on ultrasonics,
ferroelectrics, and frequency control 58.4 (2011): 849-852

G. Maugin, Nonlinear Electromechanical Effects and Applications, World



[64]
[65]

[66]

[67]

[68]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

122

Scientific, Singapore, 1985.

J. Yang, Analysis of Piezoelectric Devices Springer, New York, 2005.

Triplett, Angela, and D. Dane Quinn, The effect of non-linear piezoelectric
coupling on vibration-based energy harvesting, Journal of Intelligent Material
Systems and Structures 20.16 (2009): 1959-1967

Crawley, Edward F., and Eric H. Anderson, Detailed models of piezoceramic
actuation of beams, Journal of Intelligent Material Systems and Structures 1.1
(1990): 4-25

Crawley, Edward F., and Kenneth B. Lazarus, Induced strain actuation of
isotropic and anisotropic plates, AIAA journal 29.6 (1991): 944-951.

L. L. Silva, M. A. Savi, P. C. Monteiro, and T. A. Netto, Effect of the
piezoelectric hysteretic behavior on the vibration-based energy harvesting,
Journal of Intelligent Material Systems and Structures, vol. 24, no. 10, pp.
1278-1285, 2013

Von Wagner, U., and P. Hagedorn, Piezo—beam systems subjected to weak
electric field: experiments and modelling of non-linearities, Journal of Sound
and Vibration 256.5 (2002): 861-872.

Stanton, Samuel C., et al, Nonlinear piezoelectricity in electroelastic energy
harvesters: modeling and experimental identification, Journal of Applied
Physics 108.7 (2010): 074903.

M. Lallart, C. Magnet, C. Richard et al., New synchronized switch damping
methods using dual transformations, Sensors and Actuators A: Physical, vol.
143, no. 2, pp. 302-314, 2008.

H. Shen, J. Qiu, H. Ji, K. Zhu, and M. Balsi, Enhanced synchronized switch
harvesting: a new energy harvesting scheme for efficient energy extraction,
Smart Materials and Structures, vol. 19, no. 11, Article ID 115017, 2010.

Silva, Luciana L., et al, On the nonlinear behavior of the piezoelectric coupling
on vibration-based energy harvesters, Shock and Vibration 2015 (2015).

Kim, Miso, John Dugundji, and Brian L. Wardle, Efficiency of piezoelectric
mechanical vibration energy harvesting, Smart Materials and Structures 24.5
(2015): 055006.

S. Roundy, P.K. Wright, J. Rabaey, A study of low level vibrations as a power
source for wireless sensor nodes, Comput. Commun. 26 (2003) 1131-1144.
Mahmoodi, Seyed Nima, Nader Jalili, and Mohammed F. Daqaq, Modeling,
nonlinear dynamics, and identification of a piezoelectrically actuated
microcantilever sensor, 1EEE/ASME Transactions on Mechatronics 13.1
(2008): 58-65.

Masana, Ravindra, and Mohammed F. Daqaq, Electromechanical modeling and
nonlinear analysis of axially loaded energy harvesters, Journal of vibration and
acoustics 133.1 (2011).

Mahmoodi, S. Nima, and Nader Jalili, Non-linear vibrations and frequency
response analysis of piezoelectrically driven microcantilevers, International
Journal of Non-Linear Mechanics 42.4 (2007): 577-587.

Abdelkefi, A., A. H. Nayfeh, and M. R. Hajj, Global nonlinear distributed-
parameter model of parametrically excited piezoelectric energy harvesters,
Nonlinear Dynamics 67.2 (2012): 1147-1160.



[80]

[81]

[82]

[83]

[84]
[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

123

Abdelkefi, A., A. H. Nayfeh, and M. R. Hajj, Effects of nonlinear piezoelectric
coupling on energy harvesters under direct excitation, Nonlinear
Dynamics 67.2 (2012): 1221-1232.

S.M. Hosseini, A. Shooshtari, H. Kalhori, S.N. Mahmoodi, Nonlinear-forced
vibrations of piezoelectrically actuated viscoelastic cantilevers, Nonlinear
Dyn. 78 (2014) 571-583.

Derayatifar, Mahdi, Masuod Tahani, and Hamid Moeenfard, Nonlinear analysis
of functionally graded piezoelectric energy harvesters, Composite
Structures 182 (2017): 199-208.

Li, Jiajie, et al, A consistent geometrically nonlinear model of cantilevered
piezoelectric vibration energy harvesters, Journal of Sound and Vibration 486
(2020): 115614.

Mann, B.P., Sims, N.D.: Energy harvesting from the nonlinear oscillations of
magnetic levitation, J. Sound Vib. 319, 515-30 (2009)

Daqgaq, M.F.: Response of uni-modal Duffing-type harvesters to random forced
excitations, J. Sound Vib. 329, 3621-31 (2010)

Sebald, G., Kuwano, H., Guyomar, D., Ducharne, B.: Experimental Duffing
oscillator for broadband piezoelectric energy harvesting, Smart Mater. Struct.
20, 102001 (2011)

Ghouli, Z., Hamdi, M., Lakrad, F., Belhaq, M, Energy harvesting in a delayed
and excited Duffing harvester device. MATEC Web of Conferences. 83, 02001
(2016).

De Paula, A.S, Inman, D.J., Savi, M.A, Energy harvesting in a nonlinear
piezomagnetoelastic beam subjected to random excitation, Mechanical Systems
and Signal Processing. 54-55, 405416 (2015).

Ting Zhang, Hong Guang Li, Yan Bi, Hysteresis characteristics influence on
the super-harmonic vibration of a bi-stable piezoelectric energy harvester, Low
Frequency Noise Vibration and Active Control. 37(4), 1003-1014 (2018)

Jia, Yu, Review of nonlinear vibration energy harvesting: Duffing, bistability,
parametric, stochastic and others, Journal of Intelligent Material Systems and
Structures 31.7 (2020): 921-944.

Dagaq, Mohammed F., et al, On the role of nonlinearities in vibratory energy
harvesting: a critical review and discussion, Applied Mechanics Reviews 66.4
(2014).

Rezaei, Masoud, Siamak E. Khadem, and M. 1. Friswell, Energy harvesting
from the secondary resonances of a nonlinear piezoelectric beam under hard
harmonic excitation, Meccanica 55.7 (2020): 1463-1479.

Masana, Ravindra, and Mohammed F. Daqaq, Exploiting super-harmonic
resonances of a bi-stable axially-loaded beam for energy harvesting under low-
frequency excitations, International Design Engineering Technical Conferences
and Computers and Information in Engineering Conference. Vol. 54815. 2011.
A. Erturk, D.J. Inman, Piezoelectric Energy Harvesting, John Wiley & Sons,
New Jersey, 2011

A. Erturk, D.J. Inman, Parameter identification and optimization in
piezoelectric energy harvesting: analytical relations, asymptotic analyses, and
experimental validations, J. Syst. Control Eng. 225 (2011) 485-496.



124

[96] M. Kim, M. Hoegen, J. Dugundji, B.L. Wardle, Modeling and experimental
verification of proof mass effects on vibration energy harvester performance,
Smart Mater. Struct. 19 (2010) 045023.

[97] Stanton, S.C., Owens, B.A., and Mann, B.P. (2012), Harmonic balance analysis
of the bistable piezoelectric inertial generator, J. Sound Vib. 331, 3617-3627.

[98] Harne, R., and Wang, K. (2014), On the fundamental and superharmonic
effects in bistable energy harvesting, J. Intell. Mater. Syst. Struct. 25, 937-950.

[99] Zhou, S., Cao, J., Inman, D.J., Lin, J., and Li, D. (2016), Harmonic balance
analysis of nonlinear tristable energy harvesters for performance enhancement,
J. Sound Vib. 373, 223-235.

[100]Panyam, M., and Daqaq, M.F. (2017), Characterizing the effective bandwidth
of tristable energy harvesters,J. Sound Vib. 386, 336-358.

[101]Cao, J., Zhou, S., Inman, D.J., and Chen, Y. (2015), Chaos in the fractionally
damped broadband piezoelectric energy generator, Nonlinear Dyn. 80, 1705—
1719.

[102]Stanton, S.C., Mann, B.P., and Owens, B.A. (2012), Melnikov theoretic
methods for characterizing the dynamics of the bistable piezoelectric inertial
generator in complex spectral environments, Phys. Nonlinear Phenom. 241,
711-720.

[103]Oumbe” Te” kam, G., Kitio Kwuimy, C., and Woafo, P. (2015), Analysis of
tristable energy harvesting system having fractional order viscoelastic
material, Chaos 25, 013112

[104]Daqaq, Mohammed F., et al. Investigation of power harvesting via parametric
excitations, Journal of Intelligent Material Systems and Structures 20.5 (2009):
545-557.

[105]Chen, Li-Qun, and Wen-An Jiang, Internal resonance energy
harvesting, Journal of Applied Mechanics 82.3 (2015).

[106]Nguyen, Cuong Hung, and Einar Halvorsen, Harmonic-balance analysis of
nonlinear energy harvester models, 2014 1EEE International Symposium on
Circuits and Systems (ISCAS). IEEE, 2014.

[107]Kwuimy, CA Kitio, G. Litak, and C. Nataraj, Nonlinear analysis of energy
harvesting systems with fractional order physical properties, Nonlinear
Dynamics 80.1 (2015): 491-501.

[108]Wang, X. F., and W. D. Zhu, A modified incremental harmonic balance method
based on the fast Fourier transform and Broyden’s method, Nonlinear
Dynamics 81.1 (2015): 981-989.

[109]Liu, Weiqun, Fabien Formosa, and Adrien Badel, Optimization study of a
piezoelectric bistable generator with doubled voltage frequency using harmonic
balance method, Journal of Intelligent Material Systems and Structures 28.5
(2017): 671-686.

[110]Xiong, Liuyang, Lihua Tang, and Brian R. Mace, A comprehensive study of 2: 1
internal-resonance-based piezoelectric vibration energy harvesting, Nonlinear
Dynamics 91.3 (2018): 1817-1834.

[111]Wang, Wei, et al, Comparison of harmonic balance and multi-scale method in
characterizing the response of monostable energy harvesters, Mechanical
Systems and Signal Processing 108 (2018): 252-261.



125

[112]Bogoliubov, N.N., On some Statistical Methods in Mathematical Physics,
USSR Academy of Sciences (In Russian) (1945)

[113]Bogoliubov, N.N., Theory of perturbations in nonlinear mechanics. Institute for
Structural Mechanics, Ukrainian SSR Academy of Sciences, Collection of
Papers, No. 14 (In Russian). 9-34 (1950)

[114]Bogoliubov, N.N., Mitropolsky, Iu. A, Asymptotic Methods in the Theory of
Nonlinear Oscillations, Gordon & Breach, New York (1961)

[115]Mitropolsky, Iu.A, Averaging Method in Nonlinear Mechanics, Naukova
Dumka, Kiev, (in Russian) (1971)

[116]Mitropolsky, ITu.A., Dao, N.V., Anh, N.D, Nonlinear Oscillations in Systems of
Arbitrary Order, Naukova Dumka, Kiev (in Russian) (1992)

[117]Sanders, J.A., Verhulst, F., Murdock, J, Averaging Methods in Nonlinear
Dynamical Systems, second ed. In: Applied Mathematical Sciences, vol. 59.
Springer, New York (2007).

[118] Burd, V, Method of Averaging for Differential Equations on an Infinite
Interval. Chapman and Hall (2007)

[119]Roberts, J.B., Spanos, P.D, Stochastic averaging: an approximate method of
solving random vibration problems, International Journal of Non-Linear
Mechanics. 21, 111-134 (1986)

[120]Zheng, Qiang, et al, Recent progress on piezoelectric and triboelectric energy
harvesters in biomedical systems, Advanced Science 4.7 (2017): 1700029.
[121]Pillai, Minu A., and Ezhilarasi Deenadayalan, A review of acoustic energy
harvesting,  International  journal of  precision engineering and

manufacturing 15.5 (2014): 949-965.

[122]Khan, Farid Ullah, and Iftikhar Ahmad, Review of energy harvesters utilizing
bridge vibrations, Shock and Vibration 2016 (2016).

[123]Al-Yafeai, Doaa, Tariq Darabseh, and Abdel-Hamid I Mourad, A state-of-the-
art review of car suspension-based piezoelectric energy harvesting
systems, Energies 13.9 (2020): 2336.

[124]Reddy, Junuthula Narasimha. Mechanics of laminated composite plates and
shells: theory and analysis. CRC press, 2003.

[125]Nayfeh, Ali H., and P. Frank Pai. Linear and nonlinear structural mechanics.
John Wiley & Sons, 2008.

[126] Ventsel, Eduard, Theodor Krauthammer, and E. J. A. M. R. Carrera, Thin plates
and shells: theory, analysis, and applications, Appl. Mech. Rev. 55.4 (2002):
B72-B73.

[127]Yang, Zhengbao, Alper Erturk, and Jean Zu, On the efficiency of piezoelectric
energy harvesters, Extreme Mechanics Letters 15 (2017): 26-37.

[128]Shu, Yi-Chung, and I. C. Lien, Efficiency of energy conversion for a
piezoelectric power harvesting system, Journal of micromechanics and
microengineering 16.11 (2006): 2429.

[129] Yang, ZhengbaoStephen, Neil G, On energy harvesting from ambient vibration,
Journal of sound and vibration 293.1-2 (2006): 409-425.

[130]Xu, Z., Cheung, Y.K, Averaging method using generalized harmonic functions
for strongly non-linear oscillators, Journal of Sound and Vibration. Volume
174, 563-576 (1994)


https://www.sciencedirect.com/science/article/pii/S0022460X84712946
https://www.sciencedirect.com/science/article/pii/S0022460X84712946
https://www.sciencedirect.com/science/journal/0022460X/174/4
https://www.sciencedirect.com/science/journal/0022460X/174/4

126

[131] Roy, R.V, Averaging method for strongly non-linear oscillators with periodic
excitations, International Journal of Non-Linear Mechanics. Volume 29, Issue
5, 737-753 (1994)

[132] Chen, L.Q., Yang, X.D., Cheng, C..: Dynamic stability of an axially
accelerating viscoelastic beam, European Journal of Mechanics/A. 23, 659-666
(2004)

[133] Yang, X.D, Tang, Y.Q., Chen, L.Q., Lim, C.W, Dynamic stability of axially
accelerating Timoshenko beam: Averaging method, European Journal of
Mechanics - A/Solids. Volume 29, Issue 1, 81-90 (2010)

[134]Kovacic, 1., Zukovic, M, Oscillators with a power-form restoring force and
fractional derivative damping: Application of averaging, Mechanics Research
Communications. 41, 37-43 (2012)

[135] Gu, X., Zhu, W, A stochastic averaging method for analyzing vibro-impact
systems under Gaussian white noise excitations, Journal of Sound and
Vibration. Volume 333, Issue 9, 2632-2642 (2014)

[136]Jiang, W.A., Chen, L.Q, Stochastic averaging of energy harvesting systems,
International Journal of Non-Linear Mechanics. 85, 174—187 (2016)

[137]Challa V, Prasad M, Shi Y, Fisher F (2008), A vibration energy harvesting
device with bidirectional resonance frequency tenability, Smart Mater Struct
75:015035

[138]Shahruz SM (2006), Design of mechanical band-pass flters for energy
scavenging, J Sound Vib 292:987-998

[139]Zhou ZY, Qin WY, Zhu P (2017), A broadband quad-stable energy harvester
and its advantages over bi-stable harvester: simulation and experiment
verifcation. Mech Syst Signal Process 84:158—168

[140] Wang A, Zhang QC, Wang W, Feng JJ (2018), A low-frequency, wideband
quad-stable energy harvester using combined nonlinearity and frequency up-
conversion by cantilever-surface contact, Mech Syst Signal Process 112:305—
318

[141]Li1 HT, Qin WY (2015), Dynamics and coherence resonance of a laminated
piezoelectric beam for energy harvesting, Nonlinear Dyn 81:1751-1757

[142]Li FT, Qin WY, Lan CB, Deng WZ, Zhou ZY (2016), Dynamics and coherence
resonance of tristable energy harvesting system, Smart Mater Struct 25:015001

[143]Cao DX, Leadenham S, Erturk A (2015), Internal resonance for nonlinear
vibration energy harvesting, Eur Phys J Spec Top 224:2867-2880

[144]Jiang WA, Chen LQ, Ding H (2016), Internal resonance in axially loaded beam
energy harvesters with an oscillator to enhance the bandwidth, Nonlinear Dyn
85:2507-2520

[145]Kauderer, Hans. Elastostatik Nichtlineare Mechanik. Springer, Berlin,
Heidelberg, 1958.

[146]N.T. Khiem, T.T. Hai, L.Q. Huong, Effect of Piezoelectric Patches on Natural
Frequencies of Timoshenko Beam Made of Functionally Graded Material,
Mater. Res. Express, 2020, 7 (5), 055707 (17pp).

[147]Duong Thanh Huan, Luu Quynh Huong, Nguyen Tien Khiem (2021) Modal
analysis of cracked beam with piezoelectric layer. Vietnam Journal of
Mechanics 43 (2): 105-120.


https://scholar.google.com/citations?user=YrkhOiwAAAAJ&hl=en&oi=sra
https://www.sciencedirect.com/science/article/pii/002074629490068X
https://www.sciencedirect.com/science/article/pii/002074629490068X
https://www.sciencedirect.com/science/journal/00207462/29/5
https://www.sciencedirect.com/science/journal/00207462/29/5
https://www.sciencedirect.com/science/article/pii/S0997753809000953#!
https://www.sciencedirect.com/science/article/pii/S0997753809000953#!
https://www.sciencedirect.com/science/article/pii/S0997753809000953#!
https://www.sciencedirect.com/science/article/pii/S0997753809000953#!
https://www.sciencedirect.com/science/journal/09977538
https://www.sciencedirect.com/science/journal/09977538
https://www.sciencedirect.com/science/journal/09977538/29/1
https://www.sciencedirect.com/science/article/abs/pii/S0093641312000213#!
https://www.sciencedirect.com/science/article/abs/pii/S0093641312000213#!
https://www.sciencedirect.com/science/journal/00936413
https://www.sciencedirect.com/science/journal/00936413
https://www.sciencedirect.com/science/journal/00936413/41/supp/C
https://www.sciencedirect.com/science/article/abs/pii/S0022460X13010705#!
https://www.sciencedirect.com/science/article/abs/pii/S0022460X13010705#!
https://www.sciencedirect.com/science/journal/0022460X
https://www.sciencedirect.com/science/journal/0022460X
https://www.sciencedirect.com/science/journal/0022460X/333/9

127

[148]Tran Ich Thinh, Le Kim Ngoc, Static behavior and vibration control of
piezoelectric cantilever composite plates and comparison with experiment,
Computational Material Science, 2010, 49 (4), 276-280.

[149]Tran Huu Quoc, Vu Van Tham, Tran Minh Tu, Optimal placement and active
control of composite plates integrated with piezoelectric sensor/actuator pairs,
Vietnam Journal of Science and Technology, 2018, 56 (1), 113-126

[150]Nguyen Dinh Duc, Pham Hong Cong, Nonlinear thermo-mechanical dynamic
analysis and vibration of higher order shear deformable piezoelectric
functionally graded material sandwich plates resting on elastic foundations,
Journal of Sandwich Structures and Materials, 2016, 20 (2), 191-218.

[151]Nguyen-Van H., Le Thong, Mai-Duy N., Tran-Cong T., Nodal integration
finite element techniques for analysis of piezoelectric solids, The International
Conference on Computational Solid Mechanics (CSM2008), 2008, Ho Chi
Minh City -Vietnam.

[152]N. Courant, D. Hilbert, Methods of mathematical physics: partial differential
equations, John Wiley & Sons, 2008.

[153]Nguyen, Dinh Kien, Large displacement behaviour of tapered cantilever
Euler—Bernoulli beams made of functionally graded material, Applied
Mathematics and Computation 237 (2014): 340-355.

[154]Chung, N. T., Thuy, N. N., Thu, D. T. N., & Chau, L. H, Numerical and
experimental analysis of the dynamic behavior of piezoelectric stiffened
composite plates subjected to airflow, Mathematical Problems in Engineering,
2019.

[155]Kovacic, 1., & Brennan, M. J. (2011). The Duffing equation: nonlinear
oscillators and their behaviour. John Wiley & Sons.

[156]Nguyén Vin Khang, Dao dong kj thudt (in lan thir 4), NXB Khoa hoc va K§
thuat, Ha Noi 2005

[157]Bich, B. H., & Bich, N. b. (2003). Co hoc maéi truwong lién tuc, NXB Pai Hoc
Qubc Gia Ha Noi.



128

PHU LUC

function duffing_thuthapnang luong_Ode @45_biendo_thay_doi

global epsilon omega0 kappa2 C_p teta niu gama alpha sigmma deltal A Omega a
phi ttl

deltal=0.01;

t1=0: deltal: 6*pi;

for i=1:max(size(tl))
t=t1(1);
x_Mainl(i) = xMain1(Omega, a, t, phi);
x_Main2(i1) = xMain2(Omega, a, t, phi);
x_Main3(i) = xMain3(Omega, a, t, phi);
Vp_Mainl (i) = VpMainl(Omega, a, t, phi, alpha, teta, C_p);
Vp_Main2(i) = VpMain2(Omega, a, t, phi, alpha, teta, C_p);
Vp_Main3(i) = VpMain3(Omega, a, t, phi, alpha, teta, C_p);

end

figure(41) % Hinh 4.1a)

[t,x]=0ded45(@duffingl, [0, 6%pi], [0.04998, 0, 0.02555]);

plot( t/(2*pi), x(:,1),'r", LineWidth', 2)

ValueX1_edel=max(x(:,1));

hold on

plot(t1/(2*pi1), x_Mainl, ' k-.", 'LineWidth', 2)

Valuex1_PPTBI=max(x_Mainl);

hold on

[t,x]=0ded45(@duffing2, [0, 6*pi], [0.09896, 0, 0.05058] );

plot( t/(2*pi), x(:,1),'r', 'LineWidth', 2)

ValueX1_ede2=max(x(:,1));

hold on

plot(t1/(2*pi), x_Main2, ' m-', 'LineWidth', 2)

Valuex1_PPTB2=max(x_Main2);

hold on

[t,x]=0ded45(@duffing3, [0, 6*pi], [0.2819, 0, 0.1439]);

plot( t/(2*pi), x(:,1),'r", LineWidth', 2)

ValueX1_ede3=max(x(:,1));

hold on

plot(t1/(2*pi), x_Main3, ' b--', 'LineWidth', 2)

Valuex1_PPTB3=max(x_Main3);
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xlabel('t/(2*\pi1)")

ylabel('x_M_a_i_n")

grid on

hold on

set(gcf, 'color’, 'white")
set(gca,'FontSize',16)

hAx=gca; % avoid repetitive function calls
set(hAx,'xminorgrid','on','yminorgrid','on")
hold off

figure(42) % Hinh 4.1b)

[t,x]=0ded45(@duffingl, [0, 6*pi], [0.04998, 0, 0.02555]);
plot( t/(2*pi), x(:,3),r', 'LineWidth', 2)
ValueV1_edel=max(x(:,3));

hold on

plot(t1/(2*pi), Vp_Mainl, ' k-', 'LineWidth', 2)
ValueV1_PPTBI=max(Vp_Mainl);

hold on

[t,x]=0de45(@duffing2, [0, 6*pi], [0.09896, 0, 0.05058] );
plot( t/(2*pi), x(:,3),'r', 'LineWidth', 2)
ValueV1_ede2=max(x(:,3));

hold on

plot(t1/(2*pi), Vp_Main2, ' m--', 'LineWidth', 2)
ValueV1_PPTB2=max(Vp_Main2);

hold on

[t,x]=0ded45(@duffing3, [0, 6*pi], [0.2819, 0, 0.1439]);
plot( t/(2*pi), x(:,3),'r', LineWidth', 2)
ValueV1_ede3=max(x(:,3));

hold on

plot(t1/(2*pi), Vp_Main3, ' b-', 'LineWidth', 2)
ValueV1_PPTB3=max(Vp_Main3);

xlabel('t/(2*\pi1)")

ylabel('V_M_a_i_n")

grid on

hold on

set(gcf, 'color’, 'white")

set(gca,'FontSize',16)

hAx=gca; % avoid repetitive function calls
set(hAx,'xminorgrid','on’,'yminorgrid','on")

hold off
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% Sai so xac dinh tu bieu thuc (4.2)

Er_x1_1=(ValueX1_edel - Valuex1_PPTB1)*100/ValueX1_edel;
Er_x1_2=(ValueX1_ede2 - Valuex1_PPTB2)*100/ValueX1_ede2;
Er_x1_3=(ValueX1_ede3 - Valuex1_PPTB3)*100/ValueX1_ede3;

Er_V1_1=(ValueV1_edel - ValueV1_PPTB1)*100/ValueV1_edel;
Er_V1_2=(ValueV1_ede2 - ValueV1_PPTB2)*100/ValueV1_ede2;
Er_V1_3=(ValueV1_ede3 - ValueV1_PPTB3)*100/ValueV1_ede3;

resultl=[ ValueX1_edel' Valuex] PPTBI1'Er_x1_1' ValueX1_ede2'
Valuex1_PPTB2'Er_x1_2' ValueX1_ede3' Valuex1_PPTB3'Er_x1_3']
result2=[ ValueV1_edel' ValueV1_PPTB1'Er_V1_1' ValueV1_ede2'
ValueV1_PPTB2'Er_V1_2' ValueV1_ede3' ValueV1_PPTB3'Er_V1_3']
xIswrite('duffing_thuthapnang luong_Ode @45_biendo_thay_doi.xls', resultl,
'sheetl’, 'Al")

xIswrite('duffing_thuthapnang luong_Ode @45_biendo_thay_doi.xls', result2,
'sheet2', 'A2")

%% Ham con

function dx=duffing1(t,x)

% syms epsilon A omega0 Omega niu gama kappa2 alpha a
% Cac tham so khao sat

A=0.1;

epsilon=0.01;

omegal=1

niu=0.01;

a=0.05;

gama=1.0;

Omega=sqrt(0.9901);

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa?2);

teta=0.5;

dx =[x(2); -epsilon.*(2*niu.*x(2)+gama.*x(1).*3+kappa2.*x(3))-
omega(.72*x(1)+epsilon*A.*Omega."2*cos(Omega*t); x(2)-alpha.*x(3)];
end

function dx=duffing2(t,x)

% syms epsilon A omega0 Omega niu gama kappa2 alpha
% Cac tham so khao sat
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A=0.2;

epsilon=0.01;

omega(O=1

niu=0.01;

a=0.099;

gama=1.0;

Omega=sqrt(0.9901);

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa2);

teta=0.5;

dx =[x(2); -epsilon.*(2*niu.*x(2)+gama.*x(1).*3+kappa2.*x(3))-
omega0.A2*x(1)+epsilon*A.*Omega.*2*cos(Omega*t); x(2)-alpha.*x(3)];
end

function dx=duffing3(t,x)

% syms epsilon A omega0 Omega niu gama kappa2 alpha
A=0.3;

epsilon=0.01;

omega(=1

niu=0.01;

a= 0.282;

gama=1;

Omega=sqrt(0.9901);

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa2);

teta=0.5;

dx =[x(2); -epsilon.*(2*niu.*x(2)+gama.*x(1).*3+kappa2.*x(3))-
omega(.72*x(1)+epsilon*A.*Omega."2*cos(Omega*t); x(2)-alpha.*x(3)];
end

function myfunl_Main=xMain1(Omega, a, t, phi);

% syms epsilon A omega0 Omega niu gama kappa2 alpha
% Cac tham so khao sat

A=0.1;

a=0.05;

gama=1.0;

Omega=sqrt(0.9901);

epsilon=0.01;
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omega(O=1

niu=0.01;

alpha=1;
kappa2=0.015;
C_p=(0.5"2/kappa2);

teta=0.5;
sigmma = (Omega."2-omega0.72)./epsilon; % Xac dinh tu bieu thuc (3.39)
phi  =-atan((4*Omega.*(2*niu.*Omega.”2 + 2*niu.*alpha.*2 +...

kappa2.*alpha))./(4*Omega.*2*kappa2 - 4*Omega.2.*sigmma - ...
4*alpha."2*sigmma + 3*Omega.*2.*a."2.*gama + 3*a.*2.*alpha."2.*gama)); %
Xac dinh tu bieu thuc (3.57)

myfunl_Main= a.*cos(Omega.*t + phi); % Xac dinh tu bieu thuc (3.40)
end

function myfunl_Main=xMain2(Omega, a, t, phi);
% syms epsilon A omega0 Omega niu gama kappa2 alpha
% Cac tham so khao sat

A=0.2;

a=0.099;

gama=1.0;

Omega=sqrt(0.9901);

epsilon=0.01;

omegal=1

niu=0.01;

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa2);

teta=0.5;
sigmma = (Omega.*2-omega0./2)./epsilon; % Xac dinh tu bieu thuc (3.39)
phi  =-atan((4*Omega.*(2*niu.*Omega.”2 + 2*niu.*alpha.*2 +...

kappa2.*alpha))./(4*Omega."2*kappa2 - 4*Omega."2.*sigmma - ...
4*alpha.A2*sigmma + 3*Omega.2.*a.A2.*gama + 3*a.2.*alpha.*2.*gama)); %
Xac dinh tu bieu thuc (3.57)

myfunl_Main= a.*cos(Omega.*t + phi); % Xac dinh tu bieu thuc (3.40)
end

function myfunl_Main=xMain3(Omega, a, t, phi);
% syms epsilon A omega0 Omega niu gama kappa2 alpha
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% Cac tham so khao sat
A=0.3;

a= 0.282;

gama=1;
Omega=sqrt(0.9901);
epsilon=0.01;
omega(=1

niu=0.01;

alpha=1;
kappa2=0.015;
C_p=(0.5"2/kappa2);

teta=0.5;
sigmma = (Omega."2-omega0.72)./epsilon; % Xac dinh tu bieu thuc (3.39)
phi = -atan((4*Omega.*(2*niu.*Omega."2 + 2*niu.*alpha.*2 +...

kappa2.*alpha))./(4*Omega.2*kappa2 - 4*Omega."2.*sigmma - ...
4*alpha."2*sigmma + 3*Omega.*2.*a."2.*gama + 3*a."2.*alpha.*2.*gama)); %
Xac dinh tu bieu thuc (3.57)
myfunl_Main= a.*cos(Omega.*t + phi); % Xac dinh tu bieu thuc (3.40)
end

function myfunl1_Main=dxMain(Omega, a, t, phi);
myfunl1_Main= -a.*Omega.*sin(Omega.*t + phi);
end

function myfun2_Main1=VpMain1(Omega, a, t, phi, alpha, teta, C_p);
% syms epsilon A omega0 Omega niu gama kappa2 alpha

% Cac tham so khao sat

A=0.1;

a=0.05;

gama=1.0;

Omega=sqrt(0.9901);

epsilon=0.01;

omega(O=1

niu=0.01;

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa2);

teta=0.5;

sigmma = (Omega.2-omega0.72)./epsilon; % Xac dinh tu bieu thuc (3.39)
phi = -atan((4*Omega.*(2*niu.*Omega."2 + 2*niu.*alpha.*2 +...
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kappa2.*alpha))./(4*Omega.*2*kappa2 - 4*Omega.2.*sigmma - ...

4*alpha.*2*sigmma + 3*Omega.2.*a.A2.*gama + 3*a.2.*alpha."2.*gama));
Xac dinh tu bieu thuc (3.57)
B_v = -(Omega.*a.*alpha)./(Omega.”2 + alpha.*2);
Xac dinh tu bieu thuc (3.40)
C_v = (Omega."2*a)./(Omega."2 + alpha.*2);
Xac dinh tu bieu thuc (3.44)
v_p = B_v.*sin(Omega.*t + phi) + C_v.*cos(Omega.*t + phi);
Xac dinh tu bieu thuc (3.45)
myfun2_Mainl =Vv_p;
end
function myfun2_Main2=VpMain2(Omega, a, t, phi, alpha, teta, C_p);
% syms epsilon A omega0 Omega niu gama kappa?2 alpha
% Cac tham so khao sat
A=0.2;
a=0.099;
gama=1.0;
Omega=sqrt(0.9901);
epsilon=0.01;
omega(=1
niu=0.01;
alpha=1;
kappa2=0.015;
C_p=(0.5"2/kappa2);
teta=0.5;
sigmma = (Omega."2-omega0.72)./epsilon; % Xac dinh tu bieu thuc (3.39)
phi = -atan((4*Omega.*(2*niu.*Omega.*2 + 2*niu.*alpha.*2 +...

kappa2.*alpha))./(4*Omega."2*kappa2 - 4*Omega.*2.*sigmma - ...
4*alpha.A2*sigmma + 3*Omega.*2.*a.A2.*gama + 3*a.2.*alpha."2.*gama)); %
Theo bieu thuc (3.57)

B_v = -(Omega.*a.*alpha)./(Omega."2 + alpha."2

C_v = (Omega."2%*a)./(Omega."2 + alpha.*2);

v_p = B_v.*sin(Omega.*t + phi) + C_v.*cos(Omega.*t + phi);
myfun2_Main2 =V_p;

end

function myfun2_Main3=VpMain3(Omega, a, t, phi, alpha, teta, C_p);
% syms epsilon A omega0 Omega niu gama kappa?2 alpha

%

%

%

%
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% Cac tham so khao sat

A=0.3;

a=0.282;

gama=1;

Omega=sqrt(0.9901);

sigmma = (Omega.*2-omega(./2)./epsilon;

epsilon=0.01;

omega(O=1

niu=0.01;

alpha=1;

kappa2=0.015;

C_p=(0.5"2/kappa2);

teta=0.5;

phi = -atan((4*Omega.*(2*niu.*Omega."2 + 2*niu.*alpha.*2 +...
kappa2.*alpha))./(4*Omega.2*kappa2 - 4*Omega.2.*sigmma - ...
4*alpha."2*sigmma + 3*Omega.*2.*a."2.*gama + 3*a."2.*alpha."2.*gama));

B_v = -(Omega.*a.*alpha)./(Omega.”2 + alpha.*2);

C_v = (Omega."2*a)./(Omega."2 + alpha.*2);

v_p = B_v.*sin(Omega.*t + phi) + C_v.*cos(Omega.*t + phi);
myfun2_Main3 =V_p;

end

end



VIEN HANLAM CONG HOA XA HQI CHU NGHIA VIET NAM
KHOA HOC VA CONG NGHE VN Dée lip - Tw do - Hanh phiice
HOC VIEN KHOA HQC VA CONG NGHE

S&: 963/QP-HVKHCN Ha N¢i, ngay 23 thang 8 nédm 2023

QUYLT DINH
Ve viée thanh Iap Hoi dong danh gid ludn an tién si cAp Hoc vién

GIAMDOC
Hoc VIEN KHOA HQOC VA CONG NGHE

Céan cir Ouvee‘ dinh s6 303/QD VHL ngay 01/3/2023 cua Chu tich Vién Han lam
Khoa hoc va Céng nghé Viét Nam vé viée ban hanh Quy ché Té chire va hoat déng ciia
Hoc vién Khoa hoc va Cong nghé,

(,cm cir Thong tir so 08/201 7/TT BGDDT ngay 04/4/2017 cua Bé Gido duc va
Dao tao vé viée ban hanh Quy ché tuyén sinh va dao tao trinh do tién st

Can cir Quyét dinh sé 1948/QD-HVKHCN ngay 28/12/2018 ciia Gidm doe Hoc
vién Khoa hoc va Cong nghé ve viée ban hanh Quy dinh dao tao trinh dé tién st tai Hoc
vién Khoa hoc va Céng nghé;

Céin cit theo Quyét dinh sé 1 606/OD-HVKHCN ngay 05/12/2019 ciia Gidm doc
Hoc vién Khoa hoc va C‘ong nghé vé viée céng nhan nghién ciru sinh dot 2 nam 2019,

Xét dé nghi ciia Trudng phong Dao tao.

QUYET PINH:

Diéu 1. Thanh lap Hoi dong danh gid luan 4n tién s7 cdp Hoc vién cho nghién ctru
sinh Nguyén Vin Manh véi dé tai:

Bai toan khai thic ning lwgng cho mo hinh dim ap dién phi tuyén véi hiéu
ng cong hwong chinh va tha cap

Chuyén ﬂLcl[]h Co k¥ thudt Mai s6: 9 52 01 01

Danh sdch thanh vién Hoi dong danh gid lugn dn keém theo Quyét dinh nay.

Diéu 2. Hoi dong c6 trach nhiém danh gid luén an tién s theo ding Quy ché hién
hianh ctia B Gido duc va Dao tao, va quy dinh ctia Hoc vién Khoa hoc va Cong nghé.
Quyét dinh ¢6 hiéu luc tdi da 90 ngay ké tir ngdy ky va phai dam bao thoi han dao tao
theo quy dinh ctia Hoc vién, Hoi clong tw giai thé sau khi hoan thanh nhi¢m vu.

Diéu 3. Truong phong T6 chitc — Hanh chinh va Tr uyén théng, Truong phong
Dao tao, Truéng phong Ké todn, cac thanh vién ¢é tén trong danh sach Hoi ddng va
nghién ctru sinh ¢é tén tai Diéu 1 chiu trach 1 nhiém thi hanh Quyét dinh nay./. G

Noinhin: GIAM DOC /
- Nhu Diéu 3; : .

- Luu hd so NCS: » ol

- Luu: VT, BT, VA.17.
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DANH SACH HOI PONG PANH GIA LUAN AN TIEN SI
CAP HOC VIEN

j 0Kem theo Quyét dinh sé6 963/0P-HVKHCN ngay 23/8/2023

tmg cong huong chinh va thu cép
Chuyén nganh: Co k¥ thudt Mi s6: 9 52 01 01

Nguoi hudng dan:
1. GS.TSKHH. Nguyén Déng Anh - Vién Co hoc, Vién Han lam KHCNVN
2. TS. Nguyén Ngoc Linh - Truong Dai hoe Thuy loi, BO NN&PTNT

Trach nhiém
Co quan cong tic trong
Hoi dong

Chuyén

STT | Ho va téll, hoe ham, hoc vi =
% s gLy .
ll:'ﬂllh

Vién Co hoc,

1. GS.TS. Nguyeén Viét Khoa Co hoc Vién Han 1am KHCNVN

Chu tich

Truong DH Xay dung Ha Noi,

2 GS.TS. Tran Minh Tt Co hoe B3 Gidio duc vit Déo tao Phan bién 1
3. | GS.TS. Pham Chi Vinh Cohor | Troonk BELENGANoc tH S, | oy e o
Dai hoc Quoce gia Ha Noi
4. | PGS.TS. LaPuc Viet Co hoe . .1in Co hoc, Phitn bién 3
' SRS ’ * Vién Han lam KHCNVN ' ;
, & Vién Cong nghé Vi tru, Uy vién -
3. T5. Pham Vén Bech Ngoe Cohos Vién Han ldm KHCNVN Thu ky
. S——— Truong PH Xay dung Ha Noi, oo s
; e ié : LS 2
0. GS.TS. Tran Van lL.ién Co hoc B§ Ciks duc v& Dao tas Uy vién
7 8 PGS.TS. Hoang Van Tung Co hoc Trwomg BH Kicn true HaNoi, Uy vién

Bo Xay dung

Héi dong gom 07 thanh vién./. f;{,'/



BAN NHAN XET LUAN AN TIEN ST

Tén dé tai: “Bai toan khai thc ning luong cho md hinh dam ap dién phi tuyén voi
mot sO hi€u trng khac nhau”

Chuyén nganh: Co k¥ thuat

Mai sb:

Nghién ctru sinh: Nguyén Vin Manh

Nguoi nhén xét: GS.TS. Nguyén Viét Khoa

Co quan cong tac: Vién Co hoc, Vién Han 1am KH&CN
Viét Nam

Y KIEN NHAN XET
1. Tinh cin thiét, thoi su, ¥ nghia khoa hoc va thuc tién cia dé tai

Bai toan khai thac nang luong tai tao tur cac nguon trong tu nhicn thay vi
khai thdc ngudn ning luong hoa thach hién dang la van dé rét nong trén thé gisi
hién nay. Trong do, viéc khai thic nang lugng tir vt liéu dp dién hién dang dugc
dugc quan tam nghién clru va phét trién manh mé. Vi thé dé tai cua ludn an la co y
nghia khoa hoc.

2. Panh gia sy trung lap véi ciac nghién ciru khac
Luén 4n khéng trung lap véi cac nghién ciru da duoc cong bo trude do.

No6i dung ludn 4n Ja trung thuc, o rang va day du trich dan tai li¢u tham
khao.

3. Su phu hop giiia tén dé tai véi ngi dung, giiva ngi dung véi chuyén nganh va
mi so chuyén nganh

Tén dé tai vdi ndi dung, gita ndi dung voi chuyén nganh va ma s6 chuyén
nganh la phu hop

4. Do tin ciy va tinh hién dai ctiia phwong phap da s dung dé nghién ciru

Phuong phép st dung trong lugn én la phuong phap ly thuyét két hop véi mo
phong s6 dé kiém tra hidu qua ctia cac phuong phép dé xuét trong ludn 4n.

Pay la phuong phap hop ly va dang tin cay d6i v6i bai toan dit ra.

5. Két qua nghién ciru méi cia tic gid; nhirng dong gop mdi cho sy phat trlen
khoa hoc chuyén nganh; déng gop maéi phuc vu cho san xuat, kinh té, quoc



phong, xa hgi va doi song. Y nghia khoa hoc, gia tri va d¢ tin cay ctia nhing
ket qua do.

- Ludn 4n da xay dung dugc phuong trinh lién két co dién cta két céu dam
cong x6n phi tuyén c6 16p ap dién.

- Luén an da phat trién phuong phép trung binh dé giai bai toan dao dong cua
h¢ co dién phi tuy én ctia ddm cong x6n ¢6 16p ap dién, co khoi lwgng tap trung chiu
kich déng nén diéu hoa.

Céac dong gop mdi cua luan dn co thé duoge ap dung dé phén tich anh hudng
cia cic tham sd co dién phi tuyén kiéu Duffing, dang giéng don, chiu kich dong nén
diéu hoa.

6. Uu va nhuoe diém vé ndi dung, két cau va hinh thirc cia ludn an

Uu diém cia lugn dn:

Luén an da trinh bay ndi dung khoa hoc mét cach logic, o rang. Két cau cua
[udn an 1a phu hgp véi ndi dung. Hinh thire trinh bay luén én theo dung yé€u cau cua

Hoc vién.

Luén 4n c6 dién giai cac cong thirc mdt cach chi tiét chimg to NCS c6 hiéu
biét va kién thirc tot trong linh vuc nghién ciu cua dé tai.

Cac chuong déu c6 phan dat van dé, két ludn va néu nhirng ndi dung chinh
da dugc cong bo trong cac cong trinh nao.

Nhuwoc diem cia luan an:

Mot sb céu tir nén chinh stra cho chinh xac, van phong khoa hoc dé phu hop
vo1 mot ludan an TS.

* Cac nhin xét vé wu va nhugce diem cu thé nhu sau:
Phan mo dau:

- Phdn mé déu da néu dugc y nghia ciia van dé nghién ciru va ndi dung winh
bay la phu hop.

- Tuy nhién, con so van dé can luu y, chinh stra:

r

+ Muc tiéu: doan thtr 2 khong rd nghia, can lam rd .

+ Pham vi nghién ciru viét nhiéu véan dé tiéu tiét, can néi rd, ngin gon pham
vi nghién ctru chinh 1a: dim cong x6n Euler-Bernoulli tiét dién chir nhét c6 gan l6p
ap dién.

+ Phuong phép nghién ciu can bd sung: la phwong phép 1y thuyét két hop
mo phong so dé kiém chung.

Chuong 1: Tffng quan



- Phan Tdng quan da néu va phan tich day du, chi tiét cac nghién ctru cdc md
hinh khai thac nang luong tir dao déng ciing nhu nhing hiéu ‘g phi tuyén va tmg
dung cua no6 trong khai thac nang lugng tir dao dong co hoc.

- Phin két luan da chi ra nhiing ton tai, han ché trong céc phwong phép khai
thac nang lwong tir dao dong tuyén tinh dé tir d6 dé xudt phuong phép khai thac
nang lugng tir hiéu phi tuyén cua luan an.

Cdc chuwong noi dung cua ludn dn:

- Céc chuong déu dugc trinh bay véi cdu tric tdt, logic, chi tiét vé ngi dung
khoa hoc.

- Mt s6 van dé can luu y va chinh sura:

+ Mot s6 cdu can diéu chinh cho phu hop, vi du: trang 30, phan m¢& dau ghi
“Chuong nay Luan an nghién ctru quan hé Urng suat-bién dang...” can viét lai chu
ngtt cho chinh xac, Luan an nghién ctru hay NCS nghién ciru? Hay “Pau tién, trinh
bay ...” thiéu chu ngtr.

+ Can ra soat toan b luan an dé chinh sira cac van dé tuong tu.

Phan két lugn va kién nghi

- Phin Két luan cin l(halmg dinh rd rang dau 1a cac néi dung khoa hoc da lam,
dau la déng g6ép mai vé mat khoa hoc.

- Luu ¥ phan m& bai va két luén cia ludn 4n can phai viét phti hgp vai nhau.
Mot sé cdu héi can lam ro:

- Phi tuyén hinh hoc & muc 2.1 1a & chd nao? Vi sao?

- Giai thich vi sao khi tinh dao ham riéng cua f lai xuét hién ham Heaviside?

- Vi sao theo tinh chat cia ham Heaviside thi khi 16p 4p dién la rat mong so
véi chiéu day thi bo qua dugce s6 hang ¢6 chira ham Heaviside?

7. Noi dung ciia luin an da dwoe cong b trén tap chi, ky yéu hdi nghi khoa hoc
nao va gia tri ciia cac cong trinh da cong bo

- Nghién ciru sinh da ¢é 05 cong bd, gé’)m 02 bai trong cac tap chi SCIE, 01
bai tap chi trong nudc va 02 bai trong cac ky yéu hoi nghi trong nudec.

- Céac tap chi trén l1a cic tap chi, dién dan c¢6 uy tin trong va ngoai nudc, hoan
toan dap Umg dugc yéu cau doi voi ludn an tién si.

- Céc bai bao c6 chét luong tot. Noi dung clia cac bai bio duoce cong bd la
phu hop véi ndi dung cua luén an.

8. Két luan

- Luan an dép ung du yéu cau vé ndi dung va hinh thirc doi voi mot ludn 4an
tién sT chuyén nganh.



- Ban tom tdt luln 4n phan anh trung thanh ndi dung co ban cua ludn an
- Ludn an c6 thé dua ra bao vé cap Hoc Vién dé nhan bang Tién si.

Xac nhan clia co quan Ha Néi, ngay~A thang (Inam 2023
< NGUOTI NHAN XET
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GS.TS. Nguyén Viét Khoa

VHO VIEN TRUONG
La buc Viét




CONG HOA XA HQI CHU NGHIA VIET NAM
Poc 1dp — Tw do — Hanh phiic

BAN NHAN XET LUAN AN TIEN SI

Nguwdi nhin xét luin an: Tran Minh T

Hoc ham, hoc vi: GS. TS.

Co quan cong tdc: Dai hoc Xay dung Ha Noi

Tén nghién ctru sinh: Nguyén Van Manh

Dé tai: Bai todn khai thic ndng lwong cho mé hinh dam dp dién phi tuyén véi hiéu iing

cong hwomg chinh va thie cdp
Y KIEN NHAN XET

1. Tinh cin thit, thoi sy, y nghia khoa hoc va thue tién ciia dé tai

Phat trién céc b thu thap, khai thac, hay chuyén déi ning luong dé tim ngudn
ning lugng sach, bén vitng va than thién véi méi truong, nhim thay thé céc nhién liéu
héa thach truyén théng 1a xu huéng phat trién tit yéu cia tit ca cac quic gia trén thé
gi6i hién nay. Thu thip ning lugng st dung vat liéu ap dién c6 nhiéu vu diém so voi
viéc sir dung dién tlr va tinh dién nhu cung cép mét d ndng luong lon, tinh linh hoat
cao, vi thé 1a hudng nghién ciru duge quan tdm rong rai.

Céc dép {rng co dién ctia bg thu thip nang lugng ap dién da va dang thu hut duge
su chii y cua gidi khoa hoc do véan con nhidu vin dé chua dwoc giai quyét hét. Luan 4n
nghién clru dap mg co dién trong céc ving cong hudng clia b thiét bi thu thip ning
luong sir dung vat liéu ap dién 1a mot dong gbp ¢6 y nghia vé khoa hoc 1n thuc tién.

2. Pdnh gid vé s tring ldp cia dé tai nghién ciru so v6i cic cong trinh, lufin
viin, ludn 4n da cong bd trong va ngoai nwde; tinh trung thwe, ro rang va diy da
trong trich din tai liéu tham khio

Noi dung ludn an khéng tring ldp véi cac ludn dn va cic cdng trinh khoa hoc da
cdng bo trude do.

Céc trich dén, tai liéu tham khao trong ludn duoc trich din rd rang, trung thuc va
dung theo qui dinh ctia mot luan 4n Tién si.

3. Su phu hop giira tén d@ tai voi ndi dung, giira ni dung véi chuyén nganh va
mi s6 chuyén nganh

N6i dung ludn an ph hop véi tén dé tai clia luan 4n. Noi dung ludn 4n pht hop
véi chuyén nganh Co k¥ thuat va ma s6 chuyén nganh 9 52 01 01,




4. D) tin cly va tinh hién dai ciia phwong phép di sir dung dé nghién ciru

Luan an st dung tiép cdn giai tich, co s& 1a phwong phap trung binh héa dé mé
hinh héa hé co dién phi tuyén kiéu Duffing. Céc két qua ly thuyét ciing nhu phén tich
s6 dugc cong b trén cac tap chi qudc t& chuyén nganh uy tin cho thdy d tin cdy va tinh
cdp nhat cua cac phwong phap da st dung.

5. Két qui nghién ctru méi cia tic gid, nhig dong gop méi cho sy phit trién
cia khoa hoc chuyén nganh; déng gop méi phuc vu cho sin xuat, kinh té, quéc
phong, xd hi va doi song, y nghia khoa hoc, gid tri va d9 tin ciy caa két qua dé.

¢ M5 hinh héa b thiét b thu thip ning lugng dang dim céng-x6n c¢é gén hai lop
ap dién & bé mit trén va dudi bing mé hinh mot bac tu do véi khéi luong tap
trung, chiu kich dong didu hoa. Thiét 1ap hé phuong trinh vi phin cho dang dao
dong phi tuyén kiéu Duffing, dang giéng don cho hé co-dién mét bac tu do.

e Phit trién phuong phép trung binh d& thiét 14p giai tich cac quan hé bién do-tin
s, ddp trng chuyén vi ciing nhur dién 4p. cong sudt co hoe dau ra, dau vao, niang
lugng dién hiru ich dau ra, va hiéu suét thu thdp ndng lugng hé co dién trong
cée hiéu tng cong hudng phi tuyén,

e Thong qua céc phan tich, khéo sit, d& danh gia anh hudng ctia cac tham sé cua
co h¢ dén dap tmg chuyén vi cling nhu dién ap, céng suat co hoc du ra, diu
vao, ning lvong dién hitu ich diu ra, va hiéu suit thu thap ndng lugng hé co
dién trong cdc hi€u trng cOng hudng phi tuyén.

Cac két qua ctia luén 4n phan anh nhitng dong gép méi c6 dé tin cdy va gid tri vé
khoa hoc. Két qua nay 1a co s& ¢é phat trién céc thiét bi thu thip ning luong st dung
céc loai vat lidu tién tién.

6. Uu va nhuoe diém vé ndi dung, két cAu va hinh thirc cia luin 4n

Luan 4n c6 bd cuc hop 1y, két qua phong pht, thé hién nd luc lam viéc ctia ban
thin nghién ciru sinh.
Nhimng két qua cua ludn 4n c6 y nghia khoa hoc va thue tidn gin véi diung ndi
dung va déi tugng, pham vi nghién ciru. Cong bd két qua trén céc tap chi qudc té uy tin.
M6 hinh dp dung tiéu chudn ddi ngiu con twong dbi don gian, nén chua lam 15 duoc
tinh wu viét cia phuong phap dé xuét so voi céc phwong phap cd dién.
- Codn mdt s6 181 ché ban.
- C6 thé 4p dung m6 hinh dam Timoshenko cho bai toan ctia ludn 4n dugc khong?
7. N§i dung ciia luiin én di dwge cdng bo trén tap chi, ky yéu Hpi nghi khoa
hoc nao va gid trj ciia cdc cong trinh da cong bo
Ludn 4n c6 05 cong bd trong d6 02 cong bd trén ky yéu Hoi nghi Co hoc toin
quée, 02 cong bé trén hai tap chi Non-Linear Mechanics trong danh muc ISI, cong b6
con lai trén Tap chi Co khi Viét nam.
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8. Két lufin chung:

A - - - A 5 a A X ar - 3 . » A A - P A ~
Ludn én dap (mg day du yéu ciu vé néi dung va hinh thtrc cia mot ludn 4n tién si
chuyén nganh Co k¥ thuat.

Ban tém tit ctia Luan 4n phan 4nh ddy du, trung thye nhitng théng tin co ban cua
ludn 4n, dép ing ding céc yéu cdu va qui dinh,

Luén 4n c6 thé dua ra bao vé cap Hoc vién dé nhan hoc vi Tién si.

Ha ngi ngéyndFthéng 9 nam 2023
Truwong Pai hoe Xay dung Ngwoi nhin xét

Xdc nhan chit ky cia GS. TS. Trdn Minh Tu
1a Gidng vién B mén Strc bén Vit liéu — Q(}W’f’ﬁ/

khoa X#szet an dung & Céng nghiép /

GS.TS. Tridn Minh Tu

b TRUGNG PHONG TA CHUC CAN B0
e e Ot Sind
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_PATHOC QUOC GIAHANOQI CONG HOA XA HQI CHU NGHIA VIET NAM
TRUONG DAI HOC KHOA HOC TU NHIEN Poc lap- Tu do- Hanh phuc

BAN NHAN XET PHAN BIEN LUAN AN TIEN Si

Ho va tén ngudi phan bién lun 4n: Pham Chi Vinh

Hoc ham, hoc vi: Gido su, Tién si

Co quan cong tac: Truong DPHKHTN-DHQGHN

Ho va tén nghién ciu sinh: Nguyén Vian Manh

Tén de tai ludn 4n: Bai toan khai thic ning lugng cho mé hinh dim ap dién phi
tuyén vii hiéu tmg cong hudng chinh va thir cép.

Y KIEN NHAN XET

I. Tinh can thiét, thoi su, y nghia khoa hoc va thuc tién cua dé tai:

Str dung nang lugng héa thach (than da, dau khi, khi dét) lam ting lugng khi
CO2 trong khong khi, la nguyén nhan chinh giy nén hiéu tng nha kinh, lam
bién d6i khi hau toan cAu, gdy ra nhimg tham hoa cho cudc séng con ngudi
trén trai dat. Do vay, khai thac va sur dung néng luong sach nhu ning luong mit
troi, nang luong gid, nidng lugng séng bién, ning lugng dao dong co hoc,... 1a
hét stc cap bach va cin thiét, lién quan truc tiép dén su sdng ctia moi nguoi
trén trai dat, duoc dong dao cic nha khoa hoc quan tdm nghién ctru. Do viy, dé
tai ludn én: “Bai todn khai thdc ning luong cho mé hinh dam dp dién phi tuyén
viti hiéu ting céng hudmg chinh va thir cap” c6 tinh thoi su va y nghia khoa hoc
cao.

2. Dé tai luan 4n khong trung ldp véi céc cong trinh, ludn vin, ludn an da
cong bd & trong va ngoai nude. Cac tai liéu tham khao duoc trich din
trung thuc, day du va ro rang.

3. Tén ludn an pht hop véi ndi dung cua ludn an. N§i dung luén an pha hop
v6i nganh va ma sé nganh.

4. Phuong phap su dung trong luén 4n la “phuong phap trinh binh”, mét
phuong phap truyén théng, tin cay.



. Nhirng dong goép mdi ctia luan an:

(1)

(i)

(iif)

Luan an da thiét 1ap hé phuong trinh vi phan phi tuyén cho b thiét
bi thu thap ning lugng dudi dang dao dong phi tuyén kiéu Duffing
ctia dam cong x6n ¢6 hai 16p ap dién trén va dudi, chiu kich dong
diéu hoa.

Str dung phuong phép trung binh, thiét lap cac biéu thirc giai tich
dang hién cho quan hé tan s6-bién do, dép tng chuyén vi, dién &p,
hiéu sudt thu thap ning lugng trong cac hiéu tmg cong huong phi
tuyén.

Phan tich, khdo sat, ddnh gid anh hudng ctia cac tham s6 co hé téi
cac dap Ung chuyén vi, dién &p, nang lugng co hoc dau vao, nang
lwong dién hiru ich dau ra va hiéu suét thu thip ning luong trong

cac hiéu img cdng hudng phi tuyén.

. Céc két qua ct luan &n da duoc cong bé trén 02 bai bao qudc té uy tin ISI,

01 bai bdo qudc gia uy tin va 02 bai ding trén Tuyén tap Ho1 nghi Co hoc

toan quoc..

. Uu diém va nhugc diém cta luadn an:. Luin 4n dugc trinh bay rd rang,

hanh van khic triét, bo cuc hop ly, tuy con mét s6 16i chinh ta va in an.

. Két luan chung: Luan an dap Umg cac yéu cdu moét ludn an tién si nganh

Co hoc ky thuat. Ban tém tat luan 4n phan anh trung thanh ndi dung co

ban cta ludn an. Ludn 4n c6 thé duge dua ra bao vé cap Hoc vién dé NCS

Nguyén Van Manh nhén bang Tién si.

Ha Nbi ngay 20 théng 09 nim 2023

Nguoi viét nhan xét

Pham Chi Vinh




CONG HOA XA HQI CHU NGHIA VIET NAM
boc lap — Ty do — Hanh phuc

BAN NHAN XET LUAN AN TIEN Si

Nguoi nhan xét ludn dn: La Die Viét

Hoc ham, hoc vi: PGS.TS

Co quan cong tac: Vién Co hoc. Vien HLKHCN Viét Nam

Tén nghién ctru sinh: Nguyén Van Manh

Dé tai: Bai todn khai théc nang lieong cho mé hinh dam dp dién phi tuyén véi hiéu
ting cong huong chinh va thir cdp

Y KIEN NHAN XET

[. Tinh can thiét, thoi su, y nghia khoa hoc va thue tién ciia dé tai
Khal thac nang luong la hudng nghién ciru ¢6 tinh thoi su, phuc vu cho cdc bai
toan cip nang lugng cho cac thiét bi nho va co tinh di dong. Ddy la hudng nghién ctru
hip dan vi nang lugng duge khai thac tuy nho nhung ton tai khap noi. Hon thé nira, xu
erong di dong hoa céc thiét bi phuc vu internet van vét dang phat trién manh mé thuc
day cac nghién ctru theo Iinh vue ndy. Mot trong nhirng huéng ning cao hiéu qua khai
thac nang lrgng 1a tdn dung tinh phi tuyén caa vat liéu va thiét bi. Bai toan dao dong
phi tuyén co lién quan vGi tdm dp dién 1a mot bai toan ¢6 tinh chét lién nganh doi hdi
nhiing kién thirc chuyén sdu ci trong linh vue dao ddng phi tuyén va linh vue dién
hoc. dién tir hoc. D& tai luan an 1a mot vin dé co gid trj khoa hoc va thue tién cao.
2. Dénh gia vé sy trung lip cia dé tai nghién ciru so véi cdc cong trinh, luin
viin, ludn dn di cong b trong va ngoai nuwoc; tinh trung thue, ré rang va diy di
trong trich dan tai liéu tham khio _
Luan an khong trung lap véi cac ludn én va céc cong trinh khoa hoc da cong bo
truge. Cace trich dan, tai lidu tham khdo trong luan duoc trich ddn rd rang, trung thuc
va dung theo qui dinh cia mot luan an Tién si.
3. Sur phu hop gitra tén dé tai voi noi dung, gitra ndi dung v6i chuyén nganh
va ma s6 chuyén nganh .
NOi dung ludn an phu hop véi tén dé tai cia ludn dn. Néi dung luén 4n pht hop
vGi chuyén nganh Co ky thudt va ma so chuyén nganh 9 52 01 01.
4. D0 tin cdy va tinh hién dai cua phwong phap da su dung dé nghién ciru )
Luén dn st dung phuong phap trung binh la mot phuzmv phap rat noi tieng
trong co hoc phi tuyén. ¢6 do tin cdy. Luan an két hop phuong phép s6 MATLAB dé
kiém nghiém céc két qua ly thuyét.
5. Két qua nghién ciru méi cua tic gia, nhirng dong gép mai cho sw phat
tnen cua khoa hoc chuyén nganh; déng gop méi phuc vu cho sin xuit, kinh te,

qube phong, xi hoi va doi song, y nghia khoa hoc, gia tri va do tin cdy cia két
qua do.

- Luén an da phat trién phuong phap trung binh str dung cho hé co dién phi
tuyén, chiu kich dong nén diéu hoa voi md hinh khéi lugng tdp trung mdt bac tu do




ctia bd thiét b thu thip ning luong str dung vat liéu ap dién. Phuong phap duge phat
trién dé xdc dinh cac bidu thire giai tich cua cdc moi quan hé chu yéu duoce quan tam
ctia thiét bi khai théc nang luong.

- Ludn 4n da phan tich. khao sat, danh gia anh hudng cia cac tham s tdi hiéu
qua Khai thédc nang luong trong cde hiu Gng phi tuyén cdng hudng chinh va cong
huéng thir cép.

- Tlr céc phan tich giai tich, ludn an da dua ra dugc céc két qua c6 ¥ nghia. Khi
50 v6i hé tuyén tinh tuong (mg. hé phi tuyén co dai tan sd gin vung lan cdn cdc hiéu
ung cong hudng phi tuyén rong hon. ¢ nang luong dién hiru ich tiém nang trong cac
hi¢u irng cong hudng 1on hon.

6. Uuva nhuoc diém vé noi dung, két ciu va hinh thie cia ludn 4n
- Ludn 4n trinh bay ro rang. hinh anh. bang biéu. & nét. cau tric hop ly.

- Mot sé thudt ngi ¢in chinh stra cho ph hop, vi du “hanh vi” -> “img xir”, “dim co
¢ -> “ddm nén™, “str dung noi dung phat trién™ (phan két luan).
- Phin két ludn can viét lai dé tranh trung lap.

7. Noi dung ctia lu@in 4n da dwge cong b trén tap chi, ky yéu Hoi nghi khoa
hoc nao va gid tri cua cdc cong trinh di cong bo , ‘

Luan an ¢6 05 ¢ong bo trong do ¢6 02 ¢ong bo trén tap chi SCIE rat ¢é uy tin
(International Journal of Non-Linear Mechanics), 01 ¢ong bo trén tap chi qudc gia
va 02 cong bo trén hoi nghi quoc gia. Cdc cong bd co chét luong tot va c6 noi dung
phu hop véi ndi dung ludn én. dap Gmg yéu cau dé bao veé.

8. Két luin chung:

Ludn an dap (mg diy du yéu cau vé ndi dung va hinh thire ctia mot ludn 4n tién si
chuyén nganh Co ky thuit. Ban tom tit cia Ludn an phan anh day du, trung thuc
nhing thong tin co ban cta ludn an. dap ing ding cic yéu cau va qui dinh.

Theo Dicu 20 Qui ché. Ludn én ¢6 thé dua ra bio vé dé nhan hoc vi Tién si.

Ha Noi, ngay 20 thang 9 ndam 2023
Nguwoi nhan xét

g,(/fb”

Li D Viét




CONG HOA XA HOQI CHU NGHIA VIET NAM
Doc lap - Ty do - Hanh phic

BAN NHAN XET LUAN AN TIEN Si

Ho va tén ngudi viét nhan xét luan an: Pham Viin Bach Ngoc

Hoc ham, hoc vi: TS

Co quan céng tac: Vién Cong nghé vi tru — Vién Han 14m Khoa hoc va Cong
nghé Viét Nam

Ho va tén nghién ciru sinh: Nguyén Vin Manh

Tén dé tai: Bai toan khai thée ning lugng cho mé hinh dim sp dién phi

tuyén véi hiéu ing cong huéng chinh va thi cip
Y KIEN NHAN XET

1. Tinh can thiét, thoi sw, y nghia khoa hoc va thue tién cia dé tai.

Hién nay, van dé thu hoi, khai thac, st dung hiéu qua cic ngudn nang
lugng trén toan cau dang duoc quan tim rat 16n. Khai niém thu thap va khai
thdc nang luong la viéc chuyén ddi hodc thu hdi ning luong tr cic ngudn
trong moi truong dé c6 mot ngudn ning lvong hoat dong ddc 14p, dac biét
trong cac thiét bi co dién tir, vi co dién tir dé trénh su phu thudc va cac nguén
ning luong du trit. Pa c6 nhiing nghién ctru tap trung phét trién bd thiét bj thu
thdp nang lugng dua trén hiéu ung cong hudng tuyén tinh, tuy nhién cac bd
thu thap nay déu co hiéu suit rat thdp. C6 nhiéu co ché khac nhau dé chuyén
doi nang luong co hoc thanh dién nang, trong dé tai luan an nay NCS da tiép
can theo mdt hudng nghién ctru méi d6 1a du trén tinh chit ctia b dao dong
phi tuyén. M5 hinh cta bé thiét bi thu thép ning lugng nay dua trén tinh chét
cta dim cong x6n bao gfﬁm: 1 dau ngam, mot dau tu do, 16p dién cuc...bd
thiét bi nay sé chuyén dbi khai thac nang lugng rung dong tir moi trudng
thanh dién nang.

Pé tai ¢6 y nghia khoa hoc, ¢6 thé tiép tuc nghién ctru phét trién phuc
vu cho céc tng dung trong thuc té.

2. Suw khéng trung lip ciia dé tai nghién ciru so véi cac cong trinh, luan
viin, luiin 4n da cong bd trong va ngoai nwéc; tinh trung thue, rd rang
va day di trong trich din tai liéu tham khio



- Ngudi doc chua tim thdy sy tring ldp vé tén, cong bé khoa hoc... cla
ludn 4n so véi cdc cong bd khoa hoc trong va ngoai nudc trude day

- NCS trung thuc trong céc trich dan khoa hoc, tai liéu tham khao déy du

3. Sw phii hop giir tén dé tai véi ndi dung, giit ndi dung véi chuyén nganh
va mi s6 chuyén nganh
- Nbi dung luén an phit hop véi tén dé tai
- Noi dung luan 4n pht hop véi luan 4n tién sy nganh Co kg thudt ma sb

9520101
4. D) tin cAy va tinh hién dai cia phwong phip di sir dung dé nghién

ciru.

NCS phat trién cic phuong phap nghién ctru Iy thuyét dé phan tich cac
dap ung ctia hé co dién ciia mot mo hinh hé 1 bac tu do phi tuyén dudi kich
dong didu hoa trong nhing hiéu tmg cong hudong khac nhau sir dung phuong
phép trung binh, tir d6 dénh gia hiéu suét thu thip ning luong ap dién, day la
cach dit van d& logic, phuong phép nghién ciru nay ¢6 dd tin cdy cao, két qua
nghién ciru duoc phén tich, khao sat trén moi truong Matlab.

5. Két qua nghién ciru méi cia tic gid; nhirng dong gép maéi cho sy phat
trién khoa hoc chuyén nganh; déong gép méi phu vu cho sin xuét, kinh
té, qubc phong, xa hoi va doi song, y nghia khoa hoc, gia tri va do tin
ciy ciia nhirng két qua dé.

Cac két qua dat dugc cua luan an rat dang khich 1€, m& ra mot hudng
thu thap ning luong tng dung cho cac hé vi co dién tir. Ludn 4n di co cac két
qua moi nhu sau:

- Luén 4n da xdy dung dugc phuong trinh lién két co dién cua két cdu
dam cong x6n phi tuyén cé 1op ap dién;

- Luan &n da phat trién duogc phuong phép trung binh dé giai bai toan dao
dong cua hé co dién phi tuyén cua dim cong xon co lop ap dién, co
khéi lugng tap trung chiu kich dong diéu ho;

6. Uu diém va nhwoe diém vé ndi dung, két cdu va hinh thire cia luan
an.

- Luén 4n dd duoc NCS chinh stra triét dé theo gop y ctia hoi dong cép co
s, bd cuc o rang, mach lac, trinh bﬁ'iy déy dua ndi dung va két qua
nghién ciru.

7. N§i dung ciia luin 4n da dwoc cong bo trén tap chi, ky yéu Hoi nghi
Khoa hoc nio va gid tri ciia cdc cong trinh da cong bo.



Luén 4n ¢6 05 cong b trong dé c6 02 cong bd thude danh muc WoS cé
chi sb if =3.336, 01 cong bd tai tap chi qudc gia dugc HDCDGS nha
nude cdng nhan, 02 céng bd khoa hoc tai Hi nghi Co hoc toan quoc.
Céc cong bo nay c6 ndi dung phii hop véi ndi dung cta luén 4n.

8. Két luin

Luan 4n da dap Ung ddy di yéu cau vé noi dung va hinh thic dbi véi
mot ludn 4an tién sy chuyén nganh

Ban tom tit ludn &n phan anh trung thuc ndi dung co ban cua ludn 4n
Ngudi doc dong y dé NCS duoc béo vé ludn 4n tai Hoi dong chim luan
an tién sy cip Hoc vién.

Ha Noi, ngay 19 thdng 9 nam 2023
Newoi nhan xét
(ky va ghi rd ho tén)

Ve——

Pham Vian Bach Ngoc



BAN NHAN XET LUAN AN TIEN Si

Ngudi nhin xét: GS.TS. Tran Vin Lién

Chirc danh trong HP: Uy vién

Co quan cdng tac: Truong Dai hoe Xay dung Ha Noi

Nghién ciru sinh: Neuyén Vin Manh

Dé tai ludn 4n: Bai todn khai théc nang luong cho mé hinh dim 4p dién phi tuyén v6i hiéu
ung cdng hudng chinh va thir cap

Chuyén nganh: Co ky thuit

Mi s6: 9520101

Y KIEN NHAN XET
1. Tinh cin thiét, thoi sw, ¥ nghia khoa hoc va thwe tién cia dé tai

Viéc thu thap, khai thac cac ngudn nang lugng sach, tai tao, dong ning,.. thay thé nhién
liéu hoa thach truyén thong dang duge the giéi quan tdm nghién ciru va ung dung. Trong d6
cac bd thu thap khai thdc ning luong dp dién dua trén cic dao dong co hoc phi tuyén co y
nghia khoa hoc va thue tien nhung méi bit dau duoc nghién ctu, cin ¢ céc nghién clru mot
cach day du va sdu sac hon. Noi dung luén 4n nghién ctru dao dong phi tuyén cuia dam céng
x0n ¢6 2 16p 4p dién trén va dudi nham danh gia hiéu qua thu thip ning lugng 4p dién phi
tuyén ki€u Duffing chiu kich dong di€u hoa theo cac hiéu tng cong hudng khac nhau nhu
tuyén tinh/phi tuyén, cong hudng chinh, cdng hudng subharmonic va superharmonic). Do d6
dé tai nghi€n clru cua luén 4n ¢6 ¥ nghi khoa hoc, va thuc tién.

2. Su khong trung ldp véi cic eong trinh khoa hoc dia cong b & trong va ngoai nudéec.
Tinh trung thuc trong viéc trich dan tai liéu tham khio

Theo nguoi nhin xét duge biét thi ndi dung luan an khong tring ldp véi céc luén 4n hay
cong trinh khoa hoc da dugc cong bo. Cac trich dan tai liéu tham khao trong luén 4n la trung
thue, ro rang.

3. Suw phu hop giira dé tai va ndi dung, gitra ngi dung va chuyén nganh
Tén dé tai phu hop véindi dung nghién ctru va chuyén nganh Co k¥ thuit, ma s 9520101.
4. D) tin ciy va hién dai ciia phuong phap nghién ciru
Phuong phap nghién ctru trong luén an 1a phwong phap nghién ctru ly thuyét sir dung két
qua tir cac ly thuy€t dan hoi, phuong phap trung binh trong dao déng phi tuyén,... cling nhu
cac tinh todn todn hoc chit ché bang giai tich. K€t qua tinh todn dugc so sanh véi cc ket qua
da cong bo de kieém tra d¢ tin cdy. Nhu vy phuong phap nghién ciru trong luén 4n la hién
dai, hop ly va c6 do tin cdy.
5. DPanh gia cic két qua dat dugc, nhirng déng gép méi va gia tri cia cde déng gop dé
a) Da thiét 1ap hé phuong trinh vi phén phi tuyé‘n cho bé thiét bj thu thap nang luong dudi
dang dao dong phi tuyen kiéu Duffing ctia dim cdng x6n ¢6 2 16p 4p dién trén va dudi
chiu kich ddng nén diéu hoa.
b) Trén co sé sir dung cac phuong phép Galerkin (dua hé lién tuc vé hé 1 béc tu do), luén 4n
dd ap dung phuong phép trung binh cho hé co dién phi tuyén chiu kich dong nén diéu hoa



f)

g)
7

ctia bo thiét bi thu thap ning luong sir dung vt lidu ap dién. Tir d6 thiét lap cac biéu thirc
giai tich dang hién cho cac quan hé tan so-bién do, ddp mg chuyén vi, dién 4p, hiéu suat
thu thdp nang lugng 4p dién,....

Phén tich, danh gid anh hudng ctia cac tham sé co hé, bién do, tan so téi cac dap ing
chuyén vi, dién ap, ndng luong dién hitu ich, hiéu suit thu thdp nang luong,... trong céc
hidu ng cdng hudng chinh va thi cap, tir d6 dua ra céc két lusn ddnh gia hiru ich.

Nhirng wu diém va thiéu sot, nhiing diém can bo sung va sira chira

Nén chinh stta “Cé dai tdn s6 lom viéc rong, phu hop voi tan sé ¢é san ciia méi trieong
xung quanh” (trang 29) cho rd nghia hon, chang han, “C6 dai tdn sé lam viée rong, phi
hop vdi tin sé dao dong cua cdc tdc dong bén ngoai”. Tuong ty & trang 12: “...rung déng
c6 san tir moi triomg...” d6i thanh “...rung déng ciia cde tdc dong ngoai...”.

Phén trinh bay trang 37 vé lap phuong trinh Euler — Lagrange dai dong, c6 thé rit gon.
NCS can giai thich c4c thuat ngit “giéng don”, “giéng doi, “giéng ba” chi tiét hon.

Nhiéu hinh vé cia chuong 4 (hinh 4.1-3,4.13,4.16-19,...) ¢an chinh sira lai do c4c chi giai
chén lén cdc do thi. C6 thé dua chi gidi ra ngoai d6 thi dé cac db thi dwoc 18 rang hon.

Phén két luan: nén chinh stra «...phdt trién phuwong phdp trung binh...” thanh “...dp dung
phuong phdp trung binh...” tai muc 2, 3 cho pht hop.

Mot s6 doan tiéng Anh nguyén ban can bo (trang 8,44...).
Ludn 4n con nhiéu 16i bién tap (trang 15,16,19,..) NCS cin ra soat, chinh sira.

Nhin xét vé chét lwgng cic bai bdo khoa hoe di cong bd va sw phu hop véi ndi dung
ludn 4an

Da cong bd 5 bai bao/bao cdo trong do6 co 2 bai béo trén tap chi ISI uy tin, 2 bao cdo tai

hdi nghi co hoc toan quoc, 1 bai trén tap chi chuyén nganh. Noi dung céc bai bdo/bdo céo déu
lién quan dén ndi dung nghién ctru trong luén 4n.

8.

Két luin chung

Ludn an dap Gmg cac yéu ciu doi véi mot ludn an tién si chuyén nganh Co k¥ thuat, ma

$6 9520101, Tém tit luén an phan dnh céc ndi dung co ban ca luin an. Luén an c6 thé dua
ra bao vé truéc Hoi dong cham luédn an cip Hoc vién.

Ha Noi, ngay 27 thang 9 ndm 2023
NGUOI NHAN XET

W

GS TS Tran Vin Lién



CONG HOA XA HQI CHU NGHIA VIET NAM
Doc Liap — Tu Do — Hanh Phiic

BAN NHAN XET LUAN AN TIEN Si

Ho va tén nguoi viét nhan xét ludn 4n: Hoang Van Tung
Hoc ham, hoc vi: Phd Gido su, Tién si
Co quan cong tac: Trudong Dai hoc Kién tric Ha Noi
Ho va tén nghién ctru sinh: Nguyén Vin Manh
Tén dé tai ludn an: Bai ton khai théc nang luong cho md hinh dam ép dién phi tuyén véi
hiéu tmg cong hudng chinh va thir cip
Y KIEN NHAN XET
1. Tinh can thiét, thi sy, y nghia khoa hoc va thuc tién cua dé tai.

M hinh dam ap dién duoc sur dung rong rdi trong nhiéu thiét bi co-dién vi muc tiéu diéu
khién dao déng va khai thac ning luong. Pé tai ludn an mé rong phuong phap trung binh
dva trén ly thuyét dim Euler-Bernoulli dé nghién ciru dao dong phi tuyén cia dim cong xo6n
gdn céc 16p vat lidu 4p dién chiu lyc kich dong. Chi dé nghién ciru cta ludn 4n rat tha vi,

cén thict duge nghién ciru, ¢6 y nghia khoa hoc va kha nang ap dung vao thuec tién.

2. D¢ tai nghién ctru cua luan an khong trung 13p v6i cdc cong trinh, luan vin, ludn 4n da
cong bo & trong va ngoai nude. Ludn 4n ¢6 nhiéu tai liéu tham khao va cac tai liéu nay duoc

trich dan trung thue, r6 rang va ddy du.

3. Tén d¢ tai phan 4nh trung thyrc ndi dung nghién ciru ciia dé tai va ndi dung dé tai phit hop

v6i chuyén nganh co ky thudt, ma s6 9520101.
4. D4 tin cdy va tinh hién dai ciia phuvong phap da sir dung dé nghién ciru.

Dé tai st dung cach tiép can giai tich sir dung phuong phép trung binh két hop véi phén
mém tinh todn dé nghién ctru. Cu thé, cac phuong trinh chuyén dong ciia dam co-dién duoc
thiét 1ap dua trén 1y thuyét Euler-Bernoulli ¢6 ké dén tinh phi tuyén hinh hoc von Kérman
va str dung phuong phap trung binh dé giai phuong trinh vi phéan phi tuyén dang Duffing.
Nhin chung phuong phap nghién ctru ma ludn 4n st dung c6 tinh hién dai, do tin cdy cao va

pht hop v6i muc tiéu nghién cru cia luén 4n.
5. Nhiing déng gép méi cua luan an:

(i) Luén 4n da thiét 1ap hé phuong trinh vi phén phi tuyén cho ddm ¢6 céc 16p ap dién va
bing cach sir dung phuong phép Galerkin da dén ra phuong trinh dao dong phi tuyén cho

md hinh khéi lwong tap trung mdt bac tu do chiu kich dong diéu hoa.
1



(ii) Luan 4n di phat trién phuong phap trung binh ap dung cho phén tich dao dong phi
tuyén ctia dim c6 céc 16p ap dién chiu kich dong diéu hoa dura trén mé hinh mat béc tr do.

(iii) Ludn an da thuc hién cdc phan tich dé danh gia cac anh huéng khac nhau lén dép
g bién d6-tan sd, dap Gmg chuyén vi, ning luong dién hitu ich, hiéu suét thu thap nang
luwong. Ludn 4n ciing phan tich c4c hién tugng cong hudng chinh va cong hudng thir cap ciia
dao dong phi tuyén va so sanh véi dao dong tuyén tinh.

Céc két qua cta ludn an c6 déng gbp mdi cho linh vire khoa hoc chuyén nganh va 1a tham
khao c6 gi4 tri cho céc nha thiét ké két cau.

6. Uu diém va nhuoe diém cua ludn an:

a) Uu diém: Luan 4n c6 c4u tric hop 1y, mé hinh bai toan gin véi mé hinh thuc té, cac
hinh vé va bang biéu rd rang, da phan tich nhiéu hién twong quan trong va thd vi cia bai
todn dao dong phi tuyén.

b) Nhuoc diém: Ludn an con cé mot s6 16i ché ban va mot s6 thuat ngtr chuyén moén hep
can giai thich rd hon dé thuan loi cho ngudi doc.

7. Noi dung cia ludn 4n di duge cong bd trong 5 cong trinh khoa hoc trén céc tap chi khoa
hoc va tuyén tip cong trinh clia hoi nghi khoa hoc, trong d6 ¢6 2 bai bao khoa hoc cong bé
trén tap chi quéc té ISI. Cac cbng bd cta ludn an 1a cac cong trinh ¢6 gia tri khoa hoc va
ding trén céc tap chi va tuyén tap uy tin.

8. Két luan chung;

- Ludn 4n la mot cong trinh cong phu va dap tmg day du cac yéu cau ddi véi mot ludn an
tién si chuyén nganh co ky thuit.

- Ban tém tat ludn an phan 4nh trung thanh ndi dung co ban cua luan 4n.

- Ludn an c6 thé dua ra bao v¢ cap hoc vién dé nghién cilru sinh nhin hoc vi tién si.

Ha Néi, ngay o2 0 thang 9 ndm 2023

40 cliia co’' quan cong tac Nguwoi viet nhan xét

Hectic Lt "

PGS.TS. Hoang Viin Tung

UONG PHONG TONG HGQP
PHO TRUGNG PHONG

Dhdi L/&; Mink, e/f@mf



VIEN HAN LAM CONG HOA XA HOI CHU NGHIA VIET NAM
KHOA HOC VA CONG NGHE VN Djc lap - Tw do - Hanh phiic
HOC VIEN KHOA HQC VA CONG NGHE

Ha Ngi, ngay 09 thdng 11 nim 2023

BIEN BAN HQI PONG PANH GIA LUAN AN TIEN Si
CAP HQC VIEN

Nghién ciru sinh: Nguyén Vin Manh
Dé tai: “Bai todn khai théc ning heong cho mé hinh dam ép dién phi tuyén véi hiéu iimg
cong huong chinh va thir ccfp”
Nganh: Co ky thudt, . Mi s6: 9 52 01 01
Ngudi huéng dan: 1. GS.TSKH. Nguyén Dong Anh - Vién Co hoc,

2. TS. Nguyén Ngoc Linh - Trudng Dai hoc Thuy loi,
Quyét dinh thanh 1ap Hoi ddng sé: 963/QD-HVKHCN ngay 23/8/2023 ctia Giam déc =
Hoc vién Khoa hgc va Cong nghé
Thoi gian hop: 14 gio 00, Thir Nam, ngay 09/11/2023.
Dia diém: Hoi treomg 1705, nha A28, Hoc vién Khoa hoc va Cong nghé, s6 18 dwong
Hoang Qudc Viét, Cau Gidy, Ha Ni.

NOI DUNG

1. Pai dién co sé dao tao khai mac budi bio vé:
Dai dién co s& dao tao doc Quyét dinh thanh 1ap Hi ddng danh gié luin an cip Hoc
vién. D¢ nghi Chu tich Hoi ddng didu khién budi hop.

2. Chii tich Hgi dong tuyén bé cic dilu kién bio vé:
+ Tuyén b s6 thanh vién Hoi ddng c6 mat: 7/7 (c6 danh sach kém theo).
+ 86 khach moi tham du budi bao vé: 25 ngudi.
+ Thu ky hoi ddng doc 1y lich khoa hoc va két qua hoc tap cia nghién ctru sinh.

3. Nghién ctru sinh trinh bay luin 4n:
Nghién ciru sinh Nguyén Vin Manh trinh bay noi dung ludn 4n c6 céc ndi dung chinh
sau:
Chuong 1. TONG QUAN VE THU THAP NANG LUGNG AP PIEN
1.1.Mbt s6 ndi dung vé thu thap ning luong 4p dién
1.2. Téng quan vé& két ciu, md hinh, phuong phép nghién ctu, ing dung va xu
huéng phét trién ctia thu thip ning luong ap dién
1.3. Pit van dé nghién ctru
Két luén chuong 1



Chwong 2. XAY DUNG HE PHUONG TRINH LIEN KET CO PIEN CUA KET CAU
DAM CONG XON PHI TUYEN GAN LGP AP PIEN
2.1.Thiét lap hé phuong trinh lién két co dién cua két cdu dim cong x6n gin 16p
ap dién khi ké dén tinh phi tuyén hinh hoc
2.2.M06 hinh héa b thiét bi thu thap nang hrong ap dién v6i két cu dAm cong xon
phi tuyén gén 16p vit liéu ap dién
Két luén chuong 2
Chwong 3. PHAT TRIEN PHUONG PHAP TRUNG BINH SU DUNG CHO HE CO
PIEN PHI TUYEN, CHIU KiCH PONG NEN DPIEU HOA VOI MO HINH KHOI
LUONG TAP TRUNG MOT BAC TU DO
3.1.Phuong phap trung binh str dung trong hé co hoc
3.2.Phat trién phwong phap trung binh str dung cho hé co dién phi tuyén, chiu kich
dong nén diéu hoa véi mo hinh khéi luong tip trung mdt bac tu do
3.3. St dung phuong phép trung binh cho hé co dién phi tuyén kiéu Duffing, dang
giéng don, chiu kich déng nén diéu hoa véi mod hinh khdi lugng tap trung mot
bac tu do trong mdt s& hiéu ing cong hudng
3.4.Dép {ing co dién ctia b thiét bi thu thap ap dién tuyén tinh
Két luan chuong 3
Chuong 4. PHAN TiCH ANH HUONG CUA CAC THAM SO HE CO PIEN PHI
TUYEN KIEU DUFFING, DANG GIENG DON, CHIU KICH DONG NEN DIEU
HOA TRONG CAC HIEU UNG CONG HUONG
4.1.Khao sat s6 kiém nghiém két qua
4.2.Phan tich, khao sat anh hudng ctia tham s6 hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich déng nén didu hoa véi mé hinh khéi lugng tap trung
mot bac tu do trong hi¢u (rng cong hudng chinh
4.3.Phan tich, khéo sat anh hudng ctia tham sb hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich dong nén diéu hoa v6i md hinh khéi lugng tap trung
mdt bic tu do trong hiéu tmg cdng hudng thir didu hoa
4.4.Phan tich, khao sat anh hudng ctia tham s6 hé co dién phi tuyén kiéu Duffing,
dang giéng don, chiu kich dong nén didu hoa véi md hinh khéi lwgng tap trung
mdt bac tu do trong hiéu tmg cong hudng siéu diéu hoa
Két lufn chuwong 4
KET LUAN VA KIEN NGHI

4. Ciu héi cia thanh vién Hoi ddng va cAu tra 10i cia nghién ciru sinh: (ghi rd ho
tén, hoc vi, chirc danh khoa hoc ctia ngudi hoi)
- Phan bién 1 - GS.TS Trin Minh Ti: Doc nhan xét ludn 4n (kém theo toan van

nhén xét).
- Phin bién 2 — GS.TS Pham Chi Vinh: Poc nhin xét ludn an (kém theo toan

van nhan xét). ‘
- Phin bién 3 - PGS.TS La Dire Viét: Doc nhin xét luan an (kém theo toan vin

nhan xét).



1/ CAu héi ctia GS.TS Trian Minh Ti

- M5 hinh cta hé thu thap nidng luong NCS dua ra ¢6 dang diam con xé6n ¢6
16p 4p dién trén va dudi, NCS cin dua ra gidi han cia dang dam nay. Néu
m6 hinh dam dang c6 didu kién bién khéc thi NCS c6 dua ra dugc mo hinh
giai tich nhu thé nay khéng?

2/ GS.TS Pham Chi Vinh:

- Khi din ra cdng thirc 2.5 sir dung diéu kién bién dang dan hdi bing bién
dang ctia 16p 4p dién, thi khai niém bing nay 14 nhu thé nao?

- Giai thich diéu kién lién tuc trong cong thirc 2.5 vi sao lai st dung diéu kién
bién dang chir khong phai diéu kién truyén théng 1a tmg suit va chuyén
dich....

3/ PGS.TS La Pire Viét:
Gidi trinh NCS:

- NCS xin tié}ﬁ thu va cdm on su gép ¥ clia cac thdy phan bién

- Theo tim hiéu ctia NCS thi hién da ¢ nhiing nghién clru clia cac tac gia
khéc ap dung 1y thuyét Timosenko cho md hinh dAm nay — bai toan nay kho
hon nhiéu khi dp dung md hinh dim Euler.

- M5 hinh dam khac thi phuong phép nay van ¢6 thé dap tmg duoc, tuong lai
em s& tim hiéu thém vé y kién nay.

- Chu hdi ctia thiy vé didu kién dan hdi, em cho ring day 1a mot hudng nghién
ctru m&i, md ra sau khi em hoan thanh két qua nghién ctru nay.

Trao ddi ciia cAc thiy thanh vién Hoi dong
1/ GS.TS Trin Vin Lién (kém theo toan vén nhan xét)

- NCS can sir dung diing cic thuat ngir trong ludn an
2/ PGS.TS Hoang Vian Tung (kém theo toan van nhin xét)

- Tai sao lai ch(_)n mo hinh 1 bac tu do va lai sir dung dinh luat II Newton-
day 1a md hinh chit diém, trong khi mé hinh diéu kién bién 1a md hinh
nhiéu bac tu do vi thé NCS nén giai thich ro va quan tam dén van dé nay.

- Tai sao NCS khong sir dung mé hinh 2 dau khép ma lai st dung mé hinh
dam con xon.

- Giai thich 1y do tai sao lai str dung giai thiét 1a kich dong nén, néu kich dong
tir trén xudng ¢ anh hudng gi khéng?

NCS giai trinh:

- Pay la cic goi y dé NCS c6 thé quan tim trong céc nghién ctru tiép theo,
céc nghién ctru ¢6 nhiu béc tu do khi sir dung phuong phap giai tich NCS
chua tim thay diy c6 thé 1a huéng nghién ciru tiép trong tuong lai.
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- Giai thiét trong nghién ctru sir dung kich dong nén, vi mé hinh bai toan nay
d6i tugng str dung 14 do cdc dao dong tir mdi trudng tao ra.
- Day la bai toan thu thip ning luong nén cac nghién ciru duge sir dung dam
c6n xon vi kha nang tao ra dao dong 1én hon cac dang dam khéc.
3/ GS.TS Nguyén Viét Khoa (kém theo todn vin nhén xét)

- NCS di lang nghe va chinh sira tot cac két qua nghién ciru dwa trén gop y
cla cdc thay trong Ho6i dong bao vé cip co sb.

- V&i mé hinh phi tuyén thi san luong dién thu dugc 16n hon & cong hudng
chinh, vi thé trong thuc té thi NCS ¢6 thé diéu chinh dim dé tinh phi tuyén
16n hon dugc khong?

NCS gidi trinh: Hién nay viéc kiém chimg bing thue nghiém dang khé khin

trong diéu kién tai Viét Nam, tuong lai em sé tim cach dé thir nghiém két qua

nay.
4/ TS Pham Van Bach Ngoc (kém theo toan vin nhén xét)
5/ Nhin xét ctia dai dién tip thé hudng din: GS.TSKH Nguyén Dong Anh
5. Hop hdi dong riéng

- Théng qua nghi quyét ctia Hoi ddng (c6 vin ban kém theo).

- Ghi phiéu nhin xét lufin an.

- Két qua kiém phiéu 7/7 thanh vién tan thanh va d& nghi Hoc vién ra quyét dinh
cOng nhin hoc vi Tién s Co k¥ thudt cho nghién ctru sinh Nguyén Vin Manh.

6. Cong bb két qua va bé mac A )
- Chu tich Hoi ddng doc nghi quyét ciia hoi ddng danh gia ludn an. j
- Hoi ddng két thic lac 17 gir 00 phit ngay 09/11/2023. 3/
THU KY HOI PONG CHU TICH HQI PONG
TS. Pham Viin Bach Ngoe " GS.TS Nguyén Viét Khoa

XAC NHAN CUA HOQC VIEN KHOA H?&YﬁSPNG NGHE |

i’H() GIAM DOC

Nguyén Thi Trung



VIEN HAN LAM CONG HOA XA HQI CHU NGHIA VIET NAM
KHOA HOC VA CONG NGI—!E VN Doc lap - Tu do - Hanh phiic
HOQC VIEN KHOA HQC VA CONG NHE

Ha Noi, ngay 09 thang 11 nam 2023

7 NGHI QUYET
CUA HOI PONG PANH GIA LUAN AN TIEN SI CAP HOC VIEN
Tén nghién ctru sinh: Nguyén Vin Manh
Vé dé tai: “Bai todn khai thdc nang lwong cho mé hinh dam dp dién phi tuyén voi hiéu
wng cong hwrong chinh va thir cap”
Nganh: Co k¥ thuat. Ma sd: 9 52 01 01.
Nguoi huong dan: 1. GS.TSKH. Nguyén Déng Anh - Vién Co hoc,
2. TS. Nguyén Ngoc Linh - Trudng Dai hoc Thuy loi,

S6 thanh vién Héi dong (kém theo quyét dinh sé 963/QD- HVKHCN ngay
23/8/2023 cua Giam déc Hoc vién Khoa hoc va Cong nghé) dénh gia ludn an tién si cip
Hoc vién c6 mat: 7/7

Hoi dong déanh gia luan an tién si cap Hoc vién ctia NCS. Nguyén Van Manh da
hop tir 14 gio 00 phat dén 15 gio 30 phat ngay 09/11/2023 tai Hoc vién Khoa hoc v
Cong nghg¢, s6 18 duong Hoang Quoc Viét — Cau Giay — Ha Noi. ;? HOC VI

KHOA HO

Hoi dfmg da nghe nghién cru sinh Nguyén Van Manh trinh bay ndi dung lun
trong thoi gian 30 phut, nghe céc phan bién phat biéu nhan xét luéin an; nghe thu ky I }‘\L ONG N!
dong doc ban tong hop cac y kién nhan xét luan 4n ciia cac thanh vién khac trong HO
déng va nhéan xét tom tdt ludn an cta cac nha khoa hoc giri dén. Hoi dong da tién hanh k—
thao ludn chung tai Hoi truong, sau d6 Hoi dong da hop riéng va nhét tri quyct nghi nhu
sau:

1. Két qua bo phiéu danh gia luan an cua Hoi dong: sb phiéu tan thanh la 7/7, trong

d6 sb phiéu xuét sic 1a 4/7.

2. Nhiing ket ludn, nhitng diém méi, dong gép méi cua ludn an

e Luan an da thiét 1ap hé phuong trinh vi phan phi tuyén cho bé thiét bi thu thip
nang lugng dudi dang lao dong phi tuyen ki¢u Duffing ctia dam cong x6n ¢o6 2 1op
ap dién trén va dudi, chiu kich dong dic¢u hoa;

e Su dung phuong phép trung binh, thif"ét lap cac biéu thirc giai tich dang hién cho
quan hé tin so - bién do, dap ing chuyép vi, dién ap, hiéu suat thu thap nang lugng
trong céac hi¢u ing cong hudng phi tuyén;

e Phan tich, khao sat, danh gia anh hudng cua cic tham sO co hé t6i cac dap tng
chuyén 'Vi, dién ap, nang luong co hoc dau vao, nang lugng dién hitu iph daura va
hi¢u suat thu thap ning lugng trong céc hi¢u ing cong hudng phi tuyén.

3. Co sd khoa hoc, do tin ciy ctia nhirng ludn diém va nhimng két luan néu trong ludn
an

® Phuong phép str dung trong ludn an la phuong phap ly thuyét két hop véi mo phong

sO dé kiém tra hi¢u qua cua cac phuong phép dé xudt trong ludn an. Cu thé NCS
da sir dung tiép can giai tich, co s& 1a phuong phap trung binh hoa dé mé hinh héa
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hé co dién phi tuyén kiéu Duffing. Day la phuong phap hop 1y va dang tin ciy voi
bai toan dait ra.

4. Nhitng vu diém cia luan an (¥ nghia vé ly ludn, thuc tién va nhiing dé nghi su
dung cac két qua nghién cilru cua ludn an)

e Luin 4n da trinh bay dugc cac ndi dung khoa hoc logic, rd rang. Két qua cta luan
an la phu hop voi ndi dung. Hinh thirce trinh bay ludn an theo ding yéu cau cta
Hoc Vién.

e Nhimng két qua cia ludn 4n c¢6 y nghia khoa hoc va thuc tién, gin voi dung noi
dung va doi tugng, pham vi nghién ctru. Cong bo két qua trén cac tap chi quoc té
uy tin.

5. Nhiing thiéu s6t can bo sung, stra chira (néu ¢o):
e Cin chinh xéc hoa mot sé thuat ngit khoa hoc ma cac thanh vién hoi dong da gop
y.
e Ra sodt cac 16i bién tap theo gop ¥ cta cac thanh vién hdi dong.
6. Két luan:
e Luan 4n dédp g day du cac yéu ciu clia mdt ludn an Tién si nganh Co k§ thuit.
e Ban tom tit cua ludn 4n trung thuc nodi dung cia ludn an.

e Nghién ciru sinh Nguy&n Vin Manh xtmg dang nhan hoc vi Tién si Co k¥ thudt.

Can cir két qua bo phiéu, Hoi dong danh gia luéin an tién si cdp Hoc vién nhét
d¢€ nghi cong nhan hoc vi Tién si Co k¥ thudt cho nghién cru sinh Nguyén Van Manh/
> VA

THU KY HOI PONG CHU TICH HQOI PONG
TS. Pham Van Bach Ngoc GS. TS Nguyén Viét Khoa

XAC NHAN CUA HQC VIEN EHO(AIE{O!C{;%{(CONG NGHE

PHO GIAM DOC

/%/ N
/3/ HOC VIEN \%&
: |2

YHOA HOC

Nguyén Thj Trung



HOQC VIEN KHOA HQC VA CONG NGHE

(Mau 6-HV-Ban gidi trinh chinh sira, bé sung cap HV)

VIEN HAN LAM CONG HOA XA HOI CHU NGHIA VIET NAM

KHOA HOC VA CONG NGHE VN Doc lap - Tu do - Hanh phic

BAN GIAI TRINH CHINH SUA, BO SUNG LUAN AN TIEN Si
CAP HQC VIEN

Ngay 09 thang 11 ndm 2023, Hoc vién Khoa hgoc va Cong nghé da to chire danh
gia luan an tién si cép Hoc vién cho nghién ciru sinh Nguyén Vin Manh tai phong hop
1705 l'fmg 17, Nha A28 — Toa nha Uom tao Cong nghé, Hoc vién Khoa Hoc va Cong
Nghé, Vién Han lam Khoa hoc va Cong nghé Viét Nam, s6 18 Hoang Quéc Viét, Cau
Gidy, Ha Noi theo Quyét dinh s6 963/QD-HVKHCN ngay 23 thang 08 nim 2023 cta
Giam dbc Hoc vién.

D¢ tai: “Bai todn khai thdac nang lwong cho mé hinh dam dp dién phi tuyén voi

hiéu ung cong huong chinh va thir cap”

Nguoi huéng din khoa hoc

Chuyén nganh: Co k¥ thuat,

Mi s6: 9 52 01 01

GS.TSKH Nguyén Pong Anh

TS Nguyén Ngoc Linh

sau day:

Theo Bién ban cua Hoi dong, NCS phai chinh sira; bo sung ludn an cac diém

STT

Noi dung dé nghi chinh sira, bo sung

Noi dung da duge chinh sira, b6 sung
(Ghi ro so trang/chuong/muc... da duoc
chinh sira)

Gs.Ts Nguyén Viét Khoa

Muc tiéu, doan thtr 2 khong rdé nghia,
can lam 1o y.

Nghién ctru sinh (NCS) chan thanh
cam on va xin dugc tiép thu, cu thé NCS
da chinh stra doan thir 2 cuia muc tiéu-
trang 2 cla ban thao luin an cip hoc
vién, cum tir : “Phdt trién phiong phdp
trung binh s dung cho hé co dién phi
tuyén chiu kich dong nén diéu hoa véi
mé hinh khéi lwong tap trung mdt bdc tu
do ctia bo thiét bi thu thap nang luong
dp dién, tir d6 dp dung cho hé phi tuyén
kiéu Duffing, dang giéng don (mono-
stable) trong cdc hiéu ung cong huong

- - -~ - - - A < rr as - N A . A . = A -
Luu y: Cac chiv ky xdac nhin can gan voi ngi dung trén cung mét trang gidy. Hoc vién sé khéng xdc

nhdn néu phan chie ky tach roi véi ni dung




phi tuyén bao g&m.‘ Cong huong chinh
(primary resonance), cong hwong thir
cap ( bao gé:m: thir diéu héa va siéu diéu
hoa - sub and super harmonic
resonance) va hé tuyén tinh tuong ing
ding dé so sanh;” NCS da chinh stra, bd
sung thanh: “ Phdt trién phuong phdp
trung binh dé giai bai todn dao déng ciia
hé co dién phi tuyén véi mé hinh khéi
lugng tap trung mot bdc tw do chiu kich
dong nén diéu hoa, tic dé quy trinh
phuong phdp da phdt trién dp dung cho
hé phi tuyén kiéu Duffing, dang giéng
don (mono-stable) trong cdc hiéu tng
cong huong phi tuyén bao gom: Cong
hwong chinh (primary resonance), cong
huong thir cdp ( bao gom: thir diéu hoa
va siéu diéu hoa - sub and super
harmonic resonance) va hé tuyén tinh
tuong umg ding dé so sanh™;

b)

Pham vi nghién ctru viét vin dé tiéu
thiét, cin noi ro, ngin gon pham vi
nghién ciru chinh la: Ddm céng x6n
Euler- Bernoulli tiét dién chir nhat ¢6
gin 16p ap dién.

Nghién ctru sinh (NCS) chan thanh
cam on va xin dugc tiép thu, cu thé NCS
da chinh stra Pham vi nghién ciru - trang
3 cua ban thao luin an cfip hoc vién, cum
tir: “ Lugn dn nghién ciru dam cong xon
Euler—Bernoulli gan lop dp dién trén
toan bé mdt trén va dudi, xét dén quan
hé phi tuyén ciia chuyén vi va bién dang
(phi tuyén hinh hoc khi xét dén vé cing
bé bdc cao cua bién dang — bién dang
twong doi bdc cao)”. thanh: “ Ludn dn
nghién cieu dam céng xén Euler—
Bernoulli gan l6p dp dién trén toan bé
mdt trén va dudi, xét dén quan hé phi
tuyén ctia chuyén vi va bién dang”.

Phuong phap nghién ctu

Nghién ctru sinh (NCS) chan thanh
cam on va xin dugc tiép thu, cu thé NCS
dd chinh stra, b sung Phuong phap
nghién ciru - trang 3 ctia ban thao ludn an

-..I a ',lllh



cip hoc vién, cum tir: “Phwong phap su
dung chii yéu trong lugn dn la phirong
phdp trung binh két hop voi mé phong 56
dé kiém tra hiéu qua cua phuong phadp
dé xuat trong Lugn an.”

d)

Mot s6 cdu can diéu chinh cho phu
hop.

Nghién ciru sinh (NCS) chan thanh
cam on nhimg y kién dong gop va xin
duoc tiép thu, cu thé & trang 31 cta ban
thao ludn 4n cap hoc vién NCS di chinh
stra, bd sung cum tir: “Chuwong nay Ludn
dan nghién ciru quan hé g sudt — bién
dang cua dam céng xén...” thanh
“Chuong nay Tac gia Ludn dn nghién
ctru quan hé tmg sudt — bién dang. ciia
dam céng xon...” ; Tiép theo, tai trang
49 —phin mé dau chuong 3 cua ban thao
ludn an cép hoc vién NCS da chinh stra,
bd sung cum tir: “Chuong nay cia Ludn
an trinh bay néi dung phdt trién phwong
phdp trung binh...”, thanh: “Chuwong nay
Tac gia Ludn an trinh bay noi dung phat
trién phwong phdp trung binh...”; Tiép
theo, tai trang 75 —phan mé dau chuong
4 clia ban thao luan an cap hoc vién NCS
da chinh stra, bd sung, cum tir: “Chuong
nay Ludn an su dung chuong trinh
Matlab dé khao sit....”, thanh: “Chiong
nay Tdc gia Ludn dn sw dung chwong
trinh Matlab dé khao sdt...”; Tiép theo,
& trang 29, tiéu muc 1.3 cua ban thao
luin 4n cip hoc vién, cum tir: “ Mot la,
thiét lgp hé phwong trinh vi phan...”
NCS bd sung chinh stra thanh: “ Mét la,
Tdc gia Ludn dn thiét lgp hé phwong
trinh vi phan...”, cum tu: “ Hai la, phdt
trien phuong phdp trung binh ... NCS
b6 sung, chinh stra thanh: “ Hai la, Tde
gia Ludn dn phat trién phuwong phdp
trung binh...”; tiép theo, & trang 30 cia
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ban thdo Ludn an cép hoc vién, cum fur:
“Ba la, sir dung cdc cdu tric ...” NCS bd
sung, chinh stra thanh: “Ba la, Tac gia
Ludn dn sw dung cdc cdu trie...” | Tiép
theo, tai trang 75 —phén mé dau chuong
4 cta ban thao luin 4n cfip hoc vién NCS
da chinh sira, b6 sung cum tir: “Clirong
nay Ludn an sw dung chuong trinh...”
thanh: “Chwong nay Tac gia Lugn an s
dung chuong trinh ...”

Mot s0 cdu hoi can lam ro:

Phi tuyén hinh hoc & muc 2.1 1a &
chd nao? Vi sao?

Giai thich vi sao khi tinh dao ham
ham riéng ctia f lai xuét hién ham
Heaviside?

Vi sao theo tinh chit cia ham
Heaviside thi khi 16p ap dién la rét
mong so voi chiéu diy thi bo qua
dugc s6 hang c6 chira ham
Heaviside?

- Nghién ciru sinh (NCS) chéan thanh
cam on, nhitng ciu hoi trén da dugec NCS
ciing tap thé thay huong din tra 10i, lam
ro tai budi bao vé Ludn an, cac cau tra 10
da duge hoi dong danh gia ghi nhan.

Gs. Ts Tran Minh Ti

Con mot s6 16i ché ban;

Co thé ap dung moé hinh
Timoshenko cho bai toan ctua Luin
an dugc khong?

Nghién ctu sinh (NCS) chan thanh
cam on, nhirng déng gop va cau hoi trén
da dugc NCS giai dap, lam o tai budi
bao v¢ Luan an, cac cau tra loi da duoc
hoi ddng danh gia ghi nhén.

Pgs.Ts La Dic Viét

Mot s6 thufit ngit cin chinh stra cho
phu hop;
Phin két ludn cin viét lai tranh
triung lap.

Nghién ciru sinh (NCS) chin thanh
cam on, nhitng y kién déng gop va xin
duoc tiép thu, cu thé ¢ trang 8, trang 23,
trang 24 cia ban thao ludn an cdp hoc
vién cum tir “hanh vi’ NCS da chinh stra
thanh “éng xu™; tai y 3), trang 115, phén
két ludn cta ban thao ludn an cép hoc
vién NCS da chinh sira dé tranh tring ldp
theo gop vy, cu thé: tir “/)  Ludn dn da
thiét lgp hé phwong trinh vi phdn phi
tuyén cho bo thiét bi thu thdp nang luong
dudi dang dao dong phi tuyén kiéu




Duffing ciia dam céng xén cé hai lop dp
dién trén va dudi, chiu kich dong nén
diéu hoa, tir do trén co so suw dung
phuong phap Galerkin Luan an da mo
hinh héa bé thiét bi bang mé hinh khoi
lwgng tap trung mot bdc tw do chiu kich
dong nén diéu hoa;

2)Lugn dn da phat trién phuong
phap trung binh sir dung cho hé co dién
phi tuyén, chiu kich dong nén diéu hoa
vGi mé hinh khéi lwong tdp trung mot
bdc tw do cia b thiét bi thu thap nang
luong sir dung vat liéu dp dién;

3) Ludn dn da sir dung mé phong sé
dé kiém chimg do tin cdy cua néi dung
phdt trién phuong phdp trung binh khi
dp dung xdc dinh cdc biéu thite giai tich
cua quan hé bien dé—rén S(;’f, dap ung
chuyén vi, dién dp, cong sudt co hoc dau
vao, dau ra, ndng lwong co hoc, ning
luong dién hitu ich, hiéu sudt thu thap
ndang lwong cua hé co dién ludn an
nghién ciru trong cdc hiéu ung phi tuyén
bao gom: céng huong chinh, céng huong
thir cdp va tuyén tinh twong img ding dé
so sanh;

4) Lugn an da phan tich, khao sat,
danh gia anh huwong cua cdc tham so (Gi
cde dap vmg chuyén vi, dién dp, cong
sudt co hoc dau vao, dau ra, nang luong
co hoc dau vao, nang luong dién hitu ich
tiem nang dau ra, hiéu sudt thu thdp
nang luong hé co dién lugn an nghién
citu trong cdc hiéu ung phi tuyén bao
gom: cdéng hudng chinh, céng huong thie
cdp va tuyén tinh tuong vmg ding dé so
sanh;

5)Két qua khao sdt chi ra rang:
Bién do, tan s6 kich dong la hai tham sO




anh hwong lon toi cdac dap vung hé co
dién thu thap ndng lwong; Ddi tan soé
gan vimg lan cdn cdc hiéu img céng
hwong phi tuyén ciia bé thiét bi thu thap
nang lwong dp dién phi tuyén réng hon
hé tuyén tinh twong ting; Hiéu sudt thu
thap nang luong hé co dién ludn dn
nghién ciru lon hon trong ving ldn cdn
cong huong thir diéu héa nhung nhé hon
trong vung lan cdan cong hwong siéu diéu
hoa va cong huong chinh. Tuy nhién
cong sudt co hoc dau vao, dau ra, nang
luong co hoc dau vao, nang luong dién
hitu ich tiem ndng trong cdc hiéu tng
cong hieong luon I6n hon hé tuyén tinh
twong wng,”, NCS da chinh stra thanh:
“1)  Ludn dn da thiét lap hé phuong
trinh vi phan phi fuyén cho bo thiét bi
thu thap nang luong duoi dang dao dong
phi tuyén kiéu Duffing ciia dam cong xon
¢o hai lop ap dién trén va dudi,chiu kich
dong nén diéu hoa;

2) Ludn dn dd@ mé hinh héa bé thiét
bi, phat trién va kiém tra dé tin cay khi
dp dung phirong phdp ldy trung binh cho
hé thu thap nang lwong dp dién phi
tuyé:n Mue tiéu la thiét lap va xac dinh
cdc biéu thire giai tich dang hién biéu
dién quan hé bién d¢ va tan s6, dé dich
chuyén, dién dp va hiéu suat thu thap
nang lwgng trong hiéu ung cong hwong
chinh, thir cap va tuyén tinh twong ting.
Két qua nay dat duoc khi sir dung mo
hinh khoi lwong tap trung mét bdc tu do,
chiu kich dong nén diéu hoa;

3) Ludgn an da phan tich, khao sat,
danh gia anh huong cua cdc tham s6 co
hé t6i cdc ddp vmg chuyén vi, dién dp,
néng heong co hoc dau vao, nang lwong
dién hitu ich tiém nang dau ra, hiéu sudt




thu thdp ndng lugng trong cac hiéu ung
cong hwong phi tuyén, tir dé dua ra cdc
két ludn danh gid hivu ich;™

Gs. Ts Tran Vin Lién

Nén chinh stra, cum tu: “ (3)-Co
dai tan sb lam viéc rong, phu hop voi
tan s c6 sin cua moi trrong xung
quanh™ (trang 29); va cum tu: *
rung dong co san tir moi truong....:
(trang 12).

Nghién ciru sinh (NCS) chan thanh
cam on va xin duoc tiép thu y kién déng
gop, cu thé, tai trang 29 cua ban théo
ludn an cép hoc vién, cum tir “Cé ddi tan
s6 lam viéc rong, phit hop voi tan s6 cé
san ciia moi truong xung quanh” NCS
da chinh sira thanh “Cé dai tan sé lam
viée rong, phii hop voi tan sé dao déong
cua cdc tdac dong bén ngoai”, Tiép theo,
tai trang 12 cua ban thao ludn an cép hoc
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vién, cum tu: “...rung dong co san tur

méi trrong” NCS da chinh stra thanh: “:
“... rung dong cua cdac tac dong bén
ngoai...”; tiép theo, tai trang 2 cta ban
thao ludn an cé‘ip hoc vién, cum tur:
“..lan sé cé san cia méi truong...”
NCS da chinh sira lai thanh: “tan $6 ¢6
san cua cde tdc dong bén ngoai...”; tiép
theo, tai trang 2 cua ban thao luan an cap
hoc vién, cum Wr: “...rung dong tur moi
truong [24], [33]” NCS da chinh sua
thanh: “rung dong cua cac tac dong bén
ngoai[24), [33].”; tiép theo, tai trang 12
ctia ban thao ludn an cip hoc vién, cum
tr: “khai thac nang lwong tir cdac rung
dong xung quanh.” NCS chinh stra
thanh: “khai thac nang luong rung dong
tir cac tac dong bén ngoai ....”; tiép theo,
trang 28 cia ban thao ludn an cip hoc

.

vién, cum tu: “...thu thdp nang luong
rung déng tir méi truomg voi két cdu
dam...” NCS da chinh stra thanh: “...thu
thdp nang lhrong rung dong i cdc tdc

dong bén ngoai voi ket cau dam...”

b)

Phén trinh bay trang 37 vé lap

Nghién ctru sinh chan thanh cam on
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phuong trinh Euler — Lagrange dai
dong, co thé rat gon

va xin dugc giai dap: So di ngi dung
trang 37 ciia ban thao Ludn an cdp hoc
vién duge NCS trinh bay chi tiét vi day
ndi dung, vin dé mdi nén, dong thoi dé
ngudi doc co thé theo ddi khi tiép cén
Ludn an thuan tién, logic nhét co thé.

NCS cin giai thich cac thuat ngir
“giéng don”, "giéng doi", “giéng ba”
chi tiét hon.

Nghién ctru sinh chan thanh cam on
va xin dugc tiép thu, chinh sira dé giai
thich, lam rd thudt ngir, cu thé tai tiéu
muc 1.2.5 Cac hiéu tmg phi tuyén- trang
21 cua ban thdo ludn an cz’ip hoc vién,
cum tur:  “...dang giéng  don
(monostable), dang giéng doi (bistable),
dang giéng ba (wristable) [18], [19],
[20], [21], da on dinh [139], [140]...”
NCS bd sung thém thanh: “dang giéng
don (monostable), dang giéng  doi
(bistable), dang giéng ba (tristable) [18],
[19], [20], [21], da én dinh [139], [140]
[140], lan leot twong img voi thé nang
cua dao dong hé co: mot vi tri
(monostable), hai vi tri (bistable), ba vi
tri (tristable), nhiéu vi tri (multi-stable)
cdn bang tinh on dinh...”

d)

Nhiéu hinh v& ctia chuong 4 ( hinh
4.1-3; 4.13, 4.16-19...) can chinh sira
lai do cac chu giai chén Ién dd thi. Co
thé dua chi giai ra ngoai do thi dé cac
dd thi dugc ro rang hon.

Nghién ctru sinh chan thanh cam on
va xin dugc tiép thu y kién doéng gop,
nhitng chu giai chén 1én db thi da duoc
NCS nghiém tac thuc hién trén cic hinh
4.1, hinh 4.2, hinh 4.3, hinh 4.13, hinh
4.16, hinh 4.17, hinh 4.18, , hinh 4.19 lan
lugt & cac trang 76, 77, 78, 86, 88, 89, 90,
91 ctia ban thao Luén an cap nhat, bo sung
chinh sura theo gop y.

Phan két luan: nén chinh stra. . ..

Nghién ctru sinh chan thanh cam on
va xin duge tiép thu, cu thé, y tha 3)
trang 115, phan két lugn cta ban thao
ludn én cép hoc vién NCS da chinh stra
theo ndi dung theo muc 3 cua ban giai

trinh nay.
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H| Mot 56 doan tiéng Anh nguyén ban Nghién ciru sinh chan thanh cam on
can bo (trang 8, 44...) va xin duge tiép thu nhimg doan tiéng
Anh nguyén ban tai cac trang 8, trang 44
clia ban thdo luan an cap hoc vién duoc
chi ra da duge NCS tiép thu luge bo.

g) Luan dn con nhicu 16i bién tdp Nghién ciru sinh chin thanh cam on
(trang 15, 16, 19... ) NCS can ra sodt, | v3 xin dugc tiép thu cac y kién dong gop,
chinh sira theo do, nhimg 16i bién tap tai cac trang

15, trang 16 ( cum tir “ két cdu dam con
x6n” duge chinh sira thanh “ két ciu dam
cong x6n”); trang 19 ( cum tr “tinh phi
tuyén kiéu Duffing” diéu chinh thanh
“tinh phi tuyén kiéu Duffing™;

Nghién ciru sinh chén thanh cam on Qui thay, ¢6 trong Hoi dong danh gia ludn
an tien si cap Hoc vién da gop y va tao co hoi cho NCS hoan thién ludn 4n ctia minh.

Xin trdn trong cam on./.
Ha Néi, ngayAS thang 4 nam 2023

TAP THE HUONG DAN NGHIEN CU'U SINH
(Trweong hop co 02 ngudi huéng dan xin chit ky ca 02 ngudi
ky va ghi rd ho tén)
GS.TSKH Nguyén Dong Anh TS Nguyén Ngoc Linh Nguyén Vin Manh
XAC NHAN CUA HOC VIEN %/ - CHU TICH HOI PONG

KHOA HOC VA CONG NGHE
KT. GIAM BOC .
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Gs.Ts Nguyén Viét Khoa




