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THONG CAO BAO CHI

Cong b ddi tén “Chuyén san Po luong, Pidu khién va Ty dong hoa” thanh “Tap chi Po luong,
Diéu khién va Tu dong hoa”. Tap chi mdi niam in 4 ky vao cé4c thang 3, 6, 9 va thang 12.

Kinh thwa cac Nha khoa hoc va cac Quy ban doc,

Chding t6i tran trong thong bao, can cir theo Quyét dinh s6 233/QD-BTTTT cuaa B trudng Bo Thong
tin va Truyén thong ky ngay 29/8/2024, Chuyén san Do luong, Diéu khién va Ty dong hda, mot 4n
pham cua Hoi Ty dong hda Viét Nam, duoc chinh thirc d6i tén thanh “Tap chi Po lwong, Pidu
khién va Tw dong hoa”, duoc cap chi s6 ISSN doc lap 3030-4555, va duoc Hoi dong Gido su Nha
nuéc cdng nhan mire danh gia dén 1 (mét) diém tir thang 7 ndm 2024.

Chuyén san Po ludong, Diéu khién va Ty dong hoa (cii, tén tiéng Anh: Special Issue on
Measurement, Control and Automation) ban dau 1a mot ky bao dic biét cua Tap chi Ty dong hoa
Ngay nay, tap hop cac bai bao dang dudi dang cac cong trinh khoa hoc c6 phan bién doc lap. Tu
nam 2021, chuyén san di chinh thirc chuyén sang hoat dong binh duyét va xuét ban trén ca 2 nén
tang in va truc tuyén thong qua trang web: https://mca-journal.org/. Trong thoi gian qua, Chuyén
san da tr& thanh mot 4n pham quan trong ddi véi cong dong nghién ctiu va cac chuyén gia trong
linh vic Po luong, Diéu khién, va Ty dong héa. Qua nhiéu nam hoat dong, chuyén san da thu hit
duoc s quan tim va dong gop cua dong dao cac nha khoa hoc, k¥ su, va chuyén gia hang dau trong
linh vuc nay. Véi noi dung chat luong va chuyén sau, chuyén san da dong vai trd quan trong trong
viéc két ndi cong dong khoa hoc, ddng thoi thic ddy sy phat trién caa cac linh vyc ky thuat tién tién
tai Viét Nam.

Véi tén goi méi, Tap chi Po lwong, Picu khién va Tw dong hoa (tén tiéng Anh chinh thirc:
Journal of Measurement, Control and Automation), bén canh viéc giit vitng cac nguyén tac hoat
dong cii, s& c6 nhiing su thay d6i va hoan thién vé co cau nhan sy Ban bién tap, gém Trudng ban
GS. TS. Nguyén Doan Phudc va Phé Truong ban PGS. TS. Tran Trong Minh, PGS.TS. Lé Minh
Thiy nham nang cao chét lugng va hiéu qua cia qué trinh xuat ban. Tap chi cling mé rong doi ngii
phan bién vai sy tham gia cua cic chuyén gia diu nganh trong va ngoai nuéc, dam bao cac cong
trinh khoa hoc dugc tham dinh ki ludng, gop phan nang cao chat lwong ndi dung va uy tin cua tap
chi.

Dé c6 dugc budc tién quan trong nay, ching t6i xin bay to long biét on toi Hoi Tu dong hda Viét
Nam trong vai trd co quan xuat ban, va su dong gép day nhiét huyét cua Ban bién tap qua ting thoi
ky, gdm GS. TSKH. Nguyén Phung Quang (2004-2006; 2013-2019), PGS.TS. Tran Trong Minh
(2020-8/2024). Bén canh d6 1a GS. TSKH. Nguyén Xuan Quynh trong vai trd c6 van.

Viéc nang cap chuyén san thanh tap chi chinh thic khong chi 1a mot budce tién Ion ddi véi ching
t6i, ma con 1a nd lyc nham dong gép nhiéu hon cho cong dong khoa hoc, ki thuat, va cong nghiép
Viét Nam. Chiing tdi tin rang, véi su huong tng cia quy doc gia, cac nha nghién ctu, cac chuyén
gia, Tap chi Po lwong, Piéu khién va Tw dong hda sé tiép tuc phat trién manh mé, tro thanh dia
chi tin cay cho céc cong trinh khoa hoc lién quan téi linh vyuc nay.

Xin trén trong cam on!

Thay mat Ban bién tap

Trwéng ban

GS. TS. Nguyén Doén Phwéc
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Ky thuat PWM da song mang IPD, POD va APOD cho nghich luvu ba pha NNPC
nam bac
IPD, POD and APOD Multi-carrier PWM Techniques for Five-Level Nested
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Abstract

Recently, high-voltage and high-power devices in industrial applications and power grids in the form of Nested Neutral Point Clamped
(NNPC) multi-level inverters have been proposed and developed. Control methods for these converters have received significant research
attention to provide low output harmonic distortion and reduced Common Mode Voltage (CMV). Carrier-Based Pulse Width Modulation
(CBPWM) is a preferred choice due to its simplicity. This paper investigates and compares the characteristics of various Sine-triangle
CBPWM techniques applied to the five-level NNPC inverter, such as In-Phase-Disposition PWM (IPD-PWM), Phase-Opposition-
Disposition PWM (POD-PWM), and Alternative-Phase-Opposition-Disposition PWM (APOD-PWM). The balancing of DC capacitor volt-
ages is realized by repetitive voltage states. Both simulated and experimental results reveal that the IPD-PWM method yields the lowest
harmonic distortion. The POD-PWM technique excels in limiting the Common Mode Voltage (CMV) magnitude. Meanwhile, APOD-
PWM offers better harmonic waveform quality compared to POD-PWM but still exhibits higher CMV magnitude during high-voltage op-
eration. The results also demonstrate that the capacitor voltage balancing algorithm is effective for all three techniques, including IPD-
PWM, POD-PWM, and APOD-PWM.

Keywords: NNPC inverter, Multi-carrier PWM, Phase Disposition, Phase Opposition Disposition, Alternative Phase Opposi-

tion Disposition

Tém tit

Gén day, cac thiét bi bién ddi cong suét dién &p cao va cong suét
I16n trong cong nghiép, trong ludi dién dang b nghich luu da bac
NNPC (Nested Neutral Point Clamped) duoc d& xuit va phat trién.
Céac phuong phap diéu khién cho bo bién ddi nay dwoc chi trong
déu tu nghién ctru nham cung cép dién ap va dong dién ngd ra chat
lwong cao nhu dat d6 méo dang séng hai thap, giam dién 4p Com-
mon mode. Phuong phap didu ché do rong xung da séng mang
(CBPWM) Ia mét lya chon do nguyén 1y don gian, dé thuc hién.
Bai bdo nay nghién ctru va so sanh dic tinh cac ky thuat Sin
CBPWM ap dung cho bd nghich lvu ndam bac NNPC. Cac ky thuat
CBPWM phé bién bao gdm ky thuat bé tri cung pha (IPD -
phase disposition), b tri nguoc pha (POD - Phase opposition dis-
position) va bé tri nguoc pha luan phién (APOD - Alternative phase
opposition disposition). Ky thuat diéu khién can bang dién 4p trén
cac tu DC nho tan dung cac trang thai di¢n ap trang lap cling dugc
ap dung. Két qua khao sat bang mé phong ding phan mém PLECS
va kiém chirng boi mé hinh thuc nghiém cho thiy, phuong phéap
IPD-PWM cho d6 méo dang séng hai nhé nhét, phwong phap POD-
PWM c6 uu diém vuot troi vi c6 thé han ché gia tri dién 4p Com-
mon mode (CMV - Common mode voltage) & muc thip nhit,
phuong phap diéu ché APOD-PWM c6 chit lugng song hai tét hon
s0 v&i POD-PWM nhung van con xuét hién cac xung 4p CMV cao
khi l1am viéc & pham vi dién &p lon. Két qua nghién ciu cho thay,
giai thuat can bang &p tu &p dung tét cho ca 3 ky thuat IPD-PWM,
POD- PWM va APOD-PWM.

1. Giéi thi¢u

B6 nghich Iuu ¢ tng dung trong nhiéu linh vuc khac nhau
nhu thiét bi bién d6i ning luong tai tao két ndi ludi, bo
ngudn bién ddi ngudn dién p tan sb khong ddi, bo bién tan
cho cac hé truyén dong dién [1-3]. Do céu triic don gian va
dé didu khién, gi4 thanh ré, bo nghich luu 4p hai bac dugc &p
dung phé bién khap cac linh vuc cua cong nghiép. Tuy
nhién, khi phat trién bo nghlch luu hai béc cho cac nhu cau
thyuc té doi hoi dién ap cao va tan s6 dong ngat l6n, nhu cac
hé thong truyen dong dién cong suét Ién, cac b nguon chat
lugng cd yéu cau do méo dang thap, ddc tinh cua bo nghich
lwu hai bac ¢ nhiéu bat lgi nhu ton that chuyén mach cao,
nhidu dién tir va tong do méo dang hai (THD%) lon [4]. BO
nghich luu da béc duoc phat trién dé khac phuc céc van dé
néu trén. Trong d6, mot cau hinh maéi duoc goi 1a bo nghich
luu kep diém trung tinh l1dng nhau (NNPC) da dwoc dé xuit
trong nhimg niam gan day dé sir dung trong truyén dong
trung 4p [5-7]. So véi cAc ciu hinh nam bac NPC théng
thuong, cau hinh NNPC niam bac chi can hai diode mdi pha
thay vi 12 diode mdi pha cua cdu hinh NPC [8] va bo nghich
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Hinh 1: C4u hinh nghich lru NNPC nam bac.

luu NNPC c6 kha ning can bang dién ap trén cac ty DC tbt
hon do ton tai cc trang thai du cho phép diéu khién nap/xa
dong qua tu bay. So vai cau hinh nghich luu nam béc tu bay
co ban (FLC - Flying capacitor clamped), cu tric nghich
luu NNPC nam béc st dung it tu hon [9], do d6 c6 thé tiét
kiém linh kién nay va d6 phuac tap cho nap tu khi khaoi dong.
Do it tu bay hon nén giai thuat can bang ap trén cac tu thyc
hién duoc thuan loi hon va do tin cay cua hé thong duoc cai
thién. So véi cac cau hinh nghich luu nam bac dang Cascade
hoic nghich luu cau H-NPC can trang bi tr ba dén sau
ngudn ap DC doc lap thi nghich luu NNPC chi can mét
ngudn 4p DC [10]. Khac véi ciu hinh ANPC nam bac, dién
&p stress cua céc linh kién bo nghich lvu NNPC gidng nhau
nén thuan tién cho viéc chon lua linh kién va lap dat thiét bi
[11].

Khi thyc hién didu khién diéu ché PWM céc bd nghich luu,
dién ap Common mode (CMV - Common mode voltage)
xuét hién c6 thé gay thiét hai cho thiét bi va an toan cho con
ngudi. CMV c¢6 dang xung tan sd cao va sy thay doi dv/dt
16n cua nd giy ra hai van dé chinh: hién tuong dn mon bé
mit cta cac vong dém 6 bi qua qué trinh phong xa dién tich
trong moi truong dién mdi cua mdy dién, bién ddi nhanh
dv/dt tao dong ro & tan s6 cao gay nhidu dién tir EMI, c6 thé
gay ra su cb hoat dong khong 6n dinh hodc 15i cac thiét bi
lam viéc gan do6 [12]. Do d6, khao sat ddc tinh CMV ciia cac
phuong phap PWM la can thiét, dé tir d6 c6 thé chon lya
phuong phap PWM va hé thong phan cing thich hop.

Ngay nay, dbi voi cac bo bién ddi cong suat 16, t6n hao va
hiéu suat 14 cac tiéu chi quan trong dénh gia vé mat ky thuat.
Tdn hao cac linh kién 16n s& lam giam hiéu suit va hiéu qua
sir dung thiét bi. Tén hao cac khoa ban din bo bién d6i da
bac chiém ti trong 16n trong ton hao hé théng thiét bi bién
d6i cong suat. Ton hao cac khoa ban dan thuong gdm ton
hao cua Transistor va tén hao cua Diode, bao gdm tén hao
khi linh kién dan dién (Conduction loss) va ton hao khi linh
kién d(’)ng/ngét (Switching loss). Ngay nay, van d& tinh toan
nhi¢t kha phtre tap nay da duoc tich hop trong cac tién ich
cta cac phan mém mo phong dién tir cong sudt véi do chinh
xac cao. Chuong trinh tinh toan su dung céc duong dac

tuyén trong Datasheet cua linh kién ban dan thyc té luu trix
trong thu vién nhiét cua phan mém. Trong nghién ctru khao
sat hoat dong cua bo bién d6i ndm bac NNPC, phﬁn mém
PLECS s¢€ dugc st dung.

Trong bai bdo nay, phan tich ky thuat Sin PWM da song
mang voi giai thuat can bang dién ap cac tu bay bo nghich
luu NNPC nam bic s& dugc nghién ciu. Ngoai ky thuat
IPD-PWM nhu mot s6 tai liéu da cong bd, bai béo nay quan
tdm khao sat cac ky thuat CBPWM sbéng mang nguoc pha
(POD) va ky thuat song mang ngugc pha luan phién (APOD)
[13-14]. Hiéu qua cua ting ky thuat duogc kiém ching dwa
trén chét luong dién ap va dong dién ngd ra (THD%), dién
ap Common mode, ton hao cong suat trén cac khoa va hiéu
suit cua bo chuyén d6i qua md phong bang phan mém
PLECS. Két qua thuc nghiém ciing dugc thuc hién dé khing
dinh tinh dung dén cua céc giai thuat.

2. Phan tich mach

Hinh 1 m6 ta so dd bo nghich lwu 4p NNPC nam bac mic
vao ngudn dién ap DC khong dbi Vdc [15]. Cau hinh nhanh
nghich lwu mdi pha x (x = a, b, ¢) gébm tdm khéa ban dan Sy,
Sx2, Sx3, Sx4, Sxs, Sxs, Sx7 Va Sxg; hai diode kep va ba tu phén
élp Cx1, Cx2, Csa.

Goi Vyz 1 dién ap nghich Iuu pha x; Vea, Vexe, Vs 12 dién
ap trén cac tu DC Cyi, Cx2, Cxs. Goi Sx1, Sxa..., Sxs la trang
thai cac khda ban dan voi gia tri trang thai bang 1 khi khoa
dan va bang 0 khi khoa ngat. Gia sir 4p trén cAc tu Cy va Cyo
bing nhau Ve = Ve = Va4 va ép tu Cys bang Ves =
3Vu/4.

Phan tich chi tiét cac trang thai mach dién cho thiy, dién ap
ngd ra Vxz c6 thé dat 5 muce dién ap khac nhau tur 12 t6 hop
trang thai dong ngét Sxi, Sxa...., Sxs VA su thay dbi dién &p
trén mdi tu duoc thé hién nhu trong Bang 1.

Goi Sy la ham trang thai nhanh pha x:
Sx = le + sz + Sx3 + SX4 (1)
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Bang 1: Trang thai khoa ban dan ting véi cac mic dién 4p va trang thai nap/xa cta cac tu dién.
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Do 1on dién ap nghich luu ¢ trang thai Sk nhu sau:
e Ve

VxZ = SxV7d
4 2

Dién ap pha tai xac dinh theo trang thai dong ngat nhu sau:
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bién ap day duoc xac dinh nhu sau:
_Vb
=Vy =Ve (4)

Dién ép giira cac trung tinh tai AC va ngudn DC:

Vcom = (Sa +Sb +Sc)£_£

2 2 ©)

Chiéu duong dong dién tu di vao cuc duong cua tu thi
tu nap dién, dién ap trén tu tang; nguoc lai dong dién ty am
s& xa dién, dién &p trén tu giam. Trong Bang 1, ky hiéu «“|”
dién ap trén tu dang giam, “7” dién ap trén ty dang ting, “-”
dién 4p trén ty khong bi anh huong. Di véi cac truong hop
Sx khac nhau s& c6 céc trang thai du dé tao ra muc dién ap
nghich luu ndm bac (-Vad/2, -Vac/d, 0, Va4, Val2). Mbi
trang thai du nay cung cap dong dién nap va xa cho ting tu.
Dua vao dic diém ndy, cac trang thai du co thé duoc su
dung dé diéu khién can bang dién &p trén céc tu dién.

3. K§¥ thuat PWM da s6ng mang

Didu ché bo nghich lvu NNPC nam béc véi ky thuat Sin
PWM va séng mang dich muc (Level Shift CBPWM) sé& can
4 s6ng mang Ve, Ve, Vs, Vers €6 bién do dao dong trong
c4c giGi han lan luot 1 (3,4), (2,3), (1,2) va (0,1), xem Hinh

PlPr P OOOORrR O OoOOo|lo

PO F PP, OPFOFkr OO0
Rl O FRPFP P OO0k OO0

2-4. Vi 4 song mang mo ta ¢ trén, song diéu khién Sin 3
pha c6 thé biéu dién theo chi s6 diéu ché m nhu sau:
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4 21
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trong d6: m — chi s6 diéu ché (modulation index):
3V
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Tir d6, gia tri trang thai dong ngét Sy cua pha x theo nguyén
ly song mang sé dugc xac dinh nhu sau:

if (Vxrer < Ves) 2> Sx=0
e|Se |f (eref > Vcr4 && eref S Vcr3) 9 Sx = 1
e|Se if(eref > Vcr3 && eref é VCI‘Z) 9 Sx = 2
e|Se |f (eref > Vcrz && eref S Vcrl) 9 Sx = 3
else Sy =4

®)

3.1. Ky thuat IPD-PWM

Trong ki thuat nay, bén séng mang Ve, Verz, Vs, Vers cho
b nghich luu NNPC nim béac déu cung d¢ 16n, cing pha va
dugc so sanh voi mot song Sin chuan nhu Hinh 2. Pay 1a
phuong phép dwoc st dung nhiéu nhat vi nd cho d6 méo
dang hai thip nhat so véi hai phuong phap con lai.

4 . == A AR AR

0.02 0.025 003
Time (seconds)

Hinh 2: Ky thuat IPD-PWM

0.015 0.035
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3.2. Ky thuat POD-PWM

Hinh 3 minh hoa ky thuat da song mang POD, ntra s6 s6ng
mang nam phia trén (Ve va Ver) s€ cung pha va nua so
séng mang nam phia dudi (Vs va Ver) € léch pha 180°.

AAA'AA-‘I\
Verl

Ver2
Verd
Verd

Reference signal 1
VVVVVV]

Il L
0.005 001 0.015 0.02 0.025 003 0.035 0.04
Time (seconds)

Hinh 3: Ky thuat POD-PWM.

3.3. Ky thuat APOD-PWM

Phuong phép diéu ché nay hoan toan khéac véi hai phuong
phap trén, trong d6 cic song mang léch pha 180° xen k&
nhau. Ky thuat APOD-PWM cho NNPC nam bac nhu trong
Hinh 4, nhdm song mang Ve, Vs cung pha va nhom Ve,
Vera léch pha 180°.

T
Vert
ver2
ver3 B
Verd 1
Reference signal | |
VIVV VYV

VIRV

1 L L 1 I
0.005 00 0.015 0.02 0.025 003 0.035 0.04

Time (seconds)

Hinh 4: Ky thuat APOD-PWM.

Tir nguyén ly sép xép cac séng mang nhu trén, Hinh 5 minh
hoa cach tao ra trang thai dong ngit cua pha Sx (X = a, b, ¢)
trong cac phuong phap PWM truyén thdng ding séng mang
bang cach so sanh song diéu ché Vier Vi 4 s6ng mang tam
giac. Do phai thuc hién can bang dién &p cac tu dién, tur
trang thai Sy thu dugc, mot giai thuat dya vao chiéu dong
dién ix va diéu kién can nap hoic xa tu s& chon té hop trang
thai kich céc khda ban dan pha hop dé thyc hién can bang ap
tu. Vi du, tur trang théi Sx = 2 thu dugc tir ky thuat CBPWM
trén, gia thiét ring dong dién ix>0 va gié tri dién ap trén tu
Cx1 dang c6 sai 16ch véi gia tri dat nhiéu nhit. Trang thai C1
theo Bang 1 s& duoc chon dé phét xung kich cho céc khoa.

IPD-PWM POD-PWM

4 > 4 -
| ~ /1 ,
s |} |

Sx 3 2 3 3 2 3 2 3 2

APOD-PWM

4
1(/ g
. Vxrerl=2.7 -

<

15

o o

Hinh 5: Xac dinh S, (x la pha a, b, c).

4. Can bang dién ap tu dién

D4i vei cac bo nghich luu da bac NPC, viéc can bang dién
ap trén tu la rat quan trong. Dién 4p trén céac tu Cx, Cx, Cxs

duoc duy tri giit khong dbi theo gid tri dat nho kiém soét
dugc chiéu dong dién nap Xa tu i, iexe VA icxs thich hop. Tur
Bang trang thai 1 cho thay, khi & trang thai Sx = 0 va Sy = 4
s& khong c6 dong dién di qua cac tu Cy1, Cyo, Cxa. Nguoc lai,
& céc trang thai Sx = 1, Sx = 2 va Sx = 3, do ¢6 nhiéu trang
thai du nén dong dién tai c6 thé din qua cac tu theo cling
chiéu hoic nguoc chiéu dong dién tu bang cach chon trang
thai thich hop. Dé minh hoa ta theo ddi Bang 1 va xét yéu
cau chon trang thai dong ngit tir cac t6 hop kich B1, B2 va
B3 dé thyc hién ap ngd ra twong ung muc Sx = 1. Gia sir
dong dién tai duong i,>0. R& rang, dién &p trén tu Cy, c0 thé
diéu khién tang 1én bang cach chon trang thai du Bl va giam
xudng bang &p dung trang thai B3. Tuong tu, dién &p trén tu
Cxs €O thé diéu chinh ting 1én bang trang thai B2 hoic giam
xudng bang trang thai B1. Quan sat trang thai dong dién qua
tu Cy ta thiy khong thé didu khién giam dién 4p Vea ma
nguoc lai ap Vea duy tri ting 1én. Nhu vay, trong thoi gian
ap nghich luu gitr ¢ gia tri -Vg/4 twong ung Sx = 1, dién 4p
trén tu Cxz va Cxs hoan toan c6 thé diéu khién can bang va tu
Cx1 c6 dién 4p tang lién tuc. Ciing tir Bang 1 ta thiy &p trén
tu Cx1 c6 thé didu khién can bang khi Sx = 2 hoidc Sy = 3.
Giai thuat can bang dién ap trén 3 tu c6 thé thiét ké theo
nhiéu phuong phap khac nhau. Mot phuong phap can bang
&p tu don gian dugc dé xuat trong [15] dugc chon dé sir dung
trong bai bao nay.

Theo do, vi du: khi ngd ra Sa = 3 va tu dién Ca; can duoc Xa,
néu dong dién i, duong thi chon trang thai D1 dé xa cho tu
Ca nhu Hinh 6, néu dong dién i, &m thi chon trang thai D3
nhu Hinh 7. Vi vay, viéc kiém soét chiéu dong dién vao/ra
dé nap/xa cho ty dién s& gitip dam bao dién ap trén céc tu it
bi sai léch so véi c&c gia tri mong mudn.

5. Két qua mé phong va thwe nghi¢m
5.1. Két qua md phong
B6 nghich luvu NNPC nam bac dung ky thuat IPD-PWM,

POD-PWM va APOD-PWM duoc md phong bing phén
mém PLECS vai cac thdng so6 nhu Bang 2.

Thong sb Gia tri
bién 4p DC 1000 V
Tan s6 co ban 50 Hz
Tén s6 séng mang 5 kHz
Tu dién C1, C2, C3 1000 pF
bién tro 30 Q2
Cuon cam 2.7 mH
Khoa ban dan IGB20N60H3

Hinh 8 mo ta két qua md phong dién ap nghich luu Vaz,
dién ap day Va» va dong dién ba pha ia, ip, ic. Ky thuat IPD-
PWM, POD-PWM va APOD-PWM déu cho két qua dién ap
nghich luu nam bac va dién &p day chin bac phu hop véi bo
nghich luu NNPC 1a nghich Iuvu ndm bac khi m = 0.8. Do
méo dang dién 4p THDU(IPD) = 17.17%, THDU(POD) =
28.06%, THDU(APOD) = 28.16%. Dong dién ba pha c6
dang hinh Sin véi @ méo dang THDI (IPD) = 3.07%, THDI
(POD) = 8.04%, THDI (APOD) = 7.97%.
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Hinh 8: D4 thj md phong dién ap nghich Iuu Vaz, dién ap day Vay, dong pha ia, i, ic khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM
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Hinh 9: D4 thi md phong dién 4p trén cac tu pha a: Ve, Veaz, Veas khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM
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Hinh 10: D4 thi md phong qua trinh qua do dién ap day Vap, dong dién tai 3 pha va dién ap cac tu Va1, Veaz, Veas khi thay ddi chi sb didu ché tr
 m=0.55 (1<0.055) dén'm = 0.85 (t>0.05s) cho (2) IPD-PWM (b) POD-PWM (c) APOD-PWM.
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Hinh 11: B4 thi mé phong qua trinh qua do dién ap day Vap, dong dién tai 3 pha va dién ap cac tu Va1, Vear, Veas khi €6 va khdng c6 ap dung giai thuat
can bing &p tu khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM.
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Hinh 12: (a) THD dién ap day V4, ngo ra (b) THD dong pha i,ngd ra.
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(a) (b) (©)
Hinh 13: B thi m6 phong CMV tai m = 0.8, f, = 50Hz, feamier = 5kHz cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM.
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Hinh 14: Bién d6 dién 4p Common mode theo chi sb diéu ché.
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Hinh 15: (a) Tén hao dan (b) Tén hao chuyén mach (c) Téng ton hao.
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Hinh 16: Hiéu suét cia bo chuyén déi

Dién 4p trén ba tu dién pha a tai m = 0.8 thé hién trong Hinh
9. Vea1 Va Vea2 dao dong quanh gid tri 250V (Vge/4), Veaz dao
dong quanh gia tri 750V (3Vac/4) véi sai s6 16n nhat ¢ tu Ca
lan luot 1a 11.69V, 11.54V, 11.51V, twong ung 4.67%,
4.61%, 4.60% cua ca ba phuong phap.

Qua trinh qua d6 cta dién ap day Vap, dong dién tai 3 pha va
dién &p trén cac tu Vea, Vieaz, Veas khi thay doi chi sé diéu
ché tir 0.55 1én 0.8 duoc md ta trén Hinh 10. Ca ba phuong
phap déu cho dong pha hinh Sin c¢6 bién d6 thay déi khi thay
dbi m. Dién 4p trén cac tu dién pha a van duy tri can bang ¢
V4 va 3Vacl4 véi sai s6 khong dang ké.

Hinh 11 md ta dap tmg qua do khi thuc hién cac k¥ thuat
CBPWM c6 &p dung va khong &p dung giai thuat can bing
dién &p céc tu DC ldy vi du m = 0.8. O ca ba ky thuat PWM,
khi khong duoc can bang (0.03s<t<0.065s), do léch dién &p
trén tu I6n dan dan dén dién 4p day Vab méo dang va dong
dién ba pha ngd ra khong Sin; khi 4p dung chuong trinh diéu
khién can bang ap tu, cac tu dao dong nho xung quanh V-
=250V va Veazrer = 750V (Vg = 1000V).

THD% di¢n ap day Va, va dong dién pha ia bién thién theo
chi sé didu ché m duogc thé hi¢n trong Hinh 12. IPD-PWM
¢6 dic tinh THDU va THDI tét nhét so vai hai phuong phap
con lai, v6i hé s6 THDU = 17.02% va THDI = 3.45% khi

ref = Vcao-ref

m = 0.866. APOD-PWM thé hién chat lwgng méo dang song
hai kha tot khi cac gia tri THDU va THDI caa n6 nam giira
c4c gigi han cho boi hai phuong phap IPD va POD. O trong
viing chi s6 diéu ché 0.45<m<0.55, APOD-PWM dat chi s6
méo dang gan bing IPD-PWM.

Hinh 13 mé ta két qua md phong CMV cua cac phuong phép
CBPWM khi m = 0.8. Két qua cho thdy IPD-PWM & Hinh
13a chju tdc dung CMV 16n trong tirng chu ky song mang,
va dat céc gi trj +168.6V. POD-PWM c6 uu diém loai bo
cac xung &p CMV I6n va duy tri ap CMV khong vugt qua
87.35V nhu trén Hinh 13b. D6 thi 4p CMV cua phuong phap
APOD trén Hinh 13c cho thdy xung &p CMV giam rd rét so
v6i phuong phap IPD, tuy nhién xung 4p CMV 1én bang
164.34V van xuét hién & mot s6 vi tri trong chu ky ap tai.

Két qua khao sat chi tiét CMV trong toan ving chi s diéu
ché mo ta trén Hinh 14 cho thiy bién d6 4p CMV cua
phuong phap POD trong toan pham vi lam viéc ¢ muc thap
1a 83.58V, trong khi phuong phap APOD xuét hién mot sé
xung &p CMV Ién 164.61V khi chi sé diéu ché 16n hon
m>0.45. Tu nguyén ly cac phuong phap séng mang mo ta
trén cac Hinh 2-4 c6 thé giai thich duoc dap ung dién ap tai,
ap CMV va dong dién gidng nhau cia 2 phuong phap POD
va APOD khi m<0.433.

Biéu d6 Hinh 15 mé ta ton hao dan, ton hao chuyén mach va
téng t6n hao trong mach (W). Hiéu suét cua bd nghich lru
theo %Pou & thay dbi nhu trong Hinh 16, tén hao trong
mach va hiéu suat cua bo chuyén déi ¢ ba ky thuat PWM
gan nhu nhau, hiéu suit khoang 97% khi hoat dong &
100%Po.: VA giam nhanh khi hoat dong & %Py cang thép.
Khi hoat dong & 10%Poy thi hiéu suat chi con khoang 78%.

5.2. Két qua thuc nghiém
B0 nghich luu NNPC ba pha nam bac dugc qua kiém chung

trén moé hiqh thuc nghiém cong suit nhé nhu Hinh 17 véi
cac thdong so nhu Bang 3.
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Bang 3: Thong sb thuc nghiém

Théng sb Gia tri
bién ap DC 60 V
Tan s6 co ban 50 Hz
Tén s6 séng mang 5 kHz
Tu dién C1, C2,C3 1000 pF
bién tro 16.6 Q
Cuon cam 120 mH
Khoa ban dan FGA25N120
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Hinh 17: M& hinh thuc nghiém cho bg nghich luu NNPC ba pha nam béc.

Tek . & Stop M Pos: 6.,000ms Tek . & Stop M Pas: 18.33ms Tek Sl & Stop I Pos: 18.93ms
+* + +

CH2 40.0% 14 5.00ms CH3 CH2 40.0% I 5.00rms CHZ 4000 14 5.00ms
CH3 400y S=Jul-23 1546 34,354 CH3 400y I-Jul-23 1520 CH3 40,0 I-Jul-23 1631

(@) (b) (©)
Hinh 18: Két qua thuc nghiém V.z, Viez, Vez khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM (Y -axis: 40V/div, X-axis: 5ms/div).

Tek Al @ Stop I Pas: 2.200ms Tek i @ Stop M Pas: 2,200ms Tek S @ Stop M Pas: 2.200ms
+ + +
Ve i 60V Ve 1 60V Ve 60V
RESREAN | . el gl

Veat ‘—15\/ Veat _‘ 15v Veat I 15v

24 2% 2+

i - Lokl

Vea2 P Ve Veaz NP

o —I“’V ca o I_15V “ 2 -‘-15V
Veas ‘ 45v Veas l 45v Vecas 1 45v

d+ d¥ d#

CH2 200v M 50.0ms CH2 20,0 M 50.0ms CH2 20,04 M 50,0ms
CH3 20.0v CH4 Sou0w 15-%ep-23 0845 CH3 20,0 CH4 50,0 15-5ep-23 0556 CH3 200 CHA 50,0y 13-5ep-23 0303

(a) (b) (©

Hinh 19: Két qua thuc nghiém dién &p céc tu pha a khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM (X-axis: 50ms/div)
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Hinh 20: Két qua thuc nghiém Vap, i, in, ic khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM (Y-axis: 40V/div, X-axis: 5ms/div).
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Hinh 21: Két qua phan tich phd FFT dién &p day Va, thuc nghiém khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM.
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Hinh 22: Két qua phan tich phé FFT dong dién pha i, thuc nghiém khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM.
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Hinh 23: Két qua thuc nghiém CMV khi m = 0.8 cho (a) IPD-PWM (b) POD-PWM (c) APOD-PWM (Y-axis: 10V/div, X-axis: 5ms/div)
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Bang 4: Két qua so sanh cua cac ky thuat PID, POD, APOD tai m = 0.8 theo thong sé Bang 3 khi (a) M6 phong (b) Thuc nghiém.

(a) M6 phéng

(b) Thuc nghiém

IPD-PWM  POD-PWM  APOD-PWM IPD-PWM POD-PWM  APOD-PWM
THD Vab 17.44% 28.59% 28.48% 18.95% 29.97% 29.96%
THD ia 1.44% 3.22% 3.25% 3.42% 4.03% 4.06%
Bién d9 CMV 1ov 5v 1oV 1ov 5v 1ov

Hinh 18 1a két qua trén md hinh thuc nghiém dién &p nghich
luu Vaz, Viz, Vez €6 nam bac. Hinh 19 thé hién két qua thuc
nghiém dién ap cac tu pha a 1a Vea1, Veaz Va Veas khi c6 ap
dung giai thuat can bang ap tu duoc trinh bay trong tai liéu
[15], dién &p trén tu Ca va Ca dao déng xung quanh gié tri
15V, é&p tu Cys dao dong xung quanh gia tri 45V (twong ung
Ve = 60V). Hinh 20 md ta dién ap day Va ¢6 chin bac, dong
dién ba pha c6 hinh Sin léch pha nhau 120° ¢ chi sb diéu ché
m = 0.8 cua ba phuong phap PD-PWM, POD-PWM, APOD-
PWM. Céc két qua thuc nghiém hoan toan phu hop voi két
qua mod phong mac du cé chut dao dong ¢ dién &p va dong
dién do su nhap nhé dién &p khi tu dién nap xa.

Hinh 21 va Hinh 22 1a phan tich phd FET dién &p day Va, va
dong dién pha i, ciia két qua thuc nghiém khi m = 0.8. Theo
nhu mé phéng, phuong phap b tri cac song mang da bac
cung pha PD-PWM cho d méo dang ap day va dong pha
nhé nhat véi THDU = 18.95%, THDI = 3.42%; hai phuong
phap con lai cho két qua gan bang nhau twong ing Vi
THDU = 29.97%, THDI = 4.03% cua POD-PWM va THDU
= 29.96%, THDI = 4.06% cua APOD-PWM.

Hinh 23 la két qua thyc nghiém CMV khi m = 0.8, c6 thé
thiy PD-PWM nhu Hinh 23a ¢c6 CMV Ién nhét va dat dinh
tai C&c gid tri = Vdc/6 = 10V. Phuong phap POD c6 wu diém
loai bo cac xung CMV [6n va duy tri CMV khong vuot qué
Vdc/12 = 5V nhu trén Hinh 23b. CMV cua phuong phap
APOD trén Hinh 23c da giam so véi IPD, nhung van con
mot s& xung CMV 16n bang Vdc/6 = 10V xuit hién. Do cau
hinh ¢6 nhiéu tu nén su dao dong dién &p trén céc tu ciing
gay ra CMV Ién bét thuong & mot s6 vi tri trong chu ky ap
tai ciia ca ba phuong phap.

Bang 4 so sanh két qua md phong va thuc nghiém theo thong
sé Bang 3 cua cac ky thuat IPD-PWM, POD-PWM va
APOD-PWM vé d6 méo dang dién ap day, do6 méo dang
dong pha va bién d6 dién &p Common mode & m = 0.8. Cac
két qua gan nhu nhau & md phong va thuc nghiém.

6. Kétluan

Bai bao nay trinh bay cic phuong phap diéu ché do rong
xung PWM da séng mang dua trén song Sin bao gom IPD-
PWM, POD-PWM va APOD-PWM cho bd nghich Iuu ba
pha NNPC nim bac, dugc kiém ching théng qua mé phong
bing phin mém PLECS va do dac trén mo hinh thuc
nghiém. Thuat toan can bang &p tu cho ting ky thuat diéu
ché gitp giam chénh léch dién &p trén cc tu duoc thiét ké

dwa vao Cac trang thai dong ngit du cia dién 4p nhanh. Két
qua cho thdy trong ba phuong phap bd tri song mang,
phuong phap IPD-PWM phi hop cho céc yéu cau doi hoi
dién 4p ngd ra va dong dién ngd ra co6 d6 méo dang thap
trong ving chi s6 diéu ché m < 0.866, néu g dung thuc té
¢ yéu cau giam THD% nhung khong quan trong dién ap
Common mode va dong ro thi c6 thé sir dung phuong phap
nay kém céc thiét bi nhu may bién &p cach ly, bo loc,...;
POD-PWM c6 uu diém lam giam CMV tét nhat trong ving
chi sé didu ché m < 0.866, tir d6 giup bao vé thiét bi va ting
tudi tho, giam nhidu dién tir (EMI) va dam bao an toan cho
con ngudi, phuong phap nay phu hop cho cac hé thdng
khong yéu cau do méo dang dién ap va dong dién nho, phu
hop cho céac ing dung diéu khién dong co, ning lugng mat
troi két ndi ludi,...; phuong phap APOD-PWM lam giam
mot s6 xung CMV 16n khi chi s diéu ché nhé hon m<0.433,
trong vung 0.45<m<0.55, APOD-PWM cho méo dang dién
ap va dong dién gan bang IPD-PWM. Tén hao dan, tén hao
chuyén mach va hiéu suit cua bo chuyén déi gan nhu nhau &
ca ba phuong phap diéu ché.
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Abstract

Independent mobility is an essential part of the daily life of many visually impaired individuals. To assist them in navigation and improve
their quality of life, various designs have been developed, including portable devices such as electronic canes, navigation suitcases, and
guided robotic dogs. However, when it comes to indoor environments, constantly carrying an object alongside is not practical. Therefore,
there have been numerous studies on mobile robot systems for navigation and assistance in indoor environments. One of the requirements
for such a non-contact robot system is to determine the direction of the visually impaired individual to provide accurate assistance. This
article focuses on developing algorithms for determining the direction of the object that needs assistance in indoor environments. The object's
information is collected using a 3D camera, and then techniques such as object tracking, skeleton framework construction, and Gaussian
filtering of depth images are used to calculate the object's direction angle. The proposed algorithm was tested with a representative sample of
visually impaired individuals in a laboratory setting. The results showed high accuracy for static objects and acceptable performance for

dynamic objects. This forms the basis for applying this algorithm to mobile robot systems that assist visually impaired individuals.

Keywords: Visual Impaired, Mobile Robot, Object Tracking, Pose Estimation, Gauss Filter.

Tém tit

Viéc di chuyén doc lap 1a mot phan khong thé thiéu trong cudc song
hang ngay ctia nhidu nguoi khiém thi. Dé gitp nguoi khiém thi didu
huéng, cai thién chit luong cude séng, di co nhimg thiét ké khong
chi & dang mang theo nhur gy dién tir va vali dan duong, ché robot.
Tuy nhién, v6i moéi truong trong nha, viéc ludén phai mang theo mot
vét bén canh sé& thuc sy khong phu hop, vi thé da ¢6 nhiéu nghién
ctru vé céc 16 bét di dong didu hudng va hd tro ho trong mdi trudng
trong nha. Mot trong nhiing yéu cu cua hé thdng robot khong tiép
xuc nay la cin xac dinh huéng ciia ngudi khiém thi dé ra dugc cac
hd tro chinh x4c. Bai bao tap trung vao viéc phat trién cac thuat toan
xac dinh hudng dbi tuong cin hd tro di chuyén trong méi trudng
trong nha. Cac thong tin cua ddi trong duoc thu thap bing camera
3D, sau d6 céc k§ thuat bam ddi twong, xay dung khung xuwong két
hop véi b loc Gauss loc anh d6 sau dugc st dung d8 tinh toan ra
goc huéng ciia ddi twong. Thudt toan dé xuat da duge thir nghiém
v6i tap mau dai dién cho ngudi khiém thi trong phong thi nghiém.
Céc két qua thu duoc cho théy thuét toan dem lai d6 chinh xac cao
véi d6i tuong tinh va chép nhén duoc voi dbi tuong dong. Pay la co
sO' dé cho phép tmg dung thuat nay cho hé théng robot di dong tro
gitip ngudi khiém thi.

1. Giéi thidu

Nhing ngudi bi khuyét tat thi giac, mat kha niang cam nhan
thi giac mot phan hodc toan phan luoén dbi mat voi nhiing
thach thirc 16n trong viéc di chuyén va tuong tac trong moi
truong xung quanh. Theo T chuc y té thé gioi (WHO), trén
toan cau hién co khoang 314 tri€u nguoi mu hodc co thi luc
yéu trong d6 co khoang 45 triéu nguoi mu. Ngudi trén 50 tuéi
chiém ty 1& 80% trong sb nay, va o t61 90% nguoi mu song
0 cac nude nghéo va dang phat trlen noi ma viéc tiép can dich
vu y t& gap kho khan [1]. Do d6, vin dé hd trg ngudi khiém
thi trong cac cong viéc di chuyén sinh hoat hang ngay ludn
thu hat cac n6 lyc cua cac nha khoa hoc. Ba co nhiéu nghién
ctru d phat trién cac san pham ho trg dé gitp nguoi khiém thi
trong qua trinh di chuyén, chi yéu tap trung vao viéc thu thap
thong tin vé moi truong xung quanh va hd trg nguoi khiém thi
trong viéc ra quyét dinh di chuyén va tranh va cham véi cac
vat thé [2]. Cac cong cu nay thuong dugc phan loai thanh hai
nhom chinh la "dinh huéng" hay con goi la "tim dudng”,

nhom phat hién va tranh cac chuéng ngai vat gan do goi la “d1
chuyén” [3]. Céc cong cu nay c6 thé sir dung cong ngh¢ dinh
vi nhu GPS dé xac dinh vi tri hién tai cta nguoi khiém thi va
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cung cép hudéng dan chi tiét dé di dén duoc dich den mong
muon. Cac cong cu xur Iy anh cling duoc sir dung rat rong rai
trong viéc nhan biét moi truong xung quanh dé tir d6 dua ra
cac khuyen c4o hay chi din cho nguoi khiém thi [4], [5].
Trong nhiéu thap ky qua, gdy do duong va chd dan duong l1a
nhimg cach thirc rat phd blen ma ngudi mu di st dung dé co
thé ty di lai trong cudc song hang ngay. Vi ly do do, cac
nghién ctru cho ngudi khiém thi ciing tap trung vao xay dung
cac loai gdy dan duong dién tir hodc robot ché dan dudng [6-
8]. Gay din dudng cung cap cho nguoi ding thong tin vé moi
trudng xung quanh thong qua gidc quan xuc giac, gitp ho
kham pha va phat hién cac chudng ngai vat trén mat dat nhu
d6 dac, bac thang, ...[6], [7]. Cho dan dudng c6 kha ning
huéng dan con ngudi di qua cac khong gian hep va 1on xon,
mang lai loi ich 16n cho ngudi khiém thi [8]. Céc san pham
trén hau hét chi xét dén twong tac mot chiéu gitra dbi trong va
robot, nghia 1a robot chu yéu do ludng va thu thap cac thong
tin moi truong ma khong thu thap thong tin cia ddi tuong.
Thém vao dé, cac nghién ctru va san phim hién c6 dbi véi
ngudi khiém thi trong viée di chuyén thuong yéu cu nguoi
dung phai twong tac voi thiét bi d6 nhu mang theo céc thiét bi
cam nam cac thiét bi. Dleu nay tao ra kho khan cho nguoi
khiém thi trong cudc sdng hang ngay, dic biét la trong moi
truong trong nha [9], [10]. Thém vao do, cac dbi tuong khac
khi di chuyen trong cung mot khong gian v6i ngudi khiém thi
cling c6 thé bi can tro boi cac thiét bi nay.

Robot di dong v6i cac trang bi cam bién can thiét ngay nay co
thé di chuyén moi vi tri trong moi trrong hoat dong ctia no, ty
xéc dinh vi tri va 1ap ké hoach di giita cac vi tri bang thuat
toan SLAM (Simultaneous Localization And Mapping) [11].
Robot di dong c6 thé thu thp thong tin khong chi vé moi
treong xung quanh ma con vé cac dbi tuong, tir d6 cung cap
cac chi dan nhanh chong va chinh x4c, huéng dan nguoi
khiém thi didu hudng va twong tic v&i cac vat thé trong
khoang cach nho, dap ing mot cach linh hoat. Robot di dong
vi vay c6 the cung cap hudng dan chi tiét cho ngudi khiém
thi, bao gdom thong bao khi can & trai hodc r& phai, va dua ra
chi dan dén cac dia diém cu thé [12]. Céc két qua nghién ciru
va thir nghiém da cho thdy robot diéu huéng di dong c6 kha
ning hd tro hiéu qua cho viéc di chuyén doc 1ap cua nguoi
khiém thj trong mi truong thuc té [13]. Tuy nhién, twong tu
nhu gdy dién tir va ché robot, nguoi dung can tuong tac truc
tiép v6i robot di dong dé nhan dwoc sy trg gitp. Didu nay
trong nhiéu truong hop gay chiém dung khong gian va can tro
su di chuyén cua cic dbi twong khac trong cling mot khong
gian hoat dong.

Pé khic phuc nhuge diém néi trén ctia hé théng robot d1 dong
hd tro nguorl khiém thi, mot hé théng khong yéu cau tlep xuc
truc tiép gilra robot va nguoi dung can dugc phat trién. Va
trong hé thdng nay twong tac hai chidu giita robot va ngudi
khiém thi cn phai dwoc thiét 1ap. Robot huéng dan ngudi di
chuyen ddng thoi phai nim dugc phuong hudng di chuyén
thuc t& cua ngudi khiém thi.

Bai bao nay tap trung vao viéc xac dinh vi tri va phuong
hudng di chuyén thyc té cua ngudi khiém thi sir dung camera
3D va cac k¥ thuat xtr Iy anh. Thém vao d6, dé nang cao chat
lugng tin higu phan hoi hinh anh va hudng ciia ngudi khiém
thi, nhom nghién ciru da stir dung mot phuong phéap két hop
gitra bg loc Gauss cho anh d¢ sau va thuat toan udc tinh hudng
di chuyén. Viéc sir dung bd loc Gauss gitip tang tinh dong nhat
clia tin higu d6 sau dong thoi giam thiéu nhiéu va thong tin

khong can thiét. Tiép theo, thuat toan udc tinh huong di
chuyen dugc ap dung dé xac dinh hudng ctia ngudi khiém thi
phan h01 trang thai dap (mg cua ddi tuong vdi cac lénh chi dan
yéu cau tir robot. Nghién ctru ciing da tién hanh cac thir
nghiém va danh gia hiéu qua ciia phuong phap duoc dé xuat
trén mot s6 tap mau dai dién cho nguoi khiém thi tai phong
thi nghi¢m.

Bai bao dugc cdu tric thanh cic phan chinh nhu sau: Phan
mot trinh bay tong quan vé ndi dung nghién ctru, gisi thiéu
muc tiéu va pham vi ciia nghién ctru. Phan hai trinh bay cau
tric phan ctmg va phan mém cho robot di dong. Phan ba trinh
thuét toan xac dinh hudng ciia ddi tuong. Phan bon trinh bay
cac két qua thuc nghiém voi tap mau. Cudi cung, phan nim la
két luan, tong hop lai cac két qua va nhan manh dong gop va
han ché ciia nghién ctru, dong thoi dé xuat hudng phat trién
trong tuong lai.

2. H¢ théng robot tro gitip nguoi khiém thi

2.1. CAu hinh phin cirng

Micro thu am

|

Raspberry Pi 4B

Coral USB Camera do dg sau

Pin

Méy quét Lidar 2D Raspberry Pi 4B Robot 4 banh mecanum

|

Loa

Hinh 1. Hinh anh va c4u triic phan cimg ciia Mobile Robot.

Robot di dong duge phat trién trong nghién ctru nay 1a robot
di dong 4 banh mecanum véi ciu hinh bao gdom cac thiét bi
chinh nhu Hinh 1. Trong d6, phan cting dugc st dung dé phan
ho6i nhan dién ddi tuong 1a camera 3D c6 kha nang chup énh
va xac dinh do sdu cta anh dugc phat trién bai cong ty Orbbec.
Ngoai ra céc thiét bi khac nhu 4 dong co cing driver duogc
trang bi cho 4 bAnh mecanum cho phep robot cé thé di chuyén
trong moi trudong lam viée cua robot. Cam bién lidar 2D cho
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phép thu thap thong tin khodng cach tur robot tdi cac diém
trong moi truong xung quanh robot. Cac thong tin nay s€ duoc
sir dung dé thyc hién céc thuat toan SLAM cho robot. Robot
dugc diéu khién boi bo diéu khién trung tam 1a 02 méy tinh
Rasberry Pi IV. Ngoai ra Coral USB dugc sir dung dé ting toc
cac tac vu xur ly anh, dam bao cac tac vu xtr Iy anh c6 thé thuc
hién theo thoi gian thuc. Céc thiét bi nhu loa hay micro ciing
dugc trang bi cho robot cho phép ngudi khiém thi va robot co
thé giao tiép véi nhau qua phuong tiém am thanh.

2.2. Nén tang phin mém

Trong nghién ctru nay, ROS (Robot Operating System) duoc
sir dung dé nghién ctru moi truong va khong gian lam viée cua
robot [14]. ROS 1& mot phin mém ma nguén mo phé bién
trong linh vuc robot va tu ddng hoa, cung cap cac cong cu,
thu vién va hé thong dé phat trién, kiém thir va didu khién
robot. Cac goi phan mém SLAM c6 san trong ROS [15] dugc
sir dung dé xac dinh vi tri ctia robot, ciing nhu xdy dung ban
dd ciia moi truong xung quanh. Thong tin nay rit quan trong
trong viéc diéu hudng va diéu khién robot trong mdi truong
khong gian phuc tap.

Trong nghién ctru nay, mot thu vién ma nguén mé khac 1a
OpenCV [16] ciing dugc sir dung cho xir 1y anh va thi giac
may tinh. M6 hinh MoveNet hiéu suét cao [17] duoc sir dung
dé phat hién va theo ddi cac diém dic trung (keypoint) trén co
thé nguoi.

May quét

Lidar 2D Micro thu dm Camera
o \au dinh
Tao ban db doi twong
va duomg di OpenCV
E— b 3171}

::ROS

-\m thanh

dieu hudng

i Diéu khién
robot

Hinh 2. Nén tang phdn mém.

2.3. Nguyén ly lam viéc ciia hé thong robot

Robot di dong sé& di chuyén trong méi trudng hoat dong dé
dung 1én ban db ctia mdi truong hoat dong. Khi dwoc yéu cau
dua nguoi khiém thi dén mot vi tri nao do trong moi truong
hoat dong, robot sé xay dung qu¥ dao di chuyén tur vi tri hién
tai dén vi tri dich va bat dau di chuyén dong thoi hudéng dan
hay diéu huéng nguoi khiém thi di theo quy dao da dugc xay
dung. Viéc diéu huéng nguoi khiém thi s& duoc thuc hién
bang viéc phat ra cac chi thi di chuyén thich hop duéi dang
am thanh (di théng, dung, 1éch trai, 1éch phai, quay trai, quay
phai) dwa vao vi tri tuong di gitra ngudi va robot va quan
trong nhét 1a huéng di chuyén hién tai cua nguoi khlem thi.
Pé diéu hudng dbi tuong, viéc xac dinh thong tin vé huéng
va vi tri hién tai cla déi tugng so vdi robot 1a can thiét va 1énh

diéu hudng phu thudc vao thong tin nay cia abi tuong.
Trong nghién ctru nay, khong gian lam viéc dugc chia lam 3
vung nhu trong Hinh 3:
=  Vung l: Khoang céach gilta ngudi va robot <1m, robot
s& ra tin hiéu cho ngudi dimg lai, robot tiép tuc di
= Vung 2: Khoang cach gilta ngudi va robot >2m, robot
s& dimg lai, ngudi di tiép
*  Vung 3: Trong pham vi 1-2m tinh tir camera {C} nguoi
s& duogc didu hudng.

d
A -
o

Xc ] 03m

Zm lm 1}

-0.3m

Hinh 3. Viing diéu hudng.

Trong hinh 3, {Cx.y .z} la h¢ toa d cua robot (camera), d
1a véc to hinh chiéu cia véc to huong cua dbi twong 1én mat
phing XZ, va a 1a goc hudng cua dbi tuong.

Khi dbi tuong ¢ trong ving diéu hudng thi cac chi thi dinh
huéng sé dua vao hudng ciia ddi twong nhu trong Hinh 4.

A Di thang
A Léch trai
A Léch phai
A Quay trai
/;\\ Quay phai

Quay nguoc lai

Hinh 4. Viing diéu hudng.

Nhu vay dé robot ra chi thi diéu hudng mot ddi tugng, robot
can thu thap thong tin vé vi tri va huéng cua ddi tuong do.
Thong qua viéc tinh toan chinh xac gbc quay ctia nguoi, robot
¢6 thé didu huéng mot cach chinh xac va nhan biét muc do
tuan tha cac 1énh diéu hudng tir d6i twong.

3. Thuat toan xac dinh hudng ctia nguoi so voi
robot

Qué trinh x4c dinh hudng di chuyén cia dbi twong bao gom
viéc phat hién va nhan dang hinh dang dbi tugng (nguoi) trong
hinh anh hoac video. Khi vi tri da dugc xac dinh trong khung
hinh, budc tiép theo 1a xac dinh cac diém dic trung trén co thé
nguoi dé tir do co thé tinh toan hudng di chuyén. Dé xac dinh
dugc toa do cua cac diém dic trung trong hé toa d¢ robot, ta
can két hop anh tir camera thudng va anh tir camera chiéu sdu.
Bo loc Gauss dugc dé xuat dé cai thién chit lugng xtr Iy anh
chiéu sau. Bing cach theo ddi su thay doi vi tri cia cac diém
dic trung nay theo thoi gian, chung ta c6 thé tinh toan va xéac
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dinh huéng di chuyén ciia ngudi. Ciu tric qua trinh x4c dinh
hudéng dugc dé xuat nhu trong Hinh 5.

Anh mau Anh Depth
Hudéng déi
5 tuong
®
Nhé&n dién
déi twgng § u
) @
Co
Toa do hoa 4
Kh uwo "
e TR diém quan
£ tam
=
I|E )
4 diém M M B& loc Gauss

Hinh 5. So db cu tric qué trinh x4c dinh hudng dé xuit.
3.1. Thuit toan nhan dién va bam d6i twong

Trong nghién ctru nay st dung thuat toan MOSSE (Minimum
Output Sum of Squared Error) 1a mot phuong phap dé theo
ddi cac ddi tugng trong video [18]. Thuat ton nay tap trung
vao viée xac dinh vi tri cua mot déi tuong bﬁng cach str dung
b loc tuyén tinh. Y tudng co ban cia thuat toan ap dung 1a
hudn luyén mot bo loc t6i wu dé phan anh dic diém cy thé cua
déi twong muc tiéu

Tracking

Hinh 6. Xac dinh d6i tuong bang thudt toan MOSSE.

Két qua thuc nghiém ap dung MOSSE cho ddi tugng thi
nghiém nhu Hinh 6. Dé lam diéu nay, thuat toan sir dung k¥
thuat t6i wu hoa dé diéu chinh cac trong s6 ctia bo loc sao cho
tong binh phuong sai s6 dau ra 1a nho nhét khi ap dung bé loc
d6 1én cac khung hinh trong video. Mot wu diém cua viéc ap
dung thuat toan MOSSE la tde do xu ly nhanh do str dung bo
loc tuyén tinh va k¥ thuét t&i wu hoa hiéu qua.

3.2. Thuit toan xac dinh khung xwong ddi twgng

Dé xac dinh khung xuong ctia ddi twong, nghién ctru st dung
MoveNet, mét trong nhing thuat toan xac dinh tu thé (pose
estimation) tién tién sir dung deep learning, dwgc phat trién
boi Google Research [19]. MoveNet duoc thiét ké dé wdc
lwong vi tri cta cac diém quan trong (keypoint) trén co thé
nguoi tu dit liu video hodc hinh anh. MoveNet sir dung mo6
hinh neural network dé dy doan vi tri cua cac diém quan trong
trén co thé nhu mat, muii, dau vai, cd tay, va dau g0i. Thay vi
su dung cac mo hinh phuc tap, MoveNet tap trung vao viéc
t61 uu hoa hiéu suit va tbe do, dic biét 1a khi dugc trién khai
trén céc thiét bi co tai nguyén han ché nhu dién thoai di dong.
Két qua sir dung MoveNet cho ddi tugng thi nghiém nhw Hinh
7, cho ta 17 diém quan trong trén co thé nguoi. Mot trong
nhitng diém manh cia MoveNet 1a kha nang hoat dong véi toc
d6 nhanh va hiéu suét tt trong viéc udc lugng tu thé trén
video thoi gian thyc hoac anh tinh. Tuy nhién, nhu cac thuat
toan xac dinh tu thé khac, MoveNet c6 thé gap khé khin trong
viéc nhéan dién tu thé chinh xac néu d6i twong bi che khuat,
qué xa hodc gbéc nhin khong tdt [20].

0.Miii (Nose)

1.Mét tréi (Left Eye)

2.Mat phai (Right Eye)

3.Tai tréi (Left Ear)

4.Tai phai (Right Ear)

5.Vai trai (Left Shoulder)

6.Vai phai (Right Shoulder)
7.Khuyu tay trai (Left Elbow)
8.Khuyu tay phai (Right Elbow)
9.Cé tay trai (Left Wrist)

10.C4 tay phai (Right Wrist)
11.Hong tréi (Left Hip)

12.Héng phai (Right Hip)
13.Dau gbi trai (Left Knee)
14.Dau gbi phai (Right Knee)
15.Mat ca chan tréi (Left Ankle)
16.Mat ca chan phai (Right Ankle)

Hinh 7. 17 diém quan trong trén co thé ngudi trén MoveNet.

3.3. Xac dinh huéng ciia ngudi sir dung 4 diém quan trong
tir khung xwong

Viéc xac dinh hudng di cia mot nguoi dua trén vi tri va hudng
clia cac diém thuong 1a mot bai toan phc tap trong linh vuc
thi gidc mdy tinh va xtr Iy anh. Diéu nay phu thudc rat 16n vao
s6 lugng diém va cach lya chon, c6 thé thay déi tity thudc vao
phwong phép cu thé va muc dich img dung. Viéc 1y 3 diém
(hai vai va mét diém trong tdm) méc du ¢6 thé xac dinh dwoc
anh 2D, tuy nhién co6 thé chwa di dé xac dinh huéng di chinh
xac trong mot s6 trudng hop. Vi du, néu ching ta gia dinh
rang ngudi di chuyén theo mit phing ngang, ta c6 thé sir dung
3 diém dé x4c dinh hudéng di chuyén. Diém & than c6 thé dai
dién cho trong tam cua than, va viéc theo doi sy thay ddi vi tri
cta cac diém vai va diém than c6 thé dan dén viéc xac dinh
huéng di chuyén.

Tuy nhién, trong mot s6 truong hop phirc tap hon, vi du nhu
khi nguoi di chuyén trong khong gian 3D hodc c6 cac thay doi
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huong di, viée st dung 4 diém trén co thé gitp theo doi
chuyén dong cua vai va hong cung mot luc, tir d6 cung cap
thong tin chi tiét vé cach ma co thé di chuyen va xoay. Diéu
nay dic biét hitu ich trong cac tinh hudng phirc tap nhu di
chuyén trong khong gian 3D hodc khi ¢6 cac 1& nhanh trong
huéng di.

A(Xg,Ya,24) Blxs, ¥s,25) Xc
d
d |«
Clxc, e, 2c) D(xp,¥p,2p) zz (G

Hinh 8. Toa d6 hoa 4 diém quan tam.

Mat khac véi viée st dung tir 5 diém tré 1én trong viée xéac
dinh huéng di ctia co thé c6 thé gitip x4c dinh chinh x4c hudng
di chuyén cua nguoi hon trong mot sé truong hop. Nhung
diém cua viée str dung tir 5 diém tré 1én 1 ting phirc tap va
ton thoi gian trong qua trinh thu thap di liéu va xu 1y dit liéu
ddc biét voi viée sir dung Raspberry.

Trong nghién ctru nay, ching t61 dé xuit mot phuong an sir
dung bon diém it di chuyén cua than trén nhu trong Hinh 8.
Céc diémA, B, C,D tuong trng véi cac diém 5,6, 11, 12 trong
Hinh 7 14n luot 1a cac toa dd vai trai, vai phai, hong trai, hong
phai. Khi di xac dinh duoc 4 diém dic trung trén co thé thong
qua xac dinh tu thé, viéc toa do hoa cac diém nay la qua trinh
quan trong dé thu dugc thong tin vé huéng di chuyén. Toa do
hoa 4 diém dac trung nay dat nén moéng cho viéc tao ra mot
véc to hudng. Bang viée xac dinh duoc toa do 4 diém A, B,
C, D,
duoc xac dinh mot cach dé dang vi 1a hinh chiéu ciia véc to d
trén mat phang Oxz voi d = AD x BC.

a/ Xdc dinh toa do cdc diém trong khéng gian sir dung camera
chiéu sdu

véc to goc hudng ciia ngudi so v4i camera d’ ¢6 thé

O day, can xéc dinh toa do vi tri P (trong vi du Hinh 9) trong
hé toa d6 3D véi tam dat tai vi tri dat camera c6 thong sb trong
Bang 1 va Bang 2. o

Béng 1. Thong so Camera Astra S.

X
u f. v ¢ O
lel=10 7, o of [Fe Te]|¥
¢ 1 - y Y 01x3 1 VA )
0 0 1 0 1
u fx 0 O] [X
Z, [v]: 0 f, ¢ |Y )
1 | o 1117
Zeo U — Cy. Z
X fx
Y| = Z:.V — Cy'ZC (3)
VA fy
5 Z;

Phép chiéu (1) dugc sir dung dé anh xa tir toa d6 khong gian
sang toa do khung anh. Gia sir camera khong bi quay hay tinh
tién ta dugc (2). Sir dung (3) ta c6 thé tinh dugc toa do vi tri
quan tdim [X Y Z ]" mot cach chinh xac. Nhung bén canh
do van con nhiéu nhu nhiéu hinh anh boi cac diém anh khong
mong mudn hozc nhidu c6 thé xuat hién trong hinh anh tir
camera do siu. Diéu nay cé thé do nhiéu dién tir, nhidu tin
hiéu hoidc do nhidu quang hoc, cac yéu td d6 anh huong dén
két qua 1am viéc nén chung toi dé xuat két hop bo loc & phan
tiép theo.

—-"”:
T T
I RSN EES
E.-. [y
- 1! Xi Sy
e BN
Wit
//

B

Ye
/,/" L// W

\Z

Hinh 9. Chuyén dbi toa d6 so v6i khung camera.

Bang 2. Céc thong sé khung chuyén dbi.

Product Name Astra S
Range 0.4m-2m
FOV  60°H x 49.5°V x 73°D

Size  165mm x 30mm x 40mm
640 x 480 @30fps
640 x 480 @30fps
+/-1-3mm @l m

RGB Image Resolution

Depth Image Resolution

Accuracy

Trong hé truc toa d6 thuan nhat (homogeneous coordinates),
vécto [u v 1] duoc st dung dé thé hién vi tri diém 2D
trong h¢ toa d¢ khung anh (image coordiante system),
[X Y Z 1] dugc sit dung dé thé hién vi tri diém 3D
trong toa d§ khong gian. Khi do mbi quan hé cua hai toa do
nay nhu sau (v6i z. 1a thong sb d6 sau cua anh lay tir camera
do6 sau):

H Kich thudc chiéu doc pixel ciia khung anh

W Kich thudc chidu ngang pixel cua khung anh
u, v Toa df trong hé toa do anh

z, z, = Z (hién tai)

fx  Tiéu cu theo Ox

fy Ti€ucy theo Oy

¢x,¢y, Toadd tdm cua khung anh trong trong h¢ toa
d6 anh
X,Y,Z Toadd vitri trong khong gian

b/ Xay dung bo loc Gauss cho anh d¢ sdu

Nhidu xut hién trong qué trinh tinh toan do sau nay la diéu
khong tranh khoi. Do vdy, dé ting d6 chinh x4c trong qué trinh
su dung dir li€u tir camera do sau dé xac dinh hudng cia nguoi
so v&i camera, ching toi dé xudt sir dung bd loc Gauss [21].

Y tuong chung 1a gia tri mdi diém anh s& phu thudc nh1eu vao
cac diém anh & gan hon la cac diém anh & xa. Trong so clia sy
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phu thude dugce léy theo ham Gauss (ciing dugc str dung trong
quy luat phan phdi chuan) [22]. Viéc loc anh dya trén ham
phan phdi Gauss hai chiéu biéu dién dudi dang:
1 _miin?®

hlm,n) = og2® )
v6i o 1a d6 1éch chuan cua phan bb Gauss.
Khi d6 gia tri cac diém anh dau ra g[i, j] sé& duogc tinh bang
tich chap gitra cac diém anh dau vao f[i, j] va ham phan phbi
Gauss c6 kich thudc [x, y] nhu sau:

X! y
z fli = mj=nlhfmn]

glijl = )

m=—-x/ n=-y/

hay

x' y'
o 1 _mZ+n?
g[l,J]=27w2 Z Z e 20 f

m=-x"n=-y'

[l - m,j—n]

(6)
v6ix’ va y’ 1a phan nguyén cua x/2 va y/2.
Két qua thyc nghiém sir dung Gauss ap dung cho viéc nhan
dang ngudi khiém thi nhu Hinh 10. C6 thé thdy véi viée sir
dung b0 loc Gauss cho anh dd sau la c6 hi€u qua, dam bao
loai boé nhitng map mé hay nép gip do quan 4o, nhiu anh
hudng t6i tinh toan toa do cac diém quan tim trén anh.

P

Nhi¥ng vj tri khéng
thé xéc dinh d9 séu

Trwée

‘Sau

Hinh 10. So sanh trudc va sau khi dung b6 loc Gauss.
4. Danh gia thuc nghi¢m

4.1. Mé ta thuc nghiém

Dé kiém tra cac dé xuét vé viéc nhan dang va xac dinh huéng
ctia ngudi khiém thi, mot mo hinh thyc nghiém da duoc thiét
1ap. Trong md hinh nay, robot dugc trang bi mdt camera Astra
S dat trén robot c6 kha nang do khoang céach trong pham vi
0,4-2 m. B phan giai anh mau va anh d¢ sau la 640 x 480 /
30fps. Sai sb clia camera trong khoang +(1-3mm)/1m.

Dé kiém nghiém do chinh xéac ciia thuat toan chung t6i dua ra
kich ban thyc nghiém vdi nhitng goéc do khac nhau. Cac goc
dugc sir dung 15°, 309, 45° va goc 70° nhu Hinh 11. D6 tuong
dung cach camera 1,5m véi cac hudéng khac nhau. Kiém
nghiém thuc hién véi hai kich ban. Trong kich ban 1, cac ddi
tuong tham gia do goc ¢ chidu cao khac nhau. Trong kich
ban 2, ddi twong xoay nguoi tir tir voi toe d6 7,5 do/ giay.

Camera
Goéc 15°
Géce 30°
Goc 45°
. d=15m

Al ol

Hinh 11. Anh setup kiém nghiém trén phong thi nghi¢m.
4.2. Két qua danh gia thwe nghiém

Kich bdn 1: Ap dung cho cic d6i twong c6 chidu cao khac
nhau dimg c¢6 dinh va dugc tién hanh theo cac budc sau:
Bude 1: Véi cac goc da duge thibt 1ap sdn: 0°, 15°, 309, 45°,
70°, cho dbi twong dimg c6 hudng trung véi hudng cua cac
vach gobc.

Bude 2: Str dung camera dé do goc ctia ngudi so v6i camera.
Két qua thu dugc cho timg truong hop ddi twong ¢ chiéu cao
khéc nhau duogc trinh bay trong Hinh 12.

Kich ban 1 dwoc thyc hién lap di 1ap lai nhidu lan cho ba ddi
tuong sau d6 1ay két qua trung binh ta thu dwoc két qua thuc
nghiém nhu trong Hinh 13. C6 thé thay thuét toan c¢6 d chinh
xéac kha cao (sai s6 <5%), va sai léch giita cac déi twong 1a
khong 16n. Didu d6 cho thay thuat toan dé xuét c6 thé ap dung
v6i cac dbi tugng c6 chiéu cao phd thong trong thuc té.

160cm

170cm

Hinh 12. Thiét 1ap thuc nghiém xéc dinh hudng trén 3 déi tugng c6 chiéu cao khac nhau.
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Ciéc treong hop do (d6)

B Ngudi cao 160cm B Nguoi cao 186cm
Hinh 13. Két qua thyc nghiém déi tuong ding cb dinh.

= Ngudi cao 170cm

Kich béin 2: Ap dung cho d6i twong dich chuyén quay

Buée 1: Di tuong ¢b chidu cao 1m60 quay tir goc ban dau 0°
dén goc cudi cung 1a 30° ddng thoi ghi lai thoi gian cua dbi
tugng bang cach sir dung dong hd bdm gid dé xac dinh thoi
gian tai cac vi tri 0 d9, 15 d6 va 30 do.

Buée 2: Camera ghi hinh d6i twong va thuét toan xac dinh
huodng tinh toan goc clia nguodi so voi camera.

Két qua thyc nghiém dugc biéu dién trong Hinh 14 va Hinh
15. Két qua thuc nghiém cho thay véi toc d6 di chuyén trung
binh ctia ddi tuong thi thuat toan dé xuat van dam bao xac
dinh dugc goc quay cua dbi twong. Tuy két qua c6 do chinh
xéc chua cao do sai s6 ctia camera va nhiéu tir qué trinh quay
khong thé chinh xéc lya chon diém, nhung trong khoang thoi
gian ngén, két qua thu dwoc van dang tin cdy va & mirc chinh
xéc chap nhan dugc cho tng dung hd trg nguoi khiém thi.

Hinh 14. Géc quay theo céc hudng tir 0°dén 30°.

Po thuin
80
70
60
50
40
30
20

Goc (dg )

0 2 4 ] 8 10 12

Thei gian (s)

—8—Goc do duge  —®—Goc quay

Hinh 15. Két qua thuc nghiém déi twong quay.

Céc thi nghiém véi truong hop khoang cach giita dbi twong
va camera la 1,2 m va 1,8 m cling da duogc tién hanh va cac
két qua thu dugc ciing c6 do chinh xac twong tw nhu trudng
hop khoang céch 1a 1,5 m. Ngoai ra, cac thi nghiém v6i trudong
hop dbi trong khong ndm gitra khung hinh ciing da dwoc tién
hanh va két qua thu dugc twong ty nhu trudng hop ddi twong
¢ chinh gitra khung hinh.

khiém thi ‘trong hé thdng robot di dong tro giup di chuyén
ngudi khiém thi. Thuat toan da tich hop cac cong nghé xu Iy
anh tién tién bao gdbm nhén dién va bam dbi tuong, xac dinh
khung xuong dbi tuong, két hop sir dung bo loc Gauss dé ting
chat lwong anh chiéu sau tir d6 tinh goc giita camera va ngudi
khiém thi sir dung 4 diém quan tim 1a vai trai, vai phai, héng
trai, hong phai. Két qua thuc nghiém cho thay dbi véi cac dbi
tuong dimg c¢b dinh, thuat toan cho két qua chinh xac véi sai
s6 dudi 5%. V6i céc thi nghiém cho ddi tuong di chuyén véi
toc do trung binh phu hop voi téc d6 di chuyén cua nguoi
khiém thi, két qua ciing la chap nhan duoc cho yéu cau cua
thudt toan tro gitip di chuyén. Cac két qua thuc nghiém tién
hanh trong phong thi nghiém da chimg minh tinh dung dén va
chinh x4c cua thuat toan dugc dé xuit. Thém vao do, cac thiét
bi str dung déu c6 chi phi thap htra hen kha ning thuong mai
hoéa cao.

Trong tuong lai, cac tac gia dé ra muc tiéu 1a cai thién thuat
toan cho két qua chinh xac hon trong cac tinh hudng ddi tuong
dong va cir dong nhanh. Piéu nay s& cung cip mot trai nghiém
t6t hon cho ngudi dung. Viée hoan thién va kiém nghiém hé
thdng robot trg gitp nguoi khiém thi st dung thuat toan dé
xudt trong bai bao ndy ciing s& duoc hoan thanh trong thoi
gian tai.
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Abstract

The four-level diode-clamped NNPC (Nested Neutral Point Clamped) inverter configuration is employed in high-power electrical drive sys-
tems or medium-voltage applications due to its ability to ensure excellent output voltage quality while requiring fewer components compared
to traditional four-level inverter configurations. The Sinusoidal Pulse Width Modulation (SPWM) technique applied to this converter is
straightforward to implement but has a limited output voltage range. This paper presents a Novel and improved Virtual Space Vector Pulse
Width Modulation (VSVPWM) with an average common-mode voltage. Compared to the sine-wave pulse width modulation method, this
technique offers several advantages, such as enabling control of the entire space vector diagram and achieving low harmonic distortion in the
output waveform. Control and balancing of the flying capacitors are achieved by utilizing phase-leg redundant states. The results of the
control algorithm analysis for this inverter are validated through simulations using MATLAB/Simulink software and experiments conducted
on a real-world model. The evaluations of the Total Harmonic Distortion (THD%), output current, and voltage across the flying capacitors
demonstrate the high-quality performance of the converter within the full voltage range.

Keywords: Four - level Nested Neutral point inverter, Flying capacitor balancing (VBC), Virtual Space Vector Pulse Width
Modulation (VSVPWM), Harmonic Distortion.

Cac ky hi¢u Tém tit

Ky hiéu Bon vi Y,I}gh,la O B0 nghich Iuu bon bac ciu hinh diode kep NNPC (Nested Neutral
Vdc 4 bién ap nguon Va(‘)‘ , Point Clamped) dugc st dung trong cac he théng truyen dong dién
Ts s Mot nura chu ky dieu che cong suét I6n hay dién 4p trung thé, do dam bao chat luong dau ra
w rad/s Tan so géc cua vector dién dién ép tbt trong khi sb Iugng linh kién it hon so véi céc dang bo
ap tham chiéu nghich luu 4 bac truyén thng. K3 thuat SIN PWM (SPWM) &p dung

dv/dt 14 Dao ham cua dién &p theo cho b bién doi nay thuc hién don gian nhung c6 pham vi dién 4p ra
thoi gian gisi han. Bai béo nay trinh bay ky thuat dieu khién diéu che d6 rong

Sa,Sh, Sc Trang thai cac khoa ban dan xung v?ctor khorn.g gian 4o (\{SV.PAWM_)Zco glaAtrg ap com_monNmodAe
trén chan pha AB.C tr‘ung binh. So véi phgorng phap dleu, khl.e‘l’l do rong xung sin, ky thuaF

nay dat mot s6 wu diém nhu cho phép diéu khién ap ra toan pham vi

Vaz Vorr Vez  V Dién ap dau ra cac pha véi gian dd vector khdng gian va dat d6 méo dang song hai thap. Viéc
diem Z kiém soat va can bing céc tu dién bay dugc thuc hién bing viéc su

Vexn |4 Gia tri dién ap tu dién bay dung cAc trang thai du thira nhanh pha (Phase-leg Redundant). Két
mong mudn, (x = a, b, ) quéa phan tich giai thuat didu khién bd nghich luru nay dwoc kiém

AV 14 Gia tri dung sai mong muébn chirng bang md phong trén phan mém MATLAB/Simulink va thuc

Cic viét tit

nghiém trén md hinh thyc té. Cac danh gia do méo dang dién ap,
dong dién ngd ra va dién ap trén cac tu bay cho thay chat lugng cua
hé thong bo bién doi tot trong pham vi hoat dong duoc khao sét.

1. Gi6i thiéu

SVPWM Space Vector Pulse Width Modulation

PWM Pulse Width Modulation

4L-NNPC Four-Level Nested Neutral Point Bo nghich luu da béc la mot giai phap phd bién cho cac ng
Clamped Inverters dung chuyén doi cong suét trung ap nhu: dong co dién, cac

THD% Total Harmonic Distortion lugi dién doc 1ap (Micro-grids) va cac h¢ théng phat dién phan

tan (Distributed generation systems) [1]. Nhiing bo chuyén
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d6i nay mang lai nhiéu loi ich, bao gdm d6 méo dang séng hai
thap, dv/dt nho, kha nang thyc hién ap dau ra cao hon so véi
b6 nghich luu 2 bac, kich thudc cac bo loc nho hon, hiéu suat
cao va dién 4p common-mode giam. Cac cau truc bién ddi
ngudn dién 4p da bac (Voltage Source Converters - VSC) c6
thé duoc chia thanh hai loai: cdu triic da bac truyén théng va
cau trac da bac cai tién.

Céc ciu hinh da bac truyén théng c6 thé duoc phan loai thanh
ba nhém chinh: cau hinh ghép tang cau H (Cascade H-Bridge
- CHB) [2], cau hinh tu dién bay (Flying Capacitor - FC) [3]
va ciu hinh nghich luu diode kep (Neutral Point Clamped
Multilevel Inverter - NPC) [4]. Tuy nhién, nhiing cau hinh da
bac truyén théng nay c6 mot sé han ché khién cho ching bi
gidi han trong nhiéu tng dung:

Trong ciu hinh NPC truyén thdng, sb lugng linh kién diode
kep tang dang ké khi s6 bac ting 1én, kéo theo sy gia ting ton
hao trén linh kién va gia thanh. D4i véi cau hinh bac 16n hon
ba, thuc hién can bing dién &p céc tu dién tro nén kho khin
hon.

Trong céu hinh FC, s6 lugng linh kién tu dién bay gia ting
theo so bac dién ap khien h¢ thong cong kénh, giam do tin cay
va giai thuat can bang céac dién ap tu dién bay tré nén phic
tap.

Cau truc CHB ¢6 uu diém cac md dun cong suat dinh muc
dong déu dé lap dat, thay the Tuy nhién, diém bét lgi khi st
dung doi héi c6 nhleu ngudn dién ap mot chiéu doc lap. Véi
nghich luu 5 bac can phai trang bi 6 nguén dién 4p mot chiéu.

Dé khéc phuc nhitng han ché cua cc cau trac da bac truyén
thdng, c&c ciu tric da bac lai (Hybrid Multilevel Topologies),
da dugc phat trién. Mac du cac cau tric lai nay 1am giam mot
s6 han ché cua cac cau triic da bac truyén théng nhung chiing
Van ¢0 nhimg nhugc dlem [6n nhu: Nhiéu Cau trac lai st dung
cau trlc cau H yéu cau mot sé lugng 16n ngudn céch ly, phan

b cong suat khong dong déu. ..

»
Sa1 Sb1

+
Ver ==¢1 tl Saz tl Sb2 i Sc2

Vear et Vs TE0L Veer TCe1
Dal Sa3 Db Sb3 Dcl Sc3
a ia
ib
Vdc zZ -— - b — n
cl_ic
= Daz kb2 Dez LOAD
Sa2 b2 Scz'
. + +
Ve TE2 Vs TCO2 Veer TC2
1 P 523" Sb3' 5c3
Vez1

Hinh 1: B6 nghich luu kep diém trung tinh 16ng nhau ba pha bén bac
(NNPC four-level).

V6i xu huéng tim cau triic da bac dé diéu khién va mang dén
hiéu qua kinh té, bo nghich luu kep diém trung tinh 16ng nhau
(NNPC) ciing nhu cac phuong phap diéu khién chung dugc
dé xuit. Hinh 1 md ta cau trGc NNPC bdn bac chi st dung
mot nguon Vdc vai cac thude tinh vuot troi nhu [5], [6]:

e C6 thé hoat dong thuc té dai trung &p tir 2.4kV —
7.2kV.

e Sirdung it linh kién hon cau trdc truyén théng va cac
b6 nghich luu bon bac khéc.

e Tétca cac khéa co cung dién 4p dinh muc (bang mot
phan ba dién ap dau vao).

Twong ty nhu nghich lwu NPC ¢6 2 céu trdc, NPC thong
thuong dung diode kep va T type-NPC, thi nghich luu NNPC
da bac ciing c¢6 hai cau hinh trong tw: NNPC vdi diode kep
va T-Type NNPC tiét kiém, loai bo diode kep [7],[8].

So sanh sb luong linh kién giita cac cAu trdc trong bang 1.

e CAu triic FC c6 s tu dién bay nhiéu nhét 1a 9 tinh
theo c4u trdc cling bac.
e Céiu triic NPC c6 sb diode nhiéu nhat 12 18.
e Cau tric NNPC c6 s linh kién tang theo ting bac.
Trong cac cau trac cing bac, cau tric NNPC ¢6 sé linh
kién it nhat tinh theo tung loai.
Bang I. So sénh s6 linh kién cac b nghich luu da bac.

Cau hinh bdn bac Khoa Diode Tudiénbay  Ngudn Vdc
4L-NPC 18 18 - 1
4L-FC 18 - 9 1
4L-NNPC 18 6 6 1

C6 2 van d chinh can giai quyét khi thyc hién PWM la diéu
khién &p tai va can bang &p céc tu.

Trong thuc té, 2 phuong phép thudng dugc str dung cho didu
khién céc bo bién d6i NNPC da bac la phuong phap diéu ché
rong xung sin (SPWM) va phuong phap diéu ché vector
khéng gian (SVPWM) [6]-[11]. Phuong phap SPWM co
pham vi bién d6 dién ap pha tai bi gigi han & Vdc/2 trong khi,
phuong phap SVPWM cho pham vi &p ra I6n hon, dat d6 I6n
Vdc/V3. Gén day, cac phuong phap diéu ché du bao tya md
hinh (MPC) ciing dugc quan tim nghién ctu vi kha nang diéu
khién linh hoat téi wu nhidu myc tiéu [12]. Tuy nhién, phuong
phép nay c6 nhugc diém do thoi gian tinh toan lau, khé ap
dung cho cé4c hé thong didu khién phuc tap.

Trong bai bao nay, phuong phap SVPWM trong hé toa d6 a8
s& dwoc ap dung. Do trong nghich luu 4 bac ¢6 xuat hién nhiéu
trang thai tring lap tai mot s vector dinh, gian do vector
khéng gian nghich luu day du s& dugc tinh gian vé dang gian
dd vector rut gon, thich hop cho viéc thyc hién chudi 4 trang
thai. Gian d6 vector khong gian rt gon dé xuét chira cac vec-
tor ¢6 4p CMV trung binh. Do ddi véi mot sb vector dinh,
khong ton tai trang thai c6 CMV trung binh nén phuong phép
dé xuat vector 40 thay thé. Nigoai ra, phuong phap con dé nghi
thém maot sb vector 40 & vi tri mai c6 a4p CMV trung binh. Tu
do, hinh thanh gian db vector khdng gian 4o cho thuc hién ky
thuat SVPWM.

Viéc duy tri gia tri dién &p tu dién bay 6n dinh trong qua trinh
hoat dong s& dam bao khong xay ra qua dién ap trén céc linh
kién va dién ap tao thanh & ngd ra c6 chat lugng tot. Giai phap
don gian nhung luén luén dam bao ap tu cén bang nhu sir dung
bo chuyén ddi phu tro (Auxiliary converter) sé lam tang chi
phi va do phuc tap tdng thé cho bo chuyén déi, dac biét 1a ¢
mtec dién &p/cdng suat cao [13]-[17]. M6t sb bai bao nhu [6],
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Bang I1. Trang thai khda ban dan ng véi cac mic dién ap va dong dién qua cac tu dién bay (x = a, b, c).
Trang thai khoa ban dan trén pha Vers Vers
Sx Sx1 Sx2 Sx3 i, >0 i, <0 i, >0 i, <0 Vez
3 1 1 1 - - - - Vdc/2
(2B) 1 0 1 . - - Vdc/6
2 (24) 0 1 1 1 ! 1
(1B) 1 0 0 1 1 ! —Vdc/6
1 (14) 0 0 1 1 D
0 0 0 0 - - —Vdc/2

[18], [19] dé cap dén van dé can bang dién &p cua tu dién bay
sir dung dic tinh nang lugng tdi thiéu. Theo d6 dé giam thiéu
chénh léch giira gia tri dién 4p mong mudn va gia tri thuc té
trang thai chuyén mach tét nhat trong sé tat ca cac trang thai
chuyén dbi c6 thé duoc chon dé ap dung cho bo chuyén dbi.
Phuong phép dic tinh niang luong t6i thiéu phai tinh toan phic
tap va phu thudc vao d6 chinh xac cua théng sb cac tu dién.
Diéu nay khong dé dang dat dwoc trong qué trinh hoat dong.

Mot giai phap phwong phép can bang dién &p céc tu bay Ia tan
dung cac trang thai trung lap trong bang trang thai &p pha véi
kha ning tao dong dién nap tu nguoc chidu nhau. Tir do, khi
&p dung ky thuat sébng mang sin SPWM hay SVPWM thi tay
thugc vao ap tu va chiéu dong dién tai ma bo diéu khién s&
chon mét trong hai trang thai trang lap thuc hién dé can bing
ap cac tu [8],[9].[11].

Gan day, phuong phép diéu ché vector 40 VSVPWM [20] triét
tiéu dong qua tu duoc giGi thiéu. Theo do, vector ao tao thanh
nhu ham két hop cac vector dong ngit sao cho dong trung binh
qua cac tu bay biang zero. Do d6, duy tri dién &p trén céc tu
khong d6i. Tuy nhién, ky thuat [20] c6 vai nhuoc diém nhu
sau: 1). Chudi trang thai dong ngat thuc té c6 nhiéu chuyén
mach, gdy ra gia ting t6n hao hé théng va do dé anh huong
hiéu suat hoat dong; 2). B véi mot sb ving 1am viéc, do
vector 40 tao thanh tir nhiéu vector thanh phan nim xa nhau
trong gian do vector khdng gian nén chudi thuc hién
VSVPWM s& lam tang d6 méo dang dién ap va dong dién ngd
ra; 3). Khi xuat hién su mat can bang &p cac tu bay, cac vector
40 nay do duy tri dong trung binh qua cac tu bing zero nén
khong gitp cho qué trinh can bang &p tu tro lai. Gan day, dé
khic phuc nhuge diém cudi cung, mot phuong phap moi
twong ddi phuc tap da dugc dé nghi [10].

Bai bao nay trinh bay phuong phap didu ché vector ao
VSVPWM theo nguyén ly 3 vector gan nhit c6 CMV trung
binh véi qué trinh can bang &p tu dua vao bang trang théai co
céc trang thai trang lap. Noi dung tiép theo c6 céu trac nhu
sau: Phan Il gigi thidu cau hinh 4L-NNPC, phan IlI s& trinh
bay vé phuong phap VSVPWM, phan 1V trinh bay phuong
phép can bang dién ap tu dién bay cho 4L-NNPC; phan V s&
danh gia chat lugng dong ra thong qua d6 méo hai THD%,
thuc hién trén phan mém mé phong MATLAB/Simulink va
thuc nghiém trén mé hinh phan cang.

2. Céu hinh bj nghich luu ba pha 4L-NNPC

2.1. CAu tao bd 4L-NNPC

Xét bo nghich luu diode kep 16ng nhau ba pha bdn bac trén
Hinh 1. Xét nhanh pha x (x = a, b, ¢), cac khoa va tu Sx1,

Sx2, Sx3', Sx1', Cx1, Cx2 thudc chu trac FC. Sx3, Sx2,
Dx1, Dx2, Sx2, Sx3' thudc cau tric NPC. Hai ciu tric duoc
1dng vao, chia sé chung khoa Sx2, Sx3’. Bién &p nghich luu
duoc tinh tai dau ra nhanh pha téi diém Z gitra hai tu DC-link
C1, C2. Bé mach hoat dong chinh xac, cac tu dién bay Cx1 va
Cx2 can duoc duy tri ¢ dién ap Vdc/3 [8].

2.2. Trang thai b nghich luu

Trang thai dong ngit mdi nhanh pha trong bang 1l dugc chia
thanh bén muc Sx = 0, 1, 2, 3 tuong ung voi dién ap dau
ra—Vdc/2, —Vdc/6, Vdc/6 va Vdc/2 . Cac cap khoa
(Sx1,5x1"), (Sx2,5x2") va (5x3, Sx3") duoc kich ddi nghich.
Xét nhanh pha a trong diéu kién dién ap tu dién bay can
bang tai gi tri Vdc/3.
a) Trangthai 0 (V,, = —Vdc/2)
Hinh 2a, m6 ta mach dan dong dién trang théi 0, ta co:
—Vdc
Var = ~Ver =5 M
b) Trangthéil (V,, = —Vdc/6)
Khi Sa = 1 ¢6 hai t6 hop trang thai khoa ban dan thuc hién 1a
1A, 1B, bang Il.
Hinh 2b, mé ta trang thai 14, ta co:

—Vdc
Vaz = Veaz = Vez = 6 2)
Hinh 2c, md ta trang thai 1B, ta c6:
—Vdc
Vaz = —Vear = Veaz + Ve1 = 6 ?)

c) Trang thai 2 (Vo = Vdc/6)
Khi Sa = 2, ¢6 hai t6 hop dong ngat khoa ban dan la 24, 2B.
Hinh 2d md ta trang thai 24, ta cé

Vdc
Vaz = Vear + Veaz = Vez = o )
Hinh 2e, ta c6:
Vdc
Voz = —Vear + Vo1 = 5 )

d)Trang théi 3 (V,, = Vdc/2)
Hinh 2f, md ta trang thai Sa = 3, ta cé:
_ _Vdc
Vaz - +VCI - T (6)
V6i diéu kién dién &p tu dién bay duy tri khong dbi bang
Vdc/3, hé thuc xac dinh dién ap nghich Iuu nhanh x s la:
Vdc Vdc
Vey = (Sx1 4 Sx2 + Sx3) * 3 "7 @)

biat Sx = Sx1 + Sx2 + Sx3, taco:
Vdc Vdc

32 ®)

Viz = Sx *
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e)trang thdi 2B

Ptrang thdi 3

Hinh 2: Phan tich mach céc trang thai cua pha a. a) trang thai 0, b) trang thai 14, c) trang thai 1B, d) trang thai 24, e) trang thai 2B, f) trang thai 3.

3. Piéu ché d rong xung vector khong gian
(SVPWM)

Ky thuat virtual SVPWM dé xuét s& dugc mé ta trong hé toa
d6 af. Trudc hét, cac dién ap nghich Iuu ba pha trong hé toa
d6 abc sé dugc qui doi trong hé toa do vudng goc af.

3.1. Gian dé vector khong gian 4 bac NNPC

a) Gian do vector khong gian dién ap )
bién &p nghich Iuu 3 phaV,, (8) trong hé toa d6 abc co thé
biéu di&n dang vector Va_ﬁ) , trong hé toa d6 vudng goc ap:

-] 2 2]
3 Z
N |

Thay thé cac cac dién ap nghich luu (8) vao (9), ta thu duoc
vector dién &p nghich luu theo trang thai SaShSc. Do mdi
nhénh pha c6 4 muc dién 4p, tir &6 ba nhanh pha sé& tao ra to
hop 64 trang thai. Tir 64 trang thai, cac vector dién ap V,;;
duoc thiét 1ap va md ta trong gian db vector khéng gian minh
hoa trén hinh 3. C6 4 loai vector chia theo vi tri nam trén gian
dd vector khong gian nhu sau:
e Vector 0: nam tai thm, véi 4 vector tring lap.

Vector nho: nam trén cac dinh hinh luc gic nho nhit,
véi mdi dinh c6 3 vector tring lap.

Vector trung: nam tai trung diém céc canh va dinh
hinh luc gi4c trung, mdi vi tri c6 2 vector trung lap.
Vector 16n: bd tri déu trén cac canh va dinh hinh luc
giac 16n, mdi vi tri chi c6 1 vector.

Sa Sb Sc

Sector I1

103 V2 203/ Vos

Sector V
Hinh 3: Gian dd vector khéng gian b nghich luu 4 bac.
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Do sy triing lap cua céac vector dién &p, gian dd vector khdng
gian tir 64 trang thai sé chi tao nén 37 vector khac biét VO,
V1, ..., V36. Viéc tinh toan cac tham s6 SVPWM s& dugc dan
giai tir 37 vector khac biét nay.

b) Vector tham chiéu V,,;
Dién ap tham chiéu ba pha V, (t), V,, (t), V.(t) trong hé toa do
abc, chuyén thanh vector tham chiéu V,.; trong toa d¢ ap:

[1 - v, ()
L®1_2 | 2 2| [
[Vﬁ(t) =3 vz vl [Vb(t) (10)
|0 - 7J Ve(®)
Wef)(t) =V, () +j=* Vg ® (11)

Phuong phap diéu ché SVPWM thuc hién vector dién ap tham
chiéu Kf dwa trén 3 vector dién &p nghich luu gan We}) nhat.
Goi thoi gian tac dung cua timg vector dién ap lan luot 1a T,
T,, T., V6i tong thoi gian tac dung 1a Ts, phuong trinh
SVPWM duoc biéu dién theo phwong trinh:

{Vref*Ts:V—a)*Ta-l_V—b)*Tb-}_Vc)*Tc

Ty =T, +T,+T, (12)

Vi dy nhu trong hinh 4, ba vector dién &p gan nhat vai Vier
12V, Vig, Vso, ta co:

{Vref * Ts = V7 * Ta + V19 * Tb + VZO * Tc (13)

Tg=T,+T,+T,

£S5 Vref

Hinh 4: Gian d6 vector ¥, trong ving 6 - sector .
3.2. Cach xac dinh sector, ving hoat dgng cia V,..¢

a) Xdc dinh pham vi cac sector
Mt phang gian d6 vector khdng gian cua bo nghich luu 4 bac
NNPC duoc chia thanh sau sector I, 11, 11, IV, V va VI theo
goc 6 nhu bang Il1.

Bang I11. Pham vi sector.

Sector Goc 0 Sector Goc 0
Sector I: 0<g<Z Sector 1V: m<O< —2m
Sector II: T 2 Sector V: —2m -

—<0<— —<0<—
37 3 3~ 3
Sector 111 2{59<n Sector VI: Tep<o

b) Xac dinh pham vi cac tam giac theo nguyén ly 3 vec-
tor gan nhat

Xét sector | trén hinh 5, pham vi hoat dong cua vector dién ap
dugc chia dya theo nguyén ly 3 vector gan nhét thanh 9 viing,
tuong (ng 9 tam giac nho, dugc danh sé tir (1) dén (9). Gigi
han cta cac tam gi&c nho sé dugc xac dinh boi cac duong
thang v, Y2, V3. Y4, ¥s Va ys. CAC tam giac 3, 4, 7 va 8 tiép
tuc dugc phan chia boi cac duong thang y, va yg.
Phuong trinh céc dudng thang y; (j = 1,2..,8) dwgc md ta
trong hé toa d6 ap c6 thé duoc dan giai va biéu dién theo céc
phuong trinh (14) — (23).

T 14 23 15
y |Vref| * sin () (14) y, = —\3x +%—Vdc ()
o 16 43 17
x |Vref| * cos (6) (16) y, = —/3x +§Vd€ )
' 18) 43 (19)
y3=%—Vdc Y5=‘/§x_%—mc
y4=§Vdc @ y6=‘/§x_T\/_Vdc -
_B__2B @) LEMEAEITR
Yy = 3 X 27 Ye = 3 27

Hinh 5, m6 ta cach thirc chia cac vung trong sector I. Goc 6
trong sector | gi6i han tir 0° t6i 60°. Vi du khi V,,; & ving 1
tuong duong toa dd y nho hon y; . Khi Wef) trong ving 2, diéu
kiénlay >y;, y > ys vay < ys;. Xéc dinh cac ving con lai
tuong tu, chi tiét ghi trong bang 1V.

y
330 Va2
Y2 '~ Ys
2 syhe’ §
331\ Vi S 3200%
220 _
Y1 6\ Ys
) 2y Vref 4/ Y7
221 s \310
210
o 7
8\ \\
- G
g N W 7a
¢ 9
ey 8a !
222 | g5 6) ANAVAYA SN VAVIR 300 Va1
111 200°¢ X
0 2Vdc/9 4\/dc/9 2Vdc/3

Hinh 5: Chi tiét viing trong sector | (Ve dang & vng 6 - sector I).
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Bang IV. Didu kién chia viing. M=V=xT (24)
\ung Biéu kién chia viing trong sector | Trong d6:
1 =) |Vyer| * cos(6)
2 O > y)&&Y > yo)&&( < y;) M=l «Ts (25)
3a (7 > y2)&&(Y < y,)&&(y < ¥g) [Vrer| * sin(0)
3b O > 70)8&(Y < ¥,) 1
4a 0> y)&&(Y > y5)&&(Y < yg) T
a
4b O > 7,)&&(@ > y5)&&(Y < y4) T=|1, (26)
5 0> Y) T,
> y)&&([Y < ye)

Ja O > yp)8&(Q > Y )JR&(Y < y7) D4i véi viing (6) — sector I, ma tran V:
7b > 9)&&(y > y)&&(y < y3)
8a <y )&&(©y < y7) — — —
8b 0> y)&&W < y)&&(y < ¥o) V= |Vl| cos(6) |‘El cos(f1) |El cos(z0) @7)
9 (y=<y5 - |V7| sin(6;) |V19| sin(6;o) |V20| sin(6)

3.3. Xac dinh thoi gian tac dung Ta, Th, Tc

C6 nhiéu phuong phap tinh toan thoi gian tac dung cua céc
vector dién ap trong chu ky ldy mau nhu: giai truc tiép trong
hé toa d6 a8 hodc chuyén sang hé toa do g — h, toa do 3D —
abc . Trong bai bdo ndy, cac tién ich cua phan mém
MATLAB/SIMULINK s& duoc sir dung dé xac dinh thai gian
tc dung cAc trang thai, trong d6 phuong trinh ma tran tinh
toan thoi gian tac dung Ta, Th, Tc dugc giai truc tiép. Cach
tinh nay don gian, truc tiép va hiéu qua khi ap dung cho bo
nghich luu c6 s6 bac khdng cao.

Phuong trinh (12) dugc viét lai dudi dang ma tran téng quat
nhu sau:

1 1 1

V6i 67, 019, 020 lan luot 12 goc cua vector di¢n ap Vvéi truc
nam ngang nhu trong hinh 5. O day:
T

== V3 V3
b7 = 6 | 6,9 = arctan <?> 6,0 = arctan (7)

Thoi gian s& duoc biéu dién 1a;
T=V"1s+M (28)

Thoi gian tac dung Ty, Ty, T, nhu trong bang V. Phuong trinh
tinh thoi gian céc sector con lai dwoc quy vé sector 1. Véi goc
cua cac vector dién 4p s€ twong ng Vv4i tirng sector, ma tran
M dugce thay d6i theo géc 6 nhu sau:

Béng V. Thoi gian kich Ta, Th, Tc cta ting vung.

Ving 1 | Viing 2 Ving 3 | Ving 8
Ta=Ts—Tb—Tc Ta=(t— 1)*Ts Ta=Ts—Th—-Tc Ta=Ts—Th—Tc
Tb=kx*Ts Th=Ts—Ta—-Tc Th=({1—- 1)«Ts Tb=1%Ts
Tc=1+Ts Tc=(1—-k)*Ts Tc=Q2-m)«Ts Tc=2—t)*Ts
Ving 4 Ving 7

Ta=Ts—Tbh—Tc
(2\/2_1*cos(020 +%)+ \/2_1*p—n)*Ts
23— 27+ sin (6, +3)

_ (2V3-3Bxt)xTs
C_Z\/§—2\/7*sin(620 +%)

Th =

Ta=Ts—Tb—Tc
(\/2_1*11 + 24/3x1 — 4\/7*sin(919))*Ts
2v3 — 27+ sin (619 +7)
e (2vV3—V3#t)*Ts
2v/3 — 24/7 * sin (019 +%)

Th =

Vung 5 Vung 9
Ta=Ts—Tbh—-Tc Ta=Ts—Tb—Tc
V3xk*Ts (\/2_1*q+ 2\/§*l—4\/7*sin(919))*Ts

= 2V/7 * cos (920 + %)

(2\/§*k—\/ﬁ*p—4\/7*cos(020 +%))*Ts

re= 247 * cos (920 + %)

2+/7 * sin(6;5)
V3 lxTs

Tc=————
2\[7 * Sin(919)

\Vung 6

Ta =

(VBxp — VBxq+ 2V7 xsin(B;19 — 059) ) *Ts

- 27 * 5in(B19 — B50) + 243 * cos (019 + %) — 23 *cos (020 + %)

(n—\/ﬁ*p—Z\/ﬁ * COS(920 +%)>*Ts

Tb =
l 14 % sin(6,9 — 650) + 2421 * cos (019 + §) — 2421 * cos (020 + §)

A /A

Tc=Ts—Ta—Thb
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Khio >0 (n=1,23)

el cos(0 - =-3)
" Pl sin(e ==+ 5 J'*TS )
Khig <0 (n=45 6)
|Vref| * COS (0 +2r—(n—1)* )]l
M= |Vref|*51n(9+2n— n—1)*= Jl*TS (30)
1
n : 1a Sector twong rng
Cac ky hiéu trong bang V:
m= V3 x|Vl /Vdc  (B1) [ =3mxsin(6) (32)
_ T (3) = AN €D
k—3m*cos(9+6) n—9m*cos(9 +3)
t = 3m % sin (9 + g) (35) p=3m=*sin(6,0—6) (36)
q =3m=xsin(6;9 —0) (37)

3.4. Phwong phap Virtual SVPWM véi 4p common mode
trung binh

a) Nguyén ly Virtual SVPWM véi ap CMV trung binh
Mot s vector dinh trong gian d6 vector khong gian c6 tinh
chat tring lap. Vi du, c6 4 trang thai dé thyc hién vector zero
gém 000, 111, 222 va 333. Tuong tu nhu vay, vector V1 cd
thé thuc hién bai cac trang thai 100, 211 va 322. Dé thuc hién
vector tham chiéu, ky thuat SVPWM chi can sir dung 1 hoic
2 trang thai dong ngit dai dién cho mdi vector dinh. Viéc chon
lya c6 gidi han cac trang thai thuc hién SVPWM trong bai bao
nay sé& duoc d& xuat bang phwong phéap chon vector ap c6 dién
4p common-mode trung binh. Bé don gian viéc khao sét, ta sir
dung ham CMV cua trang thai Sa Sb Sc, dinh nghia nhu sau:

F =Sa+ Sbh + Sc. (38)

Theo d6, vdi mdi vector dinh, goi Fmax va Fmin | gia tri
c4c ham &p CMV cua trang thai co dién 4p CMV Ién nhit
Vcommax va nho nhit Vcommin.

Trang thai dugc chon thuc hién vector dinh trong chudi
SVPWM sé cd ham F = F,,, xac dinh nhu sau:

— Fmax + Fmin

39
Fave 2 ( )

Dua vao phuong trinh (12), ¢6 thé suy ra ham &p CMV cua
Vyer Khi thuc hién bang kg thuat SVPWM véi 4p CMV trung
binh nhu sau:

Fyref * Ts = Fape(Va) * Ta + Fape (VD) * Th + Fape (Vo) x Tc - (40)
Dua vao sé trang thai tring lap cua vector &p, ¢6 thé chia thanh
4 trudng hop dé chon trang thai cho vector dinh nhu sau:

e  Vector dinh c6 mét trang thai: vi du vector EBOO),
truong hop nay ham Fygx = Frnin = Fave = 3, VY
trang thai 300 sé& duoc chon.

e Vector dinh c¢6 hai trang thai: vi du vector
V12(311/200). Trang thai 311 ¢6 F = Fingx =5,
va200co F = F;, = 2, do d6 vector Vi3 can chon
trang thai c6 F = F,,, = 3.5. Do khong ton tai trang
thai voi F = 3.5 nén vector ao (virtual vector)
Vyis = (V311 + Vago) /2 duoc d& xuét thay thé. Ham
4p CMV cua Vw13 c6 do 16n bang E,,. = 3.5.

e Vector dinh ¢ 3 trang thai: vi du vector V; (322/
211/100). Trang thai 322 ¢ F = F,,, = 7, trang
th&di 100c6 F = F,,;, = 1,va2l1cO F = Fg, = 4.
Tur @6, trang thai 211 dugc chon thuc hién vector V1.
e Vector dinh cd 4 trang thai: Vi du vector
V,(333/222/111/000) . Trang thai 333 ¢ F =
Enax =9, trang thai 000 c6 F = F,;;, = 0. Do
Fue = 4.5 nén ta sir dung vector ao Vo, = (Vi1 +
V222)/2 €O Fpe = 4.5 thay thé dé thuc hién vector
V0.
Ap dung cho tat ca vector dinh cua sector |, gian do vector
khéng gian rit gon dugc mo ta trén hinh 5. Tir két qua thu
dugc trén Hinh 5 xuét hién 2 truong hop, tam giéc lam viéc
chira 1 vector 4o trong cac vung 1, 2, 5, 6, 9 va chia 2 vector
ao trong cac vung 3, 4, 7, 8.
Khao sat chi tiét hon chudi SVPWM, ta xét tam giac chira 1
vector 4o, vi du khi V,,; & viing 1, chudi thyc hién s& 1a 111-
211-221-222-221-211-111. Céc vector ap trung lap 111 va
222 s& ¢6 thoi gian tac dung bang nhau, c6 kha ning dat &p ra
¢6 do méo dang thap. Tuong tu, c6 thé giai thich chudi thuc
hién SVPWM trong cac tam giac chaa 1 vector ao con lai.

Vi treong hop tam gidc chira 2 vector 4o, vi du khi We; 4]
vung 4. Mot phuong phap thuc hién SVPWM dam bao trinh
tu it chuyén mach va phan b thoi gian déu gitra cac vector
trung lap 210/321 va 220/331 sé nhu sau: 210-220-320-321-
331-321-320-220-210. Do sy xuit hién cac vector tring lap
cho 2 vector dinh khéc biét 210/321 va 220/331, sé chuyén
mach caa chudi 12 8 trong 1 chu ky thyc hign. Chudi trang thai
mo ta trén c6 tén hao chuyén mach ting 1én so véi SVPWM
truyén théng vai 6 chuyén mach nén khong sir dung.

Pé giam s chuyén mach vé 6 nhu phuong phap SVPWM
truyén théng, hai vector 40 Vyz4q , Vysap €O 4p CMV trung
binh biang 5, nam gitra 2 vector dinh V,, V;, duoc dé xuit cho
vung 4, dinh nghia nhu sau:

Vozaa = (V10 + Vaz1)/2
Viozap = (Vaa1 + Va20)/2

Xét truong hop Te; nam & viing 4a gioi han bai 3 vector
gan nhit V;, Vo, Vv34a/Vv34b, dan dén 2 khi ning thuc
hién chuoi SVPWM:
(1) 210-220-320-321-320-220-210, néu st dung Vv34a
(2) 210-320-321-331-321-320-210, néu sir dung Vv34b

_ Chuoi (2) bi loai vi gia tang s6 chuyeén mach 1én 8 va
chuoi con lai (1) dugc chon dé thuc hién. Ham ap CMV cua
Vyop S& thoa diéu kién cia phuong trinh SVPWM theo ap
CMV trung binh:

erefTs = Fape (Vzo) *Ta+ Fape (V7) *Th + Fype (Vv34a) *Tc

Tuong tu, phan tich truong hop V,,; ndm & ving 4b, ta s
ch~c,)n Vv34b thuq hién chu5i~220-320-321-331-321-320-220.
Dé dang nhan thay tir 2 chuoi trang thai thyc hién cho vung
4a va 4b, suy ra rang trong tam giac chtra 2 vector dinh 4o,
thi vector dinh ndm gan V,; hon s& c6 2 vector tring lap
tuong @ng tham gia chudi thyuc hién. Nguoc lai, vector dinh
nim xa V,,; hon chi cung cdp 1 vector tham gia chudi
SVPWM.

Twong ty, ¢6 thé phan tich chudi SVPWM vai 4p CMV trung
binh cho cac vung 3, 7 va 8. Cac vung a va b trong tam giac

(41)
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3, 4 dugc phan chia nhd dwong thang yg; twong tu vang 7, 8
¢6 duong phan chia 1 y,, phuong trinh cac duong thang nay
(22) va (23). Cac duodng thang y; — yg s& phan chia sector |
thanh 13 vung lam viéc khac nhau.

b) Ky thudt SVPWM véi &p CMV trung binh cdi tién

Nguyén ly SVPWM véi cac vector a0 c6 CMV trung binh
duogc dé xuét gilp xac 1ap ving 1am viéc va chon chudi thyuc
hién trong 13 ving lam viéc cua mdi sector. Viéc tinh toan
thoi gian tac dung cua 3 vector dinh cd thé thyc hién tryc tiép
cho 9 vling lam viéc nhu mé ta & Bang V. Thoi gian cua hai
vector trang lap trong phuong phap Virtual SVPWM véi &p
CMV trung binh c6 thé khac nhau. Do d6, phuong phap
SVPWM cii tién s& dua theo phuong phap SVPWM c6 ap
CMV trung binh dé x4c dinh vung lam viéc va chon chudi
PWM, nhung thuc hién cac vector ap trung lap vai thoi gian
bang nhau.

Xét tam giac chira 1 vector dinh 4o trén sector I, k§ thuat
SVPWM theo nguyén ly 4p CMV trung binh cd thoi gian caa
2 vector tring 13p bang nhau, do d6 khéng can diéu chinh
trong vung nay. Vi du, hai trang thai 210 va 321 trong chudi
trang thai SVPWM theo nguyén ly 4p CMV trung binh thuc
hién V7 trong ving 6 dugc mé ta trén hinh 6: 210 - 310 - 320
-321-320-310-210 s& c6 thoi gian bang nhau.

Vaz | V5 Vig Vo | V7 1 T Vis vz
210 310 320 H 321 H 320 310 210

Ta Tc Th Ta | Ta Th Tc Ta
2 2 2
- >4 > —p|—> - > i >
Ts _ Ts

Hinh 6: Chudi kich trang thai cua ving 6 - sector .

Tuy nhién, diéu nay khdng xay ra véi tam giéc chira 2 vector
dinh 40. Vi du, khi &p dung nguyén ly SVPWM véi ap CMV
trung binh thi thoi gian thuc hién SVPWM trong ving 4a cua
2 trang thai 210 va 321 sé& khac nhau. Do d6, phuong phéap
SVPWM cai tién &p dung diéu chinh dé thoi gian cua cac trang
thai 210 va 321 bang nhau. Tuy nhién, viéc diéu chinh nay s&
dan dén két qua, 14 phuong phap SVPWM cai tién s& khong
dat 4p CMV trung binh. C6 thé kiém ching trong chudi
SVPWM cai tién 210-220-320-321-320-220-210, c4c vector
V20 (320) va V7 (321/210) théa méan diéu kién 4p CMV trung
binh. Tuy nhién, trang thai 220 cta vector dinh con lai V14
khong tao ra ap CMV trung binh.

4. Phwong phap cin bz‘:lng dién ap tu dién bay
dé xuat cho bo chuyén doi 4L.-NNPC

Dong dién dan qua céac tu dién bay s& nap hoic xa dién tich
trén tu phu thudc chiéu dong dién qua no. Vi gia thiét chiéu
dong dién qua tai va cac tu dién nhu trén hinh 2. Sy thay doi
dién &p trén mdi tu dién tmg véi mdi trang thai dong ngét khoa

ban dan duoc tdng hop trong bang 11. Néu “-” dién 4p trén cac
tu twong Gmg khong thay doi, “1” dién p ting lén va nguoc
lai néu “1”. Céc trang thai tring lap khi Sx = 1 va Sx = 2 ¢6
thé dwoc chon dé thuc hién can bang dién &p cac ty.

Phuong phap On-Off truyén thdng c6 thé 1am linh kién hoat
dong & tan sb cao khong thich hop cho tng dung. Do d6, cach
thire giai quyét phi hop 12 s& tao ra ving chét AV, voi: AV,,; =
Voi — Vs (i = 1, 2). Khi |AV,;| < AV, trang théi Sx = 1
va 2 s& gan cho mot trang thai dong ngit ¢b dinh, cu thé 1a 1B
va 24 nham giam tan s6 dong ngét linh kign [20]. Giai thuat
diéu khién c6 can bang ap céc tu theo phuong phap ON-OFF
c6 vuing chét AV dwgc md ta trén hinh 7.

m 0 Ts

. $§ 3
‘ Pau vao trinh diéu khién SVPWM ‘

¥

l7s><:3—<— Sx=? F——>»—Sx=0

ﬁ/ <
3 a A
& —

Hinh 7: Giai thuat can bang dién ap tu dién bay cho bo nghich lwu 4L-NNPC.

5. Két quaz md phéng va thwre nghiém
5.1. Két qua md phéng

B6 nghich lvu NNPC bén bac dwgc md phong bang phan mém
MATLAB/Simulink. Bang VI dudi day thé hién thong sé hé
thdng trong md phong. Chat lwong bd nghich luu duge danh
gi& dya trén tong méo hai ciia dong dién (THD% ia) va dién
ap (THDY% Van), chénh léch dién &p tu dién bay (AV,;).

Bing V1.Thong sé mo phong va thuc nghiém.

Théng s6 M6 phong  Thuc nghiém
bién ap Vdc 400V 100V
Tan sb co ban 50Hz 50Hz
Tu dién bay 4700uF 2200uF
bién tro 10Q 270
Cuon cam 10 mH 40 mH
Sai s6 &p tu (AV) 1V 1v
Tan sb diéu ché f, 10kHz 10kHz



28 Journal of Measurement, Control, and Automation
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o =@
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Hinh 8: K&t qua md phong khi thay déi m = 0.3, 0.6, 0.9. a) dién 4p pha tii Van, Vbn,Vcn, b) dong dién ia, ib, ic, c) dién &p tu Ve ~Vep, d) dién
&p nghich luu Vaz, e) dién 4p common-mode V .y mmon-mode-

Van VCal, VCa2 0 X 0070349 } VCOWMG
100 ™ . I I == veessar |
e —\"Y ]
80 X 0.06427 Van 133 VCal X 0.074296 VCa2 T 60
&0 R ] » Na | ¥ 132509 /
Ll - ; 40
> o =
D [
[=)] (o)) (e)
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Hinh 9: Két qua mé phong véim = 0.3. a) dién 4p pha Van, b) dong dién ia, ¢) dién 4p tu Va1, Veaz, d) dién &p nghich luu Vaz, e) dién 4p com-
mon-mode V .ommon—mode: T) THD% V vaTHD% i cta pha a.

Van - vCat. VCaz V Common-mode
X 0.074736 NCa2 -
180 X 0.084312 133 Y 132451 / Ca2 X0.074309 X 0.078909
vi7oo4 Ml | | (] @ ——t . Y 66.3562 Y 112026
; 100 ; 132 i ; 1
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Hinh 10: Két qua md phong v6i m = 0.6. a) dién 4p pha Van, b) dong dién ia, c) dién &p tu Veaq, Veae, d) dién &p nghich luu Vaz, ¢) dién ap com-
mon-mode V common-mode: ) THD% V vaTHD% i cta pha a.
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Hinh 11: Két qua mé phong véi m
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0.9. a) dién 4p pha Van, b) dong dién ia, c) dién &p tu Va1, Veaz, d) dién &p nghich luu Vaz, ) dién 4p com-
mon-mode V ¢ommon—-mode: T) THD% V va THD% i cta pha a.

+THD% V «THD% V (IPD-SPWM)
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8

N
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Hinh 12: So sanh THD% giira phuong phap d& xuit (duong do) va SPWM (duong xanh). a) THD% Van, b) THD% ia.
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Hinh 13: Qua trinh cén bang 4p tu dién bay, khi cé va khéng st dung giai thut diéu khién can bing dién &p tu, tai chi s diéu ché m = 0.8. a) dién 4p
pha Van,Vbn,Vcn, b) dong dién ia, ib, ic, c) dién &p tu dién bay Va1~V cea, d) dién &p nghich luu Vaz, e) dién &4p common-mode V g mmon—mode-
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Hinh 8, mo ta két qua md phong nghich luu 4L-NNPC dung
ky thuat SVPWM, trong d6 dién ép day (Vons Vs Vo), dong
dién ba pha (ia, ib, ic) va di¢n ap tu dién bay (Vear, Vea,
Vents Vepzs Veer Veez) duoc biéu didn & cac chi sé diéu ché
m khéc nhau:

e t<0.04s:m=20.3
o (0.045s<t<0.06s:m=0.6
e t>0.06s:m=09

Dién &p ngd ra co sé bac nho nhat bang 3 tai gia tri m = 0.3
va dat duoc sb bac 16n nhat 14 11 tai m = 0.9. Dién 4p tu dién
bay can bang tai gi4 tri dién ap Vdc/3, voi |AV,;max| =
4.64V tuong duong 3.5% gia tri 4p tu.

Chi tiét két qua mé phong tai gid tri m = 0.3 dugc md ta trong
hinh 9. Chi s6 méo dang THD% Van kha 16n 1a 57.85%,
THD% ia = 0.86% . Do léch dién 4&p tu dién bay
|AV, max| = 3.34V tuong duong 2.5%.

Trong hinh 10, 1a dd thi dién ép tai, dong dién tai pha a va dién
&p trén cac tu bay khi m = 0.6, c6 d6 méo dang THD%
Van = 31.37%, va THD% ia = 0.61%. D0 léch dién ap tu
dién bay I6n nhat |AV,,; max| = 4.64V tuong duong 3.5%.

D6 thi &p, dong tai pha a, dién &p trén cac tu bay khi m = 0.9
duoc biéu dién trong hinh 11. Két qua d6 méo dang
THD% Van = 20.99% va THD% ia = 0.33%. Chénh léch
dién &p tu dién bay |AV,; max| = 3.2V tuong duong 2.4%.

Hiéu qua cia phuong phap VSVPWM dé xuit ciing dugc so
sanh véi phuong phéap diéu ché d6 rong xung sin SPWM hay
IPD — SPWM (In Phase Disposition Sinusoidal Pulse-width
modulation), kh& phé bién, c6 ap dung giai thuat can bang ap
tu. Hinh 12, so sanh db thi tong méo hai (THD%) cua dién &p
Van va dong dién pha ia theo chi s6 diéu ché m cua hai
phuong phép khi ap dung ky thuat can bang ap tu ¢6 vang chét
AV = 1. Ky thuat SPWM pham vi dién ngd ra bi gisi han &
gia tri m = 0.86 nén db thi so sanh cua n6 dugc md ta dén
gia tri néu trén. So sanh do thi trén hinh 12a cho thiy sai léch
gitra 40 méo dang &p pha THD% Van cuia hai phuong phéap
nho khong dang ké. So sanh dd thi d6 méo dang dong dién
THD% ia & hinh 12b, sy khéc biét thé hién rd rang hon trong
tirng pham vi cta chi sé diéu ché. Tuy nhién, dé sai biét 16n
nhit giita ching gidi han khoang 0.1%. Chang han, véim =
0.3, thi THD% i cua VSVPWM la 0.86%, va IPD — SPWM
la 0.93%; sai biét 0.07%; v6i m =0.82, THD% i cua
VSVPWM la 0.41% va IPD — SPWM la 0.38%, sai biét la
0.03%. So sanh cu thé nhu sau.

e Véim=0-0.3:THD% ia cua c6 gi tri gan nhu
nhau.
e Gia tri m=0.3—-0.46: phuong phap IPD —
SPWM cho THD% ia t6t hon, voi diém c6 gia tri
I6n nhat dat 0.12%.
e Giatrim = 0.46 — 1: phuong phap VSVPWM dé
XUAt to ra uu thé khi cho THD% ia t6t hon véi gia tri
I6n nhét 12 0.1%.
Két qua md phong qua trinh qua do6 khi &p dung giai thuat can
bang dién ap cac tu bay khi m = 0.8 dugc mé ta trén Hinh 13.
e Tuw0déno0.1s,dién &p tu duy tri & Vdc/3 khi ap dung
giai thuat diéu khién c6 can bang &p tu, THD% ia =
0.33%, THD% Van = 22.77%.

e Trong khoang tir 0.1s dén 0.5s, giai thuat can bang
khong dwgc ap dung. Cac trang thai Sx thuc hién
SVPWM dugc chon trong Bang Il gom 1a 0, 1B,
24, va 3. Bién ap trén ty dién bay léch déng ké so
v6i gia tri tham chiéu, cu thé: AV, AV,,, AV, €O
sai léch —133.33V twong duwong 100%. Hé qua, diéu
khién dong dién tai khong dat chat lwong yéu cau,
THD% ia = 12.66%, THD% Van = 52.11%.

e Sau thoi diém 0.5s, giai thuat can bang ap tu duoc ap
dung va ap céc tu bay dugc khoi phuc dén gié tri
tham chiéu va bo bién d6i hoat dong tro lai binh
thuong, THD% ia =0.33% , THD% Van =
22.77%.

5.2. Thuc nghiém

Thuc nghiém duoc thuc hién dé kiém chimg tinh dung dan va
kha thi ciia phuong phap dé xuét, céc théng sb duoc sir dung
thé hién trong bang VI. M hinh thuc nghiém bo nghich lwu
ba pha NNPC bén bac nhu hinh 15.

Giai thuat diéu khién dugc thuc hién trén vi diéu khién
TMS320F28377D. Giai thuat bao gom 4 phan chinh: 1) xac
dinh sector; 2) xac dinh vung; 3) tinh toan thoi gian tac dung
cac vector ap; 4) doc cam bién, chon chudi thuc hién va xuit
xung diéu khién. Téng thoi gian thyuc hién céc phan 1a 54us,
trong do6 thoi gian cho tinh thoi gian téc dung ctia cac vector
la 7.5us nhu trén hinh 14.

Tinh thoi gian tdcdung B Téng thoi gian

@ /.5us
S 54 5

0 20 40 60

Time (us)
Hinh 14: Thoi gian thuc hién cac phan

B6 nghich luu bdn bac NNPC phu hop ap dung cho cong suat
I6m, dién thé cao nén tan s dong ngat co thé can mot vai kHz.
Do d6, véi tong thoi gian thuc hién trén vi didu khién 1a 54us
thi hoan toan cd kha nang (rng dung.

Két qua thuc nghiém tai gia tri m = 0.3 duoc dién ta trong
hinh 16. Dang dién ap tai, dién &p nghich luu, dién ap com-
mon-mode va dong dién twong tu nhu trong mé phong. Cac
&p tu dao dong xung quanh gié tri mong mudn 33.3V. Chi s6
méo dang THD% Van kha 1én la 68.64% , THD% ia =
8.71%.

Hinh 17 mé ta két qua thuc nghiém tai gia tri m = 0.6. Dang
&p va dong gan tuong duong nhu trong mé phong. Céc ap tu
can bang tai gié tri 33.3V nhu mong mudn. Gia tri méo dang
THD% Van = 31.92%, gan tuong dwong nhu trong md
phong; THD% ia = 3.87%, léch 3.26% so vai mo phong.

Két qua thyc nghiém tai gia tri m = 0.9 trinh bay trong hinh
18. Dang ap va dong tuong ty trong mod phong, céc gia tri ap
tu can bang tai 33.3V. D6 méo dang THD% Van = 21.03%,
khong léch nhiéu véi két qua md phong; THD% ia = 2.92%,
Iéch 2.59% so vai m6 phong.
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Hinh 16: Két qua thuc nghiém tai gia tri m = 0.3, véi time scale: Sms/div. a) dién 4p pha a Van (10V/div), dién &p tu dién bay Vg, Veaz (10V/div),
dong dién ia (500mA/div). b) dién ap nghich luu Vaz(20V /div), dién ap common-mode V .ommon—mode(20V/div).
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Hinh 17: Két qua thuc nghiém tai gia tri m = 0. 6, véi time scale: 5ms/div. a) dién &p pha a Van (40V/div), dién &p tu dién bay Ve, Ve (10V/div),
dong dién ia (500mA/div). b) dién &p nghich luu Vaz(50V /div), dién & common-mode V gmmon—mode(20V/div).



32 Journal of Measurement, Control, and Automation
Tek Tl ® Stop M Pos: 0.000s CURSOR Tek L. @ Stop M Pos: 0.000s AUTOSET
*THD%Van = 21.03% 1 ¥ CH2
Van i Vaz Mean
4 ~TTimy
\ Source o L
CH3 PE-PE
Fa.6Y
~v200v Q) Vcommon-mode b)
Cursor 1
) . e T T
4%
; Undo
T/ 1a Butoset
4 THD% la 2
M 5.00ms CH4 2 120méA CHZ 200% M 5.00ms CH2 & 7RO
CH3 10.0% EH-! 1IJD.¢\ 30-Sep-23 14:39 43.9907Hz 13-Dec-23 14:29 =10Hz

Hinh 18: Két qua thyc nghiém tai gid tri m = 0.9, vdi time scale: Sms/div. a) dién ap pha a Van (40V/div), dién &p tu dién bay Ve, Ve (10V/div),
dong dién ia (1A4/div). b) dién ap nghich luu Vaz(50V /div), dién ap common-mode V .ommon—mode (20V /div).

Mic du trong diéu kién mé hinh thyc té phét sinh mot sb sai
léch nhat dinh, tuy nhién céac két qua khao sat cho thay, dang
dd thi &p va dong dién thuc nghiém phu hop véi két qua md
phong, ching to tinh hiéu qua va kha nang ap dung vao thuc
té ciia phuong phap dé xuét.

6. Kétluan

Bai bao nay trinh bay phuong phép diéu khién diéu ché vector
khong gian bo nghich luu 4L-NNPC trong hé toa d6 vubng
goc aff. Ky thuat Virtual SVPWM véi ap CMV trung binh
duoc de xuat sir dung 3 vector (a0) gan nhat dé chia khdng
gian mdi sector thanh 13 ving 1am viéc va chon céc trang thai
cho chudi thyc hien SVPWM. Ung dung tién ich cua
MATLAB/SIMULINK giai ma tran dugc gioi thiéu dé xéc
dinh thoi gian tac dung cua 3 vector dinh. DU biéu dién & dang
chua téi wu, tuy nhién céc tién ich MATLAB cho thiy kha
nang st dung linh hoat ctia n6 cho c&c bai toan tinh toan
SVPWM trong hé toa d6 af.

Thuat toan can bang ap tu dién bay da trinh bay gitp duy tri
dién ap tu dién bay & muc can thiét voi do léch nho, nho do
giam d6 méo dang song hai dién ap ngd ra va tang do tin cay
cho bo nghich luu. Nguyén 1y diéu khién SVPWM dé xuat va
giai thuat can bang dién ap cac tu da duoc kiém ching tinh
dung dan bang md phong va trén mé hinh thuc nghiém.
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Abstract

The MMC converter stands out as a promising solution for integrating distributed energy sources and HVDC systems with the grid. How-
ever, the inherent complexity of the MMC structure, characterized by a large number of submodule (SM) units, presents challenges during
operation, particularly in direct modulation scenarios. These complexities manifest as dynamic processes that can induce interference, sig-
nificantly impacting grid connectivity, especially in weak power grid scenarios. This paper presents a control solution aimed at mitigating
linear active disturbances by leveraging the Linear Active Disturbance Rejection Control (LADRC) technique. The proposed controller,
when integrated with the Nearest Level Modulation (NLM) method, enables the generation of 2N+1 AC voltage levels with low-frequency
closing pulses for the valves. This approach shows promise in enhancing system stability owing to its robust anti-interference capabilities
and superior tracking performance. The methodology is rooted in a small-signal impedance model that accounts for frequency coupling

dynamics. The efficacy of the proposed solution is validated through simulations conducted by using Matlab/Simulink software.

Keywords: Modular Multilevel Converter, Linear Active Disturbance Rejection Control, Extended State Observer.

Chir viét tat

MMC Modular Multilevel Converter
THD Total Harmonic Distortion
HVvVDC High Voltage Direct Current
STATCOM  Static Synchronous Compensator
NLM Nearest Level Modulation

THD Total Harmonic Distortion

CHB Cascaded H -bridge

NPC Neutral —point converter

Tom tat

Bo blen déi (BBP) MMC la g|a| phap t6t cho hé thdng két néi cac
ngudn nang luong phan tan va hé thong HVDC véi ludi dién. Tuy
nhién, véi sb lugng lén cac SM trong c4u tric MMC khién cho viéc
diéu ché truc tiép tao ra nhidu qua trinh dong hoc phic tap khi
MMC hoat dong. Qué trinh nay s& gay ra nhidu anh huong rat lon
t6i viec két ndi ludi dién, dac biét 1a cac ludi dién yéu. Bai béo nay
dé& xuét giai phap diéu khién loai bo nhidu chu dong tuyén tinh dwa
trén bo diéu khién LADRC nham triéu tiéu cac nhiéu dao dong sinh
ra khong kiém soét do hoat dong cua MMC. B diéu khién nay
duoc két hop V6i phuong phap didu Che NLM dé tao dugc 2N+1
muc dién ap xoay chiéu Vvdi xung dong tan s6 thap cho cac van. Va
day 1a mot phuong phap tiém nang dé nang cao mirc d6 6n dinh cua
hé théng nho kha nang chéng nhidu cao va hiéu suat theo dai tot.
Qua trinh nay dua trén md hinh tro khang tin hiéu nho cua hé théng

c6 tinh dén viéc ghép tan s dugc thiét lap. Cac két qua ching minh
duoc thyc hién trén phan mém matlab/simulink.

1. Pitvan dé

S6 lwong Submodule (SM) trong BBD MMC c6 thé thay déi
dé tao ra cac mirc dién ap khac nhau theo yéu cau dién ap
déu ra xoay chiéu, do d6 MMC co thé chuyén dbi voi tén
hao thap ma khong can su dung bo loc dién 4p. Uu diém cua
céu hinh MMC 1 phia mét chiéu chi can mét ngudn DC duy
nhét, Vi vady MMC c6 thé ding dé ing dung dé két ndi cac
nguén dién véi dién ap cao tur cac hé théng moét chibu, cu thé
nhu: hé théng HVDC, thong STATCOM, hé thong truyén
dong dién trung ap; [1- 3]... Diém noi bat nhat cia MMC d6
1a giai quyét cac van dé vé nhugc diém cua cac BBD da mirc
CHB, NPC. Vi du nhu cdu hinh don gian hon, ¢ thé 4p
dung véi sb muc khong giéi han ma vin dam bao co thé st
dung hé théng diéu khién d& dang ddng thoi co thé linh hoat
trong thay thé va stra chira [4]. Hién nay, dé dat hiéu qua
truyén dan ning luong dién té_t nhit cac phuong thi cac
phuong phap diéu ché, diéu khién ludn duogc cai tién dé ap
dung cho cac BBD da muc [5]. Cac phuwong phéap diéu ché
dugc st dung dugc chia thanh hai nhém 1a didu ché SVM va
diéu ché dya trén mirc dién ap gém: phuong phap PWM;
phuong phdp NLM [5-6]. Phuong phap diéu ché PWM la

Received: 22 April 2024; Accepted: 10 June 2024.


https://en.wikipedia.org/wiki/High-voltage_direct_current

Journal of Measurement, Control and Automation

35

phuong phap dé& dang thuc hién va tao ra duge N+1 mirc
dién ap. Phuong phap NLM ciing ¢6 cach thuc hién don gian
v6i tan s6 dong cat thap va tao ra 2N+1 mirc dién ap, uu
diém ctua NLM 1a co thé 4p dung véi sb muc bat ky [6].
Trong trién khai (mg dung ciia BBD MMC, b diéu khién PI
truyén thong duoc sir dung va nghién ctru nhiéu trude day.
Diéu khién PI dép tng vé chit lugng diéu khién, nhung vé
kha ning chdng nhiéu va tinh 6n dinh trong thyuc té chwa dap
tmg duoc [7]. Bé khic phuc, bai bao nay gidi thiéu phuong
phap diéu khién loai bo nhidu chu dong (LADRC). Phuong
phap LADRC 4p dung cho MMC da dugc trinh bay trong
[8]. LADRC gitp chéng nhiu va truy xuat duoc ngudn gy
nhiéu [9]. ADRC la mot phuong phép diéu khién wu viét cho
céc hé théng c6 mo hinh duoc mé rong véi mot bién trang
thai méi, nghia 1a c¢6 thé ap dung cho cac hé thdng co qua
trinh dong hoc thay ddi trong khi lam viéc ma sy thay d6i
nay chua xac dinh dugc & thoi diém ban dAu. Viéc udce tinh
truc tuyén cua trang thai méi nay duoc thuc hién bang cach
st dung bd quan sat trang thai mo rong (Extended State
Observer — ESO) [9], b6 quan st nay c6 tac dung theo doi
va ude luong cac nhiéu tic dong truc t1ep dé khir cac sai sb
diéu khién do nhiéu sinh ra. Do d6, néu mé hinh dong hoc
ctia hé thong khong rd rang khi lam viéc do cac thay doi lién
tuc boi cac yeu t6 bén ngoai, thi bo diéu khién LADRC van
c6 thé giai quyét dugc cac yéu cau didu khién nham dam bao
muc tiéu diéu khién dé ra. Kha ning nay gilp cho LADRC
trd thanh phuong phép tin cdy khi ap dung cho cac hé thong
¢6 mo hinh dong hoc khong ¢ dinh ma bi tac dong boi cac
yéu t6 nhidu khi lam viéc [8-9]. Gan day, diéu khién
LADRC dugc quan tdm nghién ciu trong dé didu khién
MMC nhim néng cao chit luong véi wu diém 1a d& dang
tinh toan va c6 kha ning diéu khién chdng nhiéu tdt, va khic
phuc dugc cac nhuoc diém cua bd diéu khién PI truyén
thdng. Bai bao nay trinh phuong phap diéu ché NLM két
hop véi didu khién LADRC ap dung cho MMC tao ra 2N+1
mirc dién 4p xoay chiéu két qua dugc véi diéu khién PI cho
cung mo hinh, thuit toan diéu khién va diéu ché s& duoc
trinh bay chi tiét trong phan noi dung. Cu thé: Trong Phan II
cdu trac va nguyén 1y hoat dong cia MMC dugc trinh bay.
Phén IIT thyc hién thiét ké hé thong diéu khién cho MMC
dwa vao bo didu khién ADRC va diéu ché NLM. Két qua mo
phong cia chién luge diéu khién d& xuit va thao luan duoc
thé hién trong phan IV.

2. CAu tric caa bd bién ddi MMC va nguyén
ly hoat dong cia MMC

2.1. CAu trac bd bién déi MMC néi lwéi dién

.
o2
—Ir Va

\(V >+

= Vdc/2

=]
== vacr Ro Ro

[SMya [SMy. [SMy-

[SMy2 [SMy.2 [sMy-2

SMan SMan SMay

Hinh 1. Cu truc bd bién déi MMC néi ludi.

+
*
i

Hinh 1 1 c4u trac BBD MMC ba pha, mdi pha cé hai nhanh
van trén va dudi, mdi nhanh van 1a cac SM duoc mic ndi
tiép vai nhau. Phan giita cia hai nhanh van 1a dién cam L, va
dién tro Ro, ca hai phan tir nay c6 tac dung han ché dong
dién vong va cdc qua d6 lam viéc cia BBD. Ngoai ra con
gilp tu dién nap tt hon va nham han ché sy chénh léch dién
4p cua mdi SM va giam thiéu tang dong dién qua do trong
mach, giam tén hao va vuot qua su chiu dung cua céc linh
kién ban dan [12-13]. Phia dau vao mot chiéu chi sir dung
mot nguon Vg duy nhat (c6 thé 1a acquy cdng suat 16n hoic
ngudn dién PV). V&i N SM thi dién ap mdi SM 12 Vgo/N. Vi
trong mdi lan chi c6 N SM duoc mé nén dién &p trén mai
pha chay tir -Vae/2 dén Vgo/2. BBD MMC c6 tan sé dong cit
thap bang phuong phap diéu ché NLM nén giam ton that cua
BBD rit thip [9]. M6t trong nhiing cau trdc phd bién caa
SM la so d6 nira cau H. Vé mat Iy thuyét s6 SM c6 thé ting
Ién khdng gigi han de dap tng yéu cau vé chat lugng, So SM
phu thudc vao yéu cau cia ngudi thlet ké. Khi két ndi ludi
dién, md hinh MMC khéng can méc thém bo loc gip cho
giam kich thudc va gia thanh hé théng. Pay 13 mot vu diém
dic biét ndi bat ma cac BBD da mirc khac khong c6 duoc.

2.2. Nguyén ly hoat dgng caa MMC

Céc van ban dan s& dugc phat xung diéu khién nham tao ra
dién 4p AC & dau ra. C6 hai trang thai caa SM 1a chén vao
(insert) hodc bo qua (bypass) dua trén trang thai ctia cac van
trong SM: Van S1 mé va van S2 dong; Van S1 dong va van
S2 mé. Hai van ban dan s& khong dugc phép ma cuing lic, vi
cac tu dién trong mdi SM sé duoc phéng hoan toan va tro
nén khéng con cd tac dung. C6 bdn trang thai l1am viéc khéac
nhau dé tao ra qua trinh 1am viéc caa MMC nhu hinh 2.

_Lvoon

Hinh 2. Trang théi dong cét ctia S1 va S2: (a) va (b) Khi dong di¢n c6 chiéu
duong; (c) va (d) khi dong dién c6 chiéu am.

Trong mdi chu ky lam viéc, chi c6 % sb lugng cac SM duoc
str dung dé tao ra dién &p xoay chiéu, cac chu ky tiép theo thi
lan luot cac SM duoc thém vao va b6t di béi qua trinh diéu
ché dé c6 thé tao ra dién &p trén phia AC ludn nim trong
khoang —Vgo/2 dén +Vae/2. Qué trinh nay dién ra trong céc
pha va c6 d6 léch pha la 120°. Viéc dao dong nay dién ra lién
tuc kém theo d6 chénh léch dién ap trén cac nhanh cua
MMC s& tao thanh sy mat can bing dién &p nhanh trén va
nhanh dudi. Tir d6 gy ra sy xuat hién cua dong dién vong i
trong cac nhanh cia MMC. Dong dién ndy it anh huong tai
hiéu tng bén ngoai ca phia AC. Tuy nhién, dong dién vong
la nguyén nhan gay ra ton that cuia BBD.

3. Piéu khién BBD MMC trong ché d¢ néi

lwdi
3.1. M@ hinh b bién d6i MMC trong ché d ndi luéi

Mb hinh BBD MMC néi luéi va h¢ théng diéu khién duoc
thé hién hinh 3. Trong d6 vy (j=a,b,c) 1a dién ap ludi, iy, ijj 14
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dong dién trong mdi nhanh BBD, vy vjj 1a dién 4p trén moi
nhanh BBD, my; my; 1a hé s diéu ché trén mdi nhanh, ig la
dong dién dau ra cua BBD t6i ludi. Tir so do thay thé cua
MMC, c6 thé xay dung dugc phuong trinh todn hoc cua qua
trinh 1am viéc trong MMC nhu (1).

UJ i Ve d
+R0|uj =5 - d —Riig—myv,; —vy (1)
Ve igj _R
Lo + Ryl = o L d g =MV + Vg

Gia sir céc tu dién trong MMC & trang thai can bang. Khi d6
phuong trinh mé ta hoat dong cua tu dién duoc biéu dién
nhu ¢ phuong trinh (2):

Con W _ g
N dt U (2)
CﬂL_ml
N d "

Trong d6: my, mivéi he s6 diéu ché ba pha trong diéu khién
vong kin va dieu khien triét tiéu dong dién vong, ki hicu lan
luot 1a my, mc va duoc biéu dién nhu & phuong trinh (3):

m, =0.5-m, +m,
m =05+m,+m,
Cong va trur hai phuong trinh & (1) nhan duoc:

@)

. 1 Vi =V Vi +V;
(L, +L2°) it (Rf+%jlgj=—v—(5+mcj17'1+mv'7” 4
h_ 1 v+ Vi —Vy
R
bat L=L, +% R=R, +F\;0’ - Vj‘z"VIj; dmj:Vuj;Vu' ;
phuong trinh (4) tré thanh:
L%+Ri =—v- 1+m Vi MV,
dt a9 2 diffj 'vVcomj (5)

Vi_

1
RO cj (2 + mC Vcomj + mvvdiffj

BBD MMC ndi lum dugc diéu khién véi 2 vong khép kin
gom c6 diéu khién ngoai 1a dién &p mot chiéu va mach trong
1a didu khién dong dién. Ngoai ra con c¢6 hai vong diéu khién
tach roi 1a diéu khién dong dién vong, va diéu khién vong

khéa pha.
Sk+
ia L¢ Rf —
ib Vdc
- ’YYY\_‘:.—
Ol= MMC | = }W
N I
Ludi dién [ Vabe i
i = {Vdcref
(i Ic-)/z Vae L Tapre e LADRC
Lyt
Vgd +
fabc abc/ do/ | My
dg ng+ abc NLM
gd
v 0 | LADRC F 0 me
Vo iapre}—f s |4 Lot
i icdref m __29
i Mea, <]

icq ref

Hinh 3. Céu trtc didu khién MMC néi ludi

3.2. Piéu ché NLM cho MMC

Phuong phap NLM dugc sir dung dé ting s6 murc dién ap
dau ra cua MMC 1én dén 2N+1 nham muc dich cai thién chat
lwgng dién ap dau ra cia MMC. Qua trinh thyc hién NLM

cho MMC dugc mo6 ta nhu hinh 4.
S6 Tao xung don,

Tao dién ap dat |—D| H
mic N cat IGBT

Can bang dién
ap tu

Lam tron dén
0,25

Phan chia dién
ap theo V¢

Ve

Hinh 4. So d6 phuong phap NLM cii tién.

Hinh 5 minh hoa nguyén ly hoat dong cia phuong phap
NLM cho MMC véi 10 SM méi nhanh. Ham lam tron c6
nhiém vu xac dinh s6 SM trén mdi nhanh, dugc viét nhu (6).

N, = round, , {\Z/VLZ[l— m cos(wt)]} (6)
Ny, = round, , {VDC [1+m cos(wt)]}

Ham lam tron roundos(x) duoc giai thich nhu sau: Gia tri x
dugc lam tron téi gia tri sé nguyén gan nhét kho so sanh véi

0,25. Khi phan thap phan cua x duoc xac dinh I6n hon 0,25
thi x dugc 1am tron 1én gid tri tiép theo, nguoc lai thi x duoc
lam tron xudng gié tri lién trudc. Qua trinh phan tich cua
phuong phap nay dugc thé hién nhu hinh 5.

\

Voc | stepr
vy

Ve

o

Voc/2

Vel2

-Voc/2

Hinh 5. Nguyén ly cia phuong phap NLM cii tién.

Tir hinh 5, mé hinh toan hoc thé hién sy thay dbi cac budc
caa dién ap nhanh trong MMC dugc xac dinh nhu (7).
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step MV
vi® =(N =M +1)V,
VI = (M —0,5N —0,5)V,

()

3.3. Bd diéu khién LADRC

Trong noi dung bai bao nay chi xét dén bo diéu khien
LADRC tuyeén tinh cho cic doi twong bac nhat [8-9]. Xét
mot qua trinh bac mot don gian P(s), véi d6 loi DC (K), va
hang so thoi gian (T):

p(s)=2(8) - _K

u(s) Ts+1

T-y(t)+y(t)=K-u(t) (8)

Thém nhidu dau vao d(t) vao qua trinh, dit p - K ta duoc:
T

9(t) = —_li_.y(t) +_|£_.d(t) +$.u(t)

:_Tl,y(t)+Ti.d(t)+b.U(t)

Thay thé b = bp+Ab, trong d6 bo s& biéu thi phan di biét cua
b = K/T va Ab 14 sai s6 mé hinh (chwa xac dinh) thu duoc
phuong trinh (9).

9)

y(t) = (—%.y(t) +%.d(t) +Ab.u(t))+bo.u(t) — f()+h,u(t)

=f(t)
Y tuong cua LADRC la trién khai mot bo quan sat trang thai
m& rong (ESO) wéce tinh f(t) , sa0 cho ¢ thé bu dap tac dong

cua f(t) 1&n qua trinh bang cach loai bo nhidu nhu hinh 6.

LSEF

r Up +

1/by > G,

A 4

_Zl - Zz

[Z,=Z,+B (y=Z)+bu
|2, =B,(v-2)

A A

LESO
Hinh 6. Céu trtic didu khién ADRC bac nhét.

Dé c6 cong cu uéc tinh, can phai mo ta khong gian trang thai
caa f(t) nhu (10).

() (0 1) (x() :
[x'za)j‘(o oj (x <t>j( ] ““[ Jf“’

X B

o= 0) EXlit;]

Do khéng thé do duoc dau vao f,

(10)

nén b6 quan sat trang

théi cho loai qué trinh nay chi ¢6 thé duoc xay dung bing
cach su dung dau vao (u) va dau ra (y). Trang thai uéc luong
%,(t) s€ cung cap gia tri gan dung cua f(t) (tac la fm) neu
nhiéu tong quét thuc té f(t) duoc coi 1a hing s ting phan.
B0 quan sét trang thdi mo rong (Luenberger) nhu (11).

[:1(3”8 (1)] (fg} ( j““”( ]y(‘) X0y
(50 oG (5 Jmoe(y o

A-LC B L

Sir dung céc bién wéc luong: £ (t) = y(t), %,(t) = f (t), dé loai
b6 nhiéu:

Uy ()= F(t) i .

=201 vii =K, (110 -30)
0
Tir ddy c6 thé thay uo(t) bicu thj dau ra cia bg dieu khién ty
Ié tuyén tinh. Ap dung cong thac (12) vao (9) ta duoc:
t)— f(t :
10 = 10+5, 200 (10— @) +u0
0
~ Uy (1) = Ko (r(®) - 9(1))

Tir biéu thuc (13), ta xay dung dugc cau tric mach vong

diéu khién LADRC cho khau quén tinh bac nhat nhu hinh 7.
LSEF

(12)

(13)

Hinh 7. Céu trac vong diéu khién véi ADRC cho quy trinh bac nhét.
3.4. Céu truc diéu khién MMC dya trén LADRC

Déi véi mot ham bac nhat, ¢é thé duoc biéu dién:

y=—ay+w-+(b—h,)u+bu (14)

fd
Trong d6: u, y, w la dau vao, dau ra va nhiéu loan bén ngoai
chua biét; a; dai dién cho tham sé cua khong xac dinh; b dai
dién cho d6 loi dau vao chua biét, by dai dién cho gi4 tri da
biét; f4 12 nhidu loan téng quat, chtra ca nhidu loan bén trong
va bén ngoai. Hinh 8 1 c4u trac diéu khién cia LADRC bac
nhat, gdm: LESO, LSEF; dbi twrong diéu khién G.
LSEF

[Z,=Z,+B,(y-Z)+bu
|2,=B,(y-2)

LESO
Hinh 8. Céu triic didu khién cua LADRC bac nhit.

LESO c6 thé thuc hign quan sét thoi gian thuc céc bién h¢

thong thuc y va fg, 1a cdc bién co thé dugc thiét ké nhu (15).
4=2,+B(y-2)+bu (15)
Z = ﬂz (y -z )

Trong d6 z1 and 2, a cac wéc lugng cua y va fu; 1 va f la

cac bo quan sat. LSEF c6 thé khuéch dai luong diéu khién

phan hoi thdng qua bo diéu Khlen ty 1¢, cdi thign dap tng qua
d6 cua hé thong. LSEF co thé dugc to chic nhu (16).

U, =k, (r-z)
1 (16)
u =b—0(u0 -1,)

Trong do: Kp, Uo VA r lan luot 14 hé s6 sai léch phan héi, dau
ra LSEF va tin hiéu diéu khién tham chiéu. Dé tao thuan loi
cho viéc diéu chinh tham sé, bo LADRC tham sé don duoc
sir dung, trong d6 xuét hién tham sé wL va duoc dinh nghia
1a bang thong cia LADRC. Cac thdng sb k, 1 va Sz khi do
c6 thé duoc biéu thi thdng qua wL nhu sau:
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k, =,
B=2am,

b=
Do d6, bo LADRC tham sb don chi can diéu chinh bing
thong wL. Hon nira, bang thong cia LADRC tuong ¢ng véi
bang théng cua bo diéu khién Pl. Cau trac nhu vay c6 thé
lam giam s6 lugng tham sd, gitip don gian héa dang ké qua
trinh diéu chinh. Theo hinh 8 va (17), c6 thé thu duoc cac
mdi quan hé cia LADRC nhu sau:

17)

U _ (B+BK)s+BK, _ of (3s+a,)
V() bys’+ (DB bk, )s by (s*+3as) (18)
ue) k,s*+ Bk,5+ Bk, _a)L(Sz+2st+a)f)

R(S) bys”+(byB+bk,)s  by(s*+3w;s)

Trong d6 U(S), Y(s) va R(s) dai dién cho céc bién ddi
Laplace cua u, y va r tuwong tng. Dya trén hinh 8 va (18),
LADRC dugc don gian héa thanh hé théng diéu khién hai
bac tu do. Cau triic don gian cia né dugc thé hién trong hinh
9, trong d6 C (s) va Cf(s) c6 thé dwoc viét nhu (19).

__UE) _ @(3ta)

ce)= Y(s)_bo(sz+3a)Ls) (19)
_U(s) _s"+2m5+a}

C )= RecE @ Gsra)

\ 4

S Cs) J@—w(s) Ul Gy(s) 1>

Hinh 9. C4u trac don gian hoa ciia LADRC.

Trong diéu khién phan hoi thong thuong, C(s) dong mot vai
tro tuong tw nhu bo diéu khién PI. Cac dic tinh thong thip
cua LADRC cho phép bo diéu khién loc ra cac thanh phan
nhidu c6 tin sé cao hon tan s cit. N6 ngan bo didu khién
khuéch dai nhiu trong dai tan nay. C(s) hoat dong nhu mot
bo khai dong lam mém va déng vai tro loc trudc, voi muc
dich giam qué muc & phan tmg budc bang céch lam giam tin
hiéu tir tan s6 cit. LADRC bac nhéat roi rac duoc thuc hién
bang phuong phap dua trén khong gian trang thai, phuong
phap dua trén roi rac Euler. Dua trén cac nguyén tic thiét ké
cua LADRC béc nhat, CCSC, vong trong dong dién, vong
ngoai dién & DC va PLL cia MMC dugc thuc hién nhu
duéi day. Tir (5) va bién ddi Park, mé hinh toan hoc cua
MMLC trén truc dq c6 thé dugc suy ra nhu (20).

Lodlcd =-V m

dt deref 2I‘Owicq - Roicd (20)
Ldi,, .
T :Vdcref my + La)lgq - ngd

VO”' Cé.C gié trl 6n dlnh Cé thé COi Vcom = Vdc = Vdcref, Vdif = O,
4 tan s6 goc cua dién ap ludi, iq trén truc q tdc dung vai
cudn cam theo cdng thuc U = Lwig.

i V,
iy Vige R. 1 .
L ML LY )

Theo (14)-(16), (21), CCSC c6 thé duoc thiét ké nhu sau:

yc = ch

(23)

f . =—2j_ —20i

c c cq

Cac chi s dudi ¢, i, v va PLL dai dién cho CCSC, vong
trong dong dién, vong ngoai dién ap va PLL tuong tng.
Mach Vong dong di¢n dua trén LADRC: Mach vong dong
dién 1a vong diéu khién bén trong cua bo diéu khlen chinh dé
diéu khién c6 phan hoi dong dién, qua do6 gian tiép cong suat
truyén tai theo cong suat mong muon. Theo (14)-(16), (22)
mach vong dong dién dugc thiét ké nhu (24)

yi :igd;
ui _m/d (24)
bo‘ _Vdcref

i L

f=— R - Ly, +aiy,

d,i L gd |_ d

Mach vong di¢n ap DC dya trén LADRC: Mach vong di¢n ap
1a vong dieu khién bén ngoal cua bo diéu khién chinh dé diéu
khién co phan hoi dién 4p theo dién ap dat. Dya vao hinh 3,
mach lién két AC va DC ctiia MMC la Py Va Pgc dugc biéu
dién nhu (25).

P =§Re{u.i*} z(v I + Vg, _§Vligd

2 gd'gd " Ygq gq) 2 (25)

dt
Trong d6 Vi la cuong d6 co ban cia dién ap ludi; va Cqc la
tu dién MMC phia DC. Dé thiét ké mach vong dién 4p DC
dva trén LADRC, méi quan hé giita Ve VA igarer Can dugc

Pdc :Vdcidc :Vdc ( Idc _Cdc dVdc j

x4c dinh. Do d6, gia dinh ton thit dién ning cia MMC c6
thé dugc bo qua, tic 12 Pac = Pyc; dién ap lién két DC va
dong dién ndi ludi c6 thé dugc kiém soét tét, tic 1a Vg =
Veref VA igd = igarer. Theo (25) thu dugc mdi quan hé nhu (26)
3V, . g

Igdref + C
dc

av,, _
d  2C,V

deref

(26)

Tir (14)-(16) va (26), mach vong dién 4p duoc thiét ké nhu
hinh 10.

Veret iqare
— LADRC |&>| LADRC
Ve T Y
ng +
iy abc dg m,
i Vgq 4+, m
dg | o -S>+ abc
+
et [ | ADRC
Hinh 10. Mach vong diéu khién dong dién va dién ap.
y :Vdc
U - Igdref (27)
KA
Boy = “2C,.V
dcref
|
fd,v — dc
Cdc
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Mach vong diéu khién dong dién vong: Qua trinh nap xa
trong cac tu dién ¢ nhanh trén va nhanh dudi cia MMC s&
gay ra sy mat can bang dién ap cua cac nhanh va céc tu dién
v6i nhau. Qua trinh ndy s€ tao nén dong dign méc vong gilra
nhanh trén va nhanh dudi mdi pha va duoc goi dong dién 2000
vong. Dong dién nay lam bién dang dong di¢n nhanh, lam
tang gia tri dinh cua dong dién nhanh va ting ton that dien

chuan va dat gia tri 3000V theo ding Iy thuyét va chét lugng
dién &p tt voi THD=0,15% thé hién trén hinh 13.

1000

Diénap (V)
o

ning cua hé thdng [6]. Tur do ta thiét ké diéu khicn LADRC oo
dé giéi han dugc dong dién vong nhu hinh 11. 3000
o6 Thoi Zig (s) o7
l-ze ) fedrel l 20 Hinh 14. Hinh dang dién &p ndi luéi khi SCR=1,5.
led Med
. LADRC . - cn . X A 2
fo | abe | Lapre | dg m, Khi SCR cua ludi la 1,5 (tir 3 gidy trd di), cho thay dién ap
7 dg | Meg abe khong con hinh sin nhu hinh 14 va chat lugng dién ap da
LADRC giam voi THD=5,32% nhu hinh 15. Tir dang dién &p tu trén

hinh 16 dai dién cho cac SM cua Pha A, cho thiy su chér]h
léch cac tu dién la 7V, gié tri cao nhat gan 507V, gia tri thap
nhat 1a 500V. Dat yéu cau cua su chénh léch 1a duéi 10%.

|cqref T

Hinh 11. Mach vong triét tiéu dong dién tuin hoan (CCSC).

Fundamental (S0Hz) = 3000 , THD= 5.32%

4. Két qua mod phéng

De kiém chiing hoat dong cua hé thong theo thuat toan de
xuit. M@ hinh trong hinh 3 duoc m6 phong trén phan mem
matlab/simulink. Théng s mo phong cua hé théng duoc thé
hién nhu trong bang 1. Kich ban m6 phong cua LADRC la
ndi ludi véi ty 1& ngan mach SCR (short-circuit ratio) thap tir o | 1 o
IGc bat dau SCR=33, sau 3s thay d6i SCR=1,5.

Bang 1: Thong sb md phong

Mag (% of Fundamenial)
- N W &0 QN

Hinh 15. THD cua dién ap ndi ludi khi SCR=1.5.

507
Ky higu Giatri Ky higu Giatri 506
N 6 Li(H) 0,01 z
f, (H2) 50 Ly (H) 0,0106; 0,212 £
P (kW) 500 bo,c -1,3.10° ot
Ve (V) 6000 bo,i 4,56.10° s
lac (A) 83,3 Bo -1,08 ot
V1 (V) 3000 boypi -3000 500
Csm (F) 1,39 kp,i; Ki,i 3;45 0 1 2 Th£1i4g\an(s) 5 6 7 8 8
Ro (Q) 0,1 Kov; Kiy 83333; 3,125e6
Lo (H) 4,56.10° Kp,oa; Kipa 8,33.10% 0,25 Hinh 16. bién 4p tu cta pha A.
Ri (Q) 0,1 Kp,pit; Kipi 0,1,05

Trén hinh 17 va hinh 18 1a két qua dong dién xoay chiéu AC,
ta thiy bo diéu khién PI diéu khién tot & SCR=33 v4i THD =
0,4% nhu hinh 17, Qua trinh dau van c6 sy quéa do Ién. Trén
hinh 18 bo diéu khién LADRC diéu khién tét & SCR=33 véi
THD=0,16% nhu hinh 20, két qua nay cho thiy bo diéu
khién LADRC cho dién &p hinh sin va chét lugng dong dién
ndi luai tot.
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Hinh 12. Hinh dang dién &p ndi lusi khi SCR=33.

1.425 1.46 1.465
Thai gian (s)

Hinh 17. Hinh dang dong dién véi bo didu khién Pl & SCR=33.

Fundamental (50H=z) = 1028 . THD= 0.40%

Mg ' f Fndamentd)

Hinh 13. THD cua dlen ap n01 luol khi SCR=33.

o ) 100 150
Frequency (Hz)

Hinh 12 la két qua dién ap néi lusi, khi SCR cua lusi la 33
(tir 0 dén 3 gidy), ta thay hinh dang dién &p c6 dang hinh sin

Hinh 18. THD cua dong dién néi ludi véi bo didu khién Pl 6 SCR=33.
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Dong dién (A)

Dong dién (A)

1.425 1.465

1.46
Thai gian (s)

Hinh 19. Hinh dang dong dién véi bd diéu khién LADRC & SCR=33.

Fundamental (50Hz) = 474.6 , THD= 0.16%

Mag (% of Fundamental)
o - N & b BB NB O
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Frequency (Hz)

Hinh 20. THD cua dong dién vai b diédu khién LADRC & SCR=33.
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Hinh 21. Hinh dang dong dién véi bo didu khién Pl & SCR=1,5.

(50Hz) = 402.2 , THD= 17.09%
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Hinh 22. THD cuia dong dién ndi ludi véi bo diéu khién Pl & SCR=1,5.

Tir 3s tro di SCR=1,5, voi bo diéu khién PI thi dong dién
trong hinh 21 khdng con 1 hinh sin va chat lugng dong dién
giam khi THD=17,09% nhu hinh 22, h¢ théng khéng 6n
dinh va xuat hién nhiéu. Hinh 23 la dap tng cua bo diéu
khién LADRC khi SCR=1,5 cho thay dong dién c6 dang sin
va chit lugng dong dién t6t khi THD=1,85% nhu hinh 24,
didu nay cho thay hé thdng 6n dinh véi dang sin chuén.
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Hinh 23. Hinh dang dong dién véi bo diéu khién LADRC & SCR=1,5.

Fundamental (50Hz) = 471, THD= 1.85%
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Hinh 24. Hinh dang dong dién véi bo didu khién LADRC & SCR=15.

Tir cac két qua trén c6 thé thay rang bo diéu khién LADRC
c6 thoi gian dap tmg nhanh va do qua diéu chinh nho. Bo
diéu khién LADRC c6 thé truy xuat va loai bo nhidu nén hé
thdng on dinh khi SCR thip va chat lugng dién &p, dong
dién tét. Trong hinh 24 hinh dang dién 4p khi SCR=1,5
khdng con hinh sin can phai ¢6 b loc hoic hiéu chinh thdng
sb diéu khién.
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Hinh 25. Dong dién vong trong cua pha A.

Hinh 25 Ia két qua cua dong dién vong da dwoc gidi han véi
d6 dao ddng la 207A, va hinh dang dong dién c6 dang hinh
sin gié tri nay twong ing 41% gia tri dong dién dau ra. Tuy
dong dién vong da c¢6 hinh sin nhung chi s6 dong dién con
cao, nén can tang gia tri Ro. Khi d6 gia tri dong dién vong s&
giam va sy chénh léch dién ap trong mdi tu s& giam.

5. Kétluan

Dya trén nguyén tic lam viéc cua MMC véi phuong phép
diéu ché NLM, bai bao da dé xuat mé hinh BBD MMC két
ndi vai lugi dién dya trén thuat toan diéu khién LADRC st
dung cho cac mach vong diéu khién dién 4p, dong dién, triét
tiéu dong dién vong. Tir cac két qua dya trén viéc md phong
cho thiy riang: LADRC c6 kha ning truy tim nguyén nhan
gay ra nhiéu va chéng nhidu rét tét. Thoi gian dap tng cua
hé thdng duoc cai thién bang cach ap dung LADRC, gilp
tang cuong su 6n dinh cua hé théng. Bo diéu khién LADRC
hoat dong tét trong diéu kién ludi dién yéu va coé nhidu.
LADRC c6 thé truy xuat dén cac yéu té gay nhiéu va loai bo
trong khi PI chua lam dwoc. So véi bo diéu khién PI, MMC
dya trén LADRC cd thoi gian qua d6 va thoi gian dap tng
t6t hon. Cac két qua da chirng minh rang c6 thé dé xuat mot
¥ tudng cho viéc ting cudng su on dinh tam thoi cua hé
thdng ndi céc ngudn dién phan tan véi ludi dién.

Loi cam on

Nghién‘cfru nay dugc tai trg boi Pai hoc Bach Khoa Ha Noi
trong dé tai ma so T2023-PC-025.
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Abstract

Adjusting construction vibrations is always a challenge for construction engineers. People have proposed many different control solutions,
either by passive control, or by actively controlling the vibrations of the structure. In each control solution, there are many methods offered.
In this article, the authors present a method combining the Independent Mode Space Control solution - IMSC and the Bounded State Control
solution - BSC to solve the problem of active control of vibrations of an oscillating system with many degrees of freedom, taking the ad-
vantages of each solution to improve control efficiency such as the intuitiveness and simplicity of the BSC solution, and replacing the solution
of the system of mutually constrained differential equations with the system of separate differential equations of the IMSC solution. The
authors have relied on an example of active vibration control of a five-storey frame subjected to external loads to illustrate the method, clearly
show the effectiveness of the method and provide necessary comments on the combination control method.

Keywords: Active control of vibration, Independent Modal Space Control (IMSC), Bounded State Control (BSC), Combination

method, Vibration energy accumulation process.

Ky hiéu
Kyhiégu  Don vi MO ti
v m (mét) Chuyén vi
Vi m (mét) Chuyén vi gigi han
t s (gidy) Thoi gian
P, f5, fe N (Niu-ton) Luc tac dung

Cic tir viét tit

IMSC Independent Mode Space Control

BSC Bounded State Control

SDOF Hé mot bac tu do

MDOF Hé nhiéu bac tw do

ATMD Giam chén khéi lugng didu hoa chu dong
Tém tit

Viéc diéu chinh dao dong ciia cong trinh ludn ludn 1a mot thach thuc
dbi vai cac ki su xdy dung. Nguoi ta da dua ra nhiéu giai phap diéu
khién khéc nhau, hoic bing cach diéu khién thu dong, hoic bing
cach diéu khién chu dong dao dong cua cong trinh. Trong mai giai
phap diéu khién, c6 nhiéu phuong phap dugc dua ra. Trong bai béo
nay, cac tac gia trinh bay phuong phép két hop giira giai phap didu
khién khéng gian mode doc lap (I MSC) va giai phép diéu khién trang
thai gisi han (BSC) nham giai quyét bai toan diéu khién chu dong

dao dong cia mdt co hé dao dong nhiéu bac tu do, tan dung wu diém
cia mdi giai phap dé nang cao hiéu qua diéu khién nhu tinh truc
quan, don gian cua giai phap BSC, va thay thé viéc giai hé phuong
trinh vi phan rang budc 13n nhau bing hé gdm cac phwong trinh vi
phéan tach roi nhau cua giai phap IMSC. Cac tac gia da dua trén mot
vi du vé& diéu khién cha dong dao dong cia mot khung nam tang chiu
tai trong bén ngoai dé minh hoa c4c budc tién hanh, chi rd hiéu qua
va dua ra nhitng nhan xét can thiét vé phuong phap diéu khién két
hop.

1. Piatvan dé

Dudi tac dong tir moi truong bén ngoai nhu gié, dong dat,
cong trinh s& duoc truyén nang lwong va dao dong. Tuy nhién,
do yéu cau vé an toan cho két cdu cong trinh, ciing nhur vé ti¢n
nghi khi sir dung cong trinh, quy pham thiét ké két ciu cua
cac nudc deu khdng ché mot sb cac bién dap tng caa két cau
dao dong nam trong nhiing gidi han cho phép, ching han
ngudi ta s& yéu cau khéng ché chuyén vi ¢ dinh cong trinh
hay chuyén vi tuong dbi giira cac tang do quan niém vé tinh
an toan cho hé két cau, hay gia téc dao dong tuyét ddi o dinh
cong trinh s& dugc khng ché do yéu cau vé tinh tién nghi cho
ngudi su dung.

Dé han ché dao dong cho cong trinh, nguoi ta da dwa ra nhiéu
giai phap diéu khién khac nhau. Ngay tir nhitng nim dau thé
ky 20, nhiéu tAc gia da nghién ctiru kha ning diéu khién dao
dong [1][2][3]. Khoang truéc nhimg nam 90 thé ky trudc,
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ngudi ta hay sir dung céc giai phdp bi dong, trong d6 dung
chinh ngay ning luong dao dong ciia cong trinh dé diéu khién
dao dong, muc tiéu la 1am sao cho nang lugng dao dong duoc
tiéu tan ra méi trudng bén ngoai nhanh chong nhat. Ching
han, ngudi ta ¢6 thé xay dung cac bé nude & trén dinh cong
trinh vai cac thong sé kich thude, dac tinh co hoc theo yéu
cau, nguyén ly cua giai phap nay 1a khi cong trinh dao dong,
nuéce trong bé s& dao dong theo, twong tac qua lai giira cong
trinh va nuéc trong bé s& lam cho ning luong dao dong cua
cong trinh s& dan chuyén sang cho nuéc, va sé tiéu tan dudi
dang nhiét nang. Hodc dat hé thdng piston-xylanh trong két
cau chiu lyc chinh, cac hé thdng nay s& hap thu va tiéu tan
ning luong dao dong cua két cau va lam giam chuyén vi cho
két cdu. Tuy nhién, do nhiing han ché cuia giai phap diéu khién
bi dong dao dong cong trinh, nguoi ta dan chuyén sang su
dung giai phap diéu khién chi dong nham nang cao hiéu qua
chbng dao dong. Céc thiét bi didu khién nay hoat dong duoc
1a nho vao céc ngudn nang lugng cAp tir bén ngoai.

Vao nam 1990, tai Tokyo, ngudi ta da tién hanh xay dung mot
cong trinh thi nghiém cao 11 tang, tda nha Kyobashi Seiwa
building tai Tokyo, Hinh 1.a [3]. Ngudi ta da tién hanh lap dat
va the nghiém dau tién vé ATMD (Active Tuned Mass
Damper - giam chan khéi lugng diéu hoa chi dong). Thiét bi
giam chan chu dong ATMD c¢6 dang hai con lic don, mét con
lic c¢6 khdi lwong 4 tan, dung diéu khién dao dong thang theo
hai phuong chinh ciia tda nha, va con lac thir hai ¢ khéi luong
1 tan dung diéu khién chuyén dong xoay cua tda nha, Hinh
1.b [3]. Bién d¢ dao dong cua con lac cé thé 1én ti 1m. Thiét
bi nay c6 thé tao ra luc didu khién tGi 100 kN.

b. Can canh thiét bi
ATMD cua toéa nha.

a. Thi nghiém dat ATMD trén néc tda nha 11
tang Kyobashi Seiwa Building, Tokyo, 1990.

Hinh 1. Hinh anh thit bi ATMD trén néc tda nha 11 ting Kyobashi Seiwa
Building, Tokyo.

Trong vong thap nién 90 cua thé ky trudc, trén thé gisi da co
it nhat 40 cong trinh dugc xay dung c6 tich hop ky thuat diéu
khién chu dong dao dong két cau. C6 thé ké ra mot sé cong
trinh sau:

- Toa thap Taipei 101 (Pai Béc, Dai Loan, Hinh 2): Toa thap
cao 101 tang, tong trong luong tda nha khoang 700.000 tan.
Toda nha duoc thiét ké chdng cac dao dong do tai trong gié bdo
hodc dong dét gay ra bang mot hé thong thiét bi ATMD c6
dang la cac con lac hinh qua cau thép. Trong d6, mét con lic
nang dén 660 tan, treo lo lirng tir tang 92 xubng dén tang 87,
dao dong ciia n6 duoc diéu chinh bang mot hé théng céc pis-
ton - xy lanh thuy luc, hoat dong nho mét trung tam xir ly tin
hiéu thu thap tir cac cam bién dién tir gén trén toa nha. Hé
théng ATMD nay da duoc trai nghiém thyuc té mot tran dong
d4t 6.8 do Richter ngay 31/03/2002 khi dang trong qué trinh
thi cong cong trinh va gan day la tran dong dat 7.4 do Richter
ngay 03/04/2024, da ching t6 cd kha nang hoat dong hoan

hao. Hai con Iic thép khac, mdi cai ning 6 tan, ciing dugc diéu
khién Qéi th,iét bi ATMD, duogc dit tai dinh cua chép dé giup
tranh ton that cho cau trdc do gié manh.

Hinh 2. Toa thap Taipei 101 va hé thng con ldc giam chn chii dong ning
660 thn.

- Toa cao 6c Yokohama Landmark Tower (Yokohama,
Kanagawa, Nhat Ban, Hinh 3): Toa thap duoc xay dung tr
thang 3 ndm 1990 va hoan thanh thang 7 ndm 1993 v&i chidu
cao 296m, nang 260.610 thn, cao 70 tz‘?lng. Két cdu chinh
khung thép, c6 sir dung bé tong cdt thép & mot sb két céu phu.
Pay 1a cong trinh cao nhit Nhat Ban. Cong trinh dugc diéu
khién boi hé théng giam chan khéi lwong gdm 2 khéi vai tong
trong luong 340 tan, didu khién bang hé thng sec-vd mo-to.
Cong trinh duoc thiét ké dé chdng lai cac con gié manh va cac
tran dong dat trung binh.

Hinh 3. Toa thap Yokohama Landmark Tower va thiét bi giam chén.

O Viét Nam, ciing di c6 cac nghién ctru twong ddi da dang vé
ky thuat diéu khién dao dong cdng trinh (ca chu dong va bi
dong) tir nhitng nam dau cua thé ky 21 [4][5][6]1[71[8][9][10].
Vé uu nhuge diém cua hai giai phap chong dao dong bi dong
va chdng dao dong chu dong, ta cd thé thay: Tuy giai phap
chéng dao dong bi dong co wu diém 1a thiét bi dat vao cong
trinh khéng can dén ngudn niang lwong bén ngoai ma ding
chinh nguén nang lugng dao dong dé hoat dong va trang thiét
bi trong d6i don gian, nhung hiéu qua cua giai phap nay con
han ché, nhiéu khi khong thoa mén cac yéu cau ky thuat cua
cong trinh (ching han, khdng khéng ché duoc chuyén vi cia
cong trinh nam trong gidi han cho phép), hon nira mdi thiét bi
giam chéan bi dong chi c6 kha ning chéng dao dong & mot
mode dao dong nhat dinh ciia cong trinh, cho nén dé chdng
dao dong & mot sé mode dao dong khac nhau, ta c6 thé phai
bé tri mot loat cac thiét bi giam chan, mdi thiét bi dugc thiét
ké dé hoat dong tai mot mode dao dong riéng biét caa cong
trinh. Nguoc lai, giai phap diéu khién chu dong c6 wu thé hon
han do cin st dung s6 lwong thiét bi it hon dé didu khién dao
dong cua cong trinh & nhiéu mode khéac nhau, nén it chiém
khong gian mat bang hon. Song & day can luu y 1a giai phap
nay can t6i ngudn ning luong bén ngoai dé cé thé hoat dong,
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kém theo d6 1a cac trang thiét bi ciing phuc tap hon
[18][19][20][21][22]. C4c cong trinh dwgc néu trong cac vi du
trén (Toa thap Taipei 101, Toa cao ¢ Yokohama Landmark
Tower) déu sir dung giai phap diéu khién chii dong dé chdng
dao ddng cho cong trinh.

Nhim nang cao hiéu qua cua giai phap giam chan cha dong,
nguoi ta da dé xuat kha nhiéu cac phuong phap diéu khién
thiét bi giam chan khac nhau, trong d6 c6 phuong phap diéu
khién khong gian mode doc lap - IMSC [11] [12][14][15] va
phuong phép diéu khién trang thai giéi han - BSC
[12][13][16][17]. Trong bai bao nay, ching toi s& két hop hai
phuong phép nay dé diéu khién dao dong ctia mot co hé nhiéu
bac ty do - MDOF, chiu tai trong bén ngoai tic dong, sao cho
bién d6 chuyén vi & cac tang duoc khdng ché trong gidi han
cho phép. Cac tac gia ciing cha y téi thuc té 1a s6 lugng céc
co cau chap hanh (actuator) thudng it hon s6 bac tu do cua hé,
nhu vay s& can téi kién thirc vé ma tran gia nghich dao trong
tinh toén.

2. Phuong phap két hop giira giai phap diéu
khién khong gian mode doc lap - IMSC va
gidi phap trang thai gi¢i han - BSC

2.1. So lwgc vé phwong phap diéu khién khong gian mode
doc lap - IMSC

Uu diém ciia IMSC 1a ¢6 thé chuyén hé phwong trinh vi phan
n 4n mo ta dao dong cua hé thanh mot hé bao gom n phuong
trinh vi phén tach roi (doc 1ap nhau) trong khéng gian mode
nén viéc giai bai toan s& nhanh va hé dao dong sé dap ung tot
hon [11][12][14][15].

Xem xét mot co hé dao dong cd n bac tu do. Hé phuong trinh
vi phan MDOF c¢6 dua lyc diéu khién vao, viét trong khong
gian vat ly, nhu sau [11][12]:

Mi(t) + Co(t) +Kv(t) = Dp*(t) + Ef*(t) )
véi M, C, K 1a cac ma tran khéi lwong, do can va do cing cua
he; ii(t), v(t), v(t) 1a céc vec-to gia tdc, van toc va chuyén vi
cia hé; D va E 1a cac ma tran dinh vi luc diéu khién va tai
trong bén ngoai; p*(t) va f*(t) la cac vec-to luc didu khién
va tai trong tac dung I1&n hé. Néu goi @ 1a ma tran ham dang,
véi cot thir j 12 vec-to dang ciia mode thi j, thi ta viét duoc:
v(t) = dy(t) (2)
y(t) vec-to chuyén vi suy rong trong khdng gian mode. Vec-
to diéu khién trong khong gian mode p(t) =
{(p,(®) po(t) ...p ()} lién hé vai vec to diéu khién trong
khong gian vat ly p*(t) theo quan hé:

p(t) =HCDTDp*(t) =Lp*(t) véi L = ®TD 3)
thi ta s& thu dugc hé phuong trinh vi phan bac 2 trong khong
gian mode, mdi phuong trinh trong hé déu doc lap véi cac
phuong trinh khac:

m]Y}(t) + C]}’](t) + y;(t) - p](t) + f}(t) (5)
Tir phuong trinh (3), néu sé luong thiét bi diéu khién m va sé
lwong mode bi diéu khién n bang nhau, thi ma tran L vuéng,
c6 thé xac dinh p*(t) bang phuong trinh:

p*(t) = L™'p(t) (6)
Truong hop m < n, ta phai sir dung ma tran gia nghich dao:

p (&) = Lp(®) () véi L*= (L'L)7'LT (8

2.2. So lwoc vé phwong phap didu khién trang thai giéi
han - BSC

Uu diém cua BSC la viéc tinh toan diéu khién xung tuong doi
don gian, cc hé sé dé tinh toan bién d6 xung can thiét déu c6
thé tinh toan truéc (offling). Mat khéc, giai phap diéu khién
nay thich hop dé ap dung cho cac két cdu khong dan hoi, hé
thdng giam chan chi hoat dong mot khi bién do dao dong vuot
qua gigi han, do vay mot ngudn ning lugng tuong ddi nho
ciing du cho cac tac dong chinh sira dao dong theo chu ky.
Xem xét mot co hé mot bac ty do - SDOF cau tao géom mot
khéi lwong m, lién két voi trai dat qua mot lién két 10 xo c6 do
cang k, Hinh 4.

1 «

f(t)

T e
Hinh 4. So ¢6 md hinh hé mét bac ty do SDOF.

O day gia thiét thanh phan can cua co hé c6 thé bo qua. O tai
thoi diém t;, hé chiu tac dong cua tai bén ngoai c6 gia tri 1a
f(t), hé cd chuyén vi v(t;), van téc dao dong v(¢;). Ta co thé
du bao dwoc chuyén vi cua hé tai thoi diém tj = t; + At theo
cac quan hé trong ly thuyét dong luc hoc cong trinh [16][17],
bao gém dap tmg dao dong tu do cua hé véi chuyén vi ban
dau v(t;) va van tc ban dau v(t;), cong véi dap tmg dao dong
cudng buc caa hé khi chiu tai trong f(ti):

v(t) = Zow(t) + Zuh(t) + £ (8 ©)
véi Z, = cos(wodt) , Z, = sm(woAt) —[1 -
cos(wyAt)] (10)

w, 1atan sb riéng cia hé SDOF. Trong cdng thic tinh Zy, viéc
tién doan chinh xac ham f(t) trong khoang thoi gian (ti, ;) la
khé kha thi, mat khac ta nhan dinh trong khoang thoi gian
tuong ddi nho At, tai trong f(t) bién ddi rat it va dé don gian,
ta gia dinh tai trong khong ddi trong khoang thoi gian d6 va
bang gié tri f(t). Gia tri f(ti) c6 thé dwoc xac dinh dva vao
phuong trinh dao dong cua m nhu sau:

mi(t) + kv(t) = f(t), tr db ta cé : f(t;) = mi(t;) +
ku(t) = 5 6(6) + kv(t) (11)

Néu v(t;), tinh theo (9) vuot qua gigi han chuyén vi cho phép
nhu trén Hinh 5.a, thi ta s& 4p dat mot xung luc p(t) tai t cé
bé rong 1a Aty dé diéu chinh chuyén vi tai tj vé ngudng cho
phép, Hinh 5.b, gia tri xung lyc nay la mot ham caa v(t),
v(t;), f(t;) va giéi han chuyén vi V.. Theo [12][13][16], ta c6
thé xéac dinh p(t;) theo:

p(t) = Vi + av(t) + Fo(e) + vf (&) (12)
Véi Z, = %cos[wo(ﬁt — At,)] — cos(w,. At) ,

- _ & — _Zmt - _%4
*= Z’ p= z ' g

Qua trinh I3p lai & mdi budc thoi gian At.
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v(t) khong diéu khién  v(t) c6 diéu khién

r s

™\ Gisi han chuyén vi

t

] ‘ : "
, . . Gisi han chuyér&h
-V o
a. Buong biéu di&n chuyén vi v(t).

At Aty
11T T

b. Xung didu khién p(t). |-|

p(t)a

Hinh 5. Chuyén vi ciia hé va xung diéu khién turong tng.

2.3. Kﬁt hep phuwong phap IMSC va phwong phap BSC
dé dieu khién dao dong hé nhiéu bac tw do MDOF

Trong bai bao nay, céc tac gia s& két hop hai phuong phép trén
dé diéu khién chu dong dao dong ciia mot hé nhiéu bac ty do,
muc dich tan dung wu diém cua giai phap IMSC Ia chi phai
giai hé phuong trinh vi phan doc lap theo tirng mode, thay vi
phai giai mot hé phuong trinh vi phan co6 li€n quan téi nhau,
mat khéc tan dung cac wu diém cua giai phap BSC nhu tryc
quan, twong ddi don gian, it tinh toan truc tuyén, doi hoi it
nang lugng didu khién hon so véi céc giai phap khac. Viéc két
hop hai giai phap IMSC va BSC trong diéu khién dao dong
cong trinh dwoc thé hién ¢ luu d6 dudi day, Hinh 6 (xem &
trang 46).

Tir hé phwong trinh vi phan trong khong gian vt ly, ta cd thé
xéac dinh céc thong sé nhu tan sé dao dong riéng, dang dao
dong riéng, tir d6 co thé chuyén thanh hé phuong trinh vi phan
trong khéng gian mode. Ta chia thoi gian thanh cac khoang
At, thoi diém dau 1a t,, thoi diém cudi 1a t,. Sau khi giai hé
phuong trinh vi phén trong khong gian mode ¢ thoi diém t,,,
ta tong hop lai dé du doan dwoc cac bién trong khong gian vat
1y nhu chuyén vi, van téc ¢ thoi diém t, trong tuong lai. Kiém
tra xem cac bién nay (chiang han chuyén vi) c6 thoa man céc
gi6i han da dit ra truée hay khdng, néu khong dat thi ta quay
lai khong gian mode dé tinh toan x4c dinh cac gié trj xung lec
diéu khién can thiét & m&i mode va tong hop thanh gia tri xung
lyc diéu khién & khong gian vat ly, tdc dung ¢ thoi diém ¢,
thong qua phuong trinh (6) hoac (7).

3. Mo phoéng (‘iiéu khién dao dong cho khung
nam tang bang phwong phap két hgp IMSC
va BSC

Ta xem xét mot két cau khung 5 tang, ¢6 so d6 nhu Hinh 7.a.
Khéi luong cua khung dugc quy vé cac dim ngang, gia dinh
khéi luong ciia cot rat nho, c6 thé dugc bo qua. Dam dugc coi
c6 do cung tuyét ddi, nén céac cot lam viéc glong nhu cac 1o
xo theo phuong ngang. Khéi lugng va do cing cua cac tang
cho trong Bang 1.

Bang 1: Khéi lugng va do ciing cAc tang

Tang | Khdi luong m mdi tang Do cling k mbi ting
Pon vi : kg Pon vi : N/m
5 ms = 50000 ks = 12000000
4 m, = 50000 k, = 12000000
3 m; = 50000 ks = 15000000
2 m, = 50000 k, = 15000000
1 m, = 50000 k, = 15000000

Ta bo qua tinh can caa hé dao dong. Tai céc ting 3 va 5 chiu
cac tai ngoai f5(t) = 1.8 x 10*sin(4t), fo(t) = 1.35 x
10* sin(4t). Dudi tac dung cua cac tai trong trén, khung dao
dong theo phuong ngang. Ta c¢6 thé mod hinh khung nhu mot
hé két cau dao dong nam bac tu do, c6 nim mode dao dong
riéng khéac nhau. O day, ta s& thuc hién diéu khién dao dong
cua hé theo y tuéng cia phuong phap BSC nhu sau: Ta s& gén
mot s6 thiét bi chap hanh ATMD 6 tang 3 va tang 5, Hinh 7.b.
Thiét bi ATMD gom c6 mot khdi luong mg, c6 kha nang di
Chuyen theo phuong ngang, dugc diéu khién bai mot dong co
gan vao khung dé day/kéo khéi lugng mq chuyén dong, tao ra
phan lyc tac dung 1én khung. D6 chinh 1a xung luc diéu khién
dao dong, c6 gia tri va huéng theo tinh toan va trong mét
khoang thoi gian At,, theo yéu cau.

Khéi lwong

Pong co

ms ks
my ky rlff"f':mj
ms ks E—
m, k
my ky
- a. - - b. -

Hinh 7. So d6 khung va so db gén thiét bi chép hanh.

Ta chia thoi gian thanh cac khoang At, trong méi khoang ta
phén ra lam 2 giai doan: At, = (t; — t,) la khoang thoi gian
ton tai xung diéu khién va (t, — t;) la khoang thoi gian sau
khi tat xung, Hinh 8.

ol Xung didu khién
4 [p
v t
EU ~° Aty JEI t-t N
; At L ;

Hinh 8. So @6 mé ta xung diéu khién

Trong qua trinh dao dong, o thoi diém ban dau t,, cac cam
bién gén tai c4c tang s& phat tin hiéu va cung cap thdng tin chi
tiét vé chuyén vi, van tdc dao dong, gia téc dao dong vé trung
tam xir ly. Can ctr trén cac thdng tin nay, tai thoi diém ban dau
t, cua moi khoang thoi gian At, bo xur ly trung tam tinh toan
va du bao dugc & cudi khoang thoi gian do - thoi diém t,, ¢6
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Céc khoi trong mot chu ky diéu khién

Tiép tuc diéu khién
dao déng cong trinh?

Phat 1énh dén cac co cau chap hanh

A J

Hé théng trong khéng
gian vat 1y: M, K, tan
A s6 riéng ®, ham dang @

Céc tai trong bén
ngoai f(t) tic ddng
1én hé théng

| l—]

Céng trinh da dug
diéu khién trong chu ky
diéu khién?

Chuyén sdng chu ky
diéu khién: tiép theo

F 3

khong

Hé phwong trinh dao déng vi
phén bac hai trong khéng gian
vét 1y (co rang budc lan nhau)

}

Téng hop cac xung lye didu khién
trong khéng gian mode thanh céc
xung lye trong khong gian vat 1y

Chuyén hé phuong trinh
sang khéng gian mode (cdc
phuong trinh déc lap nhau)

Y

!

Giai riéng ré& ting phuong
trinh, xdc dinh chuyén vi, van
tdc, gia tdc riéng timg mode

!

Chuyén két qua tre
lai khong gian vat ly

Tinh todn gid trj cic xung lye | khong

diéu khién riéng ré & méi mode

iém tra cdc dap tmg cd
thoa man céc gidi han
trong khéng gian vat ly?

co

Hinh 6. So d6 giai thuat két hop giai phap IMSC va giai phap BSC.

thé chuyén vi & mot hoac vai ting nao dé vuot qua gidi han,
nhu trén Hinh 9.3, thi trung tdm xur ly sé tinh toén, phét 1énh
didu khién ti c4c thiét bi chdp hanh, tao ra mot bo xung luc
c6 gié tri va huéng theo tinh toan ngay thoi diém t, , Hinh
9.b, dé diéu khién dao dong ciia cong trinh vé nam trong gioi
han & thoi diém ¢,.

Trinh tu tién hanh:

Tu hé phuong trinh vi phan ctia hé khéng can trong khong
gian vat ly [17]:

Mi(t) + Kv(t) = (1) (13)
ta xac dinh cac tan s riéng o tir phuong trinh
det(K — w*M) =0 (14)

Tir (14), lap da thtc bac 5 dbi véi o2, va ma tran M, K, ta x4c
dinh dugc vec to tan so riéng Q:
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2 Pg
w
; 23.5 w1 4,847 P;=0
oz | 1815 w,| | 13472 p*(ty) =| P (24)
w?=|w3|=|4719| > Q=|w3|=|21.724 | rad/s P; =0
w? 743.0 Wy 27.257 P;=0
w? 1040.1 ©s 32.20 Chuyén sang khong gian mode, ta c6 céc luc tac dung tai mdi

Thay w? twong (g vao ma tran K — w?M (15)
va ding Mathlab dé xac dinh va chuan hoa vec-to riéng, chinh
la ham dang. Du6i day 1a ma tran ham dang cua khung, véi
mdi cot 1a mot vec to ham dang tng véi mot tan sé riéng, dugc
chuan hoa theo chuyén vi & tang 5:

0]
1.0000 1.0000 1.0000 1.0000 1.0000
09021 0.2437 —0.9664 -—-2.0957 -3.3336
=10.7159 -0.6969 -1.0325 1.2964 6.7795
0.5109 -1.0277 0.5389 0.7995 —8.6340
0.2659 -—0.7368 1.2625 —1.6774 5.8858

Ta tién hanh thiét 1ap hé phuong trinh tach roi (mc?i phuong
trinh cé thé giai riéng r&) trong khdng gian mode, moi phuong
trinh twong duong mot hé SDOF:

MY () + K Yy (8) = Fy(t) (16)
véi c&c tham so:

My = & MP, ; Ky = P K®, ; E(t) = &7 f(t) 17)
Nghiém cia phuong trinh (16):

Y,(t) = Y,(0)cosw,t + — "(0) sinwt + =+ (1 ﬁz) (sinwt —
Bsinwt) (18)
Y, (t) = —w,Y,(0)sinw,t + Y, (0)coswt +

I (1 /32) (@coswt — wPcoswt) (19)

Gla sir hé (16) chju tai xung chit nhat c6 gia tri B, trong
khoang (t,, t;), sau d6 d& tai, hé tiép tuc dao dong tir t, tro
di dén t,. Ta chia thanh hai pha [17]:

Pha 1, chiu luc B,:

Y, (t) = Z—Z(l —coswt) tg<t<t (20)
Pha 2, sau khi d& bo P, :

Y, (t) = Z—Z(l —coswt)cosw(t—t) t;<t<t, (21)
Ta xac dinh duoc vec-to chuyeén vi

v(t) =d.Y, + -+ @, Y, =T, (22)

O thoi diém t, =0, ta c6 céc tham sb dau vao
v(to), v(to), f(to) trong khong glan vat ly. Tu day, ta xac dinh
dugc cac tham sb dau vao cho mdi mode dya theo cac quan hé

sau:

V(0) = 0, (0) = O g () = o] £10) (29)
Duya trén cac sé liéu nay, ta tinh dugc vec to chuyén vi v(t,)
theo cac budc nhu sau: Tinh cac Y, (t;) tu hé phuong trinh
(21), tiép theo, tinh vec-to v(t,) theo (22).

Gia su ta du bao duoc tai t, = t, + At, vec-to chuyén vi
v(t,) c6 mot hodc vai phan tor nao dé vuot qua V, (duong
chim cham trén Hinh 9.a, trung tam xir ly sé ra lénh phat xung
c6 d6 dai At,., Hinh 9.b (trang 6), den céc thiét bi chap hanh
& thoi diém to dé dua chuyén vi vé lai gi6i han tait, = t, +
At (duong dut doan).

Viéc tinh toan d6 16n cta xung nhu sau:

Gia sir ta s& gén thiét bi & ting 5 va ting 3. Khi cac thiét bi
chip hanh phat xung, ta thu dugc vec-to xung luc tai to trong
khong gian vat ly:

mode 1a B,(t,) = & p*(t,) (25)
kéo dai trong khoang thoi gian At, = t; — t, . LUc nay, hé
phuong trinh (16) trd thanh:

M, Y, (t) + K, Y, (t) = E,(t) + P,(t) (26)

Ta c6 thé xac dinh cac dai lugng Y, (t,), Y,,(t,) trong khong
gian mode theo c6ng thuc:

Y, (t;) = cosw,At Y, (ty) + wi sin w, At Y, (to) +

o) (L) (s - Palto)

)t iy
coswAt,)cosw(At — At,) , trong d6 B = w/w,  (27)
Va Y, (t) = Lotz (o)l 8)

At i
Do khoé}ng thoi gian At twong doi nho (so vai chu ky cua tgii),
ta c6 thé coi luc f*(¢t) thay doi gia tri khong dang ké va bang
gia tri £*(t,) trong khoang At, dan téi:

Fa(to) = 33 Va(to) + Ky ¥o(to) (29)

Mt khac, ciing do khoang thai gian At twong d6i nho so véi
chu ky cua hé, nén c6 thé coi van téc chuyén dong trong
khoang thoi gian nay 1a tuyén tinh, dan t6i cong thic (28) co
thé viét lai thanh:

Yo (t2) = an Yo (to) + b, Y, (to) + cnF(to) + d, Py (t0) (30)
trong do, a,, 1a hé s6 anh hudng cua chuyén vi ¢ mode n &
thoi diém ¢, toi chuyén vi @ mode n ¢ thoi diém ¢, ; b, lahé
s6 anh huong ciia van tbc & mode n & thoi diém ¢, téi chuyén
vi & mode n & thoi diém ¢, ; ¢, 1a hé sb anh huéng cua tai
trong & mode n & thoi diém t, téi chuyén vi & mode n & thoi
diém t, ; d,, 1ahé s anh huong cua xung diéu khién & mode
n & thoi diém t, toi chuyén vi & mode n & thoi diém t,.

Du béo chuyén vi
v(t,) > gisi han v Du bao chuyén vi

W N “v(t,) > gisi han V, Du bao chuyén vi
Vv(t,) < gioi han V|

Vv e

[

2At

a. Qua trinh tinh toan du bao dap ting chuyén vi & thoi diém cudi ™.
mdi khoang thoi gian At.

Xung didu khién tai t;

At At At

b. Quyét dinh phat xung diéu khién & thoi diém diu khoang thoi gian At.
Hinh 9. Tinh toan du bao dap ung chuyen vi va quyét dinh
phat xung diéu khién.
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4. Két qua md phong diéu khién dao dong bing ey

phwong phap két hop IMSC va BSC
0.5 l

Duéi day 1a mot sé biéu do, biéu dién két qua tinh toan bai
toan dao dong cua khung 5 ting néu trén cing két qua diéu
khién dao dong cua khung khao sat trén Mathlab. Trén Hinh
10.a va 10.b thé hién chuyén vi cac tang 5 va 3 cua hé (trong
khéng gian vat 1y) dugc diéu khién s& khong vuot qua dugc
gid tri giéi han dinh trudc 12 0.01m. M3i khi chuyén vi c6 xu
hudng vuot ra khoi gidi han, ta thdy xuat hién cac xung diéu
khién tai cac ting 5 va 3 dé diéu chinh lai chuyén vi, Hinh

Xung diéu khién (N)

1l.avallb.
05 . . Yo 2 4 s & 10 12 14 1% 18 20
- . —x— khong diéu khién Thoi gian (s)
0.04 | i I i 7 o3:A -2 ‘ " ‘
| AT L R_CO diéu khicn a. Xung luc diéu khién tai tang 5.
~—
S 8000
=
. 5000
D
> —
2 S 4000
O ~—
5 2000
<
V v Xy
| ~ A r.(Q
1 Nguorng qhuyen ] ey
_ y vi cho phép &
-0.05 " =]
B ey b 4000
Thoi gian (s) 8000
a. Chuyén vi tai tAng 5 tru6c va sau khi co diéu khién. s
1] 2 4 =] 8 10 12 14 16 18 20
004 . —— = Thql gian (s)
—— khong diéu ﬂkhlen b. Xung lyc diéu khién tai ting 3.
0.03 s N, ==coOdiéu khién . L o .
no N Hinh 11. Truong hop thiét bi dieu khién dugc bo tri ¢ tang 5 va tang 3.

Trén Hinh 12 biéu dién sy thay d6i co ning trong hé dao dong.
C6 thé thay trong hé duoc didu khién, cac xung luc diéu khién
phé v& qué trinh tich luy nang lwong trong hé, do d6 khdng
ché duoc chuyén vi caa hé nam trong gidi han dinh trudc.

Chuyén vi (m)

8
8

s ., —=—khongdiéu khién
Ngudng chuyén I c6 diéu khién
vi cho phép |

2500

-0.04
0 2 4 6 8 10 12 14 16 18 20

Thoi gian (s)

8
8

b. Chuyén vi tai ting 3 trudc va sau khi c6 diéu khién.

Hinh 10. Pép ting chuyén vi cua h¢ tai tng 5 va ting 3 khi c6 diéu khién va
khong co diéu khién

=]
8

so0t [/ ‘

Nang lueong dao dong tich liy (J)
g

0/ i L N ¥ 4 .
0 2 4 6 8 10 12 14 16 18 20

Thoi gian (s)

Hinh 12. Sy thay di co ning tich liiy trong hé dong hoc.
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Ta ciing thdy vai trd cha dao cua thiét bi diéu khién b tri &
tang 5, khi gia tri xung lec ¢ téng 5 theo tinh toan thudng gap
hon 10 1an so véi xung luc & ting 3, Hinh 13. Khi xem xét cac
dap tng chuyen Vi suy rong tai cac mode nhu trén hinh 13,
trong d6 ta thiy dap (g ciia mode 1 1a chu dao, 14n at hét dap
g cua cac mode khéc, do vay c6 thé chi can diéu khién mode
1 12 c6 thé dat yéu cau vé chuyén vi cua cac ting khong vuot
qué gisi han cho phép.

0.01 [~ =1 "] N =5 T

| [ 1 ‘ —_ I\'_/Idde‘li
ool |1 V] T hodeld
o I AR | N 1 | N Mode 3

0.004

0.002 || | A

0002 | |

Chuyén vi (m)

0004 |

0008 | : ‘ I V—| -y
| ! | | |

-0.01 . 1 : :
0 2 4 6 8 10 12 14 1B 18 20

Thoi gian (s)

\

Hinh 13. Chuyén vi suy rong & 3 mode déu tién cua hé duoc didu khién.

Tai mode 1, bién do dao dong 16n nhat dat duoc tai tang 5,
nén ta xét truong hop dat thiét bi didu khién duy nhat tai tang
5. Ta c6 thé thdy hé c6 dap tng chuyén vi, Hinh 14.a, 14.b, va
gid tri xung diéu khién, Hinh 15, twong tuy nhu khi bd tri thiét
bi diéu khién & ca hai taing 5 va 3, hoan toan thoa man yéu cau
dit ra vé chuyén vi, ma gia tri xung diéu khién thay dbi khong
dang ké va ciing giam cong tinh toan va ning luong diéu
khién. Nhu vay, chi can b tri thiét bi diéu khién tai ting 5 la
hoan toan hop ly, vira b6t duoc thiét bi, giam dwoc su phuc
tap trong thiét ké va thi cng, vira giam chi phi dau tu.
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b. Chuyén vi tai ting 3 tru6c va sau khi c6 didu khién & tang 5.

Hinh 14. bap tng chuyén vi cua hé tai ting 5 va ting 3 khi chi dat thiét bi
didu khién & ting 5.
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Hinh 15. Xung diu khién khi chi bé tri mot thiét bi diéu khién ¢ ting 5.

5. Kétluian

Viéc két hop hai giai phap IMSC va BSC dé diéu khién dao
dong cua hé dong hoc rat ¢6 kha nang dé trién khai trong thyuc
té nho tinh truc quan, don gian cua giai phap BSC véi nhiéu
thong sé duoc tinh toan off-line, ciing nhu viéc thay thé hé
phuong trinh vi phan trong khdng gian vat Iy bi rang bugc 1an
nhau bang hé phuong trinh vi phan doc lap trong khéng gian
mode, va &p dung ma tran gia nghich dao dé tinh toén trong
truong hop sb thiét bi didu khién it hon sé mode can diéu
khién trong giai phap IMSC.Viéc &p dung giai phap BSC c6
thé gidp tiét kiém duoc nang lwong van hanh hé théng diéu
khién dao dong, nhd vao viéc thiét bi didu khién chi phat xung
khi céc bién dong hoc cua hé theo du béo c6 kha ning vuot ra
khoi gigi han. Trong thiét ké cong trinh thuc té, trong cac diéu
kién binh thudng, ta c6 thé thiét ké sao cho ban than hé két
céu du chéng chiu, khong dao dong vuot qua gidi han, do do
hé thong diéu khién khong phai phat cac xung luc diéu khién.
Chi khi gap nhirng diéu kién cuc doan (bio 16n, dong dat 16n),
lic nay hé théng chdng dao dong méi thuc sw van hanh. Van
d@& vé sb luong cac thiét bi didu khién can thiét ddi véi mot hé
dao dong cu thé cin duoc nghién cau chi tiét, cu thé hon, do
lién quan t6i vin dé 6n dinh cua hé, vin dé chi phi thiét bi va
van hanh.
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Chii dong chdng dao dong cho cong trinh 13 mot giai phap co
nhiéu hira hen, mic du chi méi dugc wng dung vao xay dung
khoang 40 nam trd lai nhung hién nay va trong tuong lai sé
con phat trién, dac biét cho cac cong trinh cao, cong trinh c6
quy mé Ién. Van dé tim toi sang tao cac giai thuat mai va céc
k¥ thuat mai cho phwong phap chu dong didu khién dao dong
van ludn 1a bai toan duogc dat ra cho cac ki su thiét ké, nhét 1a
phuong phap diéu khién chu dong lién quan téi nhiéu linh vuc
nhu dong luc hoc, dién tir hoc, tin hoc, co dién tu, co khi.. .0
day, cac tac gia co gang dwa ra phuong phap két hop hai giai
phap nham tan dung wu diém cua ting giai phép, cling nhu
khic phuc cac kho khin khi tinh toan truc tuyen va lam ting
tinh kha thi khi ching ta p dung vao thyc tién xay dung. Viéc
con nhiéu huéng nghién ciru mo rong nhu trén trinh bay con
mé ra nhiéu bai toan c6 noi dung thuc tién phong ph, viéc
giai dap dwoc cac bai toan nay co thé 1am sau sic hon hiéu
biét cua chung ta trong linh vuc diéu khién dao dong, ciing
nhu lam ting tinh kha thi khi ching ta 4p dung vao thuc tién
xay dung.
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Abstract

Efficient operation of a water source is pivotal in harnessing water resources and mitigating flood-related damages. Precise forecasting of
inflow rates to dam reservoirs is crucial for effective reservoir control. As a result, extensive research at both international and domestic levels
has been conducted to develop and optimize flow forecasting models. This article presents a demonstration of runoff forecasting with rainfall
data using an established tank model. The model is implemented and visualized using MATLAB Simulink. To optimize and validate the
model, data from studies of the Thac Xang hydropower reservoir are utilized. The proposed flow prediction model has been adjusted to
achieve a correlation coefficient of 74.0%. This model was used to predict the flow rate for the period from 1971 to 1976, achieving a
correlation coefficient of 70.0%. The model predicted a flow rate trend that closely matched the measured flow rate trend at the monitoring
stations in this area. Although the correlation coefficient is not high in this case, the model can still be applied to predict flow and effectively
manage and regulate the water resources at the Thac Xang hydroelectric reservoir in Vietnam.

Keywords: Development, Tank model; Thac Xang reservoir; MATLAB Simulink; Hydroelectric reservoir

Tém tit

Van hanh hiéu qua ngudn nudc ¢ vai trd then chét trong viéc khai
thac tai nguyén nudc va giam thiéu thiét hai do 1i lut. Dy bao chinh
xé&c dong chay vao cac hd chura 1 rat quan trong dé kiém soét hd
chtra hiéu qua. Do do, nghién ciru sau rong & ca cip do qubc té va
trong nudc dd duoc tién hanh dé phat trién va tdi wu hoa cac mé hinh
du bao dong chay. Bai viét ndy trinh bay minh hoa du béo dong chay
vé6i dir liéu luong mua st dung mo hinh bé da dugc thiét 1ap. Mo
hinh duoc trién khai va hién thi bing MATLAB Simulink. Dé t6i uu
héa va kiém ching mo hinh, dit liéu nghién citu tir hd thay dién Thac
Xang duogc sir dung. M hinh du béo dong chay dé xut da dugc diéu
chinh dé dat dugc hé sé twong quan 1a 74,0%. M6 hinh nay duoc sir
dung dé du doan dong chay trong giai doan tir 1971 dén 1976 vai hé
sO tuong quan la 70,0%. M6 hinh nay du doan xu huéng luu lugng
kha gan vai xu hudng luu lugng do duoc tai cac tram quan tréc trong
khu vyc nady. Méc du trong trudng hop nay h¢ s6 tuong quan khong
cao nhung m6 hinh c6 thé ting dung dé dy bao dong chay nhim quan
Iy, didu tiét hiéu qua tai nguyén nuéc tai hd thiy dién Thac Xang,
Viét Nam.

1. Introduction

Accurate prediction of water inflow into hydropower reser-
voirs and irrigation dams is important. This information pro-
vides operators with essential data to formulate effective strat-
egies for the utilization of water resources. Extensive scien-
tific research has been conducted by researchers worldwide to
develop forecasting models to predict reservoir inflow.

To predict the water flow, it is essential to employ Numerical
Weather Prediction (NWP) models for weather forecasting

and Quantitative Precipitation Forecasting (QPF) models to
estimate precipitation amounts. J. Zhang et al. presented a
simplified algorithm for predicting the inflow volume into
reservoirs one to six days in advance, based on QPF rainfall
and the multilayer perceptron artificial neural networks
(MPL-ANNSs) forecasting model [1]. This algorithm has been
integrated into practical software to support decision-making
to predict daily flows for a range of over 20 reservoirs oper-
ated by the Fujian Power Grid Company in China.

A decision support system has been developed and presented
in [2], which utilizes water flow forecasting to support deci-
sion-making during the flood phase of reservoir operation.
The system incorporates the concurrent execution of models
and scenario-based simulations of dam operation. Experi-
mental evaluation of the system was conducted on La Con-
ception Lake, which is located on the Mediterranean coast of
Spain.

In addition, the system also serves the function of supporting
decision-making for managing the supply of clean water from
the reservoir through early flow forecasting. Donghee Lee et
al. have developed a model for predicting the headwater flow
of the reservoir [3]. In [4], Bin Luo et al. utilized a hybrid
model based on deep learning techniques, which is a combi-
nation of Deep Belief Network (DBN) and Long Short-Term
Memory (LSTM) for flow prediction.

Numerous studies conducted domestically have implemented
diverse research approaches towards flow prediction models.
In their studies, authors Ngo Le An and Nguyen Thi Bich
Ngoc employed the Hydrologic Modelling System model
(HEC-HMS) and Reservoir Operation Simulation Model
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(HEC-RESSIM) in conjunction with the BOLAM meteoro-
logical model to forecast flood flows to major reservoirs
within the Ba River basin [5]. In conjunction with data from
the Ba River, author Luong Huu Dung et al. utilized the
MIKE-NAM model to establish relationships between mete-
orological factors, hydrological factors, and water resource
forecasting characteristics [6]. By utilizing the NOAA rainfall
model as input for the URSB model, the authors conducted
computations and simulations to forecast the flow on the Me-
kong River at stations between Luang Prabang and Mukdahan
[7]. The accuracy and reliability of flow prediction models for
reservoir operation and management are essential for effec-
tive reservoir operation and management. Author Trung Duc
Tran et al. conducted research with the aim of enhancing the
accuracy of flow predictions for reservoirs [8].

Through the examination of various literature, it is evident
that flow prediction models have garnered significant atten-
tion from scientists across different countries, with extensive
research and development efforts. Selecting an appropriate
model for research, development, and application in specific
national or river basin conditions is crucial due to the diverse
and abundant parameters that impact the accuracy of these
models.

The tank model, developed by Sugawara from the 1960s to
the 1990s, has been continuously studied and developed by
numerous author groups worldwide [9]. In Sugawara’s

Precipitation

reports, he uses programming programs to calculate runoff
simulations for basins and optimize model parameters [10]-
[14]. In this article, the authors use MATLAB Simulink com-
bined with Script to simulate and optimize model parameters.
This solution allows users to easily change the structure of the
basin model using Simulink's pick-and-drop interface. The
model was initially tested with the Thac Xang hydroelectric
reservoir basin in Lang Son.

2. Development of tank model

Since its first introduction by Sugawara and Fuyuki [15], sev-
eral variants of the tank model have been proposed. Among
them, the most famous variant is the model with four stacked
tanks to capture the characteristics of rainfall-runoff in a
catchment. It comprises a set of linear tanks connected in se-
ries, with outlet gates located at the sides and bottom of each
tank as described in Figure 1.

The water discharge through the side gates forms surface
flow, while the discharge through the bottom gates represents
subsurface flow, with interflow between tanks indicating sat-
uration and groundwater permeability [5].

Determining the coefficients for the model enables the calcu-
lation of the ratio between total input rainfall and the corre-
sponding output flow, thereby facilitating the determination
of the outflow hydrograph for the basin.

P ET 4
A AV v Evapotranspiration
‘ » Quy Surface flow (Qy,)
” .H” » Oy TR Sub-surface flow (Qu)
T, T A1 o
Ss - hi i Sp
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‘ » Q¢ "_"‘%-_, : "‘\_, EEEEES: “'““x_._, Sub-base flow (Qc)
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| \ \ \
a \ \ \
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Figure 1: Modelling the characteristics of rainfall-runoff flow [9]

2.1. Operating principle of tank models

The operating principle of the tank model is relatively
straightforward. The tank models include two types (Figure
2a and Figure 2b) that can be equivalently replaced by a linear

model as shown in Figure 2c by shifting the output of the tank
model downward.

The linear reservoir model is considered a first-order inertial
process given by B/[A + (a + B)], where A represents the de-
viation, 1/(a + B) is the time constant, and the ratio of output
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to input is B/(a + B). The basic principle of adjusting the model
parameters is as follows:

Q) To modify the shape of the flow hydrograph, it is
necessary to adjust (a + p). For example, to create a flow hy-
drograph with a higher jump, (o + ) needs to be increased,
while a lower jump can be achieved by decreasing (o + ).
(2) To modify the total output flow, it is necessary to ad-
just the parameter B/(a + ). For example, to increase the out-
put flow without altering the shape of the flow hydrograph,
the value of B should be increased while a is decreased, to
keep the sum of a and B unchanged and vice versa.

L

Figure 2. Tank model type: (a), (b), 02 Tank models; (c) Linear model for
(a) and (b)

2.2. Dividing the reservoir into subsequent tanks

Based on the operating principle of the model, the parameters
for each tank can be adjusted in the following ways:

(1) Evaluation based on the shape and volume of the
flow hydrograph during the high flow stage, which is the re-
sult of heavy rainfall, allows us to adjust the parameters of the
uppermost tank.

2 Evaluation based on the flow hydrograph during the
recession stage, the intermediate stage following the peak
flow stage, enables us to adjust the parameters of the second
tank.

3) Evaluation based on the base flow of the flow hydro-
graph allows us to adjust the parameters of the third and fourth
tanks.

The challenge is how to divide the entire stages of the flow
hydrograph into corresponding stages for each tank.

2.3. Utilizing an initialization model

The initialization model, as depicted in Figure 3, serves as the
foundation for automating the process of adjusting the param-
eters of the reservoir.

The model takes into account rainfall and evaporation. Ana-
lyzed from the components of the computed flow hydrograph,
the smaller stages 1, 2, 3, 4, and 5 correspond to the upper
drain gates and lower drain gates of the upper reservoir, sec-
ond reservoir, third reservoir, and fourth reservoir, respec-
tively.

The division rule is expressed as follows:

Stage 1: The time window when the upper outlet of the up-
permost reservoir plays a significant role in the overall out-
flow is dependent on stage 1. Specifically, when the ratio of
the upper outlet's outflow to the total outflow of the reservoir
model exceeds a constant value C, this content and time win-
dow is dependent onstage 1. Specifically:
Y12COonty+y3+yat+ys) =G 1)
where y; represents the outflow of the i outlet as shown in
Figure 4.
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Figure 3: Initialization model Figure 4: Output of the four tanks

Stage 2: When

n<C <y +y 2
Stage 3: When
Nty <6<y +y,+y; 3)
Stage 4. When
Y1ty + Y3 <C <y +y.+ys+, 4)

Stage 5: For the remaining cases
Values of 0, 50, 25, 10 and 5% are used for constant C, with
10% appearing to be a suitable option.

2.4. RQ(I) and RD(I) standards

In each stage |1 = 1, 2, 3, 4, and 5 of the discharge flow, the
calculated and observed logarithmic reduction ratio of com-
puted and observed discharges is compared according to the
following criteria:

2.Q(N)
0750w

zp[mgQ(N—D—ng(N{
RD(1)= ;'DOQQ(N -1)-logQ(N)]

where Q is the observed discharge, Q is the computed dis-
charge, I is the stage index, N is the number of days, X is the
average total number of days within stage I, and X' is the sum
of N days within the group of stage I, where Q(N-1)-Q(N) is
positive.

®)

(6)

2.5. Response equation

Based on the fundamental principle stated above, the adjust-
ment of parameters as shown in Figure 5 can be determined
based on the RQ(I) and RD(I) standards.

When RQ(I) > 1 (RQ(I) < 1), it is necessary to decrease (in-
crease) the control parameter of the side outlet and increase
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(decrease) the parameters of the bottom outlet. This adjust-
ment is accomplished by dividing the side outlet parameter
equally and multiplying it with the bottom outlet parameter.
When RD(I) > 1 (RD(l) < 1), it is necessary to decrease (in-
crease) both parameters equally. This adjustment is achieved
by dividing the parameters by RD(I). The response provided
by RQ(I) and RD(l) corresponds to the response changes and
response rates in the corresponding automatic control system.
Therefore, the feedback information for RQ(1) and RD(1) can
be expressed as follows, where AMO, AM1, and AM2 are ad-
justment parameters:

(AM1+AM2) = (AL+A2) @
| JRQMRD(Y)]
amo= AORRE) ®)
RD(1)

Similarly, the response value RQ(2) and RD(2) are defined as
follows:

P, S ©)
[JR(2)RD(2)|
A0,/RQ(2
AMO = —Q() (10)
RD(2)
| a2
a y1=A2*(Xa-haz)
x - _ yi=ai*h; _Al
y2=A1*(Xa-ha1)
Il
A0
a;: output coefficient B1
hi: output height L_—
x: water level of the tank y3=B1*(Xg-hg1)
0; if(x-h;))<0 Il
yi=
a*(x-h);  if(x-h)=0 BO | o
y4=C1*(Xc-hc1)
Il
Cco
y5=D1*(Xp-hp1)
D1

Figure 5: Input and output parameters of the model
By combining these formulas with the previous adjustments
and using the mean of the two equations for AMO, we obtain
the expressions:

AO:?[«/RQ(l)/RD(l)h/RQ(Z)/RD(2)} (11)
av1=AY/[ JRQ(2)RD(2) | (12)
A2=(AL+ A2) /[ JRQWRD(1) |- AM1 (13)
Al= AM1 (14)

Although adjusting the parameters of the uppermost tank will
have impacts on the lower tanks, we ignore these impacts and
adjust the parameters of the second tank using the RQ(3) and
RD(3) standards:

BO=B0,/RQ(3) /RD(3)
8= BY/| RQ(3)RD(3) |

(15)
(16)

Similarly, we adjust the parameters of the third tank with
RQ(4) and RD(4):

C0=C0,/RQ(4)/RD(4) an
c1=cy/| RQ(4)RD(4)] (18)

Similarly, we adjust the parameters of the third tank with
RQ(4) and RD(4): The tank model in Figure 6 does not have
a bottom outlet in the fourth tank because at this level, we only
consider cases where there is no seepage. In this scenario, the
response of RD(5) is determined by:

D1=D1/RD(5) (19)
However, the calculation of RQ(5) feedback cannot be per-
formed as mentioned above. We need to control the water sup-
ply from the upper tanks. If RQ(5) > 1 (RQ(5) < 1), we have
to decrease (increase) the parameters of the bottom outlet of
the upper tanks. The control of water supply to the fourth tank
is accomplished by adjusting CO of the third tank, and the
change in the third reservoir is due to the variation in CO is
compensated by adjusting BO etc. In this condition, we have
the following expressions:

C0=C0/RQ(5) (20)
BO=B0/,/RQ(5) (21)
A0 = A0/ #[RQ(5) (22)

In some cases, the values of RQ(I) and RD(I) can have signif-
icantly different values from 1. To ensure that the response
values do not exceed certain limits, we restrict them within
the range of (1/2 to 2). For example, if the values of RQ(I) and
RD(I) are greater than 2, they will be replaced by 2, and if
they are smaller than 1/2, they will be replaced by 1/2.

3. Constructing MATLAB Simulink model

3.1. Constructing the tank model using MATLAB

Assume the water level in each tank is denoted as X, the water
level at the i outlet of the tank (including the bottom outlet)
is hj, and the discharge coefficient (permeability) at each out-
let is a;. The water discharge at the i™" outlet is determined by

the equation (23).
if (X- h, ) <0

0;
Yi = .

a;x(x-h;); if(x-h;)>0
The accumulated water in the reservoir is equal to the cumu-
lative inflow of water minus the cumulative outflow (perme-
ability) from the reservoir.
With the analysis mentioned above, the simulation structure
of the reservoir is modelled as shown in Figure 6. In which,
aij, hij are the output coefficients and outlet heights of the i
tank and j™ outlet; B is the coefficient of bottom output. In the
case of a reservoir with only one outlet or a bottom outlet
(without seepage into the lower reservoir), the discharge co-
efficient (permeability) a; is set to 0.
In the case of evaporation, the accumulated water in the res-
ervoir is reduced by the amount of evaporation. Evaporation
in the lower reservoirs only occurs when the water level in the
upper reservoir is at 0.
The simulation structure for the entire watershed is deter-
mined using the 04-reservoir model depicted in Figure 7.

(23)
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3.2. Input data

The data used in the MATLAB Simulink model for simula-
tion purposes are rainfall and flow data provided for the Thac
Xang Hydroelectric Reservoir in Hung Viet commune, Trang
Dinh district, Lang Son province, Vietnam. These data in-
clude rainfall data collected from 05 rainfall measurement sta-

tions (Figure 8) in the watershed areas of the Thac Xang res-
ervoir (Vietnam), as well as flow rate measurements at the
Van Mich station before flowing into the reservoir.

The rainfall data collected will be input into the reservoir
model to calculate the flow into the Thac Xang reservoir. The
calculated results will be analyzed and compared with the
measured flow values at the Van Mich station to adjust the
model parameters.
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Figure 8: Rainfall measurement stations in the Thac Xang Reservoir basin
3.3. Model adjustment

The simulation data will be put into the MATLAB Simulink
model which will run and generate the computed flow rate re-
sult, denoted as Q. This calculated flow rate will be compared

Rainfall Runoff Graph
1000

with the measured flow rate Q collected at the Van Mich sta-
tion to adjust the parameters of the reservoir model.

The parameter adjustment process is performed following
Equations (1)-(22) using a script written in an M-file. In this
M-file, the script calls the MATLAB Simulink program to ob-
tain the results, performs parameter adjustment for the next
run, and iterates through the Run-Obtain Results-Parameter
Adjustment cycle with a predetermined number of iterations
to find the best parameter set.

4. Result and Discussion

4.1. Model adjustment result

In order to determine the adjustment parameters for the fore-
cast model, the data from a 10-year period (from 1960 to 1970)
was used to calibrate the model. Based on the obtained best
parameter set, the parameters are then validated using data
from a subsequent 5-year period (from 1971 to 1976).

The MATLAB script performs 100 iterations to run and adjust
the parameters using the data from 1960 to 1970 to obtain the
best result. The results of the parameter adjustment with the
10-year data are shown in Figure 9, with a correlation coeffi-
cient R = 0.74 between the computed flow rate (dark yellow)
and the measured flow rate (light blue). Mean Square Error
(MSE) is 3024.2; Root Mean Square Error (RMSE) is 54.9925
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Figure 9: Graph of model calibration results: Best performing scenario

The results of the model adjustment process showed that the
changing trends between the measured rainfall and the meas-
ured flow are quite close to each other. At times of high meas-
ured rainfall, such as mid-1966 and mid-1968, the flow also
increased greatly. In addition, the change law of the predicted
flow is also very close to the change law of the measured flow.
About the annual maximum flow, the predicted results are

smaller than the measured results. This is one of the limita-
tions that needs to be overcome of this prediction models.

4.2. Verification of the forecasted model

Using the parameter set obtained from the adjustment process,
the model is then tested with the 5-year comparison data from
1971 to 1976. The validation results are presented in Figure
10, with a correlation coefficient R = 0.70. Mean Square Error
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(MSE) is 4976.1; Root Mean Square Error (RMSE) is 70.5413.

The comparison results in Fig. 10 show that the changing
trends of predicted flow and measured flow in the period from
1971 to 1976 are quite close to each other. According to the
obtained results, the flow is usually low at the beginning of
each year then gradually increases and reaches the highest
value after the middle of each year (from May to September).
This is the time when it rains the most in the northern prov-
inces of Vietnam.

Every year, the maximum values of predicted flow were
smaller than the maximum value of measured one. In particu-
lar, a very large difference can be observed in the year 1972
(maximum predicted flow is 510 m3/day, while maximum
measured flow is 1300 m3/day) and year 1974 (the maximum

predicted flow is 924 m3/day, while the maximum measured

flow is 779 m3/day). These differences are caused by many

different sources such as:

e Thetime to collect adjusted data is not enough long (only
10 years), so it did not cover all the changing cycles of
hydrological characteristics in the study area.

e The used data set was recorded manually since the 1960s,
so the reliability of the data is not high.

e Rainfall is unevenly distributed, the rain gauge grid is
sparse (05 stations throughout the study area), etc.

And these limitations will also be the next research directions

of this study.

Rainfall Runoff Graph - Validated results (1970-1976)
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Figure 10: Graph of validations from 1971 to 1976.

The model's performance in predicting flow rates demon-
strates its potential application in flow forecasting. Although
the achieved results may not have a high correlation due to the
absence of factors such as the hydrogeological characteristics
of the area, seasonal variations, high and low water cycles,
and expert adjustments, the model's ability to capture and pre-
dict flow patterns is evident. Further improvements can be
made by incorporating these influential factors and incorpo-
rating expert adjustments into the model.

5. Conclusion

This study presented the application of the tank model in sim-

ulating rainfall-runoff for the Thac Xang hydroelectric reser-

voir, Vietnam. The conclusions of this study were drawn as

following:

e The tank model has been successfully applied to simulate
the relationship between rainfall and flow in the Thac
Xang hydroelectric reservoir basin, Vietnam. Using

MATLAB Simulink allows researchers and users to eas-
ily change the model structure (number of tanks, number
of outputs) to match the characteristics of the basin.

e Using the used data to adjust the model to be the rainfall
and flow for 10 years from 1960 to 1970, in comparing
with the measured flow results, the predicted results us-
ing tank model with the correlation of 74.0%.

e The proposed model was used to predict the flow rate in
the period from 1971 to 1976 at Thac Xang hydroelectric
reservoir, Vietnam with the correlation coefficient of
70.0%.

e The maximum value of predicted flow was smaller than
the maximum value of measured one. In particular, a very
large difference can be observed in the year 1972 and the
year 1974.

These differences are caused by many different sources.

These limitations will also be the next research directions of

this study, such as:
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e  Use tank models with more than 2 side outlets, which can
be suitable for complex terrain in the Thac Xang reservoir
basin.

e Collect more data on rainfall and runoff to train the
model.

¢ Renovating the rain gauge grid (15x15 km, 10x10 km,
5x5 km).

e Combine rain gauge data with remote sensing data to im-
prove rain models.
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Abstract

This study proposes the transmission matrix model [ABCD] for the FeNi magnetic sensitive layer used in surface acoustic wave magnetic
(SAW-MO) sensors. The center frequency and input excitation to the sensor through the vm-H characteristic are determined by finite element
simulation (FEM) on the FeNi/IDT/ST-Quartz structure. The simulation results of the center frequency and sensor's working response show
that simulations by the FEM method and simulations by the transmission matrix (TM) method are correlated. Furthermore, the survey also
indicates the more reasonable and suitable of the third-order vm-H characteristic curve compared to the second-order characteristic in the
transmission matrix model of the FeNi magnetic sensitivity layer. These accuracy and suitability are expressed through the trend and shape
of the sensor's working response.

Keywords: Surface Acoustic Wave, SAW-MO sensor, FeNi nanoparticles, FeNi magnetic sensitivity layer, FEM.

Ky hi¢u IRM Impulse Response Model

Symbols ~ Units  Description Tom tat

::' (I—)é g:r?rslf Sg;ggﬂ;g Nghién ciru nay dé xuit md hinh ma tran truyén [ABCD] cho
f° Hz  Tansé trung tam I6p nhay tir FeNi ding trong cam bién tir dang séng am bé
SO 4B Pap i Bn sé mat ($AW MO). Tan sQ trung tdm va kich thich tin hiéu do
221 7 7 T p ung dén dau vao cho cam bién thong qua dac tinh vip-H duoc xac

mZuZs  Q  Tonglo dinh bing phuong phap md phong phan tir hitu han (FEM)
Om, Ou, Od rad Gocsongam trén cau tric FeNi/IDT/ST-Quartz. Két qua md phong tan s6
Cs F/m  Dién dung trén moi cap ngon tay trung tdm va dap Gng lam viéc cua cam bién cho thdy mo

bién dung vung khe giira dién

Cq F/m oo . : phong theo phuong phip FEM va mé phong theo phuong
, cuc va I6p nhay tir FeNi. phap ma tran truyén (TM) Ia c6 sy twong quan. Vi vay, mo
K HE so co dicn . hinh ma tran truyén [ABCD] da dé xuét cho I6p nhay tir FeNi
Vim m/s Vf-m toc §0rlg a[n lan truyen qua la dung dan va phu hop. Bén canh d6, khao sat ciing chi ra sy
vung phu vat ligu hop 1y va phii hgp hon ctia dudng déc tinh vi-H bac ba so voi
N So ngon tay dgc tinh bac hai trong md hinh ma tran truyén cua lop nhay tir
Cic tir vidt tit FeNi. D6 chinh xac va s phu hop dugc the hign thong qua xu
] thé va hinh dang trén dap (ng lam viéc caa cam bién.
SAW Surface Acoustic Wave
SAW-MO  SAW-Magnetostriction cre paa
IDT Inter Digital Transducer 1. Gi6i thigu
-IIZ—EAM -Ilz—ir:ir']tznglsesr:?enn{\s{lijlr;i(ho d Ngay nay, cam bién hoat dong dya trén nguyén ly séng &m
COM Counling of Modes bé mat (SAW) da va dang dugc nghién cuu, ung dung vao
ECM Crospsed?field Equivalent Circuit Model nhiéu linh vuc cua cudc song tur vat ly, hda hoc cho tagi sinh
5 Single Finger g hoc [1-3], boi nhing wu diém nhu: kich thude nho, khang

day, dap ung nhanh va d¢ nhay cao [4, 5]. Véi su da dang va
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wu diém nhu trén thi viéc nghién ciru va khao sat cac dic
tinh cuia cam bién SAW néi chung va cam bién tir dang SAW
noi riéng 1a quan trong va can thiét. Theo d6, mé phong la
mot cach tiép can dugc &p dung pho bién trudce khi tinh dén
ché tao thuc nghiém cam bién. Véi phuong phap mo phong
FEM di va dang dugc nhiéu nhom sir dung vi cac uu diém
ctia phuong phap nhu: D& dang xay dung cau tric cam bién
thong qua cong cu dd hoa, ciu triic cam bién duoc xay dung
rat gan vai md hinh vat ly, dé dang thuc hién ti vu héa cau
trdc cua cam bién va dé thiét lap cac diéu kién bién cho qué
trinh mé phong [6-10]. Tuy nhién, md phong FEM con ton
tai mot s6 thach thirc nhu: Can cau hinh may tinh cao, qué
trinh tinh toan mét nhiéu thoi gian, can phuong phéap chia
ludi phi hop vai mé hinh md phong, xtr 1y két qua mé phong
can mot céng cu khac (nhu Matlab) va dic biét 1a khdng chia
ludi dugc khi d6 day Iop vat liéu nhé hon khoang 100 (nm).
Bén canh md phong FEM, phuong phip md hinh mach
trong duong cling dugc st dung de mb phong cam bién
SAW. Phuong phap bao gdm mot sé6 mé hinh nhu: mé hinh
dap ung xung IRM (Impulse Response Model) [11, 12], m6
hinh truong tréo ECM (Crossed-field Equivalent Circuit
Model) [13], md hinh ghép ché ¢6 COM (Coupling-Of-
Mode) [14, 15] va md hinh ma tran truyén TM (Transmis-
sion Matrix) [16]. Uu diém cuia phwong phap 1a cong cu gidi
mach dién duoc trang bi day du, hiéu qua va dé dang duoc
thuc hién thong qua céc phan mem co ban nhu Matlab; thoi
gian tinh toan nhanh ma khéng can may tinh cé cau hinh cao.
Hon nita, vi md phong FEM, md hinh héa céc tinh chat vat
ly cua 16p vat lidu va tac dong cua cac yéu td moi trudng
(nhiét do, do am, v.v) tac dong dén cam bién can mo ta chi
tiét va phuc tap. Trong khi d6, v6i mdé phong mach dién
twong duong thi mé hinh hdéa don gian hon, tuy nhién
phuong phap nay can biét trugc tan sb trung tdm cua cam
bién.

Céc nghién ctu vé phuong phap mé hinh mach dién twong
duong. Nhdm Otto Schwelb va cong su [17] x&y dung mo
hinh ma tran truyén dé md phong va thiét ké bo loc SAW,
trong d6 co xét dén sy anh huong cua ciu tric bo dién cuc
IDT. Bén canh d6, nghién cttu [18] mo6 phong dép ung tan
sb cua céc thiét b1 song am bé mit véi ba loai cau tric SAW
khac nhau bao gdm: cau tric dang delay line, cong huong
mot cong va cong huong hai cong; qua do danh gia sy anh
huong do dién dan, khau 6 &m hoc va sé cap ngoén tay cua
bo dién cuc IDT t6i dap tmg dau ra cua thiét bi. Nghlen cuu
[19] st dung md hinh COM dé md hinh hoa day du cac thanh
phan cua cam bién thu dong khong day dang song am bé
mat, m6 hinh cho phép mé phong do tré pha va c6 thé dugc
str dung nhu mot cong cu dé thiét ké va phan tich cam bién
SAW thu dong mot cong dang duong tré. Mot nghién ctu
nira, nhdm R.C.0O. Jesus va cong su st dung dinh ly Mittag-
Leffler dé xay dung mé hinh mach twong duong cho cau tric
SAW delay-line, nghién ciu cho phép tng dung cam bién
dé phat hién méi truong chat long [20]. Véi mé hinh ma tran
truyén TM n6i riéng, mot nghién ctu [21] da sir dung md
hinh TM bac hai dé téi tu hda bo dién cuc IDT cho cam bién
SAW do bién dang trong linh vuc hang khong vii tru. Bén
canh d6, cdng bd [22] ciing dd s dung md hinh ma tran
truyén dé phan tich cac dap ung cua cam bién SAW hydro
trong mién thoi gian khi xem xét dén yéu té d6 day Iop nhay
khi palladium (Pd).

Qua khao sat trén, nhém ching ti nhan thay cac cong bé vé
ing dung md hinh ma tran truyén TM trong nghién ctru cam
bién SAW n6i chung va cam bién SAW-MO noi riéng la rat
it. Vi vay, viéc dé xuat thir nghiém phwong phap mé phong
ma tran truyén TM cho 16p nhay tir FeNi két hop cing mo
phong FEM cho cam bién SAW néi chung va cam bién do
tir truong dang SAW noi riéng 1a can thiét. Néu thanh cong
s& cung cap thém mot phuong an md phong don gian va
nhanh hon so véi md phong FEM truyén théng. Thém nira,
viéc dé xuat va xay dung mé hinh ma tran truyén cho 16p
nhay ving delay-line chwa dugc quan tdm nhiéu va dic biét
la cam bién tir dang séng am bé mat. Vi vay, trong nghién
cau nay, bai bao thyc hién xay deng mé hinh mé phong cam
bién SAW tir dang delay-line véi cau tric FeNi/IDT/ST-
Quartz bang md hinh ma tran truyén TM. Trong do, tién
hanh d& xuit mo hinh ma trén truyén [ABCD] cho 16p nhay
tr FeNi véi tan sb trung tdm (fo) va quan hé giira van téc
s6ng am bé mit tai 16p nhay véi cuong do tir truong do (V-
H) duogc xé4c dinh théng qua md phong FEM. Két qua mo
phong bang phuong phap ma trén truyén duoc so sanh véi
mb phong FEM d¢é kiém tra tinh hop Iy va phi hop. Vi do
tin cay cua phuong phap moé phong FEM da dugc chang
minh qua céac cdng trinh cuia nhiéu tac gia ciing nhu 1a nhém
ching t6i [6-10].

2. Mo hinh mo phéng

CAu tric va nguyén ly hoat dong caa cam bién SAW-MO
duoc thé hién trén Hinh 1 va kich thudce duoc thé hién qua
Bang 1. Hoat dong cua cam bién, dat xung dién 4p (hoic mot
phé tin hiéu hinh sin quanh tan sb trung tdm) vao IDT-in.
Tai day, song am bé mat dwoc tao ra do hiéu tng ap dién
nguoc. S6ng nay truyén qua vung delay-line c6 su twong tac
gitra l6p nhay tir FeNi véi cuong do tir truong do (H) lam
thay d6i van téc séng &m hay tan s6 cong huong. Tiép theo,
s6ng am bé mit lan truyén tGi IDT-out, tai day tin hiéu dién
ap duoc hinh thanh do hiéu ung ap dién thuan. Tan sé cong
huong duge xac dinh bang cach phan tich phé tin hiéu dién
ap tai IDT-out, tir d6 suy ra gia tri cia cuong do tir truong
do.

H (Oe)
FeNi
Quartg Substrate

L
Hinh 1. CAu tric va nguyén Iy cam bién SAW-MO.

Bing 1: Cac thong s kich thudc cia cam bién.

Théng sb Ky higu Gia tri (um)

S6 cap ngon tay n 25 (cap)
Do day dé ap dien h1 400
D¢ day 16p nhay tir h3 200
Chidu rong mdi ngén tay d 10
Chiéu dai ving delay-line D 5000
Chidu dai mép tréi L1 2000
Chiéu dai mép phai L2 2000
Chiéu dai 16p nhay tir Ls 4960
Chiéu dai cua cam bién L 10980
Budc séng A=4*d 40
Khau d6 séng am w 2399.3
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2.1. M6 hinh ma tran truyén

Ma tran truyén 12 md hinh bac hai sit dung mé hinh mach
tuong duong. M6 minh cho phép xem xét d¢én céc hiéu ung
bac hai bao gém: tin hiéu phan xa, nhidu xa séng, phan bd
dién tich va phan tan. M6 hinh dwoc xay dung bang cach
thira ké cac mo hinh thiét lap trudc d6: ma tran P, COM va
ma tran truyén théng. Tuong ty nhu cach tiép can COM va
ma tran P, md hinh xem IDT 1a mang ba cong va ma tran
truyén cia mdi ngon tay co kich thuge 3x3, trong khi dé
vuing delay-line dugc coi 1a mot mang hai cong va duoc dai
dién boi mot ma tran truyén 2x2. Hinh 2 thé hién ciu tric
mo hinh ma tran truyén cia cam bién SAW dang ndi tang

[18, 23].
L‘_ﬂ Iou(
ug U Ui ' q Ut
B Ain Bin] 1_ Adl Bdl] _ Aout Bout _
4UL Cin Din Uy Caq Dy U Cout Dout | 4&
IDTy D: delay-line IDT oy

Hinh 2: M6 hinh ma tran truyén cia cam bién SAW-MO.

UF, U7 1a cac tin hiéu séng am truyén theo chiéu thuan va
nguoc qua cac b phan caa cam bién; Vin, lin VA Vour, lout: 12
dién ap va dong dién vao va ra tai cac bo dién cuc IDT. Moi
ngén tay trong cac bo dién cuc co mdi quan hé (1) [23, 24].

Uity Ui
1| =[O U7 1)
I; Vi

Trong d6 cac ma tran truyén 3x3 ciia mdi ngén tay c6 dang
(2), vai f la tan s6 cua pho séng am.

t11(f) ti2(f) t13(f)
T;(f) = |ta1(f) t22(f) t23(f) (2)
t31(f) ts2(f) t33(f)
Trong biéu thic (2), cac chi s61va 2chira méi quan hé gitra
céc cong séng am, chi sé 3 chi ra mdi quan hé gitra cac cong
dién.
Mat khéac, cac ma tran truy{%n [ABCD] c6 kich thuéc 2x2 cua
dién cuyc IDT-in, IDT-out lan luot la:

A, B;
IDT — m Ln] 3
DTl = g ©
B
(DTl = [ 5] @
out out

va (5) md ta ma tran truyén [ABCD] cua I6p nhay (ving de-

lay-line):

Ag Baz]
5

Cai Day ©®)

Cac ma tran (2), (3), (4) va (5) s& duoc xac dinh ¢ cac phan

tiép theo.

[D] =

2.2. Xac dinh ma tran truyén [ABCD] cho c4c bd dién cuc
IDT

Theo md hinh trudng chéo ECM, mdi ngon tay trong cac bo
IDT dugc chia thanh ba ving nhu Hinh 3, bao gom hai ving

khong phi kim loai ¢6 d6 rong A/8 va mot vang ¢6 pha kim
loai ¢6 do6 rong A/4 [23].

(b) Ngon tay
(a) Pé ap dién ST-Quartz
Sl JZmtan (ﬁ)

L PR L
C{I{R Zcse(6 AR
= £ 2 g
2 = |& W V22
(=7 . ] ol
2 = 88 m 5
HE h :

3

Vi & Cong mach dién

Hinh 3. M6 hinh ECM cho mdi ngon tay.
(a): Vung ngon tay, (b): M6 hinh ECM

Theo d6, cac ma tran truyén duoc xac dinh nhu sau:
Ma tran truyén [ABCD] cho viing pha kim loai la:
cos(6m (f))

BV =1L sin(o () a0 ©
Vi Z,, la téngmtrc"y, 0.,(f) lagdc séng &m trong vung pha kim
loai va lan lugt dugc tinh theo cong thuc (7), (8):

Zm(f) = m ()

MOEE— ®)

trong d6: 1 tan s6, vm 1a van toc song am bé mat khi dé ap
dién da duoc pNhﬁ cac lop vat liéu, w la khau d6 cua bo IDT,
dlado rcf)ng moi ngén tay, Cs la dién dung grén moi cap ngon
tay trén moi don vi d6 dai (hay khoang trong giira hai ngon
tay) va k2 la hé so6 co dién cta vat ligu dé ap dién.

Theo [25], hé s6 co dién cua dé ap dién Quartz k2 = 0.0016.
Va theo [26]:

Cs = Co/W (9)
Vi Cp = &g (10)
trong do, d: la chiéu rong ngon tay

t: la khoéng‘céchrgiﬁfa 2 ngoén tay (t=d)
&, = 4.6: Hang s6 dién moi cta dé ap dién Quartz
£y: Hang s6 dién co6 dinh ¢y = 8.854 (PF/m)

Ma tran truyén [ABCD] cho viing khdng phu kim loai 1a:

cos(0u(f))  jz sin(8,(f))
[Ru(N)] = Zf_usin(eu(f)) cos(6,(f)) 4y
V6i tong tré: Z,(f) = m 12

va géc séng am trong vung khdong pha kim loai:
6.(f) =% (13)

trong d6: fc 1a tan s6 duoc tinh theo van toc song &m bé mat
khi d¢ ap dién chua phu vét liéu nhay tir (hay trong duong tan
s6 trung tam fo khi phu I6p nhay nhung cuong do tir truong H
=0).

Tu (6) va (11) ta xac dinh duoc ma tran truyén [ABCD] cho
moi ngdn tay [R(] la:
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_ _ Asf Bsf
[R(H] = [RuDI[Re (DIRu(DI = | " p (14)
sf sf
Két hop cac phuong trinh (1) va (14) ta xdc dinh dugc quan
hé ctia cac phan tur trong ma tran truyen [Ti(f)] theo cac phan
tir trong ma tran truyén [ABCD] cho mdi ngén tay trong cac
b6 dién cuc IDT nhu sau [24]:

ti1 = (ZASf + +Z uCsf)

tip = %(Zucsf - Bziuf)

ti3 = %jtan%\/Z_u(—Asf —1- Bsf)

ty = (ZAsf -2tz uCsf) (15)
tys = ;zjtaanZ(Asf +1-2h

tay = —tip 5 t31 = 2ly3; tzp = =21y

tyy = jeoCs + jzr;:ez—e B jtanzzz—:sinﬂe

Voi:

0, = cos Y (Agr); Zo = jj;;e

Cac ma tran truyén [ABCD] cho bo dién cyc IDT-in [ID-
Tin(f)] va IDT-out [IDTou(f)] duoc tinh bang cach xép chong
ma tran truyén caa cic ngon tay, vai N, la s6 ngon tay trong
mdi bo dién cyc IDT.
[IDTin ()] = [R(IN
[IDTout(f)] = [R(f)]Nt

2.3. Pé xuit ma tran truyén cho Iép nhay ving delay-line

(16)
(17)

Ma tran truyen [D(f)] 16p nhay viing delay-line dé xuat dugc
xac dinh giong nhu ving dugc phu kim loai cia mot ngoén tay
khi b6 qua hai viing khéng phu kim loai nhu sau:

cos(84(f))

[ iZasin(84())
PN = Lsin(0a(1)  cos(@ua(f) (18)
véi tong tro:  Zy(f) = W (19)

Cq la dién dung vung khe ho gitra cac bg dién cuc IDT véi l6p
nhay tir FeNi. Xét truong hop nay, lay gan ding Cq = Cs. GAc
song am trong vung delay-line 8, dugc tinh theo cong thuc
(20):

6a(f) =70 (20)
trong do: dm 12 chiéu dai cua 16p nhay, v 12 véan téc séng &m
trong vung delay-line va bi tic dong béi cuong do tir truong
do va dugc xac dinh théng qua moé phong FEM.

Két hop cac ma tran truyén (16), (17) va (18) ta xac dinh dwoc
ma tran truyén [SAW(f)] cia cam bién SAW-MO bang céach
nhan céc ma tran truyén cua hai bo IDT v6i ma tran truyén
cua vung delay-line.

[SAW ()] = DTy (NID (NIUDT g ()] (21)

2.4. Xay dwng quan hé vm-H bing mé phéng FEM

Theo nguyén Iy hoat d6ng caa cam bién, 16p nhay tir FeNi do
tac dong cua cuong do tir trudng ngoai lam thay d6i van téc
s6ng am bé mat khi truyén qua ving nay (V). Vi vay, dé thuc
hién md phong dap ung lam viéc cua cam bién bang phuong
phap TM ta can xac dinh dugc méi quan hé giita van toc song
am bé mat véi cuong do tir truong (dac tinh vm-H). Dic tinh
nay dugc xac dinh bang phuong phap mé phong FEM trén
phan mém ANSYS.

Qua trlnh mo phong FEM gdm cac budc co ban nhu sau: xay
dung cAu tric, nhap cac ma tran hé sb ap dién, hé sb vat liéu,
chia ludi, ddi 16p vat ligu, dat dién ap 1én IDT va dét diéu kién
bién. Qua trinh nay duogc thyc hién trén phin mém ANSYS
tuong tu theo nhitng cong bd trude ddy cta nhom [9, 10].
Trong nghién ctru, FeNi dugc st dung lam vét liéu 16p nhay
vi ¢6 mot s6 wu diém nhur @6 phi tuyén thap, luc khang tir nho
va c6 d nhay cao [27, 28]. Bén canh d6, ST-Quartz dugc lya
chon lam dé ap dién vi c6 hiéu tng soéng am bé mat tot nhat
50 v6i cac loai goc cét khac [29, 30]. Kich thudc cua cam bién
SAW-MO dugc thé hién ¢ Hinh 1 va Bang 1. Cac bo thdng
sb vat 1y cua cac 16p vat li¢u dugce trinh bay & Bang 2.

Bing 2: Thong s vat ly cua céc 1op vat liéu [8, 28, 30].

: Gia tri
Thong so Ki hi¢u =
ST- Quartz FeNi Al
Mat d6 (kg.m™) p 2651 8380 2697
Ci 87.26
C1z 6.57
Cis 11.95
Hé sb d ctng (GPa) Cis -17.18
G 105.8
G 57.15
G 40.35
e 0.17
e, -0.04
e3 -0.13
Hé 56 4p dién (C.m?2) €14 0.08
e 0.07
ez -0.10
€35 -0.07
ess 0.11
B 443
Hang s6 dién moi B 4.54
£33 4.52
Module Young (GPa) E E-H 70.3
Hé s6 Poison v 0.3 0.345

Két qua md phong FEM cho cam bién FeNi/IDT/ST-Quartz
co tan so trung tam dat fo = 85.693 (MHz). Bang 3 va Hinh 4
Ia moi quan hé vin-H

Bang 3: M&i quan hé gitra vi, va H.

TT H f (Hz) Vm (M/S)
1 0 85,693,359 3427.734
2 15 85,693,359 3427.734
3 30.7 85,683,594 3427.344
4 60 85,659,179 3426.367
5 90 85,595,703 3423.828
6 120 85,551,758 3422.070
7 150 85,537,109 3421.484
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3428

3427 A

3426

(%)

=

o

23]
1

Vm (m/s)

3424

3423 A

3422

M2 T
0 20 40 60 80 100 120 140 160

H (O¢)
Hinh 4: Két qua mo phong FEM dac tinh vi-H.

Str dung phwong phéap hdi quy ta xéc dinh dugc cac ham sb
bac hai (B2) va bac ba (B3) cua moi quan hé gitra vim va H nhu
sau:

m = —8.1075H2 — 0.0359H + 3428.2 (22)
m = 5.107°H3 — 0.0013H2 + 0.0318H + 3427.6  (23)

Cac phuong trinh (22) va (23) duoc dung dé kich thich cuong
do tu truong dén cam bien SAW-MO trong mé phong TM.

3. Két qua va thio ludn

M6 hinh md phong trén dugc viét bang phan mém MATLAB
dé tinh toan cac dap ung lam viéc ciia cam bién FeNi/IDT/ST-
Quartz, cuong do tir truong tac dong vao cam bién thong qua
phuong trinh (22) va (23), két qua duoc so sanh véi md phong
FEM. Hinh 5 chi ra tan sb trung tam cua cam bién, gié tri tan
s6 trung tam dbi voi md phong theo phuwong phap FEM, mo
phong theo phuong phap TM (B2) va m6 phdng theo phuong
phap TM (B3) lan luot la 85.693 (MHz), 85.747 (MHz) va
85.728 (MHz). Két qua cho thay phuong phap TM va FEM
déu cho tan sb trung tam gan giong nhau, cé sy sai léch nho
nhung c6 thé chap nhan duoc. Sy sai léch nay cé thé do nhiéu
nguyén nhan gay nén, nhung phan 16n 1a do cac diéu kién gia
dinh ciia mdi phuong phap c6 tinh don gian héa riéng. Voi
phuong phap TM don gian hoa bang cach gia dinh rang séng
truyén di ma khong mat mat h0ac phan tan. Trong khi FEM
cho phép tinh toan chi tiét hon vé su phan bé trudng va phan
hoi ciia vat liu, dan dén két qua chinh xac hon nhung ton kém
vé mit thoi gian tinh toan ciing nhu 1a dung lugng bo nha.

— FEM Simulation
—e— TM Simulation, B2
—a&— TM Simulation, B3

21 (dB)
5

704 ¥

75M 80M 85M 90M 95M
Frequency (Hz)

Hinh 5: Két qua mo phong tan sé trung tam.

Sau khi thuc hién mé phong tan s trung tam, ching toi tlep
tuc thuc hién mo phong cac dap tng lam viéc cua cam bién
bang phuong phap TM trén co s& quan hé bac hai (22) va bac
ba (23). Két qua dugc thé hién trén Hinh 6 va Hinh 7 va két
qua nay cling dugc so sénh vgi moé phong FEM.

Két qua md phong cho thiy mé hinh dic tinh viy-H bac hai vé
co ban c6 xu hudéng giam theo so vi mé phong FEM nhung
khéng pht hop bang mo hinh bac ba vi ngoai xu huéng giam
theo thi mé hinh bac ba con ¢ dang dudng cong tuong dong
vai mo phong FEM. Ngoai ra, ca hai phuong phap mé phong
déu cho dai 1am viéc tir 0 dén 150 (Oe). Bén canh d6, bién do
gitra hai phuong phap c6 sy khac biét [a do mé phong TM st
dung mé hinh thong sé tap trung nén kém chinh xéc hon mo
phong FEM sir dung md hinh théng s dai. Mat khéc, Trén
céc Hinh 8 va Hinh 9 chi ra 16 hon qua trinh dich tan sb cua
cam bién khi mé phong bang phuong phap TM.

T
8a7oM FEM simiilation
TM simulation, B2
85.70M % TM simulation, B3
":I\ 4
= 85.65M \'k
> \\\
=
2 g560M \
8§ AN
" AN
85 55M
X
85.50M g

0 20 40 60 80 100 120 140 160
H (Ce)

Hinh 6: Pap ng l1am viéc cia cam bién FeNi/IDT/ST-Quartz.

——=— FEM simulation
——+— TM simulation, B2

Qk'\, ——4— TM simulation, B3

N\
SO
N\

0

-100k

-150k

Frequency shift (kHz)

-200k

\

0 20 40 60 80 100 120 140 160
H (Oe)

Hinh 7: Pap ting dich tan caa cam bién FeNi/IDT/ST-Quartz.

—250k

25

(—=— H=0(Oe)
,,_\ —+— H=15(0g)
—a— H=30.7(Oe)
0 / . —— H=50(Ce)
—+— H=90(0e)
H=120(0e)
2 — - —— H=150(Ce)
o
z
— =50 -
o
(2]
-75
-100
75‘M 80M 85M 90M 95M

Frequency (Hz)
Hinh 8: Pap ung tan s6 vai dic tinh viy-H bac hai.
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% ! —s— H=0 (Oe)

—=— H=15(O¢)
—a— H=30.7 (Os)
—v— H=60 (Oe)
H=90 (Oe)
H=120 (Oe)
—»— H=150 (Qe)

521 (dB)

85M 90M 95M
Frequency (Hz)

Hinh 9: Pap ting tin s6 vai dac tinh vi,-H bac ba.

Nhur vay, két qua cho thay md hinh ma tran truyén dé xuat cho
I6p nhay FeNi cua nghién ctru 1a dung dan va pha hop. Két
qua gan tuong dwong nhu nhau nhung véi phuong phap ma
tran truyén cd thé giam thoi gian tinh toan va don gian hda bai
toan di kha nhiéu. Trong khi, && mé phong xong mét dap tng
lam viéc vé6i 7 diém nhu Bang 3 thi md phong FEM can thoi
gian 1a khoang 70 gio, trong khi vai md phong TM thi chi can
khoang 105 phdt, véi trén cling mot cau hinh may tinh. Tuy
nhién mod phong TM can biét trudc tan sé trung tam, nhung
mo phong FEM thi khdng can.

4. Kétluan

Nghién ciru nay da thanh cong trong viéc d& xuat md hinh ma
tran truyén [ABCD] cho I6p nhay trén cam bién SAW-MO
delay-line voi cau tric FeNi/IDT/ST-Quartz. Phuong phap
ma tran truyén da dugc 4p dung dé nghién ciru anh huong cua
I6p nhay tir &én tan sé cong hudong khi cudong do tir truong
thay d6i. Hon nita, mo hinh di dwoc thuc hién théng qua phan
mém MATLAB, ching minh tinh &ng dung va hiéu qua cua
no trong viéc mod phong va khao sat dap (tng lam viéc cia cam
bién SAW-MO. Ngoai ra, nghién ctru nay ciing la co so dé
ng dung md phong cac mé hinh cam bién SAW khéc nhau.
Tuy nhién, md hinh van con mét s6 han ché nhit dinh nhu:
chua tinh toan thé hién dwoc sy anh huong cua do day 16p
nhay téi md hinh ma tran truyén va chua moé ta dwoc sy tuong
tac cua tir trudng H téi cam bién do hiéu tng tir gido cua vat
liéu nhay FeNi. Pay ciing la hai huéng phat trién ma nhém
chdng tdi sé nghién curu trong turong lai.
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Abstract

Fire plays an indispensable role for humans. However, fire accident is one of the leading hazards endangering human life and health, leads
to unpredictable loss to the economy, and destroy the environment. Fire accident may happen anywhere, when fires outbreak will push the
firefighters on duty facing with dangers. Research and development of firefighting robots to replace firefighters becomes necessary. In gen-
eral, firefighting robots are required to be able to move on chaotic and constantly changing terrain, avoid obstacles, detect and approach to
fire areas, extinguish firea and save victim. In this research, we have designed and manufactured a belt-driven mobile robot capable of moving
on a number of variable terrains, integrated with a machine vision system to detect and identify fires. PLC-based controller is responsible for
control the robot to approach the fire areas and avoid obsstacles. Experiment work has been conducted and results showed the accuracy of
fire detection and an ability of the proposed robot in performing the required firefighting activities.

Keywords: Firefighting robot, Autonomous control, YOLO4, Obstacle avoidance, Fire detection.

Tém tit

Lira dong vai tro khong thé thiéu dugc vai con ngudi. Tuy nhién
hoa hoan lai 12 mot trong nhitng tham hoa gy nguy hiém toi
tinh mang va sttc khoe con nguoi, gay thiét hai khong dyu doan
tru6c cho nén kinh té va pha huay méi truong. Hoa hoan 6 the
xay ra bat ky I0c nao va bat ky ¢ dau. Khi dam chay bung phat,
nhimg nguoi linh ciru hoa tac nghiép phai ddi dién vai rat nhiéu
nguy hiém. Nghién ctru va phét trién cac robot chita chay dé
thay thé nhimg nguoi linh ctru hoa trong cac hoat dong dap hira
va tré thanh yéu cau cap thiét. Yéu cau caa mot hé théng Robot
chita chay 13 c6 kha ning di chuyén trén nhiéu dia hinh hén loan
va thay dbi lién tyuc, tranh nhirng chudéng ngai vat, phét hién ra
va tiép can duoc nhirng viing lira chay, dap chéy va ctu cac nan
nhan. Trong nghién ctru nay, chiing t6i da thiét ké, ché tao va
diéu khién Robot di dong dang banh dai c6 kha ning di chuyén
trén mot sé dia hinh bién ddi, dugc trang bi hé thong thi giéc
may dé nhan dang lra va di chuyén t6i vang hia, tranh cac
chuéng ngai vat trén dwong di chuyén. Céc két qua thir nghiém
ban dau cho thay su chinh xac cuia viéc nhan dang lira va kha
nang ciia Robot tranh céc vat can trong khi tiép can ving lira dé
thyc hién tac nghiép yéu ciu.

1. Téng quan vé Robot chira chay
Hoa hoan la mot trong nhiing tham hoa 16n gay thiét hai 16n

cho tinh mang va suc khoe con ngudi, phéa huy tai nguyén thién
nhién va gy 6 nhiém moi truong. Tai Viét Nam nhitng ndm

gan day, toc d do thi hoa va cong nghiép hoa dién ra manh mé
dan dén s6 vu hoa hoan ciing tang 1én khong ngimg. Theo thong
bao cia S& Canh sat va phong chay Ha Ndi, trong nam 2023
xdy ra 3456 vu chay nd khién 157 ngudi chét, 136 ngudi bi
thuong va thiét hai tai san 1én dén 878 ti dong [1] . Khi dam
chay 16n bung phat, nhiém vu ctia nguoi ctru hoa 1a nhanh
chong dép lira va ctru hd nguoi ra khoi khu vie nguy hiém.
Cbong viéc ciia nhitng nguoi linh ctru hoa 1a vo cling nguy hiém.
Moi truong hén loan trong hoa hoan 1a nguyén nhan chinh gay
ra cai chét va bi thuong cua nhirng nguodi bi la bao vay. Nguoi
linh ctru hoa can phai tiép can vung lira va tién hanh dap lua
trude khi lira bung 1én khong thé kiém soat. Nhimng nguoi linh
ctru hoa can phai c6 di thong tin vé ving chay, mirc d9 chay va
ca vi tri cua nhimg ngudi dang gip nan trong thoi gian thyc dé
duara quyét dinh dép Itra va ctru h curu nan dung lic. Day la
cong viéc rat kho khin khi tim nhin bi han ché, méi truong lam
vige thay dbi lién tuc do khéi day dic, nhiét do cao, twong va
tran nha va cac vat dung khac c6 thé dé sap.

Robot 1a mét trong nhing linh vue ty dong hoa phat trién rat
nhanh trong nhiing thap ky qua. Rat nhiéu cac hé thong Robot
duoc phat trién dé loai trir yéu t6 con nguoi khoi nhung cong
viéc nguy hiém. Viéc nghién ctru va phat trién cac Robot chita
chiy dé trg gitip va thay thé nhiing ngudi linh ciru hoa trd nén
cap thiét. Nhimg Robot niy c6 thé tham nhép vao nhimg ving
chay dé kiém tra tinh trang, thue hién cac hoat dong ciru hd ctru
nan va dap chdy theo ché d6 diéu khién bang tay hodc tu dong
hoan toan. C6 mét s6 cac Robot chita chay duoc phat trién tai
Nhat Ban va My. O giai doan phit trién dau tién, hiu hét cac
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Robot chita chay hoat dong & ché d6 diéu khién tir xa
[2,3,4,5,6,7]. Robot Thermite RS3 duogc san xuat bai cong ty
Howe & Howe Technology-My 18 mdt Robot chita chay
chuyén dung, dugc diéu khién tir xa va c6 thé di chuyén trong
pham vi 400m. Két hop vdi video quan sat bén trong, Robot
nay c6 thé duoc diéu khién ngudi van hanh di chuyén trén cac
dia hinh phtic tap cua ddm chay, day nhiing vat can ra khoi
duong di cua chung. Robot Thermite 1a mét trong cac Robot
dap tmg dugc yéu cau lam viéc trong moi truong nguy hiém va
bién d6i ctia moi trudng hoat dong cua cac vu chay [2]. Robot
chira chay Scrum Force dugc phat trién tai Nhat Ban va duoc
st dung boi phong Canh sat chita chay thanh phd Ichihara-
Nhat Ban. Day 1a Robot di dong dang banh xe, di chuyén linh
hoat va tuong dbi nhanh, nhung kha ning vuot tranh vét can
chua hiéu qua [3]. Cho dén nay, hiu nhu chura c6 Robot chita
chay tyr dong nao duoc phat trién va tham gia vao tac nghiép
thyc t&. Mot s6 md hinh dwoc phat trién trong phong thi nghiém,
con rét nhiéu han ché, hau hét cac nghién ciru vé Robot chita
chéy chu yeu tap trung giai quyét bai toan xir Iy anh, chua quan
tam dén thiét ké phu hop v6i dia hinh lam viéc thyuc té va cac
bai toan chuyén dong yéu cau [8,9,10]. Mot sé md hinh duoc
phat trién trong phong thi nghiém, nhu mé hinh Robot ctru hoa
dang ngudi SAFFIiR duogc trang bi camera hdng ngoai, tuy
nhién nghién ctru ciing chi dimg lai & budc thiét ké Robot va
thyc hién nhan dang chdy ma chua giai quyét bai toan diéu
khién Robot thuc hién hoat dong di chuyén va chira chay [11].

Nham phaét trién mot hé thong Robot c6 kha nang di chuyén
trén dia hinh phic tap va hdn loan, ching toi dé xuat thiét ké va
ché tao robot dang dai bam dwong. Viéc st dung cac loai dai
bam dudng dwoc chig minh ting kha nang linh hoat di chuyén
trén céc dia hinh phuc tap, cac dia hinh c6 d6 déc nhu cau thang
[12]. Robot c6 hai ché do hoat dong 1a diéu khién tir xa va ty
chu hoan toan. Trong nghién cttu nay, ching t6i tap trung vao
viéc thiét ké va diéu khién Robot hoat dong tu dong tranh vat
can va tiép can dam chay dé dap lira. Cong nghé hoc sau deep-
learning- cu thé 1a cdng cu YOLOv4 dugc tng dung trong viéc
phét hién hra va duoc tich hop vao hé théng cho phép thuc hién
trong thoi gian thyuc [13]. Bo diéu khién duoc thiét ké trén co
s& bo diéu khién logic kha trinh két hop véi méy tinh chu. Thuat
toan Bug 2 duoc st dung dé thiét ké quy dao tranh vat can cho
Robot nhd céc tin hiéu nhan duoc tir cam bién siéu am lap dat
phia tréc va phan hong xe. Cac thir nghiém trén hé théng cho
thdy mo hinh YOLOV4 cho nhan dang hira véi do tin cay cao va
Robot c6 kha ning tiép can viing lira trong khi tranh cac chuéng
ngai vat trén duong di chuyén.

Céu trlic cuia bai bao nhu sau: muc 11 md ta thiét ké va nguyén

Iy 1am viéc cua Robot chira chay dé xuat, muyc 11 gidi thiéu

khoi thi giac may va mot so ket qua tng dung, muc IV trinh

bay vé kich ban thir ng,hiém va danh gia, muc V danh cho két

luan va hudng phét trién.

2. Céu tric va nguyén ly 1am viéc ciia Robot
chira chay

2.1. Céu trdc va cac phan tir co' ban ciia h¢ théng Robot
chira chay deé xuat

Yéu cau co ban cua Robot chira chay la phét hién, tiép can

duoc vung lira, di chuyén va dung lai tai mot khoang cach

thich hop dé dap chay. D€ dap ung yéu cau trén, ching t6i dé

Xuat cau truc ctia Robot chita chdy gom céac khoi chicc nang

chinh nhu sau: khung co khi, khéi’ diéu khién, khdi chap hanh,
khoi thi giac may va khdi cam bién (Hinh 1).

Khi digu khién

My tiab Camera
chit
B¢ diéu khién PLC J-

Khai thi gidc may

Driver #2

Driver #1
Pong co bénh Dong co banh trii
phai+ encoder +encoder

Khéi chap hanh

Hinh 1: So b khéi téng quat ciia hé théng Robot chita chay.
2.2. Céu tric co khi cia Robot
Robot chita chay duoc thiét ké c6 kich thudc 0.72x1x0.3(m?)

véi khoi lugng 50 kg, nguon cap cho Robots hoat dong toi
thidu 12 4 gio, chiu duoc nhiét do trén dusi 300°C (Hinh 2).

Pai dan

Bénh chl
dong

Banh bam duong

Hinh 2. Thiét ké cua Robot.

Céu tric co khi cua hé théng bao gdbm: khung xe, gam, dai
truyén, hai banh chu dong, hai banh thu dong va ba cip banh
bam duong. Khung xe va gim dwoc 1am tir hop kim thép cé
phun I6p son tinh dién dé tang kha ning chiu nhiét va chéng
ri sét. Hai banh chu dong dugc lp dat phia sau xe, mdi banh
dugc truyén dong boi dong co mot chiéu cé giam tc. Banh
truyén dong c6 cAc vau an khép voi dai truyén dé kéo dai
truyén chuyén dong. Hai banh thy dong dugc bé tri phia truéc
xe, €6 nhiém vu cang dai, tranh hién tuong chung dai. Pai
truyén dwoc 1am tir vat lidu cao su chiu nhiét duoc st dung dé
truyén lyc tir banh chu dong sang cic banh bam duong va
banh cang dai. Nho dai truyén nay, Robot ¢6 kha nang bam
mit dét tot hon do dién tich tiép xuc lon, phan bd trong lugng
déuhon va di chuyen trén cac dia hinh c6 bé mat méap mo, cau
thang déc hoic nén dat yéu.

Thoéng s6 ky thuat co ban ciia Robot dugc trinh bay trén bang 1.

Bing 1. Céc théng s6 co ban

Céc thong sé chung

Tong khoi luong 50 kg

Kich thudc 0.72 (m)x1(m)x0.3(m)
Toc d6 toi da 0.2m/s

S0 gio hoat dong lién tuc toi da 4 gio
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2.3. Ngudn cép va hé truyén dong

Ngudn cap cho hé thong bo 8 cell pin lithium cé dién ap 24 V
va dung lugng 400Ah, c6 mach nap/xa, nho dé hé thong co
thé hoat dong lién tuc trong 4 gio. Dé truyén dong cho hai
banh chi dong, hai dong co mot chiéu c6 giam tdc duoc cap
tin hiéu diéu khién tir cac drivers. Mdi dong co déu c6 gan
encoder. Trén khung xe c6 gan dén va cdi, ngoai ra phia truc
va hdng xe c6 gan cac nit ding khan cap dé ngit nguon trong
truong hop su ¢b. Cac thiét bi truyén dong va diéu khién duoc
bé tri bén trong cua Robot nhu trén Hinh 3.

PLC Driver

Hinh 3. Céc thiét bi truyén dong va diéu khién duoc l4p dat trong robot.

Cac thdng sb co ban cuaa khdi truyén dong duoc liét ké trong
bang 2.

Bang 2. Thong sb khéi truyén déng

Khoi nguon
Pong co truyén dong

8 cells LiPO 24V, 400Ah
Dong co DC ¢6 giam toc, cong suat 100W, dién
ap 24V, toc d6 dinh muc 270 vong/phut.

Encoder Do phéan giai 100 xung/vong, dién ap lam viéc
0-30VvDC.
Driver bién ap cung cap: 12-40 VDC

Dong dién dau ra: 0-40A

Cong suat diu ra 16n nhét: 400W
Pién ap diéu khién twong tw:0-5VDC
Tan s6 PWM: 13kHz

Ché d6 dao chiéu dong co

2.4. Khéi cam bién

Trong hé théng Robot nay, encoder 1a mét thiét bi duogc sir
dung dé xac dinh tdc do quay ciia dong co va tinh toan quing
dudng ma robot da di dugc. Thong tin nay dwoc gui dén bo
diéu khién van tc va vi tri, giap cho hé thong cé thé diéu
chinh téc d6 va vi tri di chuyén cua robot mét cach chinh xac.
Céc thdng sb caa Encoder dugc xac dinh trong bang 2.

Cam bién siéu 4m SRF05 duoc lya chon dé phét hién va xac
dinh khoang cach dén vat can. Thong tin nay duoc gui dén va
xir ly trén Arduino Mega va tra lai cac van téc can thiét cho
khéi diéu khién chinh 1a PLC. Cam bién nay c6 goc quét 15°
va pham vi phat hién vat can tu 2 cm dén 450 cm.

Camera d¢ sau ciing 1a mot thiét bi cam bién hinh anh dugc
st dung trong hé thong. Cac thong so cu thé ciia Camera
duoc trinh bay trong phéan thi gidc may.

2.5. Khéi diéu khién

Robot duoc phét trién dé lam viéc ¢ ca hai ché do: diéu khién
tir xa va tu dong. Viéc diéu khién thu cong dugc thuc hién
thdng qua tay cam khong day két ndi véi bo thu tin hisu dat
trong robot. Chirc ning diéu khién ty dong dwoc van hanh

thng qua tin hi¢u tra yé may tinh tir camera, truyép théng cac
tin hiéu xuéng PLC bang giao thirc modbus qua cong RS485.

2.5.1. Ché dp diéu khién tir xa

Thiét bi diédu khién tir xa bao gdm thiét bj tay khién Flysky 6
kénh 1am nhiém vu phat tin hiéu va thiét bi thu Fs-ia6b. Bo
thu tin higu duoc str dung dé nhan tin hiéu tir tay khién, cho
phép ngudi diéu khién robot di chuyén trong pham vi nguoi
diéu khién c6 thé quan sat. Ngoai ra, bo thu tin hiéu tay cam
con cho phép chuyén dbi giita ché d6 didu khién bang tay va
ché @6 ty dong, gitip cho nguoi diéu khién co thé linh hoat
thay d6i ché d¢ diéu khién tuy theo tinh huéng.

Do bo diéu khién sir dung PLC khong doc duogc dir lidu tir bo
thu tin hiéu mot céch truc tiép, vi didu khién Arduino mega
2560 duoc st dung dé doc dugc tin hi¢u nay va giri thong tin
vé cho PLC.

(a) (b)
Hinh 4. Tay khién (a) va thiét bi thu tin hiéu (b).

2.5.2. Ché dp diéu khién tw djpng

Bo diu khién tu dong bao gdm may tinh chi va PLC FX3U
24MT 6AD 2DA véi két nbi RS485 dé diéu khién hoat dong
cua hai dong co truyén dong banh chu dong, di chuyén Robot
tiép can vung lra va tranh cac chuéng ngai vat trén duong
di. May tinh cha duoc cai dit bo phat hién lira duoc huan
luyén trén YOLOV4, nhan dir liéu vat can tir cac cam bién
siéu am, thyc hién thuat todn xac dinh vi tri hién tai cua Ro-
bot, thiét ké quy dao tranh vat can. Thong tin nay cing voi
cac thong tin tir cac cam bién khac duoc gui dén PLC dé xur
ly va tinh toan dé tao ra tin hiéu diéu khién cho driver, gidp
diéu khién hai dong co cua hé théng hoat dong mot cach
chinh xac va 6n dinh. PLC FX3U 24MT 6AD 2DA duoc lya
chon do cung cép du cac diu ra tuong tu dé didu khién hai
dong co truyén dong banh, cac dau vao doc tin hiéu tir cac
encoder, cac dau ra sé dé diéu khién chiéu quay cua cac dong
co, cong RS485 dé giao tiép véi may tinh.

Chu trinh hoat d6ng caa Robot duoc md ta trén hinh 5. Bit
dau chu trinh, Camera dit trén Robot s& chup anh va gui
théng tin vé may tinh chi dé nhan dang va khoanh céc ving
Ira nhan dang duoc trén anh, sau do tinh toan goéc nghiéng
gitra camera va tdm vlng chay, toa d6 cua tdm vung chay
dugc chuyén xubng PLC (day la nhiém vu cua khéi thi giac
may s& duogc trinh bay chi tiét trong muc sau). Dya vao cac
thong tin ny, PLC s& xit 1y, tinh toan dua tin hiéu diéu khién
xudng cac driver dé didu khién cac dong co truyén dong
banh chii, dua Robot tiép can vung chay va ding lai tai
khoang cach an toan trudc dam chay (quy woc la vi tri dich).
Giao tiép dugc giita may tinh va PLC la modbus RTU théng
qua cong RS-485. Giao thirc Modbus dugc st dung phd bién
nhat 1d Modbus RTU trén duong truyén vat ly RS-485. Mod-
bus RTU la mét giao thirc truyén ndi tiép twong ddi don gian
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dya trén giao thirc UART. Dit liéu duoc truyén theo byte,
tbc do baudrate thuong dwoc cdu hinh trong khoang tir
1200bps dé&n 115200bps. Dé theo dbi dir liéu thanh ghi tai
PLC tir PC va ddng bo ngdn ngit Python sir dung phan lap
trinh theo phat hién vat thé, ngon ngir Python va bo thu vién
Easymodbus dugc sir dung.

Robot quay tai
cho

Robot quay vé hudng Ira da phat

Robot bam theo dwirng thang huéng tai dich

Phat hién cd vét can

Rabot dirng tai diém dich va tién hanh
phun nuéc dép chay

Hinh 5. Luu db di chuyén tiép can lua va tranh vat can cia Robot trong ché
do tu dong.

Quy dao chuyén dong s& duoc hoach dinh so bo ban dau la
duong thing tir vi tri hién tai cua Robot t6i vi tri dich truéc
dam chay. Néu trén dudng di robot phat hién vat can, robot
dya vao tin hiéu cac cam bién siéu am s& chuyén huéng va
di theo duong bao cua vat can theo thuat toan Bug? [8]. Dé
xéc dinh vat can, nam b cam bién siéu 4&m SRF05 duoc gan
phia truéc va héng cia Robot. Trong qua trinh di chuyén,
robot lién tuc tinh todn vi tri toa do cua chinh né dua trén
théng tin nhan duoc tir cac encoder. Khi quy dao vong theo
duong bao vat can cit quy dao thang ban dau, robot s& xoay
huéng va bam theo quy dao thing. Qua trinh vong theo
duong bao sé tiép tuc néu Robot gap céc vat can khac cho
dén khi dat t&i vi tri dich. Minh hoa vé di chuyén tiép can
dam chay va tranh vat can dugc mé ta trén Hinh 6.

3. Khdi thi gidc may
Khdi thi giac may dugc thiét ké bao gém may tinh chu va

camera D435i (Hinh 7c¢). Camera D435i sir dung cong nghé
do d6 sau, cd pham vi géc quan sat 69° x 42° (£3°), d6 phéan

giai t6i da 1a 1920 x 1080, téc do khung hinh 30FPS va pham
vi hoat dong tir 30cm dén 500 cm. Camera duoc sir dung dé
ldy hinh anh thoi gian thuc dé 1am dau vao cho bai toan nhan
dang cac vat thé, & day 1a lira. Tir céc hinh anh thu thap duoc
tir camera, khdi diéu khién cé thé xac dinh khoang céch va
goc dén ngon lira va tir d6 co6 thé dua ra cac tin hiéu toi PLC
dé diéu khién cho robot chuyén dong hudng dén ving hra.

Vi tri dirng

Vit can 2

/

Hinh 6. Chuyén dong huéng vé phia viing lira dugc phat hién va tranh vat
can theo thuat todn Bug 2.

(b) Cam bién SRF05

sidu &m (c) Camera D435

@)

Hinh 7. Robot dugc trang bi Camera va cac cam bién tranh vat can.

Khéi thi gidc duoc st dung trong hé thong dé thuc hién viéc
nhan dang ving lira. Camera d6 sau 435i chup va gui anh vé
may tinh chu dé xac dinh toa do viing chay trong thoi gian
thyc va truyén théng tin téi bo diéu khién chuyén dong PLC.
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Trong nghién cau r]éy, mang YOLOv4 dugc sir dung dé nhan
dang vung lua. Kién trac duoc su dung trong YOLOV4 bao
gom 3 thanh phan chinh nhu trén hinh 8;

e Xuong song (Backbone): CSPDarkNet53

e Cb (Neck): SPP (Spatial Pyramid Pooling) module, PANet

e Head: YOLOV3

B :
Input Backbone [ Neck Head
| [ )
" -
- ; y
-
=
| I
CSP-Darknet53 PA Net YOLO

Hinh 8. C4u trdc cua bd nhan dang YOLOv4.

Tuong tu nhu cac bd nhan dang khac, YOLOVA4 nhan anh du
vao Vva trich xuét cac dic trung thong qua cac 16p no-ron tich
chap cua phan xuong séng (backbone). Phan xwong sdng nay
duoc xay dung tir CSPDarknet53 bao gom 106 16p tich chap
va két ndi du, co nhiém vy trich xuat dic trung cua hinh anh
dau vao khi thu nhé dan kich thudc cua anh. Khéi ¢ (neck)
str dung SPP Block va PANet c6 nhiém vu tron va két hop ban
d6 dic trung da duoc hoc théng qua qua trinh trich xuat dic
trung va qua trinh nhan dang. Khdi dau (head) duoc sir dung
dé tong hop va tuong tac v6i ban dd dic trung véi cac ty 18
khac nhau dé nhan dang vat thé véi cac kich thuéc khac nhau.
Viéc nhan dang céc vat thé trong cac anh dién ra & phan dau
cua YOLO.

Qua trinh huan luyén mang nhan dang gém céac budc nhu sau:

Budc 1. Thu thap dir liéu: khoang 2500 anh Itra duoc thu
thap va sau d6 str dung ky thuat tang cuong dé da dang dit liu
(Hinh 9). C4c anh duoc ly tir nhiéu ngudn khac nhau nhu trén
tap dir liéu cua Kaggle, anh do S¢ Canh sat Phong chay chira
chéy cung cip va anh tu chup véi cac diéu kién thoi tiét khac
nhau, cac khu vuc khac nhau va tai cac thoi diém khéac nhau
trong ngay dé dam bao sy da dang cua dit liéu.

Hinh 9. Mot s6 anh lira thu thap va ting cuong.

Buéc 2. Gan nhdn: st dung cdng cu Labellmg tao mot
hinh hop (box bounding) bao quang c4c viing lira trong tat ca
cac anh dix liéu voi ghi cht “Fire”. Sau khi gan nhan xong,
ching ta sé& co file .txt ghi lai tat ca céc thong tin vé lira trong
tat ca cac anh.

Budc 3. Huin luyén md hinh trén YOLOv4
Str dung Google Colab véi cdu hinh GPU Tesla P100 véi
12GB RAM, trén mdi truong Python 3, Torch 1.7 dé huan
luyén md hinh. Céc dir liéu thu thap chia thanh ba tap huén
luyén (train), ddi sanh (val) va kiém tra (test) theo ty lé
70:20:10.

LE]

aa -
© n nzon 15m 2400 e Eer Ty am amon ramn m
avg lima o= (ATHL  ilerslien = EBO0  appres. lims lefl = B83 haurs

rarren e
Fress o' Lo aave o shart.pig - Saved Iberatonn wam b

Hinh 10. Ham tén thét ciia mé hinh sau khoang 6000 vong train.

Hoc chuyén giao (Transfer learning) dwoc ap dung dé hoc cac
trich xuat dac trung tir dit liéu va tinh chinh (fine-turning) trén
dic tinh cua anh lira. M@ hinh tién huan luyén duoc liy tir
Yolo4-custom vaéi toc d6 hoc (learning rate) 1a 1e® va lwong
anh mau di liéu trong mét 1an huan luyén (batch size) bang
32. Hiéu qua caa mo hinh huan luyén duoc danh gia qua ham
t6n that biéu dién sai léch giira nhan do mo hinh dang du doan
s0 v6i nhan thuc. Db thi ham tén thét (loss function) thu dugc
nhu trén Hinh 10.

Két qua ham loss dat gia tri bdo hoa va thay d6i khong dang
ké tir vong thir 5000. Dé tranh hién tugng qué khép, d6 1a md
hinh nhan dang qua chi tiét vao cac di liéu huan luyén, 1am
mat di sy da dang khi nhan dang ddi twong véi nén va goc
chup khac nhau, viéc huan luyén mé hinh s& dirng lai sau 6000
vong huan luyén. Két qua cua qua trinh huan luyén 1a mot
mang No-ron véi cac trong sé da duoc cap nhat dé cé thé phat
hién va nhan dang lira. Bé kiém tra do chinh xac ciia md hinh,
chung t6i da kiém thir mé hinh trén mot s6 anh trén tap test
(Hinh. 11) va anh chup tir camera gan trén Robot dugc chuyén
vé may tinh trong thoi gian thuc (Hinh 11).

(a) khi anh m&s (b) khi anh 16 nét

Hinh 11. Cac két qua nhan dang mot sé anh trong tap test trén mo hinh da
huan luyén.
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Két qua nhan dang mot s6 anh trong tap kiém tra duoc thé
hién trén Hinh 12.

Hinh 12. Két qua nhan dang ving lira trong thoi gian thuc tir anh chup va
truyen tir camera vé may chu.

C6 thé thiy khi anh c6 d¢ sang, vang lira rd rang thi do ty tin
(confidence score) 16n (=1) va khi anh m¢ hon thi d6 tin cay
giam di (=0.98). Hinh 12 cho thiy két qua nhan dang trong
thoi glan thuc. Camera gin trén Robot gui video vé may tinh
chu, két qua nhan dang cho thdy mé hinh huin luyén nhan
dang dugc cac vung lira trén video véi do chinh xac cao. Véi
két qua nay, hoan toan c6 thé tich hop khol thi gidc may vao
hé théng Robot dé thyuc hién bai toan yéu cau.

4. Thuwc nghiém va két qua

Dé kiém tra kha nang nhan dang lta va tiép can chinh xéc
cia Robot, mot sb thi nghiém duoc thuc hién. Kich ban va
két qua thir nghiém duoc thé hién trén Hinh 13. Robot dugc
diéu khién tir xa t6i hién truong c6 dam chay. Trong kich
ban nay, Robot cach dam chay 10m va nghiéng véi dam chay
khoang 30 do. Dau tién, Robot s& quay tai chd dé khdi thi
gidc may phat hién va nhan dang vung lua, khi vang lira
dugc phéat hién, may tinh chi chay chuong trinh xac dinh
gébc léch huéng gitra Robot véi tdm lira va vi tri cia thm vang
lra. Robot s& quay mot goc léch dé husng vé ving lira (Hinh
13.a). Quy dao toan cuc dugc xac lap 1a duong thang néi vi
tri thuc té cua Robot tdi vi tri truge vang lira mot khoang
cach an toan 1a 40 cm. Robot s& chuyén dong theo duong
thang (Hinh 13. b). Khi c6 chuong ngai vat Xuét hién, Robot
s& durng lai va xoay hudng va van chuyen theo duong bao
quanh vat can (Hinh 13. ¢,d). Robot tiép tuc di chuyén xung
quanh dudng bao cho dén khi gap quy dao thing ban dau s&
ding lai (13. ) va quay hudng dé bam theo quy dao thang
(13.f) va dirng lai trudc ving chay 40 cm (13.g) dé chuan bi
dap chay.

(d)

O (® (9)

Hinh 13. Két qua thyc nghiém tranh vat can va tiép can viing chéy.

Két qua thuc nghiém cho thiy kha nang nhan dang chinh xac
vung ltra cua hé thong thi giac may va tinh hiéu qua cua hé
thong diéu khién chuyén dong Robot tiép can chinh xac ving
lua.

5. Kétluan

Robot chira chay dugc thiét ké trong nghién ciru nay c6 dang
dai truyén bam dwdng va cau tric phi hop dé di chuyén linh
hoat va lam tur cac vat liéu chiu nhiét, phu hgp vai moi truong
khéc nghiét cua cac vu chay. Khéi thi giac may trén co sé bo
nhan dang YOLOV4 c6 kha nang nhan dang va phat hién cac
vung chay vaéi do chinh xéc cao trong thoi gian thuc. Robot
dugc trang bi cac cam bién siéu 4m dé tranh c6 kha nang tranh
dugc c&c vat can trén quang duong di chuyén vé phia cac ving
chay. Khéi diéu khién sir dung PLC va may tinh chia duoc
thiét ké dé thuc hién di chuyén Robot tiép can chinh xac viing
chay nhan dang dugc. Cac két qua thir nghiém cho thiy Robot
da bude dau dap (ng cac yéu cu co ban trong tng dung dap
chay. Trong céc nghién ctu tiép theo, chiing toi s& tiép tuc
nang cao tinh hiéu qua, do chinh xac va tdc do hoat dong cua
bo nhan dang cua khéi thi gidc may va khdi cam bién tranh
vat can, phét trién hé thbng Robot chira chay c6 thé lam viéc
trong cac moi truong thuc té.
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Nghién ctru nay duoc tai trg boi Dai hoc Bach khoa Ha Noi
(HUST) trong dé tai ma sé T2022-PC-004.
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Abstract

Legged robots' gait is a major factor in how well they walk. Because present solutions lack a precise approach to the incredibly complicated
structure and sensitive motions of legged creatures, gait creation remains a highly challenging subject. This article proposes a gait generation
model (WPG) for a spider robot to walk straight and follow the designed reference ZMP trajectory in 2 step cycles with two different speeds.
Initially, the robot spider's gait parameters are determined using a nonlinear recurrent evolutionary neural network model (NARX+EANN),
which is then used in a walking pattern generator (WPG). Next, a new gait pattern generator (WPG) that depends only on four parameters
(step length, leg lift, knee bend, stride) of the small-sized spider robot is designed, by relying on realistic gait analysis of the spider robot and
kinematic analysis. Simultaneously, by using analytical techniques to solve the inverse kinematics issue, 12 joint angle orbits at the spider
robot's four legs will be determined from the hip and foot orbits at the spider robot's four legs. Then, the optimal weights of the NARX+EANN
model are identified using the Jaya optimization algorithm for training with the objective function of minimizing the total error between the
actual ZMP coordinates and the reference ZMP in two-step cycles of different speeds. The actual ZMP point is determined based on 12 joint
angle orbits at the four legs of the spider robot by solving the forward kinematics problem using analytical methods. Finally, this proposal is
applied to the experimental model of the B3-SBOT spider robot. The obtained results demonstrate that B3-SBOT walks steadily and strongly
without tilting, closely following the designed reference ZMP trajectory in 2 step cycles with two different speeds.

Keywords: EA-ANN — Evolutionary Algorithm-Artificial Neural Network , NARX — Nonlinear Auto-Regressive with Exogenous,
JAYA optimization algorithm, Spider robot, WPG — Walking Pattern Generator, ZMP — Zero Moment Point.

Tém tit

Dang di dong vai tro guyét dinh vé hiéu sut di bo cua robot c6 chan.
Ky hiéu Pon vi M@ ta Hién nay, tao dang van la bai toan rat khd vi ky thuét hién tai chua
’ ) tiép can duoc mot céch chi tiét v& két cdu vo cuing phiic tap. vasy van

S mm chiéu dai budc
H mm d6 nhic chan dong rét tinh vi cua cac dong vat co chan. Bai bao nay, d& xuit mo
i e hinh tao dang di (WPG) dé robot nhén budc di thing bém theo quy
h mm d6 khuy goi dao ZMP tham chiéu duoc thiét ké trong 2 chu ky budc voi hai téc
n mm do sai chan d6 khac nhau. DAu tién, m6 hinh mang no-ron tién hoa hdi quy phi
tuyén (NARX+EANN) duoc thiét ké dé nhan dang cac tham sé dang
Cic tir vidt tit di cua spider robot va cép cho bo tao mau di bo (WPG). Ké tiép, bo

tao mAu dang di (WPG) méi chi phu thuc vao bén tham s6 (chiéu
dai budc, d6 nhac chan, do khuy goi, do sai chan) caa robot nhén

Nonlinear Auto-Regressive with kich thuéc nho duoc thiét ké, bing cach dua véo phan tich déng di

NARX

Exogenous ) o thyc té cua robot nhén va phan tich dong hoc. Bng thoi, 12 quy dao

EAANN  Evolutionary Algorithm-Avrtificial goc khop tai bon chan ciia robot nhén sé duoc xéc dinh tir quy dao
Neural Network cua héng va quy dao cua ban chan tai bon chén cua robot nhén thong

ZMP Zero Moment Point qua gidi bai ton dong hoc nguoc bang phuong phap giai tich. Sau
. do, cac trong s6 t6i uu ciia md hinh NARX+EANN duoc nhan dang

WPG Walking Pattern Generator bing cach sur dung thuat toan tdi wu Jaya d& hun luyén véi ham muc
JAYA JAY A optimization algorithm tiéu 1a cuc tiéu hoa tong sai sb giira toa d6 ZMP thuc té véi ZMP

tham chiéu trong hai chu ky budc ¢6 toc do khac nhau. Diém ZMP
thuc te duoc xdc dinh bang cach dya vao 12 quy dao goc khop tai
bon chan cuaa robot nhén théng qua giai bai toan dong hoc thuan sir
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dung phuong phap giai tich. Cudi cung, d& xuét nay dwoc p dung
vao mo hinh thuc nghiém robot nhén B3-SBOT. Két qua thu dugc
ching to rang B3-SBOT budc di viing chic va manh mé ma khong
nghiéng nga theo sat quy dao ZMP tham chiéu dugc thiét ké trong 2
chu ky buéc vai hai tbe do khéc nhau.

1. Gi6i thiéu

Trong thé gidi robot, robot nhén dang dugc phét trién cho nhiéu
muc dich khac nhau. Véi thiét ké linh hoat va diéu khién thich
nghi, khién robot nhén trg thanh mét cong cu cé gié tri cho
nhiéu tng dung (bao gém quan su, hoat dong ctru ho va giam
sat). Vi du, giam sat cac cong trinh bi sap dé tim nguoi sbng sot
[4], kiém tra va thir nghiém cac hé thong duwong ng phic tap
[2] va bao tri cac cong trinh nguy hiém nhu 16 phan ng hat
nhan [3], lam sach cac bé mat bén ngoai dugc xay dung bang
kinh ctia moi toa nha, khéng gian lam viéc vin phong hodc cin
ho chung cu [4], do tim bom min con sét lai tir thoi ky chién
tranh & cac ving c6 dia hinh go ghé phiic tap [5].

Viéc tao ra dang di cho robot bdn chan doi hoi phai tao ra cac
clr dong & bén chan dé dam bao sy 6n dinh, tiét kiém ning
lugng va kha nang thich tng véi céc dia hinh khac nhau. Qua
trinh nay doi hoi sy tich hop phan hdi ciia cam bién, thuat toan
diéu khién va nguyén 1y co sinh hoc dé tao ra dang di manh
mé va linh hoat. Hién nay, tao dang di cho robot bn chan van
1a bai toan kho do ky thuat hién tai chwa tiép can duoc cac doi
tugng sinh hoc vo cung phic tap vé két cau va tinh vi trong
van dong.

C6 hai phuong phap thong dung dé tao dang di cho robot bon
chén Ia tao dang di tinh va tao dang di dong [6]. Dang di tinh
(static walking) duoc McGhee va Frank [7] dé xuit dau tién,
1a phuong phap diéu khién chuyén dong bang cach di chuyén
tirng chan cua robot khi budc di. Bang céch st dung phuong
phap nay, tai mot thoi diém chi c6 mot chan duoc nang 1én va
ba chan con lai dat trén mat dat dé robot bon chan bude di 6n
dinh vai toc do cham [8]. Déang di dong la phuong phép diéu
khién chuyén dong bing céch di chuyén hai chan cuing mot
lGc, hai chan chuyén dong & hai bén khéc nhau. Vi du: néu
chén phai truéc di chuyén thi chéan trai sau ciing di chuyén,
nguoc lai khi chan tréi trudc di chuyén thi chan phai sau ciing
di chuyén. Viéc str dung phwong phap dang di dong khién ro-
bot di chuyén nhanh hon phwong phap dang di tinh nhung do
6n dinh cua robot s& b giam [9].

Dic biét, tao dang dé robot nhén bam theo quy dao ZMP mong
mudn ma chi dua vao ZMP thyuc nghiém quan sat dugc, thi
md hinh mang no-rén két hop mo hinh hol quy phi tuyén duoc
chon lya dau tién. Vi Mang no-ron la cau trdc mo h|nh phi
tuyén c6 tinh linh hoat rat cao, nén mang no-rén c6 thé xap xi
ham phi tuyén tron véi sai s6 nho tuy y khi s6 no-rén & 16p an
du 16n. Bong thoi, trong s6 clia mang no-rén ¢o thé udce lugng
dugc ma chi can dya vao cac phan hoi quy 1a ZMP tham chiéu
va ZMP thyc té trong qua khir. Phuong phap wéce luong cac
trong sé cua md hinh mang no-rén dugc st dung phd bién
nhét hién nay 1a phuong phap sai s6 du bdo. Y tuéng co ban
ctia phuong phap nay 1a wéce lwong cac trong s6 cia mé hinh
mang no-ron sao cho cuc tiéu hoa tiéu chuin wéc luong la
ham xac dinh duong cua sai s6 du b4o (thuong 1a ham toan
phuong), trong d6 sai sé du béo Ia sai léch gitra ZMP mong
mudn va ZMP thyc té. Loi giai ciia bai toan téi wu nay co thé
tim dugc bang thuat toan lap Newton nhu: thuat todn suy giam
d6 déc, thuat todn Gauss - Newton va thuat toan Levenberg -

Marquardt [10]. Ngoai c4c thuat toan Newton, c6 thé ap dung
céc thuat toan t6i vu tién hoa dé tim giai bai toan uu hoa [11].
Dua véo cac phan tich trén, bai bao dé xuat md hinh tao dang
di thich nghi sir dung mé hinh hdi quy phi tuyén (NARX) két
hop mé hinh mang no-ron tién hod (EA-ANN) dé robot nhén
bude di thang bam theo quy dao ZMP tham chiéu duoc thiét
ké trong 2 chu ky budc véi hai tdc do khac nhau. Cac dong
g6p chi tiét cua nghién ciru bao gom:

+ M6 hinh mang no-rén tién hoa hoéi quy phi tuyén
(NARX+EANN) dugc thiét ké dé nhan dang cac tham sé dang
di (S-chiéu dai budc, H-d6 nhic chan, h-do khuy gdi, n- do
sai chan) cua robot nhén va cp cho bo tao mau di bo (WPG).
+ B0 tao mau di by (WPG) c6 quy dao ciia hdng va ban
chan tai mdi chan cua robot nhén phu thudc vao bbn thong sé
dang di (S, H, h va n) s& duoc thiét lap dya vao quy luat van
dong cua robot nhén va ham noi suy bac 3. Bdng thai, 12 quy
dao goc khap tai bon chan cuaa robot nhén s& dwoc suy ra tir
quy dao cua héng va quy dao cua ban chan tai bn chan cua
robot nhén thong qua giai bai toan dong hoc nguoc bang
phuong phap giai tich.

+  Thuat toan téi uu Jaya [12] duoc st dung dé huin luyén
trong s6 ciia md hinh mang no-rén (ANN) véi ham muyc tiéu
la cuc tiéu hoa tong cua sai sb gitra ZMP thuc té véi ZMP
tham chiéu trong hai chu budc c6 toc do khac nhau. Piém
ZMP thyc té duoc x4c dinh bang cach dya vao 12 quy dao goc
khop tai bon chéan ciia robot nhén bang céch giai bai toan dong
hoc thuén sir dung phuong phap giai tich.

«  Pé xuét nay dugc 4p dung vao B3-SBOT, két qua md
phong chiang minh bo tao mau di bo (WPG) thich nghi dugc
dé xuit cho phép B3-SBOT budc di viing chic va manh mé
ma khong nga.

Phan con lai cua bai bao dwoc t6 chic nhu sau: muc 2 giGi
thiéu md hinh spider robot (B3-SBOT); muc 3 trinh bay dé
xuat mé hinh mang no-ron tién hoa thich nghi két hop mé hinh
hdi quy phi tuyén dé tao cac théng sé dang di cap cho bo phat
dang (WPG - Walking Pattern Generator) dé dam bao robot
nhén budce di thing bam theo quy dao ZMP tham chiéu dugc
thiét ké trong 2 chu ky budc véi hai van téc khac nhau; muc
4 trinh bay két qua mo phong va muc 5 trinh bay két luan

2. MGo6 hinh robot nhén B3-SBOT

Robot nhén kich thudc nho (B3-SBOT) c6 than va bon chéan
nhu mo ta trong Hinh 1.

Hinh 1.Hinh anh md ta robot nhén B3-SBOT véi 12 DOF.
MGi chan c6 khau dui va khau cing chan vai tong cong 3 dof
(2 dof & khéop héng, 1 dof & khép gbi). B3-SBOT c6 thé bét
chude dong tac di bd cua robot nhén theo mat ding ngang va
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mat ding doc. Tong khéi luong cua B3-SBOT la 350 gam
(d6ng co servo, cam bién, bo diéu khién, pin) va cao 15 cm.
B3-SBOT duoc thiét ké dam bao céu trac dong hoc, mdi dof
tuong g 1 dong co truyén dong doc lap. Dong co Servo DC
loai MG90S ciia hing TowerPro duoc sir dung lam phan tir
truyén dong. Uu diém noi bat caa dong co MG90S 14 nho gon
va nhe (13.4 gam) véi luc kéo momen (1.8 kg.cm). Tin hiéu
diéu khién dong co servo duoc giri tir vi diéu khién STM32.
Nguyén ctru nay quan tdm dén bai toan tao dang va diéu khién
robot nhén budc di thang nén than trén caa robot nhén dugc
gitr ¢6 dinh va chi diéu khién than dudi c6 12 dong co & bén
chan vai 12 géc quay
((01,602,013,0,1,05,053,04,0s,0,0,,0,,,0,; ) duge dinh nghia
nhu  trong Hinh 2. Vi tri cua cic khop
(Pi1 P2 Pig Pt Pop Prg Pay oy Py Py Py Py VA thir tur chén cling

duogc dinh nghia nhu trong Hinh 2.

Py @
(Leg4)

Psg
(Leg2)

P33
[ ]

(Leg3)

Hinh 2. M4 hinh két ciu robot nhén B3-SBOT.

3. P& xuit md hinh tao ding di (WPG) thich
nghi cho robot nhén

Bai bao dé xuit md hinh mang no-ron tién hoa thich nghi két
hop md hinh hdi quy phi tuyén dé tao céc thong sb dang di
cap cho bo phat dang (WPG - Walking Pattern Generator) cia
robot nhén nhu minh hoa trong hinh 3.

-

B
Phat Dang
(WPG)

Mo hinh
NARX+ANN

ZMP tham chiéu
(trong C chu ky budrc)

(651,852,652

[ZMP thuc té] Robot

Ché

Giai thudt
JAYA

i=1-C;Clasb chuky budc

j=1--4;j lathirtr chan cna robot

Hinh 3. M6 hinh d& xuat.
WPG duoc thiét Iap dwa vao quy luat van dong cua robot nhén
va ham noi suy bac 3. Ngd ra cua WPG la quy dao goc quay
cua 12 goc khép cip cho robot nhén. Ngé ra cua robot nhén
1a toa d6 ZMP thyc té duoc hdi tiép vé mé hinh dé xuat. Cac
trong s6 cua md hinh mang no-ron trong mo hinh dé xuat dugc
nhan dang ti wu béi thuat toén Jaya.

3.1. M6 hinh NARX+EANN
Trong bai béo nay, quy dao ZMP tham chiéu cua robot nhén

1a bude di thang trong hai chu ky budc véi hai toc do khac
nhau (C=2). Ta goi la toa do0 ZMP tham chiéu va la toa do

ZMP thyc té cua robot nhén, céc toa do nay 1a ngd vao cua
md hinh NARX+ANN. Vi cau tric NARX duoc chon la bac
1 nén md hinh mang no-ron ¢6 bon ngd vao 1a [ X, . (k-1)]

’ |:yzmp_ref (k _1):| 1 .:szp_real(k _1):| ' [yzmp_real (k _1):| Vé‘ Cé té'm
ngd ra la [S1, HI, hl, nl, S2, H2, h2, n2]. Trong d6z~* la
toan tir tré bac 1; [S1, H1, h1, n1] la bon tham so dang cua chu
ky budc th nhat; [S2, H2, h2, n2] la bon tham s6 dang cua
chu ky budgc thi hai. M6 hinh ANN dugc mé ta béi phuong
trinh (2).

y; (k,2)=F, (2?:1‘41 F (Zlm:le, P (k)+wj0) +vi0);i =1.n (1)
Trong d6, mé hinh mang no-rén c6 3 16p; vy, la ngd ra thu i
cua 16p ra; q 1a s6 no-rén ¢ 16p an; n 1a s6 ngd ra cua 16p ra;
m 12 s6 ngd vao cia I6p vao; w, la trong so gita 16p vao va
I6p an, w;, la ngudng cua lop vao, v; 1 trong sb giira I6p an
va 16p ra, v,, la ngudng cia I6p an; F, 1 ham tic dong tai
I6p 4n, F, 1a ham tac dong tai I6p ra; D 14 tong cuia cac trong
sb va cac ngudng cua mod hinh mang no-ron; ¢ (k) la véc-to
hdi quy va A la véc-to trong sb va ngudng, dugc dinh nghia
nhu cong thic 2 va 3.

(k) =[0, (k). 0, (K).0, (k). (K)]

= I:szpiref (k _1)’ yzmpirel (k _1)’ szpireal (k _1)’ yzmpireal (k _1):|T

i:[w.

jn

Véi D=(m+1)q+(q+1)n; j=1.--q; I =1---m; i=1--n

@)

©)

WjovVij ,Vioj|T = [Wl,...,WD]T

3.2. Xay dung bd phat dang di (WPG-Walk ing Pattern
Generator)

Bdn tham s6 quan trong cua robot nhén gitp budc di 6n dinh

bao gom S - chiéu dai bu6c chan, H - do nhac chan, h - do

khuya goi va n - d6 sai chan dugc minh hoa nhu trong Hinh 4.

T A

[} P,
B Pyo.Pyo |
R
=
1‘ [ w
| E e
o | /
I T /
L. g=
P23, P33
(Frontal plance)
|
|
[
| \
| .
[ | P
H
. P2y
Ps: @ L — [ AR

(Sagittal plance)
Hinh 4. Bén tham s anh huong quyét dinh dén déng di robot nhén B3-
SBOT.
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Trong d6: 11a chiéu dai ciia than trén, w 1a chiéu rong cua than
trén.

Chuyén dong cuia robot nhén trong 1 chu ky buoc (T7) dugc
tao ra bang cach chon ham theo thai gian thich hop cho 8 diém
tham  chicu: Py (Plow Py Puo. ) ) P (onw Poy: onz) )

Pso(P30er30er30z) ) PAO(PAOerAOyle) ) P13(Pl3x’P13y’P13z) )

P23 (P23><’ P23y’ P23z ) ' P33 ( P33><' P33y’ P33z) ' P43 (P43><' P43y’ P43z ) :
Trong subt qué trinh budc di, chiéu cao cua than trén dugc giir
c6 dinh nén P,P,.P, P, duoc tinh théng qua
Py (PBX, Pyy BZ) nhu cong thirc (4):
_ | W
Py = %x+5’%y+zﬁ%z
- | W
PZOZ PBX+E’PBy_E'PBz
I I W] 4
Py = %x‘iv%y‘?”%z
- | w
P = %x_g’%y+zﬂ%z

Mbi chu ky buéc c6 6 pha, chu ky mdi pha la T, :% . Trong

céc pha 1 -3 -4 -6 c6 mot chan di chuyén vé phia trudc, ba
chan con lai ding yén. Trong pha - 5 chi c6 than di chuyen ve
phia truéc va ca 4 chan ding yén. Luat di chuyén bon chén va
thén cta robot nhén trong 1 chu ky buéc (0<t<6T,) duoc
minh hoa chi tiét trong bang 1. Luu y cac ky hiéu trong bang
1 nhu sau: T biéu dién chan nhac; | biéu dién chan ha xubng;
= biéu dién than tién vé phia trudc.

Pg, Py Py, Py, P,y duoc chon lya truc quan.
P,, duoc lya chon theo chuyén dong cia cac chan dé co dang
di mong mudn. Lya chon P, phu thudc vao céu trac co khi
cta robot nhén vi né lién quan dén dich chuyén ZMP tir pha
nay sang pha khac. )

Bai bao nay, quy dao ZMP tham chieu cua robot nhén dugc
thict ke trong hai chu ky budc voi hai toc do khac nhau. Do
do, bon thdng so dang di cua robot nhén trong moi chu ky
budc s& bi thay doi nhu cong thirc (5). D& dam bao tinh kha
vi ctia bon tham so6 dang di, phuong phap xap xi bang da thic
bac 3 qua cac nat dugc sir dung.

Py, P

137 7231

P.

33

Trong dé: A la cac théng sé dang di S, H, h, n cia robot nhép.
Trong hai chu ky buéc (0<t<12T,), dua vao luat di chuyen
bang 1 va gia st tai thoi diém t=0s thi
Py (t=0)=[0,0,(}, +1, +1;)—h] thi Py, P, Py, P, cho dang
di thang dwoc thé hién nhu sau:

§t+l, 0<t<T,
T, 2

0

%-rS,T0 <t<6T,

13x — | S (6)
—+2t-55,6T, <t<7T,
2 T,

l+25,
2

7T, <t <12T,

2n, w
—t+—+
2

S
T, 2’

OSt<T—0
2

-——t+

w S
7+7
T, 2

+2n,T—°st<T0
2 2

w.s, T, <t<6T,
Pisy = gn 2w s 13 )
—t+—+—=-12n,6T, <t<—T,

T, 2 2 2
S WS i Brcrar,
T, 2 2 2

7T, <t <12T,

—2—Ht+2H, T—°£t<T0
2

0

0,

My _1om, 61, <t<2,
T 2

0

T, <t<6T, @®

132 =

Sy aan, Broceer
T 2

0

0, T, <t<12T,

A,,0<t<5T,
A=l B t+(zA1+§A2j,5Tost<7T (5)
2T, 2°t 2
A, 7T, <t <12T,
Bing 1. Luat di chuyén ciia bdn chéan va than cua robot nhén trong 1 chu ky budéc [15]
0 To |T, 3T, 2T, 5Ty 3T, 7Ty 4T, 9Ty 5T, 11T,
t To| 2 3T | 2 5To | 2 To | 2 Ty | 2 11T, 2
%? - Ty _)T - 2T, _)T - 3T, _>T - 4T QT - 5T, - 2 - 6T,
Legl | 7 l
Leg 2 T !
Leg 3 1 l
Leg 4 T !
Body = = = =
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143 ostea, -5 0t
S I S 2n w S
—t-3S+-+=,3T, <t < 4T ——t+4n-———-=,2T, <t < =T,
T, 2 27° 0 T, 2 2'7° 0
| 3S 2n w S5
P23><: §+7, 4T0 £t<9T0 (9) ﬁt_6n_§_§771—0 St<3-|—0
S S
ﬂ'[—85+§+§,9T0St<10TO Py, = —%—§,3TOSI<8TO (13)
2 17
Tedeas, aom <t ~2vaen- 2= 8T <t< 2T,
0
204 1gn-W_ Sl gt
—%—%,OSKBTO To < 2 2'2
w
oo w S 7o —5 5 I <t<12T,
T, 2 2707 2
_%”t—&;n—%—%%nswﬂo 0, 0<t<2T,
‘iN S %I_—Ht—4H,2TO£t<gTO
Proy =1 =% =5 4Ty <t < 9T, (10) 0
2H 5
—E 0t 4+6H, 2T, <t <3,
—3_—nt+18n—g—%9Tost<%T To 2° °
, 0 <19 Py, =10,3T, <t <8T, (14)
n w
T, AN 5 g st<10h %I_—Ht—16H,8Tost<%To
0
w S
% 50T, <t <12T, _2Tth+18H%TOSt<9TO
0
T, <t<12T,
0, 0<t<3T, 0.9Tp <t <12T,
2H 7
24 -6H,3T, <t< =T,
T, T2 _IE’ 0<t<5T,
My en LT <t<at s, |
T 20" 0 =55, 5T, <t <6T,
P,,, =10,4T, <t <6T, (11) Pax=1"| (15)
ﬁt—lBH oT <t<g_|_ —§+S, 6T, <t <11T
Ty T 2° S |
Zt-_-11S, 11T, <t<12T,
—%I_—HHZOH,%TnglOTO T, 2 ° ’
0
0, 10<t<12T,
° g+% 0<t<5T,
_IE_% 0<t< 2T, g+§+_2|_—nt—10n,5T0£t<1—2:l'T0
0
S, | 55
T35 2T <t<3, g+g—2—nt+12n,1—21T <t <6T,
0
| s Pay=1" o 0 (16)
Py = —§—§+S, 3T, <t < 8T, (12) 54_5, 6T, <t <11T,
S S
Tfot—75—§—§,8ToSt<9To g+§+$t—22n,m03t<§n
0
| S
—5-5+25, 9T <t<12T, W+§—2i't+24n,§Tst<12To
2 2 2 2 T, 2
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0, 0<t<5T,
2H 11
2H jopst <t
T, 0=<t<Z T
_2H o,
=

_ 0
P =10, 6T, <t <11T,

2Ry oon T <t <237,
T 2

0

lleT0 <t<6T,
17

%l_—Ht+24H %Togt<12T

0

Py cho dang di thang duoc thé hién nhu sau:
0, 0<t<T,

ZiTot —%,TO <t< 2T,

S

> 2o <t<dT,

S35

2T, 2

Ps, =1S,5T, <t < 7T,

S.58

2T, 2°

S

E,8T0 <t<10T,

S5
2T, 2
28,11T, <t <12T,

AT, <t<5T,

(18)
7T, <t <8T,

10T, <t <11T,

Py =0, 0<t<12T, (19)

P, =L +1,+1,—h, 0<t<12T, (20)
Dé dam bao tinh lién tuc v& vi tri, van toc va gia téc cua cac
quy dao P, , Py, P, , P, va P, nhu cong thac (6— 20),
phuong phap xap xi bang da thirc bac 3 qua cac nat duoc sir
dung. Khi ¢6 quy dao dugc xap xi cia Py, Py, Py, P, thiro-
bot nhén s& budc di thang.

Dang di duoc tao ra bang cach Iéy mau cac quy dao xAp xi cua
Py Py s Py Pis s Py Poo s Pao » Py trong nhitng khoang thoi
gian nhat dinh. Cac quy dao xap xi cua Py, P, , Py, , P,, duoc
tinh tr quy dao xap xi cua Pg théng qua cong thirc (4). Trong
cac quy dao xap xi cta Py, Py, Py, Py Py Py o Pay s Py, thi
t va T chi phdi qua trinh ldy mau quyét dinh téc do budc di
va do ém &i cua dang di. Vi At 1a khoang thoi gian lay mau,
% biéu thi s6 lugng mau trong mot chu ky budc T hoic tan sb
lay mau. Tuy thugc vao cau tric caa robot nhén ma gia tri cua
T va At s& dugc chon sao cho phu hop.

Mau di bo l1a quy dao cua 12 goc quay[ &, (t) , 6, (t) , 6 (t) ,
O (1) 1 O (1), O (1) O (1) 4 O (1), O (1) O (1) s O (1)
6,5(t) ] ¢ 4 chan cta robot nhén trong 2 chu ky budc di. Cac
quy dao goc quay nay dugc xac dinh tir cac quy dao xap xi
cua Py(t) , Pu(t), Pyu(t), Pu(t), Po(t), Py(t), Pyu(t),

Po (1), bang cach giai bai toan dong hoc nguoc tirng chan cua
robot nhén.

Vai tro cua 4 tham s (S, H, h, n) anh huong dén d6 6n dinh
duoc thyuc hién nhu sau: 2 bo tham sé dang di khac nhau dugc
chon nhu sau (truong hop 1. S=89.4869, H=25.2623,
h=138.2758, n=41.8079 va trudng hop 2: S=111.0861,
H=40.3096, h=137.1566, n1=25.6890), sau d6 khao sat dang di
va ZMP trong 2 chu ky buédc di twong tng vai tieng bo tham
s6. Video minh hoa dang di va ZMP tuong ting hai truong hop
trén theo link sau: https://youtu.be/0-PLESyY8G4

T6m lai, c6 thé tao ra nhiéu dang di thang khac nhau trong céc
chu ky budc khac nhau bing cich thay doi gid tri ciia bon
thong s6 dang di (S,, H;, h;, n;) trong mdi chu ky bugc. Do
do6, cac tham sb nay phai duoc lua chon t6i wu dé dam bao
robot nhén budc di thang bam theo quy dao ZMP tham chiéu
duoc thiét ké trong 2 chu ky budc vai hai van toc khac nhau.

3.3. ZMP cia Robot nhén

Diém ZMP thyc té cua robot c6 chan dugc tinh nhu céng thic
21 [13]:

Zn:ml( )PIX imlplxplz_znlliyﬁiy
Xonp = i=1 - i=1 i=1
Zmi (PIZ + g)
n - n n (21)
> (B, +9)Py = > mBR, = 1,8,
yZMP i=1 - i=1 i=1
Zl:mi (Plz + g)

trong d6, m; 1a khéi lwong cua khau thit i va (P, Py, Py, ) 12
toa do khéi tam cua khau thir i trong hé truc toa do dé cat, I,
va I;, 1a thanh phan momen quén tinh, {};, va {3;, Ia thanh
phan gia toc goc quay xung quanh truc x va y tai khdi tam cua
khau thtr i, g 1a gia toc trong truong, (xZMp_real,yZMp_real )
1a toa do diém ZMP thuyc té.

Doi véi B3-SBOT, gia sir mo men quén tinh va gia toc géc
tuyét doi cua cac lién ket 1a du nho @é bo qua, cong thure tinh
ZMP dugc tinh nhu cong thic (22) [14]:

12 .
Zmi I:)iz Px

— 1=
Xzmp = Xcom +

o (22)
Zmi I:)iz I:)y
i=0

Yzmp = Yeom+ — n

Trong cong thicc 34, phan bd khdi lwong m, va toa do
( %0 Piys Pl%) cua cac khép duoce dinh nghia trong Hinh 5, toa
do cua khoi tim (COM) duoc tinh thong qua cong thuc (23),
cac thanh phan gia toc sir dung phép tinh sap xi nhu céng
thuc (24).


https://youtu.be/0-PLESyY8G4
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P3;m3

P12; miyo

Pyy;my |

(]
Hinh 5. Phan b4

khéi lugng va toa do cua cac khap.

Xeom = Zmu ix _lzzmi

Yoou =3P, /3 (23)
Zeow = Zm, 3 im

P, (1) =[P, (t)- P, (t-1)]/At; B, (1) =[ B, (1)~ P, (t-1) ] /At;

By (1)=[P, (1) =P, (t-1)]/at B, (1) = [, (1)~ B, (t-1)] /at; (24)
P, (t)=[P,(1)-P, (t—1)]/At; B, ()=[P.(1)-P, (t—1)]/At;

Toa d§ P ( [ ).B, (1).P, (t)] duogc xac dinh tir 12 géc

quay [911(t) ) 912(0, 013(1), 021(1), 0,5 (1), B23(1), 034 (D),
05, (1), 035(1), 0,,(1), 0,4,(t), 045(t)] & 4 chén cua robot
nhén trong 2 chu ky budc di, bang cach giai bai toan dong hoc
thuén tirng chéan caa robot nhén.

3.4. T6i wu trong sé mang no-ron trong md hinh
NARX+EANN sir dung thuat todn JAYA

Trong bai bdo nay, viéc téi uu véc-to trong sé A (nhu cong
thirc 3) cua mang no-ron trong mod hinh NARX-EANN duoc
xem nhu bai todn toi wu véi ham muc tiéu nhu cong thuc (25).

(e, ()+el ()
Xamp XZmPra - szpreal (25)
e = Yempy ~ Yempy

Trong do, (exzmp,eyzmp) la sai sb gitra toa d6 ZMP tham
chiéu va thyuc té; N 1a s6 mau trong hai chu ky budc; Mau k
duoc cap nhat véi chu ky lay mau 1a 0,01s.

Thuat toan Jaya duoc sir dung dé tim vec-to trong s6 A sao
cho ham f dat gié tri cuc tiéu hay robot nhén s& budc di theo
quy dao ZMP da duoc thiét trong hai chu ky budc c6 toe do
khac nhau. Viéc sir dung thuat toan Jaya la do thuat toan nay
chi c6 hai tham s Iya chon (s6 cé thé trong mot quan thé va
s6 thé he). Bang 2 trinh bay thuat toan Jaya giai bai toan tdi
uu nay.

Bang 2. M Iap trinh (pseudo-code) cua thuat todn Jaya

1 Khsi tao tham so cua thuat toan Jaya: G 1a s6 thé hé
trong qua trinh tién hod; NP la s ca thé trong mot
quan thé.

2 Khoi tao mot quan thé ngiu nhién c6 NP ca thé, moi

ca thé X; duoc dic trung boi véc-to trong sé cua md

hinh mang no-rén A ¢6 D chiéu (nhw cong thirc 15).

Bit dau giai thuat

4 Tinh gia tri ham muc tiéu cua timng ca thé trong quan
thé £ (X;) (nhw cong 37),voii =1--NP

5  Tim c4 thé tét nhat XBest va ca thé xdu nhat x"erst
trong quan thé.

6 k=1

7 Vong lap while (k < @) thuc hién

8 vong lip for i = 1 d&én NP

w

9 vong lip for j = 1dén D

10 r, = rand(1);

11 r, = rand(1);

12 ]nke\;v =Xji+t1m X (le,gieSt - |X]',k.i|) -1 X
(le?{oisr | }.k.l|)

13 Keét thic vong lap for

14 Kiém tra néu f(Xe¥) < f(Xj 1)

15 Xii = X]",f‘l”

16 Két thic kiém tra

17  Két thac vong lap for
18 k=k+1

19  Update X5Best and xWorst
20  Két thac vong lap while
21  Kétthac

4. Kétqua
Robot nhén B3-SBOT dugc sir dung dé kiém chimg dé xuét

cua bai bdo. Thong sé vat ly caa B3-SBOT duoc trinh bay
trong bang 3.

Bang 3. Thong s vt ly cia robot nhén B3-SBOT

Tham so Giatri Tham so Gia trj
I 32 mm l 100 mm
L, 53 mm w 100 mm
Iy 97 mm mg 13.4 gam
Ty 1s my o 89.2 gam

Dé tim vec-to trong s6 A t6i wu thoa yéu cau B3-SBOT thuc
hién budc di theo quy dao ZMP da dugc thiét trong hai chu
ky budc c6 tée do khac nhau, thong sé ciia md hinh mang no-
ron tién hoa hoi quy phi tuyén duoc mo ta trong bang 4. Két
qua mo phong dwoc thuc hién trén nén tang MATLAB 2023b
chay vai CPU 2,49 GHz va RAM 8 GB.

Bing 4. Thong s6 ciia mo hinh dé xuét

Tham so Gia tri Tham so Gia tri
m 4 T 2s
n 8 N 1201
q 8 NP 50
F; linear G 200
F; sigmoid D 112

Hinh 6 mmh hoa toc do hoi tu cua ham muc tiéu trong quéa
trinh huan luyén. Hinh 7 cho thiy két qua so sanh gira quy
dao ZMP mong mu0n VGi quy dao ZMP thyc té. Bang 5 trinh
bay gi4 tri trong s6 t6i wu cua md hinh NARX+EANN. Hinh
8 trinh bay 12 gia tri goc quay cua cac khap ¢ 4 chan robot
nhén B3-SBOT trong hai chu ky budc.
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Fitness Value - f

XZMP(ref)
. 250 T T T XZMP(real)
10°F 3| —
[ 200 /
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Hinh 8. Mau di b¢ trong 2 chu ky buéc cta robot nhén B3-SBOT.

Hinh 9a. Dang 3D cua B3-SBOT trong chu ky budc thir 1.
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thuéc nho B3-SBOT. M hinh mang no-ron tién hoa hoi quy
phi tuyén (NARX+EANN) duoc thiét ké dé nhan dang céac
tham sb dang di cua robot nhén va cip cho bé tao miu di bo
(WPG). B tao mau di bo (WPG) phu thudc vao bén tham sé
(chiéu dai budc, d6 nhic chan, d6 khuy gdi, do sai chan) cua
robot nhén kich thudc nho duoc thiét ké dé tao ra quy dao cho
cac goc khép & bdn chan cuaa robot nhén, bang cach dwa vao
phan tich dang di thyc té cua robot nhén. Thuat toan tdi uu
Jaya duoc sir dung dé huan luyén trong s6 caa mé hinh mang
no-ron tién hda (EANN) véi ham muc tiéu la cuc tiéu hoé tong
cua sai s6 giita ZMP thyc té véi ZMP tham chiéu trong hai
chu budc ¢6 hai téc d khéc nhau. Két qua mé phong, ching
minh bo tao miu dang di (WPG) dugc dé xuat cho phép B3-
SBOT budc di vitng chic va manh m& ma khong nga. Trong
bai bao nay, bo phét dang cho robot nhén di chuyén trén dia
hinh bang phing c6 thé duoc nang cao dé cai thién kha niang
thich nghi véi dia hinh khéng bing phing dua trén nén tang
c6 thé thay ddi cac thdng sé dang di trong qua trinh di chuyén.
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