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Hién twong hén loan trong hé ‘théng phat di¢n sirc gié dung may phat
khéng dong bd nguon kép

Chaos phenomenon in wind power generation system using doubly-fed
induction generator

Co6 Nhu Vin'?, Nguyén Thanh Hait, Nguyén Phiing Quang?

Trirong Pai hoc Giao thdng van tai
2Pai hoc Béch khoa Ha Ngi
*Corresponding author E-mail: vancn@utc.edu.vn

Abstract

Chaotic behavior is beneficial in some areas, but in electric drive systems, it almost gives undesirable results, which can lead to self-oscilla-
tion, affect the quality of the systems, and even destroys the system. This is a phenomenon that only occurs with nonlinear dynamical systems,
sensitive to initial conditions and aperiodic but it is governed by deterministic laws, unlike random perturbations. DFIG system is complex,
multivariable, and strongly nonlinear, when operating under certain conditions, the system may fall into a chaotic behavior, which causes
disadvantages for the system. Therefore, the first and most important task is to identify the cause of DFIG's chaos. Based on the method of
theoretical analysis and through simulation, this study determines the chaotic phenomenon for DFIG when the parameter of stator winding
changes to a certain value. It will serve as a basis for parameterizing the system, building a control algorithm to eliminate this phenomenon,
and improving the operating quality of the system.

Keywords: Bifurcation, chaos theory, equilibrium, DFIG, Lyapunov exponents, Jacobian matrix.

Cic ky hiéu

Tém tit

Hdn loan c6 loi trong mot s6 linh vuc, tuy nhién trong hé théng
truyén dong dién thi hau nhu né mang lai nhitng két qua khong mong

Ky hiéu Ponvi Y nghia A ! t ) Ket qua #
S N . mudn, cd thé tu duy tri trang thai, anh hudng xau dén chat lugng cta
T.T, hang so thoi gian rotor va stator hé théng, tham chi 1am hé théng bi pha hily. Day 1a hién tuong chi
L L. L H hd cam, dién cam rotor, dién xay ra voi h¢ phi tuyén, nhay cam véi diéu Ki¢n ban dau, khong tuan
m* e cam stator hoan nhung tudn theo quy luat nhat dinh khong giong vai nhiéu.
o Hé s tan toan phan truc cua sta- DFIG dugc dénh gid 1a h¢ da bién, phi tuyén manh va c6 cu tric
tor phuc tap, khi hoat déng trong diéu kién cu thé nao do, hé thong co
, Wr, Ws rad/s  van tdc goc co, mach rotor va thé roi vao trang thai hon loan, chiing gy ra nhiing bég loi cho hé
mach stator thong. Do vay, nhiém vu dau tién va quan trong dé 1a can xac dinh
i, i, A Vector of stator, rotor current dugc nguyén nhan khién DFIG xay ra hdn loan. Dua trén phuong
isar isgr iras irgq A dq components of the stator, ro- phap phan tich I thuyet va thong qua mo phong, nghién ctru nay xac
tor current dinh hién tuong hon loan doi voi DFIG khi tham s6 cua cudn day
. u Vv Vector of stator, rotor voltage stator thay doi den mot gia tri nhat dinh. Tur d(’),_ lam 700_56 Fham_sé
us’ ru N v dq components of the stator, fo- héa h¢ thong, nham xéy dung thudt toan dieu khién de trigt tiéu hign
rd»Yrqr Bsdr Bsq tor voltage ' tuong hdn loan, nang cao chit lugng hoat dong cua hé théng.
v, P, Wb Vector of rotor, stator flux
Y, Yrg Psar Psq Wb dg components of the rotor, sta- 1. Tong quan Ve hOIl loan va u’ng dung trong
tor flux diéu khién
U \Y Dién 4 ap ludi
; Hz ;a”dso I‘III‘C" Mot hé dong lec c6 chuyén dong hdn loan can cé nhiing diéu
P o dot eut | kién [1-2]:
JTL Kzl'nr?z mg 222 ggg: sinh - He c6 it nhét ba bién doc Iap; ’ ’
D N.m/rad/ - Phuong trinh chuyén dong phai c6 nhitng s6 hang phi tuyen.

S

Hé sé giam chin

Ngoai ra, khdng gian pha cua hé phai c6 s6 chiéu khong it hon
ba dé dam bao su ton tai ctia nhitng quy dao phan ky, bi giam
ham trong mot mién hitu han caa khdng gian cac bién dong
lyc va dam bao tinh duy nhit cua quy dao.
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Céc quy dao bi hat vao tap hit, nhung chiing khong 6n dinh
trén tap hut d6 va nhay cam véi cac diéu kién ban dau, mot
khi da ¢ trong tap hat la, diém pha bi giam ham trong do, c6
thé tiép can gan tly y mot diém nao d6 cua tap hat nhung
khong bao gio lap lai y hét & mot thoi diém vé sau. Quy dao
pha khéng on dinh & dau trén tap hat la, nhung nhin toan cuc
thi tap hat nay lai rat 6n dinh (Hinh 3). Nhitng van dé d6 duoc
thé hién rat rd boi hé cac phuong trinh vi phan do nha khi
tuong hoc Edward Lorenz [1][3] trong phuong trinh (1) dudi
day:

%w(y—x)

dt =X(p-2)-y @)
dz

at Xy — pz

V6ix, Y, z, 1a céc bién va ba tham sé o, p, B. Ta thiy phuong
trinh (1) thé hién rd tinh phi tuyén (1a diéu kién can cua hé
chuyén dong hén loan).

O diéu kién binh thuong, hé thdng 6n dinh (Hinh 1). Khi
cac tham sb o, p, S cuia hé thong thay d6i dén mot gid tri nhat
dinh thi hién trong hdn loan xuat hién (Hinh 2, Hinh 3).

15

X, ¥z

Hinh 1: Trang thai cia hé théng theo mién thdi gian voi céc tham s o =
10, p=8/3, p=10.
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Hinh 2: Trang thai cta hé thong theo mién thoi gian véi cac tham s6 6 =
10, p=8/3, p=28.
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Hinh 3: Quy dao pha cua hé théng véi cac tham s o = 10, p = 8/3, p=28.

Hinh 3 cho thiy: quy dao xuét phat tir goc toa do (diém
khoi dau tai x = 0, z = 0) vong qua bén phi roi lao vao tam
cua mot diém xoén ¢ ben tral sau do quy dao quay tro Ve
phia bén phai, thuc hién x0an 5c mot thai gian roi lai quay vé
phia bén tréi thuc hién xoén ¢, qua trinh nay cu tiép didn mai
mai va quy dao khong khi nao ty cit minh (trong khdng gian
ba chiéu). Bdng thoi the hién r6 rang cac quy dao di lang thang
mal méi trong mot mién gidi noi, ma khong di téi mot diém
¢b dinh nao hoac mot quy dao kin nao, chiing bi hat vao mot
vat thé hinh hoc phuc tap duoc goi 1a tap hit la (strange
attractor), d6 1a chinh 1a hién tuwong hdn loan [2].

Van dung hdn loan vao diéu khién:

Heé dong luc hén loan 1a mot trong nhimg phuong phép
phét trién chung nhat cua hé théng phi tuyén, céc ché do hdn
loan hién dién nhiéu trong tu nhién ciing nhu trong céac thiét
bi duoc tao bai con nguai, hdn loan c6 loi khi n6 1am ting toc
d6 phan g héa hoc bang cach tang cuong tron, cung cap mot
co ché manh mé dé truyén nhiét va khéi lugng [3]. Tuy nhién,
trong nhiéu tinh huéng, sy hdn loan 1a mét hién tuong khong
mong mudn, vi du dan dén sy mét moi co hoc ting thém doi
V6i cac dao dong khong déu, kha niang hip thu ning luong
khong d6i luu trong mot ché @6 hdn loan c6 thé dan dén céac
thdng sb hé thong vuot qua muc an toan.

Trudc hét ching ta can lwu ¥ rang, trong cac hé dong luc
tuyén tinh khéng bao gio xay ra hién tugng hdn loan. Vi vay
khi néi dén hdn loan 1a noi dén cac hé phi tuyén. Song, khéng
phai trong hé phi tuyén nao ciing ¢6 chuyén dong hon loan.
C6 nhimg phuong phap nhan biét hdn loan khac nhau nhu:
phuong phéap phén tich Fourier, cac dap Gng thoi gian, biéu
d6 pha, biéu do phan nhanh gia tri 1on nhat ciia bién trang thai
theo thoi gian va s6 mii Lyapunov 16n nhat duoc sir dung dé
minh hoa cho hanh vi hdn loan khi thay di tri s dac trung.
Tir d6 rit ra ving 1am viéc hdn loan cua ddi twong, dé& xuat
phuong phap diéu khién dé dua hé théng vé trang thai lam
viéc on dinh, dap tit cac dao dong tu duy tri véi bién do cao
va thay ddi bat thuong.

Gan day, viéc nghién ciru vé hién tuong hdn loan truyén
dong cho may dién da nhan dugc nhiéu sy quan tam, dlén hinh
14 c&c nghién ctiu [4-9], da cho phep hiéu r& hon vé cac hoat
dong dong luc hoc cia hé thong c6 thé dem dén mot s6 théng
tin hitu ich cho cong viéc thiét ké va diéu khién h¢ théng trén
thuc té.
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Tuy nhién, d6i véi hé thong phat dién sic gi6 si dung méay
phat khong ddng bo nguon kép thi méi chi lac dac mot vai
nghién ciru duoc céng bd, chua bao phu hét dwoc cac van dé
gay ra hdn loan cho DFIG, trong khi DFIG duoc coi la mot hé
thong da bién, phi tuyén, két hop chat ché vai nhau, hé thong
chiu nhiéu tac dong tir bén ngoai va phirc tap hon nhiéu so Vi
truyén dong dién don gian, do vay hé thdng co thé roi vao
trang thai lam viéc hdn loan trong nhiing diéu kién nhat dinh.

Mot s6 nguyén nhan din dén hién tugng hdn loan cho
DFIG s& duoc trinh bay trong nghién ciu nay. Tiép do, dé
tuong minh hon, bai béo s& chirng minh hién tuong hon loan
xay ra ddi vi DFIG khi tham s6 cudn day stator thay doi dén
mot gid tri nhét dinh, 13i ndy dwoc coi 1a phd bién nhat ddi voi
DFIG [10-12]. Két qua duoc thé hién dua trén phan tich co s&
ly thuyét va mé phong, cac ngi dung nghién ciu tiép theo cua
bai bao dugc t chirc nhu sau: cau tric va moé hinh toan hoc
ciia DFIG sé& duoc trinh bay tai muc 2, muc sé 3 s& phan tich
va md phong vé hién tugng hdn loan déi voi DFIG khi tham
s6 dién tro va dién cam cua stator thay doi dén mot gié tri nhat
dinh. Cudi cung 1a phan két luan s& duoc trinh bay tai muc 4.

2. Ciu triic va mé hinh toan hoc ciia DFIG

Su thdm nhap cua ning luong gié dang gia ting nhanh
chéng trong nganh san xuat niang luong ngay nay. Bac biét,
DFIG di tré thanh mét lya chon rat pho bién trong céc trang
trai gi6 (chiém khoang 50% thi truong phat dién sic gi6 [13]),
do c6 mot s6 wu diém nhu: chi phi dau tu thap, c6 thé van
hanh véi téc d6 gio thay doi, didu khién linh hoat,...

Bién thé

’.'

i Vi diéu chinh

Hinh 4: Cu tric ciia DFIG trong hé théng phat dién sirc gi6 [14]

CL: Chinh luu

NL: Nghich luu

MDN: May dong ngit

Tir cau trlic trén Hinh 4 ta thiy, DFIG trong h¢ thong phéat
dién c6 uu diém nol bat 14 stator dugc ndi truc tiép voi ludi
dién, con rotor ni vai ludi qua thiét bi dién tir cong suat diéu
khién dugc, do vay ma cdng suat thiét bi diéu khién nho hon
rat nhiéu cong suat may phat (trong dai toc do gisi han thi
cong suat ciia bo bién doi chi bang 30% cdng suét phat 1én
luéi [14-17]) va dong nang lugng thu dugc chay truc tiép tir
stator sang ludi, diéu nay rat hdp dan vé mat kinh té, dac biét
khi c6ng suat caa may phét ln.

V& ky thuat diéu khién, DFIG cho phép diéu khién doc lap
cong suat tac dung va cong suat phan khang, didu nay dugc
thé hién rd ¢ Hinh 5 va cac phuong trinh sau:

Hinh 5: Biéu d vector ctia DFIG trong hé toa do tua theo dién ap ludi
[18].
Theo hinh 5, khi usq = 0, cong suét tac dung va cong suat phan
khang qua thanh phan tuong ng la isq va isq [18]:

3 .

P= E Ugylgg )
3 .

Q = E Ugy Isq ®3)

Phuong trinh tir thdng rotor va stator [18]:

{WS = LSiS + Lmir

4
v, = Ly, + L, @

Trong h¢ toa dd tua theo dién ap ludi, phuong trinh (4) 6 thé
viét lai nhu sau:

L ~0

l//sd I—m sd +|
Ls )
l//s T s \Vs
q Lm ‘

Trong do: \|l/Sd =\, / Lm

Do vay, cac thanh phan dong dién dugc xac dinh nhu sau:

(6)

Dbi v6i may phat cong suit 16n thi Ld/Ly ~ 1, phuong trinh
(5) dugc don gian hda nhu sau:

Iy +i4 =0
)

' /
Isq + Irq ~ ‘\I’s = l//sq
Thay vao (2) va (3) ta dugc:
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3
2 t: usdlrd

3 .
Q:_Efusd (l//s/q _Irq) ©)

Hé phuong trinh bicu dién mdi quan h¢ gitta cuong do dong
dién thanh phan cua rotor va tir thong stator trén hé toa d6 dq
cta DFIG duoc viét nhu sau [18]:

P=- (8)

di, 1(1 1-o
E:—g T—+T— | +C()r|rq+
r s
l-0(1 , / 1 l-o0
T T_SV/sd a"//sq +O__Lrurd _O'_Lm sd
di, 1(1 1-0o).
it olT, T, et
r s (10)
]i lWs/q—i_a)l//s/d +iurq_]i sq
o \T oL, oL,
dy/! 1. 1
lé/tSd :-I-_Ird T_l//s/d +a)sWs/q + Uy
dyyg 1. 1 /
qu = -I-_Squ _T_Squ (O +_musq

vei: o=1-13/(LL); T, =L/R; T, =L /R

Tir hé phuong trinh (10) ta thay ré ban chat phi tuyén va
da bién cua DFIG. Nhu vay, theo ly thuyét hdn loan thi DFIG
c6 thé xay ra hdn loan khi cac tham s cua hé théng dat dén
mot gia tri nhat dinh. Dé 1am rd vé van dé hdn loan dbi véi
DFIG, néi dung 3 dudi day s& thyuc hién chi tiét va day du.

3. Hién twong hdn loan d6i véi DFIG

3.1. Mot sé nguyén nhan khién DFIG xay ra hién twgng
hén loan

Bén canh nhitng wu diém thi DFIG ciing thé hién mot sb
nhuoc diém nhat dinh nhu: cu trdc cia DFIG phic tap, 1a hé
da bién, phi tuyén, ky thuat didu khién khé khan. Do moi
tredng 1am viéc khic nghiét cua cac trang trai gid, nén céc
tham s6 caa DFIG c6 thé thay dbi theo nhiét do, tudi tho, céc
diéu kién phy tai,... dong thoi DFIG ciing d& bi cac 16i nhu:
15i hop sb, 16i bo bién doi cong suét, 16i cuon day stator, 16i
cudn day rotor, 13i ¢6 gop, 15i cam bién do tdc do, ... tir d6 dan
dén hé thong c6 thé roi vao trang thai 1am viéc han loan dan
dén chat lugng lam viéc cua hé thong kém, va 1a nguyén nhan
dan dén cac su cb, hong héc.

Nghién ciru vé van dé hdn loan déi v6i may dién noi
chung thi d& c6 kha nhiéu cong trinh nghién ciu dugc dwa ra

va mang lai nhitng két qua nhat dinh. Tuy nhién, nghién ciru
vé van dé hdn loan ddi véi DFIG, theo diéu tra nghién ctru caa
nhém téac gia, cho dén nay sb luong cong trinh duoc cong b
V6i 86 lugng con rat han ché. Mot sé nguyén nhan gay ra hién
tuong hdn loan déi véi DFIG duogc chi ra boi cac nghién ciu
cu thé nhu sau:

- Hién twong hdn loan xuét hién dudi diéu kién lam viéc cua
hé thong. Nghién cau [19] chi ra rang khi lugi yéu va tai
khong can bang, véi diéu kién lam viéc & toc do gid thap
(6m/s) thi hé théng lam viéc 6n dinh, tuy nhién, khi téc do gio
tang 1én (13 m/s) thi sy phan nhanh da dién ra, va 1a nguy co
dan dén hién twong hdn loan trong hé théng néu téc do gio
tang thém.

- Hién tuong hdn loan khi cac tham s cua hé thong thay doi:
Cong trinh nghién ciru [20] xuét phét tir hé phuong trinh tir hé
phuong trinh (11)

di =—i_ +oi
dt sd sq

di

B _ —iy, + ol +yw (11)
dt

do .

E = O-(Isq — (0)

Vé6i o vay 1a cac tham sb cua hé théng, ugg, Usg, isa, isq
tuong ung 1a dién ap va cuong do dong dién thanh phan cua
stator.

Trong truong hop usq(0) = usq (0) =T,(0) =0; 0 =5.46;y =
20; (isq, isq @)™ = (0.01, 0.01, 0.01)" thi h¢ théng s& tré nén
hén loan, diéu d6 duoc thé hién rd trén Hinh 6, Hinh 7 va Hinh
8 nhu sau:

o

mf ‘ M Il M{\
SILIl g | WU
W (\\ w “ \ \“K i i

I(s)

z‘;w

-10

0 80

Hinh 6: D4 thi biéu dién sw hdn loan cua tc do rotor theo thdi gian.
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Hinh 7: D4 thi biéu dién sw hdn loan cia cudng d dong dién ig theo thoi

gian khi DFIG xay ra hon loan.
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Hinh 8: Mat phing pha cta is; VA 6 trang thai DFIG xay ra su cd.

Tiép d6, cong trinh nghién curu tiéu biéu gan day caa nhém
tdc gia Dan Jiang, Wenxin Yu, Junnian Wang, Guoliang
Zhong, Zuanbo Zhou [21]. O ché d6 binh thuong, bing
phuong phép phan tich 1y thuyét caa thir nghiém 0-1 di ching
minh hé théng 1a 6n dinh vai bo tham sé cho nhu Bang 1.

Bang 1: Tham sb cua hé théng [18]:

Pién ap ludi (V) 220
Tan sb ludi (HZ) 50
Dién &p lién két DC (V) 600
Toc d6 gié (m/s) 6

M6 men quén tinh (kg.m2) 0.01
Heé s6 giam chan (Nm/rad/s) 0
Cdng suat may (VA) 3730
S6 d6i cuc 2

Rs (2) 1

R (R) 1
Ly(H) 0.083
Lr(H) 0.08
Lm(H) 0.0515

Trong truong hop khi xay ra su ¢d, cac dién tro stator va
dién tro rotorr ¢ gid tri Rs = Ry = 0.02.2, ddng thai 16i cam
bién do toc do rotor: wo = 2w. Khi do, cuong do dong dién va
téc do rotor dao dong dir doi, hién twong hdn loan xuét hién,
dugc biéu thi qua cac hinh: Hinh 9, Hinh 10 va Hinh 11 duéi
day:

150 -

100 [

50

ird(A)
T =

-50

-100 b

200 | | I I I I | | I

Hinh 9: D4 thi biéu dién sw hdn loan ciia cudng do dong dién iy theo thoi
gian.
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ird

Hinh 10: Mat phing pha cta iy VA w & trang thai lam viéc hdn loan

2000 ~
1500 +
1000 +

= 500

-500 -

-1000 -|
200

Hinh 11: Khéng gian pha giita i,4, i, V& & trang thai lam viéc hén
loan

Céc nghién ctru trén d chi ra rang, dudi mot diéu kién hoat
ddng nhat dinh thi DFIG c6 thé xay ra han loan. Tuy nhién,
nghién cau [19] va [20] danh gia hién tuong d6 dya trén md
phong trén may tinh ma chwa danh gia trén co so ly thuyét
virng chic. Nghién ciu [22] da phan tich vé hién twong hdn
loan va dura ra mot s6 nguy co lam cho hé théng DFIG xay ra
hdn loan. Nghién ciru [20] chua dua ra duoc diéu kién cu thé
vé sy thay doi ctia tham s nao trong hé thong dan dén DFIG
xay ra hon loan. Cong trinh [21] d4 nghién cttu khé chac chan
d6 1a duya trén phan tich Iy thuyét (thuat toan kiém tra 0-1) va
qua md phong dé danh gia tinh 6n dinh va hon loan cua hé
thong, dong thoi nghién ctru ciing dua ra dwoc diéu kién cu
thé cua bo tham sb dua hé thong DFIG xay ra hdn loan. Tuy
nhién, diéu kién xay ra 3 15i dong thoi (15i cuon day stator, 13i
cudn day rotor va I6i cam bién do tdc do rotor) la hiém xay ra
trén thuc té.

Dé 1am 13 hon vé hién twong hdn loan déi v6i DFIG, noi
dung dudi dy dwa trén co s¢ phén tich ly thuyét va md phong
dé x4c dinh hién twong han loan xay ra ddi véi DFIG khi tham
sb ciia cudn day stator thay doi dén mot gid tri nhat dinh. Day
la diéu kién dé xay ra trong qua trinh 1am viéc cua hé thong.
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3.2. Xic dinh hi¢n twgng hén loan ciia DFIG dya trén
co s& phan tich ly thuyét va md phéng bat:
. =i, X Xy =@
Tur phuong trinh chuyén dong cua rotor [23], [24] X =t %o =l %
1{1 1-o0 l-o 1
ot :T Te-T,— (12) ol\T, T, o L, oL,
P 1-o 1-0 1y, 1
C,=—U, GG="—"="2 Cci=—,
n Lm(sqrd sdrq) (13) O'Lm (o3 TsLm o
Phuong phap diéu khién 14 tua theo vector dién ap ludi nvén ta — 3 & Ny Lml//s _ E C — &
C6 Wy =0, ¥y, = W, Vatir hé phuong trinh (6) tacé théviet 23 L "~ ° 3 7° ]
lai phwong trinh (12) nhu sau:
do n, 3 n, Lml//s _ B Tir d6 phuong trinh (16) c6 dang nhu (17) sau:
d'[ T E—Ird ——ow-T, (14)
n y
L P X1—C1X1+(ws_X3)X2_CZX3+Csurd_C4
Tir 2 phuong trinh dau cia h¢ phuong trinh (10) va phuong X, =C X, — (CUS - X3) X +C5 +Cgl 17)
trinh (14) ta thu dwuoc h¢ phuong trinh biéu dién cuong do =X —CxX—CT
dong dién thanh phan rotor va tbc d6 rotor cua DFIG nhu sau: 3 = G X =G Xy — Gl

diq 11 1-0). .
= S iy @i+

dt o\T, T

I—of1 i o |1y 129,

. TS Wsd l//sq GLr rd O'Lm sd
Gy 11 10) . as)
dt o\T, T,

1ol o 1oty 2129,

. Ts qu l//sd O'Lr rq ULm sq

n
o nfinn, 8, )
dt 3|2 L, n,
Phuong phap diéu khién tua theo dién ap 1uc'ri nén:
sd=o'l//sq:l//s’usd s' sq_O lr//sq l//sq/Lm’
l//éd :l//sd/Lm y O =W, — @ (a)s=272'f )-
Do d6 (15) duogc viét lai nhu sau:
di, 1(1 1-o). .
= =+ i, +(o, —®)i, -
dt a(ﬂ T, jm (@ =)
o v, 1, 1o,
o L, ol oL, °
di, 1(1 1-o). .
Ao _ 21 2,22% (0,-0)i,+ @9
dt a(ﬂ T, j“ (@ =)
loly, 1,
c T.L, ol
n n L
do _Ny §Mird_ia)_TL
t Jl2 L n,

Tham sb cua hé théng duoc lay tir [25]: P = 1.5MW; U = 690
(V); Rs = 2,139(mf2); Ls = 4,05(mH); Ry = 2,139(m); Lr
4,09(mH); L = 4(mH); vai f=50(Hz); J=2(kg.m2); n, =
D=0;T.=0.

Panh gi4 trang thai 1am viéc cua hé théng véi bo tham sé &
diéu kién lam viéc binh thuong, c6 duoc cac két qua duogc thé
hién ¢ Hinh 12, Hinh 13, Hinh 14:

450

400

350

300

25
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20

15}

150
100 !

50

0 O.‘1 0.‘2 0.‘3 O‘.A 0.‘5 O.‘G 0.‘7 0.‘8 O.‘Q 1
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Hinh 12: Dép tng thoi gian cua w khi hé théng 1am viée & didu kién binh
thuong.
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Hinh 13: Dép tmg thoi gian cla i, khi hé théng 1am viée & didu kién
binh thuong
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w0 ‘ Dynz?mics ?f LyaPunov‘expon‘ents ‘ (a)s _ Y3) CZ + XZ
det|A1 —J |_ A-¢ X
20
0 A
5 °f 2C1/12 ~%,) +C7(CZ+X2)]/I—
% 20 ‘M\/\/ WWA «vawvvvmf ISSSUCUSNNRURLLELSSe _
o] e, (c +x) xl( ~%,)
g 4ol _ .3 2 .
Bl - AP -2c0%+ [ +(o,-%) +c7(c2+x2)}z_
| - - -
6y (€, %) =C% (0, = %)
Sy 6n dinh cua cac diém can bang duoc xac dinh.) bai cac ‘gié
0 0z 04 06 08 1 12 14 16 18 2 tri riéng cua ma tran Jacobian dugc danh gi4 tai diém can bang

Time

Hinh 14: Sy bién thién cta sb mii Lyapunov theo thoi gian khi h¢ théng
lam viéc ¢ diéu kién binh thuong.

Tathdy, véi cac tham sé & trang thai hoat dong binh thuong
cua hé thong thi két qua mé phong cho thiy ban dau hé théng
Xuét hién dao dong, tuy nhién chi mot thoi gian rat ngan thi
hé da tro V& trang thai hoat dong 6n dinh.

Tiép theo, ta danh gia hoat dong cua hé théng trong trudng
hop 15i cudn day stator dan dén dién tro va dién cam thay doi
sang mot gid tri khac (cac tham sé khac cua hé théng khong
thay ddi): Rs = 1,5mf2; Ls = 3.5mH;
< Dua trén co 6 phan tich ly thuyét, ¢é danh gia tinh 6n
dinh cua hé théng, ta thyc hién nhu sau:

Piém can bang cua hé dugc xéc dinh khi dao ham cua chiing
bang khéng. Tur hé (17), diém cén bang cua hé xac dinh dugc
nhu (18):

oG
=T
X c. L
- —\ G C
X, =(o,—%)—T —=
’ ( 3) G.C, G,
(18)
Coly %2 4+ (C_s _ 20,41, ]
3 3
C.C G GG,
Col, W2 — Cs n CCoT, -0

S

ce, ¢ G

Thay cac tham s va giai (18), ta c6 dugc diém can bang:
E1(0; -1439; 235.4)

Tuyén tinh hda hé (17) quanh diém dimg, ta tim duoc ma tran
Jacobian:

det|Al —J,| =0
—2c A% + [cl +(o, - x3)

+¢(c, +x2)}l—
C1(:7((32"'72)_(:771( ) 0

(19)

Thay cac tham s cua hé thong vao (18) ta duoc gié tri cua ¢;
nhu sau:

1(1 1-o
== 3.34
o)

o r S
vi €, =3.34 > 0nén h¢ sé thtr 2 ciia huong trinh dac trung

(19): —2¢, <0, do vay theo tiéu chuan Hurwitz thi diém can
bang nay khéng 6n dinh.

Nhu vay, khi tham sé cua cudn day stator thay doi dén gia
tri nhu trén thi hé thong khéng on dinh. Tiép theo ta xac dinh
s6 mil Lyapunov dé xac dinh hé c6 xay ra hdn loan hay khéng.
Tir hé (17) cuing véi bo tham sé di cho, sé mii Lyapunov tinh
duoc nhu sau:

Bing 2: Su bién thién cua sb mii Lyapunov

Time A A, A3
0.05 3806.086 3.252 -685.689
0.10 3807.193 3.233 -646.147
0.15 3807.562 3.227 -690.443
0.20 3807.746 3.223 -717.382
0.25 3807.856 3.221 -702.143
0.30 3807.931 3.220 -687.982
0.35 3807.983 3.219 -681.753
0.40 3808.023 3219 -680.341
0.45 3808.053 3.218 -683.131
0.50 3808.078 3.218 -680.302

Ta thay, h¢ lubn ton tai 2 s6 mii Lyapunov mang gia tri

dwong. Do d6, vai diéu kién hoat dong trén thi hé xay ra hién
tugng hon loan.
% Hién tuong hdn loan duge xac dinh théng qua md
phong: tir bo tham s6 cua hé thong va trong truong hop 15i
cudn day stator, md phong hé théng trén phan mém matlab,
ta ¢ két qua nhu dudi day:
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Hinh 18: Sw bién thién ctia sé mil Lyapunov theo thoi gian.

Theo két qua md phong & trén ta thdy quy dao pha cua hé
thdng khong 6n dinh (Hinh 16) tuy nhién ching bi giam ham
va bi hat vao diém can bang (Hinh 17) nhung khong bao gid
lap lai y hét & mot thoi diém vé sau, day chinh 1a biéu hién
cua hién tuong hdn loan. Bong thoi két qua md phong theo
thoi gian thi sé md Lyapunov ludn c6 2 gié tri duong (Hinh
18), do vay hé théng 1a hdn loan khi gia tri dién tro va dién
cam cua cudn day stator thay d6i dén mot gié tri nhét dinh.

4. Két luan

Cau tric ciia DFIG phuc tap, la hé da bién, phi tuyén va ky
thuat diéu khién kho khin. Do méi truong lam viéc khéc
nghiét cua cac trang trai gié, DFIG rét d& bi cac 151 nhu: 15i
hop s, 15i bo bién doi cong suat, 15i cuon day stator, 15i cudn
day rotor, 15i c6 gop, 15i cam bién do tdc dd,... hé c6 thé roi
vao trang thai 1am viéc han loan, dan dén chat lwong lam viéc
cua hé théng kém, tham chi Ia bi phé hay.

Nhu da néu ¢ trén, hién tugng hon loan 1a c6 hai cho hé
thdng DFIG, tuy nhién dén nay mai chi lac dac mot vai nghién
clru va chua bao phu hét dwoc céc van dé vé hdn loan ddi voi
DFIG. Nhu vay, nhiém vu nghién ciru xac dinh duoc cac van
dé hdn loan trong hé théng DFIG la quan trong cho viéc thiét
ké bo diéu khién cho hé thong.

Bai bao da phan tich mot s6 nguyén nhan khién DFIG roi
vao trang thai 1am viéc hdn loan. Bdng thoi, thdng qua phan
tich dua trén co so ly thuyét va qua mé phong da minh chiing
su hdn loan ddi vai hé théng khi cac tham sé cua cuon day
stator thay dbi dén mot gié tri nhat dinh. Xéc dinh duoc ving
lam viéc gay ra hdn loan cua hé théng, tir 6 thuan loi cho
viéc tham s6 hda hé théng, van dung céc thuat toan diéu khién
dé xay dung bo didu khién nham tranh hozc triét tiéu su hdn
loan d6, giup hé théng lam viéc tin cay va ¢ chat lugng tét
hon.

Loi cam on

Nhom téc gia xin giri 16i cam on dén Ban linh dao va cac
chuyén gia thuoc Vién Ky thuat Diéu khién va Ty dong héa -
Pai hoc Béach khoa Ha Noi di luon hd tro trong qua trinh
nghién cau tai day. Nghién clru nay duoc tai trg boi Truong
Pai hoc Giao thong van tai trong Dé tai ma s6 T2022-DT-003.
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Abstract

Nowadays, mobile robots have been popular not only in industrial applications such as materials transportation but also in non-industrial
applications, e.g., human assistance. Among developed configurations, omnidirectional mobile robots have attracted great attention recently
due to their superior maneuverability over their conventional counterparts. In this research, an application of a four mecanum-wheeled
omnidirectional mobile robot (4-MWMR) in human assistance has been developed. By using a vision-based deep neural network in real-time,
the 4-MWMR is capable of following an authorized person, collsion avoidance and obeying the hand pose command, thereby assisting users in
transporting materials in unknown environment. Good experimental results show the ability of the developed system to be used in practice.

Keywords: Omnidirectional mobile robot, Vision-based deep neural network, Convolution neural network.

Cac tir viét tit

OMR Omnidirectinal mobile robot

4-MWMR  4-Mecanum wheeled mobile robot

SSD Single shot detector

VGG Visual graphic group

CNN Convolution neural network

PCA Principle component analysis
Tom tat

Ngay nay, robot di dong da trd nén phd bién khong nhiing trong cong
nghiép, ching han nhu van chuyén vt tu giita cdc cong doan san xudt,
ma con trong dan dung nhu h trg con ngudi trong cd sé y té, siéu thi,
kho hang. Trong s cac cAu hinh da dudgc phit trién, robot di dong st
dung banh xe da huéng dic biét dugc chd y trong thdi gian gin day, do
kha niing co dong vugt troi so véi cac dbi thi st dung banh xe truyén
th6ng. Trong nghién ctiu nay, mot robot di dong st dung cu hinh bbn
banh da huéng ki€u Mecanum (4-MWMR) vé6i kha ning tucng tac
va hd tr¢ con ngudi dudc phit trién. Bing cach xi 1y hinh anh trong
thdi gian thyc duya trén ky thuét hoc sdu, 4-MWMR c6 kha nang di
chuyén bam theo ngudi dudc cip quyén dong thdi tranh chuéng ngai
vat, cling nhu ¢6 thé dudc diéu khién tir xa qua cit chi tay, tit d6 hd

trg ngudi dung trong ting dung van chuyén vat tu hang héa trong moi
trudng khong c6 ban dd 1ap sin. Cac két qua thit nghiém budc dau
cho thiy tiém niing clia hé thdng c6 thé dudc ing dung trong thuc té.

1. Gidi thiéu chung

Gan day, ting dung robot di dong bung nd vi tinh co dong va
hiéu qua cao. Nhiéu nguyén miu va san pham khéc nhau da
dugc phat trién dé dap tng cdc yéu cau khit khe ciia ngudi
ding. Véi su phat trién manh ciia cac k¥ thuit hoc sau, kha
ning tich hop cao vé su nhan biét, didu huéng va tuong tic véi
ngudi ding dugc dic biét quan tim trong thdi gian gan day [1].
Thong thudng, céac robot di dong sit dung banh xe tron truyén
théng véi cac cAu hinh phd bién nhu hai banh vi sai hodic bén
banh gidng 6 t6. Mot nhudce diém rd rang clia cic cAu hinh néu
trén 1a ching khong c6 kha niing chuyén huéng tiic thdi ma can
thyc hién tif tif thong qua banh 14i, do d6 han ché kha ning di
chuyén trong khong gian hep. D€ khic phuc nhugc diém nay,
robot di dong da huéng (OMR) vdi banh chuyén dung da dugc
phét trién, mang lai kha ning cd dong cao hon ciing nhu thich
ting tot trong khong gian hep. Hai cAu hinh OMR dudc sit dung
rong rii trong nghién cifu ciing nhu Gng dung thuc té 12 3 banh
va 4 banh. CAu hinh 3 banh thudng dudgc sit dung dé thiét ké
robot di dong nho véi trong tai nhe. Trong trudng hgp tai trong
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ning, cAu hinh 4 banh thudng dugc st dung [2].

Nhin chung, hé théng diéu khién ctia OMR c6 thé dugc phan
loai thanh diéu khién cip chip hanh, tip trung vao bai toin
ddng hoc va dong luc hoc ctia robot, ciing nhu xi 1y cic van
dé lién quan dén an toan van hanh nhu tranh va cham. Va hé
diéu khién cép cao, chi yéu xt ly cic nhiém vu diéu huéng
dua trén dif liéu camera va cam bién laser. V6i su phat trién
bung nd ctia tri tué nhan tao (AI) trong thap ky nay, két hop
v6i cam bién hinh 4dnh, lugng thong tin thu thap di ding cho
hau hét cic vin d lién quan dén diéu khién robot di dong, nhd
do6 khong chi ning cao kha ning tuong tac véi ngudi dung ma
con lam cho robot ngay cang thong minh hon. Do d6, cac hé
théng diéu khién cip cao dua trén Al trd thanh dé tai hip dan
trong thdi gian gan day [3].

Dé dam bdo robot di dong c6 thé di chuyén va thuc hién céac
nhiém vu ctia chiing trong moi trudng phiic tap, hau hét cac
nha nghién ctiu tap trung vao gidi quyét van dé 1ap ban do va
dinh vi [4, 5] ma it tap trung vio vin dé tuong tac giita robot
di dong va ngudi st dung. Trong nghién citu nay, mdt robot
di dong véi cAu hinh b6n banh da huéng mecanum dugc phat
trién v6i muc tiéu chinh 13 ting kha niing tucng tic véi ngudi
st dung. Cic tinh ning méi dudc phat trién bao gdbm: nhan
dang khudn mit clia ngudi dudc cip quyén (admin), bam theo
admin hoic nhan 1énh bang ct chi tay ctia admin dé thuc hién
cic thao tic di chuyén, dong thdi c6 kha ning tranh cic chuéng
ngai vt gip phai trén dudng di. Cac tinh ning rat hitu ich trong
trudng hop can robot di chuyén ngoai quy dao da thiét 1ap tir
trude trén mit bang san xuét (line tir, vach mau), hoic trong
moi trudng khong biét trudc ban dd nhu trong siéu thi, kho
hang, cd sd y té ... Pa c6 mot s6 nghién ciiu vé robot di dong
tuong tac véi con ngudi dua trén xi ly dnh [6,7]. Tuy nhién
trong nghién ctiu nay, nhom tac gia tap trung vao viéc st dung
nhitng thanh tyu méi cda mang neural hoc siu (deep neural
network) trong xi Iy anh dé giai quyét bai toan trén.

2. Mb ta hé théng

2.1. M6 hinh dong hoc cia -MWMR

KXw Admin
Position

Hinh 1. Hé toa do ctia mobile robot

Cé4u hinh ctia robot di dong va cic khung toa do tuong ting
dudc minh hoa & hinh 1, trong d6 X,,0,,Y,, va X,O_,Y,_ lén_ lugt la
hé toa do gbc va hé toa do gin véi than xe. Dit [0, 62, 65, 647

Bang 1. Tham s6 ctia md hinh mobile robot

Ky hiéu Mo ta Giatri DPonvi
w Mot ntta chiéu rong xe 0.3 m

L Mot nita chiéu dai xe 0.3 m

m Téng khbi lugng xe 40 kg

R Ban kinh banh xe 0.076 m

6; Van tdc géc banh xe thd i'h - rad/s
0] Goc 1éch gitra 2 hé toa do - rad

va [%,, 9., ®]T 1an lugt 1a vector van tbc géc clia banh xe va vin
tdc xe trén hé toa do than xe, khi d6 ta c6 mdi quan hé dong
hoc thuén va ngudgc lan lugt dugc biéu dién béi (1) va (2) nhu
sau:

T

. . . . 1 .
6 6 6 6] =ik y @ (1)

% v @ =RIT[6 6 6 6] )
Trong do,
1 1 L+W
=100 Tiw ®
1 1 L+W

vaJ T = (JT7)~1J7 1a ma tran gid nghich dao cta J:

(Tt 1 1 -1
Jt=-11 1 1 1 4

41 1 1 1

L+W L+W L+W L+W

Cic thong s ctia mo hinh dugc cung cip chi tiét & bang 1. Con
tdc do dich chuyén clia than xe quy ddi vé hé toa do gbe dudc
tinh bdi phép chuyén déi (5):

o dw D] =R@) [5 v D] 5)
trong d6 R(P) 1a ma tran chuyén toa do biéu dién bdi (6):
cos(®) —sin(®) 0
R(P) = |sin(P) cos(P) O (6)
0 0 1

2.2. Trang bi dién cho -MWMR

Dé€ thuc hién céc chiic ning diéu khién nhu di dé cap 6 trén, hé
thong diéu khién xe dudgc thiét ké véi kién tric nhu md ta & hinh
2. C6 thé chia hé théng diéu khién ra hai ting. Hé diéu khién
trung tim dugc trang bi mdy tinh hiéu suit cao Intel NUC-11
NUCI1TNHi70Z véi bo xi ly Intel corei7 thé hé thd 11 d€ c6
thé thuc hién céc thuét toan xd 1y 4nh trong thoi gian thuc. Cac
thong tin vé d6i tuong va méi trudng xung quanh dudc thu thap
va giii dén hé thdng diéu khién bdi mdy anh cam bién do sau
intel realsense D435i. Ngoai c4c thong s cd ban nhu dd phan
gidi 1280x720, tbc do xi ly t&i 90 khung hinh/gidy, D435i con
cung cip cdc thong tin quan trong khac cho diéu huéng nhu
khoang cach dén cac dbi tugng trong dai tir 0.1m dén 10m, gia
tdc va van toc géc ctia phan khung robot di dong thong qua
cam bién do ludng quan tinh (IMU) tich hop trén thiét bi.
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Hinh 2. Trang bi dién cta robot di dong da huéng

O tang diéu khién cip thap hon, mbi banh xe dugc truyén dong
bdi mot bd servo st dung dong cd budc lai. Pay la loai dong co
dic biét phit hop cho cic ting dung c6 toc do quay thip nhung
ddi hdi md men 16n. Viéc dam béo an toan va chdng va cham
cho xe trong qua trinh van hanh dudc thyc hién bdi cac cam
bién siéu am lip & 4 phia ctia xe. Trung tim ciia hé diéu khién
cép nay 12 mot bang mach do nhém nghién ctiu tu phat trién
trén nén tang vi diéu khién 32 bit STM32F103ZCT6. Bang
mach diéu khién nhiing ndy déng vai trd ciu ndi gitta mdy tinh
diéu khién trung tdm va cic thiét bi truyén dong, dong thai xi
ly truc tiép cac tin hiéu lién quan dén an toan trong qua trinh
van hanh nhu tin hiéu tif cAm bién va cham kiéu tiép xic, va
khong tiép xtic (ciAm bién siéu am, radar...).

3. Xu ly anh dua trén ky thuit hoc siu

Nhu da thdo luan & trén, admin sé 13 ngudi ra quyét dinh diéu
khién mobile robot thong qua cii chi tay. Do d6, hé diéu khién
phai xit Iy ba tic vu chinh nhu sau. PAu tién la tic vu nhan dién
khudn mit dé nhan dang quan tri vién. Thi hai 12 phat hién va
xdc dinh vi tri cia quan tri vién so véi hé toa do gin trén khung
mobile robot, tit d6 cung cp thong tin cho bd diéu khién cip
dudi trong ché do diéu khién xe bam theo ngudi. Nhiém vu
cubi cuing 1a phat hién tu thé tay va chuyén thanh cic ménh
1énh di chuyén xe theo y mubn ngudi diéu khién.

FC
2048,
RelU

Output
Sofmax

Flatt
12128 aen '@

224x224x3

224 x 224 x 64

56 x 96 x 256

A8 38 1512 o
1 Il’ll’ll‘ 2048, Output
RelU Sofmax

i@ convolution + Relll
@ max pooling

i@ fully Connected + Rel Ul
i softmax

Hinh 3. M0 hinh phét hién va nhan dang khuon mat dua trén VGG-16

3.1. Nhan dang khuon mat bang mang neural tich chap

Mang nd-ron tich chip (CNN) la mot trong nhiing mo6 hinh
hoc sau thanh cong nhit dung dé nhan dang khuon mit. Diém
khac biét chinh gitta CNN va mang neural kinh dién 12 & cdc
16p tich chap. C6 thé coi day 1a mdt bo loc vira gitp trich xuét
cdc dic trung cda hinh anh du vao, vita gidm s6 lugng tham
s6 can xt ly. Trong ing dung nay, mang CNN véi kién tric
VGG-16 do nhém nghién ciiu tai dai hoc Oxford phit trién
dugc st dung [9]. Pau vao clia mang 12 mot hinh anh ¢6 kich
thude (224, 224, 3). Viéc st dung cic 16p tich chap vé6i nhiéu
bd loc 3 x 3, kém sau d6 1a céc 16p gop 2x2 ki€u max pooling
gitip giam kich thudc céc 16p tiép theo di mot nita ma van bao
toan dugc cic dic trung clia hinh dnh. Cubi cing, cic dic trung
da trich xuét dugc dua qua cac 16p dudi thang (bién ma tran
thanh vector) va dua vao cic 16p két nbi day di (FC) clia mang
neural kinh dién véi 16p dau ra cubi ciing c6 1000 nd ron. Mo
hinh nay dat vi tri s6 mot vé phat hién déi tugng va vi tri s6 hai
phan loai 4nh trong cudc thi ILSVRC 2014. Kién triic diu vao
ctia mang CNN dudc mo ta chi tiét & hinh 3, trong khi céc 16p
FC & phia dau ra ciia VGG-16 dudc thay ddi dé€ c6 thé vira phat
hién ra khudn mit, vita cung cip toa do 6 vudng chiia khuén
miit trong hinh dnh dau vao. Trong dé, 16p dudi thang diu ra
tit VGG-16 dudgc chia lam 2 nhdnh. Mot nhanh két nbi vé6i 16p
FC c6 2048 nd ron va mdt ham softmax diu ra dé€ xdc dinh
xéc suét p ctia khudn mit, nhanh con lai gdm 2 16p FC c6 kich
thudc 1an lugt 1a 2048 va 4 tuong ting toa do r = [x1,x2,¥1,y2]
cta 6 vudng chia khuon mat.

V6i dit liéu dAu vao 1a 888 bic hinh tu chup va dan nhan, két
qua huin luyén theo phucng phdp gradient decent ctia md hinh
cho két qua kha quan vé6i do chinh xéc t6i 0.95. Sau khi c6
dugc vi tri ctia khudn mét, phuong phép phan tich thanh phan
chinh (Principal Component Analysis - PCA) [10, 11] dugc st
dung d€ nhan dién khuén miit tai vi tri d dugc x4c dinh xem
c6 phai ngudi d6 12 admin khong. Véi dic thu hé diéu khién
danh cho mobile robot thung doi hoi chi phi thip, din dén
ning luc tinh todn han ché, phuong phap PCA dic biét phu
hgp do ky thuit tinh toan don gian cling nhu di liéu cia admin
thudng han ché & mot vai ngudi [12].

3.2. Phat hién va dinh vi ngudi bang mang Mobilenet-SSD

Phét hién con ngudi trong mot biic dnh bao gém hai tic vu,
phan loai (classification) va dinh vi (localization) bang cach vé
0 vuong bao quanh vi tri hinh anh dugc xac dinh 1a "con nguai".
V6i cac hé thng cé ning luc tinh toan gidi han, cac thuit todn
dua trén k¥ thut hoc sau nhu Faster R-CNN [13], Single Shot
Detectors (SSD) [14], va You Only Look Once (YOLO) [15]
chiém uu thé nhd kha ning xt 1y tinh toan nhanh [16]. D€ théa
man yéu cau vé kha ning xi ly thdi gian thuc trong khi van
dat do chinh xdc tuong dbi cao, Mobilenet SDD dudc Iva chon
do mb hinh nay c6 kha niing phan loai dudc nhiéu dbi tuong
v6i ti 1& kich thudc khac nhau trén mot khung hinh. Kién tric
clia mang Mobilenet SDD dugc thé hién & hinh 4. Khac véi
mang VGG-16, Mobilenet st dung cac 16p tich chap tach biét
chiéu sau (depthwise separable convolution layers) & phia dau
vao, tiic 12 mbi kénh dit liéu dau vao sé ap dung mot bd loc
khéc nhau va hoan toan khong chia sé tham s6. Do d6 gitp qua
trinh hoc va nhan dién dac trung sé dugc tach biét theo ting bo
loc. Khi d6, néu dic trung trén cac kénh 1a khac xa nhau thi st
dung cac b loc riéng s€ mang lai hiéu qua cao hon trong viéc
phit hién cic dic trung. Cac 16p tich chap thong thudng & dau



14

Measurement, Control and Automation

Mobilenet
|
300x300x3
Input Image 19x19x512 10x10x1024
///
__________________ (
|
I
I
I
|
I
J /
ksioiuirgel Source2
Depthwise Standard
separable Conv - Conv

| ’ ‘ s ,

Extra feature extraction
|

| 5x15x512 3x3x256 2x2x256 1x1x512

s
z

Sourcel >
Source2 ——|
Source3 > -%
Source4 ok
a

Source5 ——
Source6 ——>

T
.
| Non Maximum Supresson |

Source3 Source4 Source5 Source6

Hinh 4. Kién tric mang Mobilenet-SSD

ra (extra feature extraction layers) tao thém dit liéu hd trg ra
viéc phat hién cac dic trung trong biic anh. PAu ra cudi cling
clia Mobilenet SDD 1a mot vector y!' = [x,y, w, h, p] chi toa do
x,y, kich thudc dai rong w, h va xdc xuit clia ngudi dudc phat
hién trong buc anh.

Cudi cling, toa d6 tAm ctia 6 vudéng bao quanh hinh anh ngudi
sé dudc sif dung dé tinh todn kho4ng cach va huéng t6i mobile
robot dua trén camera c¢6 cam bién chiéu sau D435i. Thong tin
vé hudng va khoang cach dudc st dung bdi bd didu khién xe
niam & cap thip hon.

3.3. Nhan dién tu thé tay

D& giai quyét bai toan h trg con ngudi, ngoai viéc bam theo
admin thi viéc di chuyén theo ¥ mubn bing cach nhan dién ctt
chi tay cling dong vai tro quan trong, dac biét 1a 6 moi trudng
khong gian hep va nam ngoai pham vi ban dd da cai dit sin
trén xe. Do d6 nhém nghién ctiu tdn dung module MediaPipe
Hand [20] di dugc huén luyén sin dé phat hién céc diém dic
bién cta ban tay nhu mo6 ta & hinh 5, tir d6 hinh thanh nén céac
1énh di chuyén nhu "chay", " tién",
"lui", "quay tron"...

PSRN

dung", "ré trai",

mon

ré phai",

[ Descrgion o Descriotion |

0  WRIST 11 MIDDLE_FINGER_DIP
1 THUMB_CMC 12 MIDDLE_FINGER_TIP
2 THUMB_MCP 13 RING_FINGER_MCP
3 THUMB_IP 14 RING_FINGER_PIP

4 THUMB_TIP 15 RING_FINGER_DIP

5 INDEX_FINGER_MCP 16 RING_FINGER_TIP

6  INDEX_FINGER_PIP 17  PINKY_MCP

7  INDEX_FINGER_DIP 18 PINKY_PIP

8  INDEX_FINGER_TIP 19 PINKY_DIP

9 MIDDLE_FINGER_MCP 20 PINKY_TIP

10 MIDDLE_FINGER_PIP

Hinh 5. M6 hinh khung xucng ctia ban tay

4. Thiét ké hé diéu khién
4.1. Piéu khién huéng di chuyén cia xe
Véi viéc mbi banh xe dudc diéu khién bdi mot hé truyén dong

servo, dong thoi gia thiét 1a cac banh xe tiép xic t6t v6i miit
san sao cho khong c¢6 hién tugng trugt, khi d6 ta c6 thé gia thiét

ring mbi quan hé giita van tdc mong mudn va van tdc thuc ciia
xe 12 mot khau quan tinh bac nhit nhu (7)

6, 1 0 0 0] [6
6 1 0 1 0 0| |6
. = —_— by 7
6| =TT o 0 1 of |6 )
64 00 0 1] (6

trong d6 Ty, 12 hing s thoi gian ctia bd bién ddi.
Dua trén (2) va (7), mbi quan hé giita quang dudng dich chuyén
ctia xe va téc do géc clia tiing banh xe c6 thé dudc mo ta bdi

®)

Avloy . gl*
Ay | = R 8
V| = ST Taes) o ®)
AD,
6,

O ché do bam theo admin, muc tiéu didu khién 1a giit khoang
cach an toan giifa ngudi va mobile robot, cu thé hon Ia ta can
bam lugng dit g, = [x; ¥, 6;,]" trong khung toa do than
xe nhu mo ta ¢ hinh 1. D& thy véi su xuét hién ctia mot khau
tich phan trong (8), mot bo diéu khién ti 1¢ 1a di d€ dam bio
muc tiéu diéu khién trén. Do c6 rang budc vé van toc cuc dai
ctia xe, hé s6 ti 1& Kp nén dugc hiéu chinh trong khoang:

0< ex,maxKPx < Vxr,max
0< ey,maxKPy < Vyr,max (&)
0< ee,muxKPG < Wy max

trong do6, exmax, €ymax VA € max 1an lugt 1a sai léch cuc dai
theo céc truc. V2 vy maxs Vyrmaxs Ormax 1an 1ugt 12 gidi han van
tde theo cic truc ctia xe. Bit déng thic (9) c6 thé dudc hiéu
mot cach rit don gian 1a xe sé dat tSi van tée cuc dai néu sai
léch bam 16n hon ngudng cho phép. Trong thuc té, néu admin
diing tai chd va khi xe dat t&i khodng cach an toan mong mudn,
hién tugng rung c6 thé xdy ra do dit liéu khoang cach lay vé
tif camera khong thuc su &n dinh. Do d6 mot khau "dead-
band"dugc thém vao d€ ddm bdo xe ding hoan toan khi sai
léch vi tri dat t6i gia tri "chip nhan dugc". Pong thi mot khau
quén tinh ciing dudc thém vao ngay sau khau khuéch dai dé
han ché gia toc clia xe, tranh hién tugng giat manh khi admin
chuyén tir trang théi diing im sang di chuyén. Do d6, ciu tric
hé diéu khién diéu huéng xe bam theo nguvi dudc dé xuit nhu
mo ta & hinh 6.
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Hinh 6. Hé diéu khién xe bam theo ngudi va tranh vat can
4.2. Diéu khién tranh vat can g
Trong qua trinh bam theo ngudi st dung, tinh hubng gip vat
can trén dudng di thuong xuyén xay ra. Do d6 nhém nghién ctu o
dé xuét mot thuat toan don gian dé tranh vat can dua trén xi 1y R
anh cling nhu khd ning di chuyén da huéng ctia 4-MWMR. Gia 20
1080
____________________________________ IR v [ v = v [ v [
| ; ) r' J
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Chudng ngai vat

/
Madt san
/

dmin

Hinh 7. Vi tri dit camera so v4i vit can

st mit san 1 bang phang va vi tri dit camera so véi chudng
ngai vat nhu thé hién & hinh 7. Khi d6, khoang cach ti thiéu
dpnin d€ camera phat hién chuéng ngai vat dudc xdc dinh béi
phuong trinh:

a—0900— 1%
2 (10)

dpin = htan o

Trong d6, & 1a chiéu cao dit camera va fov = 58° 1a trudng
nhin doc cia camera.

Dt liéu thu dugc tit D435i 1a mdt ma tran chia thong tin khoang
cach dén cic di€ém anh tuong ting, c6 kich thude 1080 x 720.
Khoang cédch dugc biéu dién bang céc sb nguyén cé don vi
12 milimet. P& don gian, nghién ctiu nay chi xét cic vat can
tinh tif mat dat 1én mot do cao nhit dinh tuong duong chiéu
cao ctia xe. Do d6 dif liéu dugc xét dén & day 12 hai muoi hang
duéi cling ctia ma tran diém anh. Ma tran kich thuée 1080 x 20
dudc chia thanh mudi vung (V;,i = 1...10) nhu hinh 8, mbi
viing c6 kich thuée 108 x 20. Mbi phan tif clia tiing viing dudc
s0 sanh v6i dy,i,, néu c6 téi thi€u 10 phan tit nhd hon d,,;, thi
vung d6 dudc dinh nghia la “co chudng ngai vdt”, tuong ung

Hinh 8. Phin ving dif liéu d€ phat hién vat can

gia tri V; = 1. Miit khac, néu c6 it hon 10 hoic khong c6 phan
td nao nhd hon dy;, thi vung dé dugc coi la “khong chudng
ngai vdt”, tuong ting véi Vi = 0. Tiép theo, cic ving dugc gdp
lai thanh ba nhém (N;,i = 1...3) nhu mo ta & hinh 8, trong do:

N =ViuW,
N, =V3UV,uUVs UVeUV, UV (11)
N3 =VoUV)o

Dua vao cic thong tin thu dugc tit (11), hé diéu khién s& dua ra
Iya chon cho viéc xe tiép tuc di chuyén thang, hay cin ré sang
mot trong hai bén dé tranh vat can theo luu dd thé hién & hinh
9. Trong qua trinh tranh vt can, lugng dit tbe do cho mobile
robot dudc tinh theo bang 2, trong d6 c6 thé hiéu 1a dbi tuong
cAn bam cang xa xe thi cang cin tranh nhanh chuéng ngai vat
d€ dudi theo.

Bang 2. Bing tinh ludng dit tbc do xe & ché do tranh vt can

Trang thai
Ré phai vy =KpyyJez+el, vy =0"=0

= ] * 2 2 * *
RE trai Vi = —Kpxy [ex+ey, V=0 =0
*

Diing vi=vi=0*=0

*
X Y

Lugng dat toc do
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(NI=D)&(N2==1) 0
P Dimg
(N1==1)&(N2==0) Pi thfmg

&(N3==1)

Di sang phai

Pi sang trai

Hinh 9. Luu d6 thuat toan tranh vét can

4.3. Diéu khién logic van hanh

Cudi cling, dé€ dim béo cdc thuat todn diéu khién mobile robot
van hanh phdi hdp véi nhau, hé diéu khién logic dudc thiét
ké dua trén ky thuat mo ta trang thai may (state-machine) nhu
mo ta & hinh 10. Khi méi dudc cip ngudn, xe & trang thai

Cap nguén

Digu khién
tranh chudng
ngai vat

Diéu khién
béng tu thé
tay

khuén mat
Hinh 10. Diéu khién phéi hdp cic ché d6 van hanh xe

ditng. Néu c6 1énh chay, xe chuyén sang trang thdi "do tim
khudn mit". Néu phat hién ra ngudi dudc cip quyén (admin),
xe sé ciin ¢t vao hiéu lénh tay ctia "admin"dé chon ché do diéu
khién "bang tu thé tay"hay "bdm ngudi". Trong qua trinh "bam
ngudi", viéc tinh chon lugng dit tbc do cho ting banh xe sé do
bo diéu khién thiét ké & 4.1 néu khong c6 vit can giita xe va
ngudi. Ngudc lai, tbe do dit sé dudc tinh bdi bang 2.

5. Cac két qua thuc nghiém

Dua trén nguyén mau xe nhu minh hoa & hinh 11, nhém da tién
hanh mot s6 thuc nghiém. DE phat hién khudén mit, mo hinh
cho thiy két qua kha t6t khi t&n that trung binh trén toan bo tap
di liéu dao tao véi 888 hinh anh nhé hon 0.1, va d6 chinh xac
dat dugdc 16n hon 0.95. Két qua phat hién va nhan dién admin
dugc minh hoa & hinh 12, trong d6 phép do do tin cdy 1a 86.7
va vi tri cia hop gidi han la chinh xac.

(a) Face detection (b) Face recognition

Hinh 12. Phat hién va nhan dién khudn mit

Hinh 13 va 14 cho thiy két qua phat hién con ngudi ciing nhu
tu thé ban tay. C6 thé thiy admin c6 thé dudc nhan dang ngay
ca khi mot phan co thé bi che khuit. Dua trén két qua du dodn
tot, robot di dong dudc thi nghiém hoat dong & ci ché do diéu
khién bam theo ngudi va diéu khién tu thé tay. Sau khi da dugc
nhéan dang khu6én mit va hinh déng, admin c6 thé quay lung lai
ma xe van c6 thé bam theo nhu mé ta & hinh 15. Két qua thi
nghiém v6i mo hinh xe c6 thé dugc xem chi tiét theo dudng
link: https://www.youtube.com/watch?v=PPIrzwVJ3WI

O ché d6 tranh vat can, ddu tién dit liéu phan ving cla vat can
dugc kiém tra nhu mo t4 & hinh 16. Viéc dit vat can & cdc vi tri
biét trudc gidp hiéu chinh cdm bién hinh anh ciing nhu thuat
toan trude khi bat dau van hanh. C6 thé thiy cac két qua thu
dugc cho thiy thuat todn hoat dong tt khi xac dinh dudc vi tri
vat céan.

Sau khi da hiéu chinh xong cim bién, nhém nghién
ctfiu tién hanh thi nghiém ché d6 tranh vat can theo
kich ban md td & hinh 17, trong d6 xe sé€ thuc hién

Hinh 13. Nhan dién 1énh diéu khién qua tu thé tay
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STATE
ID

READY

2 person 0.92

Hinh 14. Phét hién ngudi trong khung hinh

STATE :
1D HE-J

FOLLOW

STATE :
1D : 6

FoOLLOW

Hinh 15. Qua trinh xe bam theo ngudi

viéc bam theo ngudi dong thoi lach qua mot va hai
vat can. Video thuc nghiém dugc cung cip theo dudng
link https : //drive.google.com/ file/d/1TaLHquEv —
WywykHIW2KN6m4gmOOnXu5 /viewusp = sharejink
Céc dif liéu thu vé tif qud trinh thuc nghiém dudc thé hién &
hinh 17 cho thiy xe van duy tri bam theo ngudi va diing lai khi
dat t6i khoang céch an toan dudc cai dit tir truée. Mac du trong
qua trinh tranh vt can, khoang cach tdi ngudi bi dan ra xa do
Xe Uu tién tac vu "tranh vat can"hon.

6. Két luan

Trong nghién ciiu nay, mdt robot di dong da huéng nham h trg
con ngudi dudc phat trién. Bing cach st dung cac ky thuat xi
ly hinh anh dua trén k¥ thuét hoc sdu nhu VGG-16, mobilenet-
SSD, kém theo mot thuét toan tranh vt can do nhém nghién
ciiu d& xuit, mo hinh xe da c6 thé thuc hién cac chic ning
chinh nhu nhén dang, bam theo quan tri vién, tranh chuéng

ngai vat va diéu khién dua trén tu thé tay. Céc két qua thuc
nghiém dat dudc cho thiy tiém ning ting dung ctda robot di
dong trong thuc té.

Loi cam on

Nghién ciu nay dugc hd trg bdi Pai hoc Bach khoa Ha Nai,
thuoc dé tai ma sé T2022-PC-005.
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Abstract

This paper proposes a novel intelligent control algorithm in dealing with the load-frequency control problem of a two-area interconnected
thermal power system. This control methodology applying a modified PID controller with three parameters tuned by a reasonable fuzzy logic
inference structure. The control plant of this study is a two - area interconnected electric thermal power grid model using reheat and non-
reheat turbines together with renewable energy sources such as wind power and solar energy. This model is mathematically established at
first and the load-frequency control solution employing the proposed fuzzy logic-based PID controllers is implemented successfully in
MATLAB/Simulink environment. The numerical simulation results obtained in various scenarios compared with those of the conventional
regulators and a number of existed intelligent load-frequency counterparts demonstrate the high effectiveness and applicability of the pro-
posed control strategy.

Keywords: Load Frequency Control (LFC), PID-like fuzzy logic controller, renewable energy sources, nonlinearities.

Symbols

Symbols
R

Tg

Ten
Trh

th
Tts
Tspv
Af

APg
AP¢

APy

Units Description

Hz/p.u. Speed regulation of the gover-
nor

S Time constant of speed gover-
nor

S Non-reheat time constant

S Low pressure reheat time con-
stant
High pressure stage

S Time constant of wind turbine

S Time constant of solar power

Hz Change in frequency

p.u. Change in electrical power

p.u. The speed governor senses the
difference between reference
power

p.u. Change in the valve position

Abbreviations

GDB
GRC
LFC
ACE
PSO
GWO
FPID
GA

Governor Dead Band
Generation Rate Constraint
Load Frequency Control

Area Control Error

Particle Swarm Optimization
Grey Wolf Optimizer
Fractional PID

Genetic Algorithm

Tém tit

Bai bao nay dé xuat mot giai thuat didu khién thong minh mai dé giai
quyét bai toan diéu khién tin sé - phu tai cia mot hé thdng nhiét dién
hai viing két ndi. Thuat toan dé xuét wng dung mot bo diéu chinh PID
cai tién vai ba tham s duoc chinh dinh béi mét cAu tric logic mo
thich hop. Béi twong didu khién caa nghién ciu nay la mot md hinh
hé théng nhiét dién hai viing két ndi sir dung cac tuabin hdi nhiét va
khong hdi nhiét cling véi cac ngudn ning luong tai tao nhu ning
lwong gio va nang lugng mit troi. Hé thdng dién nay duoc md hinh
hoa trudc tién va giai phap didu khién tan sé - phu tai sit dung bo
diéu khién PID cai tién dya trén logic mo s& duoc thyuc hién thdng
gua phan mém MATLAB/Simulink. Céc két qua md phong sé thu
dugc trong nhiéu truong hop gia dinh khac nhau dugc so sanh vai
céc bo didu chinh truyén théng va mot sb cac bo didu khién tan sbé-
phu tai théng minh truéc d6 da ching minh sy hiéu qua va kha nang
rng dung cao cua chién lwoc diéu khién da dé xuét.

1. Introduction

Load-frequency control (LFC) is one of the most crucial con-
trol strategies to ensure the stability and economy of an inter-
connected power system [1-3]. In [4], the LFC of three areas
is unequal bonding heat, wind and hydrogen. The generating
unit has been developed with the Proportional Integral (PI)
controller. In paper [5], a new load frequency controller based
on Type-2 Fuzzy Quasi-Decentralized Functional Observe
(T2FQFO) is recommended. The LFC strategy aims to con-
tinuously monitor the system frequency as well as the tie-line
power flow.

Received: 14 February 2023; Accepted: 17 March 2023
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According to the constrained current deviation control theory,
the LFC scheme calculates the net change of two such param-
eters relative to their nominal value, known as the area control
error (ACE), to control valve setting of the main engine with
the goal of forcing the ACE signals to meet acceptable values.
The LFC strategy directs the ACE signal to the desired values,
which means that both the frequency offset and the tie-line
power are considered to be close to zero within the allowed
tolerances. It can be found that a huge number of studies have
been conducted for the LFC issue. Obviously, many control
and optimization techniques such as conventional ones [6],
optimal control [7], genetic algorithm (GA) [8], particle
swarm optimization (PSO) [9], bacteria foraging optimization
algorithm (BFOA) [10] have also been used in dealing with
the LFC problem. A smart grid is becoming an important goal
in the current and future power system network configuration
[11]. The new modern grids provide real-time networks, rapid
fault analysis and also dedicate the ability to connect a large
number of renewable energy sources into the power system
[12]. The rapid development of global industry and business
has caused a significant shortage of available energy in case
of excessive use of fossil fuels [13]. As well as concerns about
safe sources, environmental concerns invested in low-carbon
power generation technology is one of the priorities following
an energy program in many countries around the world
[14,15].

Therefore, generating electricity from renewable energy
sources is a viable option that will not only meet the growing
energy demand but also take care of the environment [16].
The integration of RE sources poses additional uncertainties
and challenges to the power system, since RES is discontinu-
ous and. Their locations are geographically dispersed [17].
The penetration of different renewable energy sources in
modern interconnected electrical systems can significantly re-
duce the inertia of the system. When converting renewable
energy sources to power interconnected power system using
converters/inverters, such power electronic interfaces will re-
duce the total inertia of the system and reduce voltage stabil-
ity/ frequency compared to conventional synchronous gener-
ator sets.

Therefore, reducing enough inertia will be one of the main
limitations of grid-connected renewable energy sources in the
world. By increasing the penetration of existing renewable en-
ergy sources, the inertia of the connected electrical system
may be insufficient, creating dynamic problems for the sys-
tem's stable voltage and frequency and cause negative effects
on the stability/resiliency of the power system [18,19]. In
[20], if the large wind generation is stalled due to a fault, it
can harm the operation of the power system and lead to load
frequency control problems. The primary target of LFC is on
maintaining the constant frequency over the arbitrarily chang-
ing active power loads that as well termed as unidentified ex-
plicit disturbance. An additional target of LFC is on regulating
the tie-line power exchange error [21-24]. The interconnected
power system when adding renewable energy sources is a
practical need in modern life.

However, it reduces the inertia of the system and increases the
frequency oscillations of the areas, and at the same time in-
creases the frequency of the system together with power dy-
namics on power transmission lines.

These include devices with nonlinear system components
such as GDB, GRC, changing operating load conditions and
renewable energy sources. The interconnected power system
is a complex object, so controlling the system frequency and
power on the line encounters difficulties. The above studies
have used different methods to stabilize the system frequency,
but they do not consider the system in many cases such as the
existence of nonlinear factors, the continuous system param-
eters changing and the addtion of renewable energy sources.
To solve the LFC problems, not only the traditional PID con-
trollers have been widely used but also intelligent counter
parts, i.e. fuzzy logic - based controllers (FLC) have attracted
researchers and engineers. Applying these FLCs, it is clear
control systems with a lot of unknown parameters as well as
uncertainties can be completely conducted with promising
criteria. One of the most popular and efficient FLCs used, es-
pecially for the LFC, is PID-like FLC. This study proposes a
fully feasible LFC scheme applying the PID-like FLC for a
complex two - area interconnected power system with nonlin-
earities i.e. GRC and GDB as well as renewable energy
sources. The superiority of the proposed approach is shown
by comparing the results with a number of conventional con-
trollers in dealing with the LFC problem. The rest of this pa-
per is organized as follows. Section 2 presents the modelling
of an interconnected power system focusing on the LFC prob-
lem. Then, Section 3 proposes the design of a PID-like FLC
methodology, which will be applied for the LFC. Next, Sec-
tion 4 provides simulation results implemented in
MATLAB/Simulink environment to verify the effectiveness
of the proposed control strategy. At last, conclusions and dis-
cussions regarding this study will also be given in Section 5.

2. Modelling of interconnected power systems
in load frequency control

The first step to study a control system is to establish the
mathematical of the control plant. It is the fact that mathemat-
ical modelling of an isolated power system is constituted of
the following elements:

(i) Speed governor model

(i) Thermal turbine model

(iif) Wind turbine and solar power model

(iv) Generator load model

(v) Tie- lines

2.1. Speed governor model

Speed governor is a unit used in electrical power systems to
sense frequency deviation caused by the load change and can-
cel it by changing the turbine input. The schematic diagram
of a speed governing unit is shown in Figure 1. Where R is the
speed regulation of the governor, Tg is time constant of speed
governor, Afis change in frequency, 4Pg is change in electri-
cal power and 4Pc is the speed governor senses the difference
between reference power. Without load reference, when the
load change occurs, part of the change will be compensated
by the valve/gate adjustment while the rest of the change is
represented in the form of frequency deviation. The reduced
form of Figure 1 is shown in Figure 2.
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Figure 2: Block diagram of speed governor

The Equation (1) defines a relationship regarding a typical
speed governor of an electric power grid:

1 1
APy ()= : (AR ()= AF(5) )

2.2. Thermal turbine models

A turbine unit in power systems is used to transform the pri-
mary energy, such as the energy from steam or water, into
mechanical power (4Py) which is supplied to the generator.
There are three kinds of commonly used turbines: non-reheat,
reheat and hydraulic turbines. All of which can be modelled
by transfer functions. The transfer function of the non-reheat
turbine is represented as:

R() 1
Pg (s) 1+sTeh

Gy(5) = @)
Where Tch is non —reheat time constant and 4P is change in

the valve position.

Reheat turbines are modelled as second-order units, since they

have different stages due to high and low steam pressures. The

transfer function can be represented in (3).

R()  FhpTrhs+l 1

Py(s) Tl Tons+d ©)

Gt (S) =

Where Trh and Fhp are low pressure reheat time constant and
high pressure stage, respectively.

2.3. Wind turbine and solar power model

2.3.1. Wind turbine model

The wind turbine consists of a turbine-generator shaft mecha-
nism, which is used to convert the rotor rotation into electrical
energy. The following equation (4) represents the mechanical
output of the wind turbine and is defined as follows:

1
Rut =, PACp (4 My 4)

Where 4, p, Vw, Cp are speed ratio, air density factor
(Kg/cu.m), wind speed (m/s) and power coefficient, respec-
tively.

0, Vi <Veut-in

0, Vi > Veut—out
0, Vipoq SV, <<V

rated = Yw == Ycut—out

[0.007872V,)  else (5)
-0.23015V,
+1.3256V, +11.061V,.

-102.2V,, + 2.33]AV,,

For small signal stability of the system, the rate of change of
wind power output given in (6) has been considered for as-
sessing the stability of the proposed systems. The first-order
transfer function model of wind turbine is shown as:

APVVtg (S) _ 1
APWt (s) - Twtss+1
Where Tws is the time constant of wind turbine.

(6)

2.3.2. Solar power model

The transfer function model of a solar power is given in (7).
APSpV (S) _ 1 -
APgp (5) Tspys+l )

Where Tspy is time constant of solar power
2.4. Generator load model

A generator unit in electrical systems converts mechanical en-
ergy received from a turbine into electrical energy. But for the
interconnected power systems, the focus is on the generator's
rotor speed (power system frequency) output rather than en-
ergy conversion. Since electrical energy is difficult to store in
large quantities, a balance must be maintained between the
energy generated and the load demand. When a load change
occurs, the mechanical energy sent from the turbine will no
longer match the electrical energy generated by the generator.
The error between mechanical power (4Pf) and electrical

power is incorporated into the rotor speed deviation ( @y ),
which can be converted to frequency offset ( Af ) by multiply-
ing by 27 .

The electrical load can be decomposed into a resistive load,
which remains constant as the rotor speed changes and the
motor load changes with the load speed. If the mechanical
power does not change, the motor load will compensate for

the load change at a different rotor speed than the specified
value which is shown in the Figure 3.

1 Ao
Ms+D

Figure 3: Block diagram of the generator
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The mathematical model of generator - load corresponding to
Fig. 3 can be obtained below:

AF(S) = oo (AR (5) ~ APy (5)) (8)

Where M is an inertia constant of the generator, D denotes
load damping constant and APq(s) is load demand change

2.5. Tie-lines

In an interconnected power system, different areas are con-
nected to other parts via tie-lines. When the frequencies are in
two different areas, an energy exchange occurs through the
line connecting the two areas. The tie-line connections can be
considered as a mathematical model shown in Figure 4.

Figure 4: Block diagram of tie-lines

The Laplace transform representation of the block diagram in
Figure 4 is given by:
27T..
ARj = — d (AF; ()~ AF; (s) )

Where AP”- is tie-line exchange power between areas i and j,

and T;; is the tie-line synchronizing power coefficicnt be-

tween areas i and j. From Figure 4, it can be seen that the tie-
line power error is the integral of the frequency difference be-
tween the two areas.

A block diagram of two-area interconnected power systems
with GDB, GRC and renewable energy sources has been
shown in Figure 5.

The control objectives of the load-frequency control in multi-
area interconnected power system are mainly to control the
frequency variation, ACE and tie-line power deviation in the
areas towards zero while the system has many nonlinear, un-
certain components, time delay and various load conditions.

I
1

Area 1l

Renewable Energy Sources

Generator 1

I A,

G | =

Governor 1

R,
ACE1 _ AP, GDB Non - Reheat Turbin - gRrc
.
Controller| * 1 | / % ?
L 1es7 17| + ™
2l
Pc

+y

fie
Reheat Turbin

2 Pf
| Controller | ! . 1 L] 1 A,
2 1+sT ] 5 Tr,,,,m D,+s,
Governor 2 Generator 2
1 AP,
R2 Renewable Energy Sources

Area 2

Figure 5: Block diagram of two-area interconnected non-reheat thermal -

3. Design of fuzzy - PID controller

This paper proposes a new PID-based fuzzy logic controller
applied for the load - frequency control problem. The working
principle of such a PID-fuzzy logic inference structure is de-
picted in Figure 6. In this context, the PID regulator with three
factors Kp, Ki and and Kd are tuned using a reasonable fuzzy
logic model.

Fuzzy variables of two inputs ACE and AACE are NB, NM,
NS, ZO, PS, PM and PB are Negative Big, Negative Medium,

reheat thermal power system with GRC, GDB and renewable energy sources

Negative Small, Zero, Positive Small, Positive Medium and
Positive Big, respectively.

The fuzzy variables of the two inputs Kp’ and Kd" are S, M
respectively for Small and Big, respectively.

Fuzzy variables of a are S, MS, MB and B correspond Small,
Medium Small, Medium Big and Big.
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Figure 6: The structure of Fuzzy — PID controller

In Figure 5, three parameters of the PID controller applied for
the load frequency control are determined by means of an efi-
ciency. Assuming that two parameters Kp and Kd are always
in the ranges [Kp min, Kp max] and [Kd min, Kd max], it is
reasonable to define the following equations:

Kpl=(Kp_Kpmin)/(Kpmax_Kpmin) (10)
Kdl = (Kg =K min)/ Kgmax ~Kamin) (11)
Ti=aly (12)
Ki =Kp/aTy =Kp?/ (aTy) (13)
Kpmin = 032Ky, K pmax = 06Ky (14)
K, =008K, T, K, =0.15KT, (15)

Fuzzy controller designed with inputs ACE and AACE has the
membership functions presented in Figures 7-9 and Tables 1-
3

o

NB NM NS pde] PS PM PB

0.5

ACE or AACE
1 1 1 1 1 1 1 1 =

-1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1
Figure 7: Membership functions of ACE and AACE

The outputs of the fuzzy set are Kp', Kd' and o.
U

48 B

0.2 0.4 0.6 0.8 1
x=Kp' or Kd"

Figure 8: Membership functions of Kp' and Kd'

Figure 9: Membership function of o

Table 1: Fuzzy rule for Kp’

AACE
ACE NB NM NS ZO PS PM PB
NB B B B B B B B
NM S B B B B B S
NS S S B B B S S
Z0 S S S B S S S
PS S S B B B S S
PM S B B B B B S
PB B B B B B B B
Table 2: Fuzzy rule for Kd’
AACE
ACE NB NM NS Z0 PS PM PB
NB S S S S S S S
NM B B S S S B B
NS B B B S B B B
Z0 B B B B B B B
PS S S S S B B B
PM B B S S S B B
PB S S S S B B B
Table 3: Fuzzy rule for o
AACE
ACE NB NM NS ZO PS PM PB
NB S S S S S S S
NM MS MS S S S MS MS
NS M MS MS S MS MS M
Z0 B M S S S M B
PS M MS MS S MS MS M
PM MS MS S S S MS MS
PB S S S S S S S

From (10), (11) and (13) the following equations can be
deduced:

Kp = (Kpmax - Kpmin)Klp + Kpmin (16)
Kd = (Kdrmx - Kdmin)Kld + Kdmin (17)
K =K 2 /(aT,) (18)

4. Case studies

A numerical simulation process to verify the feasibility of the
proposed control strategy plays a significant role in designing
an efficient controller. The current study applying
MATLAB/Simulink software to implement a number of sim-
ulations for this goal. The simulation scenarios described as
a system in reality encountered with nonlinearities, variation
of different load types, uncertainties and time delay. System
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parameters used for simulation in Table 5. The proposed con-
troller is compared with Genetic Algorithm tuned P1 (GA PI),
Grey Wolf Optimizer tuned PI (GWO PI), Particle Swarm
Optimization optimized Pl controller (PSO PI), Improved
Grey Wolf Optimizer tuned PI (I- GWO PI), PSO GWO PI
(fuzzy PI) controller and Fractional PID (FPID) to demon-
strate its control quality.

4.1. Performance comparison under different types of
load changes including step load disturbance, pulse
load deviation, random load change and sinusoidal
load variation.

The system under consideration is a complex system with
nonlinear components such as GDB, GRC, and the system pa-
rameters change randomly during operation. Types of loads
are presented as shown in the Figure 10. At the same time, the
system also considers other forms of renewable energy
sources such as wind energy and solar energy.

e  Step load disturbance : APdl :APd2 =0.03(pu) .
e Pulse load disturbance: APdl :APdZ =0.03(pu) , period: 40

second and pulse width: 10%.
e Random load disturbance with sample time is 40 seconds.

e Sinusoidal load disturbance: Ap

M = 0.03sin(0.06281).

=AP
d2

Table 4: The parameters used for simulation of two areas [25]

Area with non- Area with

reheat Turbin Value Reheat Turbin VEITE
My (p.u.s) 10 M (p.u.s) 10
D1 (p.u./Hz) 1 D, (p.u./Hz) 1
Ten (5) 0.3 Ten2 () 0.3
Tgl (S) 0.1 ng (S) 0.2
R1 (Hz/p.u.) 0.05 Rz (Hz/p.u.) 0.05
B; (p.u./Hz) 21 B; (p.u./Hz) 21
Ty (p.u./rad.) 22.6 T, (p.u./rad.) 22.6
Tues ) 15 Fip 03
Tspv () 18 Tin(s) 7

0.03 - -

0.02f o s

o0t |/ .
g e e '
= ) 0 Y R S S
2
E/ \\
< \

-0ty == Step load disturbance \‘\

Pulse load disturbance .
- = =Random load disturbance \\
0.0z - - - Sinusoidal load disturbance N
-0.03 . . ‘ ' . . e =
0 10 20 30 40 50 60 70 80

Time(s)

Figure 10: Types of load disturbances

Controller parameters for different load disturbances are pre-
sented in tables from Table 5 to Table 8 (with parameter of
FPID controller is K1=0.67, Kij;=-0.4006, K41=-0.991, Kpy,=-
0.3266, Ki»=-0.2946, Kgo=-1 [25]).

Table 5: Parameters of controller in case step load disturbance

Parameters of controller

Type of Controllers

Koz Kis Koz Kiz
GAPI -0.39 0.28 0.53 0.25
PSO PI 0.18 -0.25 -0.25 -0.25
GWO PI 0.10 -0.12 -0.12 -0.11
0.43 -0.29 -0.5 -0.28
PSO GWO PI
IGWO PI 0.42 -0.29 -0.54 -0.28

=—=Fuzzy PID

= = =Fuzzy PI
FPID

——PSOPI

——GWOPI

——PSO GWO PI
IGWO PI

1 I
1 I
1 I
]
I
I
I
I
I

AF1(Hz)

60 70 80
Time(s)

Fuzzy PID

= = =Fuzzy PI
FPID

——PSOPI

——GWOPI

——PSO GWO PI

IGWO PI

AF2(Hz)

80
Time(s)

(b)



Measurement, Control and Automation

25

: =—=Fuzzy PID

| = = =Fuzzy PI
FPID

——PSOPI

——GWOPI

——PSO GWO PI
IGWO PI

A Ptie (pu)

Fee At —— - ——
|
|
|
|
==~~~ T ~~r——7
|
|
|
L

=]
o
~
o

80

w
o

40 50
Time(s)

©
Figure 11: Dynamic responses to the step load disturbance in two areas
(a) AF1, (b) AF2, (c) APtie

The performance of proposed fuzzy PID controller is
compared with Genetic Algorithm tuned Pl (GA PI), Grey
Wolf Optimizer tuned PI (GWO PI), Particle Swarm
Optimization optimized PI controller (PSO PI), Improved
Grey Wolf Optimizer tuned PI (I- GWO PI), PSO GWO PI
fuzzy PI controller and Fractional PID (FPID) to verify its
control quality. Consequently, better system performance in
terms of minimum settling times in frequency deviations is
achieved with proposed fuzzy PID controller in comparison
with other approaches . To study the dynamic performance of
the proposed controllers, a step load disturbance in two areas
and the system dynamic responses are shown in Figure 10.
The simulation results with some published approaches such
as with Genetic Algorithm tuned Pl (GA PI), Grey Wolf
Optimizer tuned PI (GWO PI), Particle Swarm Optimization
optimized Pl controller (PSO PI), Improved Grey Wolf
Optimizer tuned PI (I- GWO PI), PSO GWO PI fuzzy PI
controller and Fractional PID (FPID) to verify its control
quality for the same power system are also shown in Figure
11. Critical analysis of the dynamic responses clearly reveals
that significant improvement is observed with proposed fuzzy
PID controller compared to other approaches reported in the
literature.

Table 6: Parameters of controller in case pulse load disturbance

Type of Con- Parameters of controller

trollers Kot Kiy Kp2 Kiz
GAPI 0.05 -0.07 -0.58 0.11
PSO PI 0.1 0.1 -0.08 0.03
GWO PI 0.1 -0.12 -0.12 -0.11
0.07 -0.02 -0.08 0.03

PSO GWO
PI

IGWO PI 0.04 -0.07 -0.58 0.11

AF1(Hz)

s Fuzzy PID

- - =Fuzzy PI
FPID

——PSOPI

—GWO PI

——PSO GWO PI

IGWO PI

AF2(Hz)

Fuzzy PID
= = =Fuzzy PI 1
FPID
——PSOPI
——GWO PI
——PSO GWO PI|_|
IGWO PI

0.015

o
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=]
o

A Ptie(pu) ¢
o
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u
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IGWO PI

-0.015
0

Time(s)

©

Figure 12: Dynamic responses to the pulse load disturbance in two areas

(a) AF1, (b) AF2, (c) APtie

Table 7: Parameters of controller in case random load disturbance

Type of Con- Parameters of controller
trollers Kp1 Kiy Kpz Kiz
GAPI -0.95 -0.56 -1.34 -0.54
PSO PI -0.45 -0.22 -0.5 -0.25
GWO PI -0.03 -0.12 -0.12 -0.12
0.15 -0.48 -0.5 -0.45
PSO GWO PI
-1.61 -1.69 -3.35 -1.72

IGWO PI
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Figure 13: Dynamic responses to the random load disturbance in two areas

(a) AF1, (b) AF2, (c) APtie
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Table 8: Parameters of controller in case sinusoidal Load disturbance

Parameters of controller

Figure 14: Dynamic responses to the sinusoidal load disturbance in two ar-

Kiz

Kig
-1.57

Kop1

eas (a) AF1, (b) AF2, (c) APtie

Type of
Controllers

The simulation results shown in Figure 12-14 show that the
frequency difference output response of the two regions has a

=72

-3.58

-2.27

GAPI

-0.59 -0.99 -0.61

-0.15

PSO PI

PID controller.

The above results have completely proved the optimality of
the proposed controller. In this section, when the system
exists load disturbances, these undesirable effects will be

stable time of about 7 to 10 seconds, very low overshoot and
minimized under the initiative of the proposed controller.

no frequency oscillations. when using fuzzy -

-0.38 -0.5

-0.2

-0.2

GWO PI

-0.5

-0.5

-0.47

0.16

PSO GWO

Pl

-2.28 -4 -2.47

-2.16

IGWO PI
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4.2. Simulate the system when the system has nonlinear
components such as: GDB (regulator deadband),
GRC (generator speed limit) and uncertainty
parameters

The fact is that nonlinear components such as GDB and GRC
together with the uncertainty of the parameters are very
suitable for practical control systems. A truly interconnected
electrical system naturally includes such components. The
nonlinearities, GDB and GRC, can be directly related to the
operation of the power system. Meanwhile, the uncertainty
related to the change of system parameters as illustrated in
Table 8 clearly affects the stability of the power system. In
this subsection, these undesirable effects will be mitigated
under the positive capabilities of the proposed PID fuzzy logic
controllers.

The simulation results when embedding the nonlinearities and
uncertainties given in Table 8 are depicted in Figure 15. As
can be seen, the negative influence of these variations has
been successfully restrained. Both frequency and link power
deviations are still eliminated with good control performance
such as low overshoot and short stabilization time. These
results fully demonstrate the robustness of the proposed fuzzy
logic based load frequency controllers.

Table 9: Variations of the parameters

Tol 0.1+ 0.1%50%
Tg2 0.2 +0.1%50%
M1 10 + 0.1*50%
D1 1+ 1*50%
M2 10 + 0.1*50%
D2 1+ 1*50%
GRC 5%
GDB 5%

FuzzyPID

FPID

AF1 (Hz)

0 10 20 30 40 50 60 70 80
Time(s)

@

FuzzyPID

| | I
| | | -
) | —
: FuzzyPI

|

——GWOPI
| JR—

IGWOPI

A F1(Hz)

(b)

FuzzyPID

FPID

PSOPI

PSOGWOPI

A F2 (Hz)

FuzzyPID

FuzzyPl

——— GWOPI

IGWOPI

AF2(Hz)

70 80

Figure 15: Dynamic responses to the step-load disturbance in two areas
(with uncertainty parameters), (a) and (b): AF1, (c¢) and (d): AF2

5. Conclusion and future works

In this paper, a comparative evaluation has been performed to
examine the effectiveness of the proposed PID - like fuzzy
logic controller. In order to provide realistic results, the stud-
ied fuzzy - PID controllers have been validated on the two-
area thermal power system in which the physical constraints
of the GRC, GDB and renewable energy resources have also
been taken into the consideration. The comparative dynamic
performance evaluations have been carried out under the step,
random, pulse, sinusoidal load and the types of renewable en-
ergy sources such as wind energy and solar energy. The re-
sults have confirmed that fuzzy - PID controller achieves
much better dynamic performances such as the largest mini-
mum damping ratio and the smallest overshoots and settling
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times of the network frequency oscillations. It is also verified

that

the proposed fuzzy - PID controller outperforms the tra-

ditional PSO - based PI controller, GA - based PI controller,
GWO - based PI controller, PSOGWO - based PI controller,
IGWO - based PI controller, Fuzzy PI controller and the FPID
controller in stabilizing the power system. Future work will
focus on testifying the feasibility of the proposed control strat-

egy

in various scenarios of modern electric power grids, e.g.

adding renewable energy sources to traditional interconnected
power network as shown in this study.
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Ap dung ky thuat Backstepping cho 6 tir doc truc cau trdc nguyén khdi mét bac tw do

Application of Backstepping control technique to Non-laminated active magnetic thrust
bearings of one degree of freedom
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Abstract

This paper proposes the backstepping technique for 1 DOF non-laminated active magnetic thrust bearings (1 pair of magnetic poles) in which
the mathematical model contains fractional order derivative components, this is the influence quantity of the eddy current. The purpose of
the problem is to control the setting value of the thrust disk to reach the desired position. First, the mathematical model of non-laminated
active magnetic thrust bearings in the form of a fractional order derivative component is introduced. To obtain the stability of the control
object, the Lyapunov function is selected to have a positive value, and the control current is chosen so that the fractional derivative of the
Lyapunov function is negative to verify the performance of the non-laminated active magnetic thrust bearings using backstepping control
technique, a simulation structure was performed on MatlabSimulink software. The results show that non-laminated active magnetic thrust
bearings stabilize the actual state variable values and reach the desired set value in a very short time.

Keywords: Backstepping Control, Fractional Order Differentiation, Non-laminated, Lyapunov function, Eddy current.

Cac tir viét tit

fa Pao ham bac phan sé (fractional order)
. . cuaa

biéu khleq BSC

Backstepping ]

SMC biéu khién truot

PID Proportional Integral Derivative

FBL bo diéu khién bu phi tuyén

Tém tit

Bai bao nay dé xuat ky thuat diéu Backstepping cho 6 tir doc
truc cdu triic nguyén khéi mot bac tu do (1 cip cuc tr) trong
d6 mo6 hinh toan hoc c6 chira thanh phan dao ham cip phan
s, day la dai luong anh huong cua dong xody. Muyc dich cua
bai toan 1a didu khlen cho gia tri gia tri dét cua dia quay dat
dugce vi tri mong 1 mubn. Pau tién, mé hinh dong hoc cua 6 tir
mot bac tu do ciu truc nguyén khdi dang hé phwong trinh
trang thai ma dong luc hoc c6 chira thanh phén dao ham cép
phan s duoc gidi thiéu. Dé théa man tinh 6n dinh cua doi
tuo‘ng diéu khién ham Lyapunov dugc chon co gid tri duong
va dong diéu khién duoc chon sao cho dao ham cdp phan sé
cua ham Lyapunov xac dinh 4m. Dé kiém chiing kha nang lam
viée cua 6 tir cau tao nguyén khbi doi v6i BSC, mét cau trac
md phong duoc thuc hién trén phin mém MatlabSimulink.

Két qua cho thay 6 tr lam viée 6n dinh gia tri cac blen trang
thai thuc te bam va 6n dinh theo gié tri dat mong mudn trong
thoi gian rat ngan.

1. Giéi thigu

O d5 tir cha dong 1a thiét bi co dién sir dung luc tir truong dé
nang rotor hoac dé giit rotor & vi tri chinh giira trong khe ho
khéng khi ma khdng cé tiép xuc co hoc. Vi vay hé thng
khéng c6 ma sat hoac mai mon, né khdng can boi tron. Ngoai
ra, 6 do tir khéng gay 6 nhidm méi truong, c6 tudi tho 1am
viéc lau dai va c6 thé dugc ung dung rong réi trong hang
khong vil try, ndng lugng, giao thdng van tai va cac linh vuc
cbng nghé cao khac, cling nhu trong cac may cong cu Siéu
chinh xac téc do cao [1]-[3].

Mach tir (stator va rotor) cta 6 d& tir thuong duoc ghép bang
cac 1a thép k¥ thuat dé giam ton hao dong xody khi co tir thong
bién thién trong vat liéu sit tir. Tuy nhién, d6i voi 6 tir doc
truc trong mot s ing dung cac co céu chzip hanh thuong cdu
tao nguyén khoi. Dac biét, do yéu cau vé do bén co hoc va chi
ph1 nén dia quay cua 6 tir doc truc thuong duoc chu tao nguyen
khdi. Trong céc (mg dung cua ¢ d& tir cu tao nguyén khoi
hoat dong khi cip dong dién mét chidu (DC) thay déi theo
thoi gian vao hai diu cudn day, dong xo4y s& anh huéng sau
sdc dén hoat dong cua co ciu chdp hanh va phai duoc xem xét
trong mo hinh hoa hé thong va thiét ké bo diéu khién. Puoc
bat dau tir ddu nhirg nam 1990, BSC 1a mot phuong phap
thiét ké bo didu khién 6n dinh theo tiéu chudn Lyapunov cho
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cac hé phi tuyén c6 dang truyén nguoc chit. Bing phuong
phap truy hdi, ta s& tim dugc ham diéu khién Lyapunov ciia
hé d cho tir cac ham diéu khién Lyapunov cua cac hé con bén
trong. Bé hé thong 6n dinh theo tiéu chuan Lyapunov ham
Lyapunov xéc dinh duong va dao ham cta n6 xac dinh am.
Mot hé théng c6 thé dua ra dudi dang mot md hinh toan hoc
dang dao ham bac s6 nguyén, hoic hé thdng co thé duoc vé
dang mo hinh toan hoc dang dao ham bac phan sé. O tir doc
truc cau tric xép 1ép dong luc hoc dugc dua vé dang dao ham
cap s6 nguyén, trong d6 6 tir cau trdc nguyén khbi dong luc
hoc dwoc dua vé dang dao ham cap phan sb. Viéc cé cac ky
thuat va cong cu can thiét cho nhiing truong hgp ma mé hinh
toan hoc c6 dang dao ham bac phan sé méi duoc phéat trién
trong nhitng nim gan gan day tro thanh mot van dé quan
trong. Tuy nhién phwong phap diéu khién theo k§y thuat
backstepping dugc &p dung cho dbi tuong théng thuong ma
mo hinh toan hoc chira dao ham bac sé nguyén la kha nhiéu,
trong d6 diéu khién cho dbi tugng ma mé hinh toan hoc c6
chira dao ham bac phan sé 1a rat it cong trinh nghién cau da
cong bo.

Méc du BSC da 4p dung cho 6 tir thong thuong khi stator va
rotor duoc cau tao bai c4c 14 thép ky thuat mong ghep lai trong
d6 dong luc hoc c6 chira thanh phan dao ham Cap sd nguyén
da duoc &p dang rat nhiéu. Nhung ddi véi 6 tir cau tao nguyén
khéi [4]-[9], [15], trong d6 dong luc hoc cé chira thanh phan
dao ham cap phan sé chua c6 cong trinh nao nghién ciru vé
didu khién phi tuyén néi chung va diéu khién backstepping
n6i riéng dugc cong bd. CAc tac gia chi &p dung phuong phap
diéu khién kinh dién trén mién tan sé nhu PID, FOPID [4],
FBL [4] FBL-PID [4]. Pic biét van dé diéu khién cho nhitng
dbi twong ma dong luc hoc c6 chira dao ham cap phan sb la
mot van dé mdi, chi phét trién trong vong 1 thap ky vira qua.
Do do viéc nghién ctru phuong phép diéu khién backstepping
cho 6 tir cAu tao nguyén kh01 dé hoan thién va nang cao chat
lwong diéu khién cho 6 tir ciu tao nguyén khdi 1a van dé moi
va can thiét. Bai bao nay tap trung vao viéc diéu chinh k§ thuat
diéu khién backstepping ddi vai 6 tir doc truc ciu tric nguyén
khbi ma dong luc ¢ dang dao ham bac phan sé.

Tém lai trong bai bao nay tac gia da dua ra mot sb dong gop
mMai nhu sau:

i) M6 hinh toan hoc cua 6 tir cdu trdc nguyén khdi dang hé
phuong trinh trang thi trén mién thoi gian da duogc trinh bay.
i) Két luan mot hé thdng ma mé hinh toan hoc cé chira dao
ham bac phan sé 6n dinh khi khi gia tri caa ham Lyapunov
xac dinh duong, dao ham cap phan sb cua n6 xac dinh &m
trinh bay.

iii) BSC da dugc ap dung cho 6 tir doc truc cau tric nguyén
khéi trong d6 mé hinh toan hoc ¢6 chira thanh phan cip phan
SO.

Bai bao nay dugc to chirc nhur sau: Phan 2 mé ta ngan gon md
hinh toan hoc dang hé phwong trinh trang théi trén mién thoi
gian cua 6 tir mot bac tu do cau triic nguyén khéi, phan 3 md
ta co s¢ vé phép dao ham tich phan bac phan so. Trong phan
4. Quy trinh 4p dung BSC cho 6 tir doc truc cau tric nguyén
khéi trong d6 mé hinh toan hoc c6 chtra dao ham bac phan sé
dugc md ta chi tiét. Két qua md phong cua bo diéu khién cho
o tir mot bac ty do cu tao nguyén khdi dwoc cung cap dé
ching minh chat lugng phuong phap BSC duoc dé xuit trong
phan 5. Két luan duoc rit ra trong phan 6.

2. M6 hinh toan hoc

Cau tric hé thong diéu khién ciia 6 tir cau truc nguyén khoi
mot cap cuc tir duoc thé hién nhu hinh 1 gdm: mot dia quay
c6 cau truc nguyén khéi duoc treo ty do tai mot khoang cach
mong mudn Xo boi 2 nam cham dién tir hinh C ciing ¢6 cau
trdc nguyén khéi.

Hinh 1. C4u trtc hé thong diéu khién 1 cap cuc tir hinh C ciu tao nguyén
khéi

Theo [15] dong luc hoc trén mién thoi gian ciia mot cap cuc
tir €6 cau tric nguyén khéi duoc thé hién theo (1)

d5/2
Sz = T +9(i+d(x) 1)
Trong d6:

2K, R° _CR°dx Cd*x R°d* R°g
f(x)= T o A2 & 2

mk dt m dt k dt k

2K, R° S A oA i FO

g(x)= , C la hé s6 giam chan cuia dia quay [14], M

la khéi luong clia dia quay, |, =2h+2c la chiéu dai duong tur
truong cua sit tir, k dwoc xéc dinh nhu (2) 1a h¢ 6 bicu thi
anh huéng dong xody trong 6 tir cau tric nguyén khdi.

2
{—Ii +£—16b tanh(”—aﬂ g )
4(a+b) 3a r°a’ 2b e Ly
Ro=_t [220+|—‘j la tong tir tro tinh.
oA Hy
N
K, :% la ha sb ti 16 voi dong dién,
AR

K, = 1 [ 2N, Ié hé sé ti 1é voi do dich chuyén.
(R) LA
f la nhiéu tai bén ngoai.
1 d¥’(f, ) R°f

d(x)= RO kmx 14 tng nhidu tai bén ngoai.

Tu (1) dit:
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X =X
d]JZ
dtl/)z(1 =X
d¥?x
aw ©)
d:IJZX3
dt?2 =X
dU2X4
dJJZX‘5 ]
o f (X0 X, X, X X ) + G (X, X1 X Xg )i+ (X)
Trong d6:
2K, R° CR° C R° R°
e L e
2K,R°
(X, Xy, X5, x4,x5)— . Khi bé qua nhiéu tai bén ngoai
(3) tro thanh:
dJJZXS .
gtz = T (40 X0 %55 X400 X6) + G (X5 X5 X Xy, X 4

Viy (3) 1a dong luc hoc tuyén tinh tong quét trén mién thoi
gian viét dudi dang hé phuong trinh trang thai cua 6 tir doc
truc (1 cap cuc tir) cau tric nguyén khéi. Co the nhan thay ©))
1a hé phuong trinh trang thai dang hé phi tuyén c6 dang truyén
nguoc chat

3. Co 56 toan hoc vé phép dao ham tich phan bac
phan sb
3.1 Tich phan bac phan sé cia Riemann-Liouville

Theo [13] Dinh nghia cua Riemann-Liouville vé& phép tich
phén bac phan s6 dugc xac dinh nhu (5)

|a[f(t)]RL:j'( )
HE A N (29)
Trong d6: @ can dudi cua tich phan bac phan sb, « la bac
cua tich phan phan sb.

T(B) = (x-D(x~1) [e" " dt 1a ham Gamma
0

f(z)dr )

B(p,q) 1a ham chic ning beta.

Theo [13] khi f(t)=Y,(X)=X", tich phan bac phéan s6 cua

Y, (X) la:
yl(X) &'d
[
Xa+v
_mB(a,VJrl) (6)
_ I(v+) e
CT(a+v+1)’

3.2 Pao ham bac phan sé cia Caputo

Theo [13] Dinh nghia cua Caputo’s vé phép dao ham bac phan
S0 duoc xac dinh nhu (7).

X n-p-1
X—Z') d"
D[y, ()] = —( — 7' |d7 7
Trong B la bac cua dao ham phan sb, a can dudi cua tich
phan phén so. '
Tinh chat cua phép dao ham béc phan so:
Khi bac phan s6 £ =0 khi dé:

DT =1() ®)
Phep dao ham cap phan s6 c6 tinh tuyén tinh, véi b, ¢ 1a
hang sb:

D7 (bf (1) +cg(t))=b, D’ f (t)+c,D g(t) (9)
Déi voi cac toan tir bac phan sé véi >0, 8>0, phép dao
ham bac phan sb cua f (t) c6 quy luat cong cua sé mil:

D’(,D*f (t))=,D*" £ (t)
Xem xét a.,b, =R, &, <R Mot phuong trinh dao ham
bac phan s duoc dinh nghia nhu sau [12]:

(a“D"n +a,,D +...+a0)y(t) :(meﬁm +...+bo)u(t) (11)
Vi gid thiet rang tat ca cac dicu kién ban dau deu bang khong,
tir d6 ham truyén dugc xac dinh nhu sau [13]:
Y(s) b,s™+hb, s +..+b,

U@s) as™+a s +..+a,
Theo [13] khi f(t)=Yy,(X)=X", dao ham cap phan s} cua
Y, (X) la:

B X n & d’ v
D’ [, jr [ é]df

0

(10)

(12)

B (v+1) [(v-n+1)
S T(v-n+1)T(n-B+v-n+1)
_ TOVAD)  en
L(v-p+1)’
Dinh Iy 1: i
Theo [12] dinh ly dwoc phat biu nhu sau:
bat z 1a bién va chon ham Lyapunov dugc cho bai (14):

vl (14)

Xn—ﬂ+v—n

(13)

Néu zz° <Ova 0<q<1— z2<0thoéa man.

Dinh ly 2: )

Theo [13] dinh 1y dugc phét biéu nhu sau:

Gia sir rang ca hai ham f (u) va u(x) c6 dao ham bac phan
s0 bac q lan luot theo u va x. Quy luat Chain cua dao ham
phan s6 dugc mé ta boi phuong trinh sau:

UM vy a2 0t F(U) BU(x)
x° =Te-qu Au % (15)
Pinh ly 3:

Ciing theo [13] dinh ly dugc phat biéu nhu sau:

Néu quy luat Chain ctia dao ham phan s6 théa mén baoi (15)
vanéu V(x), x(t), va A duogc cho boi:

V(X)=x"Ax

X =[x *(

X, (0] (16)
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A=diag[4, 4, .. 4] A=-kz,+A" -z (24)
. .z -V, =_k1212 - kzzz2 +2,23 (25)
Dao ham phén s6 bac g theo thoi gian t c6 thé viét nhu Asm gV AT,
sau: 2w ! s
dV (x) 2 TAGq 2 0% 17) =—(k +K,)(z; + A) = (2, + A) + KA
dt¢ 2—q o' 2-qatt
1 Buéc 4: Tuong tu xét V, =2,2/"* +2,2)"* + 2,21
Két luan: Ap dung dinh Iy 2 va 3 cho ham V =§z2 trdo k2 -k, +2,2,+ 2,2
3 171
a =K 22 —Kk,22 +2,(z, + x]¥* 12 — ATV
dao ham bac phan sé q cua V(z) la g= 2 d > k2 o AT (26)
dt*  2-q “t =k, z? —k222+23(z4+A4—A3‘“2+22)
0<q<1, tir d6 4p dung dinh ly 1 va theo tinh chit on dinh o
cta ham Lyapunov trong bai bao nay tac gia manh dan duara A, =—kz, + A;ﬂz 7 7)
duogc dinh 1y dugc phat nhu sau: T 2
Tu d6 suy ra:
Néu ham Lyapunov V' théa mandinhIy'1, 2, 3vacodaoham Vs =Kz —k,z —kZ +2,2, (28)
f1/2 fU2 fl_ f1/2
. . . —k,z, "+ =—(k, +Kk, +k;)(z, +
bac phan s6 cua V : ¥<O—>V:2121<0 — Hé thong A o (ti/ 2+ A)
s dt —(2+kk;)(zs+ A) + A 2+k3A3 ’
diéu khién 6n dinh theo dinh ly Lyapunov
- n . 2 .\ A . Buwéch: T twxét V, =22 +2,2)"* +2,2]"* + 2,2,
4. Ky thuat Backstepping cho 6 twr cau truc ug Hong W =2z" e 3 4
nguyén khéi V, =-kz? —k,z5 —k,2Z + 2,2, + 2,2, 29)
2 fu2
Pit 7,,2,,2,,2, va z, lasai léch gitra gi thuc va gia dit duoc =k} —k,2; —kz; +2,(z, + A - A" +2,)
xac dinh nhu sau: Chon:
Trong d6: A=-Kz,+ A{ V2 Zy (30)
z, la sai léch giira @6 dich chuyén thuc ciia dia quay va gia tri  Khi dé:
dit twong ting. ' V, =Kz —k,z2 —k,22 -k, +2,2; (31)
z, la sai léch gitra van toc thuc cua dia quay va gia tri dat. Ajf]]z :—kAZAWZ _Zsfuz (k +k, +k, k) +A)

z, 1a sai léch giira gia toc thuc ciia dia quay va gia tri dat.

=X%-hL-A
Z,=%-hL—-A
Z=X%-—A (18)
2, =X -0 —A
Zy=%—T—A
Trong do: A =0.
Chon ham Lyapunov c6 dang nhu sau:
V=%(zf+z§+z§+z§+z§) (19)
Tir d6 ap dung dinh Iy 2 va 3 tinh dugc:
dV 2, i f12 f1/2 f1/2 f1/2
dt”2_3(zz +2,2,  + 2,2, + 7,2, + I, ) (20)
Buéc 1: Xét V, =z,2/"*:
Vo=, (%" —5")=2(x,—) =2z, +A) (21)
Budc 2: V6i k, >0, chon A =-kz , tir d6 suy ra:
Vi =_k1212 +47, (22)
A" =—kz" ==k (z,+A)
Budéc 3: Tuong tu xétV, =2,2"* +2,2,"%:
Vo =Kz +2,(z,+ A=A +2) (23)

Chon

_(klkz + k1k3 + k2k3 +3)(Z4 + A4) - (k1 + klkzks + ka)(z3 + A3) + Asfm + k4A4f1/2

Budéc 6: Tuong tu xét:

Vs =22+ 2,2, + 2,2 + 2,2 + 2,20 "
=—k 2> —k,2} —k,2?
=—kz -k, —k,25 —k,z{ + 75 (f () + 9 ()i =% = A?)

Chon f(x)+g(x)i—r'"* — A™? =k z, sao cho dao ham cua

ham Lyapunov xac dinh &m.

-k, 22 +2,2, +2,2]"*

(32)

T :ﬂ( fO)+6"2+ A —z7, —k.z,) (33)
Thay f(x)+g(X)i—r"*— A" =—k.z, vao (32) ta duogc:
V5=—k1212—k Zz_kazaz_ 4 4_k525 (34)
JJZV 3 f12 f1/2 f12 f12 fu2
1/2=—(zz +2,2,7° + 2,2, +2,2, +127)
dt
:E(_klzlz _kzzz2 —k3232 —k42§ —k5252) <0
vei k, >0,k, >0,k; >0k, >0,k, >0,
— V=72+72,2,+2,2,+2,2,+2,2, <0 (35)

Do d6 ¢6 thé khing dinh hé thong on dinh.
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5. Mé phong

Céc thdng s6 trong md phong cho 6 dd tir (1 ¢ap cuc) cau triic
nguyén khoi 1 bac ty do dugc chon va tinh toan két qua nhu

bang 1: 152107
Bang 1: Céc thong sé cua b dd tir & md phong
M6 ta thong sé h}fe)(J Giatri
1/2 chiéu cao cua cyc tir a 7.5mm
1/2 chiéu réng cia cuc tir b 2.5 mm -
Chiéu dai stator (hinh 1) c 20 mm E
Chidu dai dfa quay (hinh 1) h 30 mm E
Do dan dién caa sat G 2.5x10° S/m S
Do tir thdm twong dbi T8 5000
Do tir thim chan khong W | 4nx107 T.m/A 151
Khéi lwgng dia quay cin nang m 2.25kg > | ‘ . |
Khe hg khong khi gitra stator va dia quay Xo 0.2mm 0 0.2 0.4 0.6 0.8 1
Sb vong day N 1200 Vong Thoi gian (s)
Dong di¢n danh dinh io 02A Hinh 3. Vi tri cua dia quay X va gia tri datr
Dién tich mit cit ngang cuc tir A 75x10¢ m? o 2107
Dong dién toi da trén cuc tir imax 0.5A
Tong tir trg tinh R® 4.4563x10° A/Wb
Hé s6 ti 18 véi dong dién Ki 307.7479 N/A
Ha sb ti 18 vai do dich chuyén Ky | 2.9309x10° N/m
Hé sb giam chén cua dia quay c | 001
Hé so dong xody K 5.1619x10* A/\Wb

Dé phan 4nh duoc d6 higu qua cia hé thong diéu khién dé
xuat, thi nghiém dugc mé phong trong thoi gian 1s dé dua dia
quay tir vi tri dudi ciing (x=-0.2mm) Ién gi4 tri dat mong

mudn co dang ham diéu hoa r =0.0001sin(8xt) , khi ¢ nhidu 0 02 o4 0 0 1

tai bén ngodi c6 dang nhidu Uniform Random c6 gia tri Thoi gian (s)
fin =1, faem =1Va co tham sé bat dinh caa mé hinh:
AT (X X0 X, Xgs %) FAG (X, X5 Xg, Xy X )i = X, + 0.2, +0.3%, Hinh 4. Bién trang théi x, =& va giatr dat r, =0T
+0.4x, +0.5x; +0.5i a a
tac dong vao dia quay ngay tir hrc khai dong (t=0). Chon céac 103
hé sé k, =10k, =10,k, =10 k, =70va k, =70 4
Két qua md phéong duoc thé hign trén hinh 2-8. |
Q
£
(&]
g
a (%-
< >
£
=
>
2
e
2
_30 0.‘2 0i4 0‘.6 0?8 1
‘ ‘ ‘ ; Thoi gian (s)
0 0.2 0.4 0.6 0.8 1
Thoi gian () Hinh 5. Van téc cua dia quay X va gid trj dat r;

Hinh 2. Nhiéu tai bén ngoai tac dong vao dia quay
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0.14

4
——

012}
o1}
0.08 |

0.06 T

f4 va X4

-0.04 : s .
0 0.2 0.4 0.6 0.8 1
Thai gian (s)
, d3/2 d3l2r
Hinh 6. Bién trang théi x, = e va giatri dat r, Oy

10

—15
= =x5

Gia tc (m/s?)

45 ‘ : :
0 0.2 04 06 08 1
Thoi gian (s)
Hinh 7. Gia téc cuia dia quay xs va gia tri dzt rs
03
025} |
0.2 1

Dong dién (A)

-0.1

0 0.2 04 0.6 0.8 1

Thoi gian (s)
Hinh 8: Dong dién diéu khién cho ddi tuong

Két qua trén hinh 2-8 cho thay:

Khi khai dong ban du dia quay bam va 6n dinh tai gia tri dat
rat nhanh, chi mat 0.01s dé dua dia quay vé vj tri dat ma khong
¢ d6 vot 1. Trong d6 van téc mat 0.03s, gia toc mat 0.02s dé
dat trang thai 6n dinh.

Do nhiéu tai c6 dang ngau nhién c6 gié tri cuc dai gan 1N nén
mac du trong sudt qua trinh [am viéc dia quay bam gia tri dat
kha chinh xdc (Hinh 3), nhidu do tham s bat dinh cua md
hinh duoc thém vao tai thoi diém (t= 0) c6 gia tri khong déang
ké nén ciing khong anh huong dén chat luong lam viéc cua 6
tur, nhung van téc va gia toc co sy dao dong quanh gié tri dat
trong sudt qua trinh ¢ nhidu tac dong, trong khi d6 dong dién
cling c6 sy giao dong trong subt qué trinh ¢ nhidu tac dong
vao tuy nhién mie @6 kha nho (Hinh 5 va 7). Khi nhiéu cang
I6n thi mic @6 dao dong quanh gia tri dat cua dap ap vi tri,
van téc, gia toc, dong diéu khién cang Ién. C6 thé nhan thay
tat ca 5 bién trang thai thi chi co dap tmg vi tri x 12 bam gié tri
dat t6t nhat khi c6 nhidu tac dong, cac bién trang thai khac nhu
X2 VAN t6C (X3), X4, gia toc (xs) déu dao dong quanh gié tri dt.
Dac biét 1a x3, X4, va Xs,

6. Két luin

Bai bao nay da trién khai thanh cong k§ thuat backstepping
cho 6 tir doc truc ciu tric nguyén khéi trong d6 dong huc hoc
¢6 chira thanh phan dao ham bac phéan sé va anh huong dong
xody. Két qua md phong cho thay vi tri dia quay bam vi tri dat
mong mudn trong khoang thoi gian rat ngan, van toc va gia
té¢ 6n dinh bam theo gié tri dat, khong c6 do vot 16 trong sudt
qué trinh hoat d6ng khi nhidu tai bén ngoai cé gia tri nho. Tuy
nhién, vi trong nghién ctru nay tac gia chua dwa bd wée lugng
nhiéu, bt nhiéu va khang nhiéu nén khi nhiéu tai bén ngoai cé
gid tri lon theo thoi gian thi dia quay khong con bam dung nhur
gia tri dat, dac biét van toc va gia toc ¢ su dao dong quanh vi
tri dat quan sat thay rat rd rang, chat lugng diéu khién kém
dan, véi nhuge diém nay s& dugc khic phuc trong cong trinh
duogc cong bé trong thoi gian sap téi.
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Abstract

This paper proposes a predictive control algorithm based on space vector modulation method for the purpose of capacitors
voltage balancing and harmonic circulating current suppression of MMC. The modulation methods are built on the basis of
SVM for an MMC with the capability of achieving an voltage with unlimited number of levels at the AC side. The loop current
circuit uses PI regulators and PR resonators to eliminate even-order harmonic components such as 2" and 4™ of the circulating
current to retain only a DC component that transmits DC power. Predictive model browses all the residual status vectors,
combined with the adjusted voltage from the circulating current to ensure the smallest deviation from the average voltage value
established for the upper and lower branch of capacitors, on all three phases of the MMC. The voltage value on each capacitor
in the branches is balanced with each other by a separate algorithm, these capacitors are inserted or ignored in each modulation

cycle accordingly.
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Bai bao nay dé xuét thuat toan didu khién du béo cho bo bién dbi
(BBD) MMC dua vao diéu ché vector khdng gian nham can bing
dién &p trén cac tu mot chidu va loai bo cac thanh phan séng hai bac
cao cua thanh phin dong dién vong. Phuong phap didu ché dugc xay
dung trén co s& diéu ché SVM cho nghich Iuu véi sé muc khong han
ché, ap dung cho b bién d6i MMC. Mach vong dong dién vong sit
dung bd didu chinh PI va cac khau cong huéng PR dé loai bo cac
thanh phan hai bac chin thip nhit nhu bac 2 va bac 4, chi giit lai
thanh phan mot chiéu truyén cong sudt DC. M6 hinh du bao duyét
gua tit ca cac vector trang thai du, két hop véi dién ap hiéu chinh tir
dau ra bd didu chinh dong dién vong dé dam bao sai léch nho nhét so
V6i gid tri dién &p trung binh xéac 1ap ddi véi cac tu nhanh trén va
nhanh dudi ciia ca ba pha trong BBD MMC. Gia tri dién ap trén mdi
tu trong cac nhanh dugc can béng vGi nhau nhé mot thuat toan riéng,
sap xép va lya chon SM (Sub-module) duoc ghép vao hay bo qua
trong mdi chu ky diéu ché mot cach phi hop. Mirc do hiéu qua va
kha ning tng dung thuc té cua thuat toan dwa ra dwoc minh ching
bang md hinh md phong cho BBD MMC ba pha 13 muc, 12 SM trén
mdi pha.

1. PhaAn mé dau

MMC 1a BBP da muc véi cau tric mach luc dugc module
hoa, c6 nhiéu tiém ning trong cac ung dung & dai dién &p cao,
cdng suat Ién nhu: hé théng truyén tai HVDC [1], hé théng
truyén dong dién trung thé [2]. Khac vai cac cau tric BBD da
muc thong thuong nhu cau tric cau H ndi tang, ciu trac BBD
diode kep hay tu tu do, BBD MMC sir dung duy nhat mot
ngudn DC cép ngudn cho céc tu dién cua cac module BBD
thanh phan dé tao ra dién &p vai s6 mic bat ky & phia xoay
chiéu. Do d6, BBD MMC c6 thé két néi truc tiép vai ludi dien
xoay chidu ma khéng can phai sir dung méy bién ap [3]. So
d cau tric va nguyén ly hoat dong cia MMC di dugc nghién
ctru va trinh bay trong nhiéu tai liéu tham khao [1]-[7]. BBD
MMC gom c6 2 nhanh chira 2N cac SM. Theo nguyén Iy nay,
tai mdi thoi diém trén mdi nhanh cia BBD MMC s& ¢ N SM
mac ndi tiép véi nhau ciing hoat dong duéi dién ap Vpc. Phan
bé dién &p trén tu DC ciia c&c SM 12 ve = Vpe/N. Chénh léch
tong dién &p giita nhanh trén va nhanh dudi s& tao ra dién ap
Vac ¢6 nhiéu muc & phia xoay chiéu. Didu nay tao ra sy chénh
I&ch dién &p gitra cac tu DC cuia cdc SM [4], [6].

Do d6, viéc can bang dién p trén cac tu cua tirng SM trong
mdi pha va giira cac pha véi nhau 12 mot van d& can phai dugc
giai quyét. Khéc vai cac BBD khéc, trong MMC luén ton tai
dong dién vong gitra ngudn Voc qua nhanh trén va nhanh dudi
[5], [6]. Do su thay ddi tirc thoi s6 lugng cac tu DC trong mdi
chu ky s& sinh ra dong dién vong c6 chira cac thanh phan song
hai bac cao, cac thanh phan nay gay nén do dap mach cho dién
&p trén cac tu DC [6]. Vi vy bién phap dé suy giam cac thanh
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phan song hai trén dong dién vong ciing 1a mot van dé dit ra
cho MMC. Theo tai liéu [8], phuong phap diéu ché SVM c6
kha nang sip dt vi tri t5i wu ctia cac vector trong mot chu ky
dong cat nham téi wu hoa thanh phan séng hai, dang dién ap
ra ciing nhu dat duoc sb 1an dong cét téi thiéu 1a nhimg wu
viét cia SVM so véi phép diéu ché khéc [8].

Sau ddy phuong phap diéu ché SVM dugc xay dung cho
MMC véi s6 mic bat ky nhu trong [8]. Phuong phap SVM ap
dung cho MMC ¢ day véi su khac biét 1a thuat toan xac dinh
hé s6 diéu ché duoc sip dat sao cho c6 thé dé dang duyét qua
tat ca céc vector trang thai du, mot sé cac trang thai du dugc
sir dung trong thuat toan du bao dé chon dwoc chi s6 téi uu
cho muc tiéu can bang dién &p trén cac tu DC va két hop voi
suy giam dong dién vong. Cac tu DC trong méi nhanh pha
duogc can bang bai thuat toan trong [8]. Nho can bang dién ap
trén céc ty, thuat toan du bdo s& lam nhiém vu chinh la cén
bang dién &p trén cAc tu giita cac nhanh pha véi nhau. Déi vai
dong dién vong ndi chung déu can cd hé diéu khién mach
vong kin str dung bo diéu khién P véi lugng dat 1a thanh phan
dong dién mot chiéu ipc duge xac dinh tir cong suat trao doi
gira phia DC va phia AC. Ngoai ra, h¢ théng diéu khién dugc
tich hop céc bo diéu chinh cong huong PR dugc sir dung dé
loai bo cac thanh phan hai bac 2, 4... [3]. C6 thé thdy rang
trao d6i cong suat gita DC va AC do cac mach vong bén ngoai
tac dong nén ¢ day bo didu khién chi can tac dong lam suy
giam céc thanh phan song hai trén dong dién vong. Vi vay,
trong bai bio nay dé& xuat phuwong phap diéu khién chi can
dung bo loc théng thip dé tach ra thanh phan mét chiéu, con
luong dat cho mach vong diéu khién dong dién vong co gia tri
mong mudn 1a 0. Thuat toén duoc ap dung cho hé théng BBD
MMC c6 13 mirc dién ap phia dau ra, qua trinh mé phong va
tinh toan duoc sir dung trén phan mém Matlab/Simulink dé
kiém ching tinh dung dan cua thuat toan.

2. Ciu tric va md hinh toan hoc bd bién doi
MMC

Hinh 1 14 so db c4u tric ba pha cia BBD MMC. Mdi pha cua
MMC bao gdm nhanh trén va nhanh dudi, mdi nhanh gom N
c4c SM, nam duéi dién &p maot chiéu chung Voc. Mot dién
cam L, lién két giita nhanh trén va nhanh duéi véi ddu ra xoay
chidu AC lay ra tir diém gitra ciia cudn cam. Cudn cam nay co
tac dung han ché cac qua do 1am viéc cia BBD [6],[7]. Céc
t6n hao trong mdi nhanh cia MMC duoc md ta boi dién tro
Ro. Cau trtic phd bién nhat caa SM 1a so db nira cau H véi phia
DC chi gdm moét tu dién. SM dang ntra cau H ¢6 wu diém la
chi dung mét s6 it nhat gom hai khoa béan dan véi chirc ning
dua dién ap phia tu DC ra phia AC. Trong mdi nhanh caa BBD
ton tai cac dong dién nhéanh trén va nhanh duéi dugc ky hi¢u
1a inj va iy Doi v6i mdi SM, dién ap dau ra s& gan lién voi
mot trong hai trang thai ngugc nhau dugce dinh nghia la chén
vao (inserted) hodc bo qua (bypass) dua trén trang thai dong
cét cuia tirng cap van c6 ké dén chiéu cua dong dién chay trong
Mach nhu cac hinh 2 va hinh 3. béi voi BBD MMC, dién ap
Ve duge phan phéi trén cac tu caa mdi SM trong tat ca cac
nhanh van mdi pha. Néu tong dién ap cua cac SM duoc chén
VA0 trén mdi nhanh 1a khac nhau, dong dién s& dugc sinh ra tir
su mat can bang dién ap trén cac ty. Néu dong tirc thoi tir diém
két ndi AC cua MMC chay vao bén trong BBD va chia vao
cac nhanh trén va nhanh dudi cua ting pha vé phia DC, cac
tu dién cua SM dugc chén thudc nhanh trén sé ¢ trang thai xa,

thudc nhanh dudi s& ¢ trang thai nap. Néu chiéu dong dién AC
¢6 hudng ngugc lai, trang thai xa va nap sé lan luot (ng véi
cac tu thudc nhanh dudi va nhanh trén.

SM
+ [SMy [, [sm:
4 %
HA[ SM, [s™: [s™: .
; i ; 52 v,
M [Smy [Smy My [ —» | ¢
Ryl Ro R,
Lo Lo L
a9 9T TR i
Va q ;
Voe == o Ve Vel — %
Ro R, Ro le
L L
+ [SMyu [ SMyt [ SMy
[SMu. [SMu.. [SMy.

Via

v H i H
—ISMZNE' ISMZN[:; ISMQN[:;

Hinh 1: Cau trac ba pha ctia bd bién d6i da mirc MMC

S10- D1 Slo D1
] + i +
+oj_— CTF Ve o= CTF Ve
Vou  S2 o{i} D2 Vou  S20- D2
_ ©

Hinh 2: Trang thai chén vao (inserted) cua SM

Slo= D1 S1o- D1
+ +
+o—_L CTF Ve +oi_— cT Ve
Vout  S2 O~ D2 Vour  S2 0 D2
o o

Hinh 3: Trang thai bo qua (bypass) cia SM

Ap dung dinh luat Kirchhoff cho so d6 hinh H.1:

di; . 1
Vi = Vi — Lo d:l —Ryiy +§VDC
di, . 1 . (D)
Vi =V + L —d? +Ryiy —EVDC . j=AB,C

I =1~y

Tu (1) cong hai phuong trinh dau cho nhau ta c6 dién &p ra
duoc biéu dién nhu sau:

1 L, di; _.
Vi ZE(VLj —ij)+?d—t’+ Ry, &)
Nhu vay st dién dong xoay chiéu caia MMC 1a:
1
Vg = E(VLj _VHj) (3)

Néu ky hiéu kyj, kij 12 6 SM & nhanh trén va nhanh dudi dugc
chén vao thi ta co:
Vi = kHjVC' vy = I(LJ'VC )
Trong d6 Ve = Vpe/N la dién ap bac thang trén mdi tu cua
SM. Sé mitrc dién &p cia mdi nhanh trén v mdi nhanh dudi
la N+1. Tir (3) va (4) bac thang dién ap dau ra s& c6 muc la:
1, 1V

V., ==V, ==- 5
2 2N ©)
bién ap dau ra co dang:
1
Vi = (ij - kHj )EVC = ijVCe; ij = ij - kHj (6)

Dé tao ra mirc dién ap kwij, Cac mirc twong ng cua kyj, kij tinh
nhu (7).
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N+1+ky, | N +1-K,,
| "
Tir (1), trir hai phwong trinh dau cho nhau ta c6:
d(i, +i .
Voc :VLx+VHx+LoM+Ro(|Lx+IHx) (8)

bati, = (i, +i,;)/2, phuong trinh (8) tro thanh:

di\/j (VDC _VLj _VHj)

Lo E = 2 =V _j (9)

Vaift_j goi 1a dién ap chénh Iéch clia nhanh trén va dudi, la thanh
phan tao nén dong dién vong iy, Trong ché do xéac Iap dong
dién vong iy gom mot thanh phan mot chiéu I, va cac thanh
phan séng hai bac cao Iy nhu sau:

o0
=1, +Z|vj,h
h=1

Tai liéu [4],[5],[6] cho thiy su mat can bang dién &p trén tu
giita cac nhanh trong mdi pha c6 thé diéu khién boi dién ap
Vair j hodc dong dién vong lyj. Phuong trinh thay d6i dién ap
Vhj va vij nhu (11).

(10)

av,, av,
%y, S0 (11)
ky, dt ku dt
Thay i, =(i,; +iy;) /2 vao (11) ta duoc:
dv,, i dv,. i
£ B =i+, = 2 =iy (12)
ky; dt 2k, dt 2

Céc phuong trinh (9), (12) s& dugc dung cho muc dich diéu
khién dy bao dong dién va dién ap trong mdi chu ky diéu ché
dé can bang dién ap trung binh trén céc tu dién va giam thiéu
dong dién vong.

3. Diéu ché SVM tdi wu thanh phén séng hai
cho MMC c¢6 so mirc bat ky

Qua trinh diéu ché SVM cho MMC c6 thé thuc hién duoc
bang cach diéu chinh dién &p trén tai. Dé tao ra dién &p trén
tai trudc hét phai xac dinh khdng gian céc trang thai hoat dong
ctia vector dién &p trong hé toa do dé tao ra cac vector dién &p
dat mong muén [8], [9]. Khi MMC ¢6 sé SM hoat dong trong
m&i pha la 2N thi s6 mirc cia MMC s& 1a M = 2N +1 va vector
dién 4p dat cia BBD duoc tdng hop tir toa do cua khdng gian
vector dugc thé hién theo (13).

2
v=§(vA+a-vB+a2-vc) (13)
o Va= KaVoc 2r 4z
Trongdo: )y _k v, ; a=e'?;a?=¢'?
Vo =Ke Ve
Véi K, K, K. e{—M—_l,...,—LO,L...,M—_l}
2 2
Biéu dién vector dién ap trén mat phiang af:
V=V, + )V, (14)

Trong do:v, =V,; V, =

1
%(VB ~Ve)

Biéu dién vector dién ap trong hé toa do gh:

1 1
V, =V, +V, Vg =V, —=Y,
2" hay 3 (15)
_\3 Vv, =—=V
Vg —7vh h —\/3_) 4
M&i quan hé gitra cac hé toa do thé hién bai (16)
v, =V, fivﬁ =v, fl(vB fvc):g(vA —Vg)
! 3 3 3 (16)
v, —iv ==(vg—Vc)
h \/§ s =g\
Tir (16) thay rang:
Vo —Vg =Vpc (kA _kB); Vg —Ve =Vic (kB _kc)
.. 2 2
Do d6:v, =5 Vo (Kn —ka ) ¥y =5 Voo (ks —ko) 17

Néu Iay 2/3Vpc 1a do dai co s¢ cua cac vector trang théi. ka,
ks, kc la cac s6 nguyén thi toa do cta cac vector
[kg'kh]:[(kA_kB) (ks —ke)] la cac s6 nguyén. Khi d6 toa do
dinh cac vector s& tao nén cac tam giac déu cé canh 1a 1 nhu
hinh 4 [9].

V8
(0,1) (1.1)

V13 V4 VO V1 v7\ 0

Hinh 4: Trang thai dong cit trong khong gian vector

M3i vector c6 thé (g véi céc trang thai mic khéc nhau, goi
la c4c trang thai du. Ung voi mdi vector trang thai sé to hop
cac mirc trang thai la:
K, Kan k
{k :|<3 Key [=| k=K,

" Kou | | k=K, —k,
O g6c phan sau thir nhat, nhirng vector nam trén duong luc
gidc ngoai cung c6 ky+ky = M-1, chi cd mot gia tri phu hop 1a
k = (M-1)/2. O lyc giéc tiép theo bén trong kg+kn = M-2, k 6
hai gid tri: (M-1)/2-1 va (M-1)/2, nghia 1a mdi vector c6 hai
trang thai du. Cr nhur vay dén vector khong k sé cd M gia tri
vacd M trang thai du. Do d6, ¢6 thé tinh toan dwoc tat ca cac
t6 hop vector trang thai trong khdng gian vector.

(18)

3.1. Xac dinh hé sé diéu ché tir ba vector gin nhat

Phuong phép dleu che vector gan nhat (NVM) sé tao ra vector
dau ra mong mudn nam trong tam gi4c bt ky cua cac Sector
tir I dén VI va dwoc tong hop tir ba vector 1a dinh cia cua tam
gidc nay, diéu nay s& dam bao thanh phan séng hai tét nhat
cho dang song dién p ra [8]. Xét mot Sector bit ky trong
sector | ¢ hinh 5, cac tam giac con déu c6 dang thuoc vé mot
hinh thoi déu, c6 cac canh song song véi truc Ogh, dinh la cac
vector trang thai pi, p2, ps, pa.
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Pa(kg knt1)

pa(kg+1,knt+1)

'kh) palkg+Lk)

>
o

0

Hinh 5: Téng hop vector dién 4p ra tir ba vector dinh ciia tam gic

Vector dién ap ra mong mqén cling dugc quy chuan theo do
dai véi 2/3Vpc va dugc bién doi tuyén tinh sang hé truc toa
d¢6 Ogh theo (19).

1 L
V V
|:Vrgj|: ‘\/§ { m:|=M1|: m}
Vrh 0 i Vrﬁ Vr,ﬁ
NG}

Trong d6 Mi 1& ma tran bién doi. Goi mg, my I céc phan thap
phén ngoai phan nguyén cta cac toa dd Vg, Vin tuong tng, nén
mg, My dugc tinh boi (20).

mg :Vrg _L J:Vrg _kg; m, =Vy, —UVthZVrh—kh (20)

Trong do: k, =||v,||.k, =| |v,|| 12 chi s6 nguyén nho nhit cua

(19)

Vig

Vig

C4C gié tri tuyét ddi twong Gng. Hinh 5 cho thay hai tam giac
chira vector V1, V2 déu ¢ chung toa do nguyén la [Kg, kn].
C6 thé thay rang duong thang mg + my = 1 chia hinh thoi trén
hinh 5 ra lam hai tam giac, trong d6 vector V1 thudc mién
m, +m, <1 va vector V2 thugc mién m, +m, >1. V1 dugc

téng hop tir 3 vector p1, p2, p3 nhu (21):
V,=p,+my (p, —p,)+m, (p;—p,)

(21)
= (17mg —-m, )p1 +MyP, +MyP,
V2 duoc tong hop tir 3 vector p2, p3, p4 nhu (22):
VZ:pA+(1_mg)(p3_p4)+(l_mh)(p2_pA) (22)

=(m, +m, —1)p, +(1-m, )p; +(1-m, )p,

Vi céc hé s6 (g vai cac vector déu duong va cé tdng bang 1
nén day sé 1a cac hé sé cho qua trinh diéu ché. Phuong trinh
(21), (22) ciing cho thdy viéc tinh toan cac hé sb diéu ché rat
don gian, thdng qua viéc tinh to&n Vg, v, tinh cac phan
nguyén kg, kn va céc phan Ié mg, my qua (20). Trong cAc sector
khéc cua khong gian vector, qué trinh xac dinh hé s6 diéu ché
duoc 4p dung hoan toan twong ty nhu sector 1.

3.2. Trat ty toi wu vé s6 1an chuyén mach

Khi diéu ché SVM cho nghich luu hai mtc, phuong phap diéu
ché tam giac ddi xtng chi sir dung hai vector bién va vector
khong, sao cho thoi gian ding vector khong dugc chia déu
lam hai phan, ¢ dau va cudi mi nira chu ky diéu ché, o nira
con lai thir ty thuc hién vector s& nguoc lai & t6i wu vé thanh
phan song hai trén dién ap ra dugc thuc hign bang cach thém
vao thanh phan thir ty khong nhu sau [10], [11]:
vV .= max(va,ref ’Vb,ref ’Vc,ref ) + min(va,ref lVb,ref 'Vc‘ref)

° 2
O day Varef, Voyref, Voret 1 cac lugng dat hinh sin mong muén,
Vot |2 thanh phan tht tu khéng duoc cong vao lugng dit. Céc
tin hiéu diéu ché s& c6 dang:

V' =V Vo, k=a,b,C. (24)
Tin hiéu caa PWM qua khau so sanh véi dién ap rang cua
dang tam gic trong mot chu ky diéu ché cho trén hinh 6. Viéc

(23)

cong thém vao thanh phan tha ty khong nhu (24) 1a dé mac
tin hiéu xac dinh vector khong & dau chu ky diéu ché. Tuy
nhién & nghich luu da muc s& khéng thé ludn ¢ vector khong.
Thay vao d6 néu sir dung phuong phap didu ché bing ba
vector gan nhat trong mdi nira chu ky diéu ché mot vector s&
duogc st dung nhu vector khong, nghia 1a thoi gian ding
vector nay chia 12 hai ntra bang nhau, chia déu cho dau nira va
cudi cuia chu ky Ts.

- P
&4

/2 t./2 t./2 /2

ol t
/2 /2 /2 /2

Hinh 6: Tin hiéu diu ra PWM va céc thoi gian sir dung vector tich cuc,
vector khéng

(1,-1,-1)

Hinh 7: Trat tw chuyén mach téi wu cho BBD 3 mtrc

Bang 1: Trat ty chuy&n mach cia vector dién ap

Tam gidc | Trat tw chuyén mach t6i wu (trong Ts/2)

1 V0-V1-V2-V0
(-1,-1,-1)-(0,-1,-1)-(0,0,-1)-(0,0,0)

2 V1-V7-V8-V1
(0,-1,-1)-(1,-1,-1)-(1,0,-1)-(1,0,0)

3 V1-V2-V8-V1
(0,-1,-1)-(0,0,-1)-(1,0,-1)-(1,0,0)

4 V2-V8-V9-V2
(0,0,-1)-(1,0,-1)-(1,1,-1)-(1,1,0)

Pé ap dung twong tw nhu nghich Iuu hai mic cho so @b nhiéu
muc ¢6 thé hinh dung vector khong gian cua nghich luu da
muc gdm nhiéu lyc giac nho nhu so dd hai mirc va vector &
tdm cua luc gidc nho nay dong vai tro nhu vector khong.

Xét cu thé khi vector dién &p chuyén tir tam giac sb 2 sang
tam giac s6 3 nhu hinh 7.

Tam giéc sb 2 va sé 3 thudc V& luc giae nho co tam 14 vector
V1, tam giac sb 4 thuoc vé luc giac c6 tam 1a vector V2. Bang
chuyén mach cho nhém cac tam giéc trén thé hién trong bang
1. Néu vector dién ap dau ra di chuyén qua cac tam giac 2-3-
4 thi trat ty chuyén mach 12 tdi wu, tir tam giac 2 sang tam giéc
3 vector déu bat dau va két thic bang vector V1(0,-1,-1) nén
khong phét sinh thém chuyén mach. Khi chuyén tir tam giac
3 sang 4 phai chuyén tir V1(0,-1,-1) sang vector bit dau la
V2(0,0,-1) chi phat sinh thém mot chuyén mach & pha B (ti -
1vé 0). Ap dung cho nhiéu mirc hon, tat ca cac nhom tam giac
c6 dang gidéng nhu 1, 2, 3, 4 trong bang 1 va trén hinh 7 s& c6
trat tw chuyén mach gidng nhau.

3.3. Thir tw chuyén mach téi wu va diéu ché sir dung ba
vector gan nhat
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Phin nay trinh bay phuong phap NVM véi kha ning tu xac
dinh céc vector can thiét chi tir toa do nguyén [Kg, kn] dé c6
thé &p dung cho cic so dd c6 sb mic khong han ché. Xét
trudng hop cac vector dién &p ra c6 cung toa do nguyén [Kg,
kn], nhu V1, V2 trén hinh 5, c¢6 thé thiy rang khi vector dién
&p ra nam trong tam giac c¢6 dinh la ba vector ps, p, ps thi thir
tu chuyén mach t6i vu s& 13 p1-pa-ps-pi+, trong d6 vector P1 &
dau chu ky diéu ché c6 toa do (ka,ks,kc) thi cudi nira chu ky
diéu ché phai c6 toa d6 (ka+1,ks+1,kc+1), ky hiéu la P1+.

Bang 2: Thir ty chuyén mach khi v thudc tam giac 1

Py P, Ps P+
[ky | [Kg, kil [kyt1, ks, kg, ko]
kh] kh] kh+1]
ka | K k+1 k+1 k+1
ks k-kq k-kq k-kgt+1 k-kq+1
ke k-Kq-kn k-Kq-kn k-Kq-kn K-Kq-Knt+1
D dl= (1-mg-my)/2 d=mg dz=my da= (1-mg-my)/2

Béng 3: Thir tu chuyén mach khi v thudc tam giéc 2

Py P, P3 P+
[kg, | [kg+1, kn] [Kg kn+1] | [Kg+1, kn+1] [Kg+1, k]
kh]
Ka k+1 k+1 k+2 k+2
Ke | kkg Kkl | kekgtl kKot 1
ke | kekgky Kkoko | kKo KkgkotL
D d1=(1-my)/2 d2=1-my | d3=mg+my-1 | d4=(1-my)/2
1A d4<l
ds}
d X
d;
v
y
Qv

thl b t t3 t, 15 s t;
D1| Py Py P P+ Ps P, P,
D2 | P,i P3 Py P,. P, Ps3 P,
< TS

Y

Hinh 8: Mau xung SVM cho tam giac loai 1 va loai 2

X A
1 da,
o
X
dz
Y
ov %
t t t ts t ts t t
K Kayie  Katl >l Katl igKag)
A < >« >
ke |€ Kg » g Katl »>i< ketlyig Ke >
ke |€ ke pichliketliy ke >
c |« > €T €F< >
P T2 i T2 N

Hinh 9: Mau xung khi chuyén sang hé toa do abc khi mg + my <=1

Vi vector V2 thir ty chuyén mach tdi wu s& 12 pa-ps-pa-pz+.
Qué trinh nay dwoc thé hién chi tiét trong bang 2 va bang 3.
Qua trinh tao ra cac tin hiéu diéu khién theo thoi gian qua khau
PWM dbi xing d6i voi tam giac D1, D2 cua vector dién &p
dau ra ¢ cung mot toa do nguyén [Kg, kn] thé hién nhu trén
hinh 8 va hinh 9 twong tng trong hé toa d6 Ogh va hé toa do
abc. Viéc didu ché duoc thuc hién qua 7 khoang thai gian tir
to dén t;. Dé thay 16 hon viéc &p dung SVM cho MMC ta s&
thé hién qua trinh diéu ché dbi véi cac pha, véi so do nghich
luu da muc, véi mdi mic dién ap ra trén moi SM 1a Ve, dién
&p trén mdi pha dau ra trung binh trong mét chu ky diéu ché
sé la:

v =dikV, +(1-d;)(k; +1)V,, j=AB,C (25)
Khi Mg+Mmp <= 1 thi da=d;; dg=d;+d,; dc = d1+d,2+d3. Khi
mg+mp <=1 thi da=d;+d,; dg=d; dc=di+d>+ds. Viét lai (26)
dudi dang:

v, :(kj +1-d; )VC (26)
MG&i mite dién p dau ra ciaa MMC c6 dang nhur (6) dugc viét
lai nhu sau:

1

Vi = (ij - kHj )EVC = ijVCe; ij = ij _kHj @7)

Theo tai li¢u [7], giéng nhu phuong phap NLM cai :tién thi tur
(26), (27) moi mac dién 4p ra trén pha dau ra la
VCe:l/ZVc:l/ZVDQ/N, c6 thé xac dinh lugng dat cho cac hé
s6 chén tu vao & moi nhanh la:
ki, —k', =k +1-d,,j=AB,C (28)
Biéu thirc (28) cho thy k; c6 thé la s nguyén thudc khoang
k; €{-N,N}, va ki, kjn cling 1a so nguyén thugc khodng
{0,N3}. Viée xéc dinh hé s cheén tu thé dwoc &p dung khi két
hop va&i mach vong cén bang dién ap gitta cac tu trén nhanh
trén, nhanh dudi trén mdi pha cling véi mach vong suy giam
dong dién vong. Theo cdng thic (9) ta duoc:
1 V,
Var_i= 5 (Voo Ve —kiVe )= 225 (N -k —ky) - (29)
Hay k;+ky =N —Zlvdiff i
Voo °
Két hop (28), (29), c6 thé xéc dinh dugc lugng dat cho céc h¢
s6 chén tu nhu sau:
. 1 N
Kiw=2(N=kjy)——V

iH = j.diff »
2 Vo

(30)

(1)

. 1 N
kj,L :E(N +kij )_Evj'diﬂ

Tiép theo v6i nhiing diédu kién rang budc ddi vai kjn, ki la
nhirng so6 r)guyén trong khoang {0,N}, viéc ung dung quan hé
(31) co thé thyc hién nhu sau:
Néu Kimy <0 =K, =0

Neu ki, =N =K, =N
Neu 0<Kkj, <N

) int(k ) Khi 0<t<(1-a)T,
=k. =
M int (K oy )41 K (1-a)T, <t<T,

(32

Trong d6 int(x) la phan nguyén cua x, Ts la chu ky diéu ché,
khi d6 ta c6 hé so xac dinh:

a=K; g —int(K 1) (33)
Thuc hién diéu ché theo (32), (33) nhu hinh 10.
ll\
Cr
l—a:;p
1— ey,
0 X
to €] t to + Ts
khp H . i PN PRI
= (i, )i wpur(k,) int(fg, ) +1
Knp i St S i
.h:”> int (ki) i ine () int (1) +1

Hinh 10: MAu xung thyc hién phép diéu ché theo (33)
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4. Piéu khién dw bao cin biang dién ap trén tu
dién va suy giam thanh phan séng hai dong
dién vong

Mat can bang dién &p tu dién s& lam suy giam chat lugng séng
hai dién ap dau ra nghich luu. C6 nhiéu phuong phap dé xuit
trong tai liéu [2], [4], tuy nhién viéc &p dung ching thuong
doi hoi thyc hién phirc tap trong phép diéu ché SVM. Nhur da
biét, trong SVM cho cac nghich luu da mirc, mdi vector trang
théi c6 thé 6 nhiéu trang thai du va nhiing trang thai du nay
duoc s dung cho nhitng muc tiéu khac nhau ma khéng anh
huong dén chat lugng dién ap dau ra nghich luu.

Trong phan nay, thuat toan diéu khién du bao duoc thuc hién
duwa trén viéc tan dung cac trang thai du cua phép diéu ché
vector khong gian dé thyc hién diéu khién can bang dién ap
trén tu dién va suy giam thanh phan song hai trong dong dién
vong. Cach thirc xay dung md hinh dy bao ctia phwong phap
diéu khién du béo cho thuat toan dugc xay dung dua trén tai
liéu [8].

4.1. M6 hinh du bdo dong dién, dién ap

Theo hinh 9, nira chu ky diéu ché PWM c6 3 khoang thoi gian
tir to dén ts, trong mdi khoang thoi gian nay c6 thé xac dinh
dugc cac hé s kuj, kij cho mdi pha. Thuc hién do céac gia tri
dong ap ivi(to), Ve mi(to), Veui(to) & cudi cua khoang thoi gian to,
trong d6 Vcnj(to), Ve(to) 1a dién ap trén mdi tu thudc cac
nhénh. O ché do can bang ta cd Ve Hj(to)= Ve Lj(to)= Vvcj(to).
Phuong trinh (10) c6 thé viét lai duéi dang gan dang nhu (34).

1 (VDc =V (1) =iy (tg ))

4 ()=1, () + G
rone do: Lj( )=k (ti)vc (%),
o () =k (6)veny (1) )

Cac ky hiéu iv(ta), Veri(ts), Ve(ts), kuj(t), kej(ts) 12 céc gia tri
dong dién, dién 4p hé s6 chén SM tuong wng & cudi khoang
thoi gian t;. Dién &p trén ty & phuong trinh (12) viét lai dudi
dang gan diing la:

4

iy (to) +iy (H)_ij(to)}km (t)
2 | C (36)
kL

Ivj
Vi (tl)szj (to)'{ 2
vLj(g)—vu(tO){ivj(to)ziv,-(tl)+ij(2to)} jétl)
Vi gia thiét (35) thi (36) duoc viét dudi dang:

Vo (6) ()2 2L ) BN,

4

5 2 |c (37)
Ve (t)=Ve, (to)v{lvi (tO);Vj ), ) Sﬂég

Trong (37) ta da sir dung phép gan dung chinh x4c hon khi
dua vao dong dién vong la (iy (t)+1, (1)) /2 €0 str dung két qua
cap nhat dong dién tir (37). Riéng dong dau ra ij(to) chi diing
gia tri do ve tur dau chu ky diéu ché cho d@én hét chu ky Ts vi
dong thay do6i cham. Gia tri dién ap du béo Ve (1) Ve ()

cling 1a dién &p trén mdi tu & nhanh trén va nhanh dudi ma
Muc tiéu dieu khién la dua dén gia tri bang lugng dat V¢ (t).
St dung phuong trinh dy bdo dong di¢n (34), va phuong trinh
dién ap (36) du bao cho cac khoang ticp theo tz, ts, ..., t7, ta co
thé du bao duoce dong dién, dién ap tai cuoi chu ky dieu ché tr.

4.2. Ham muc tiéu

Trong mdi chu ky diéu ché cac hé sé diéu ché va trat ty cac
vector xac dinh gié tri va dam bao dién 4p dau ra mong mudn.
MGi chu ky diéu ché déu xac dinh bai vector trang thai ¢6 toa
d6 nguyén [Kg, kn] va hé sb k xac dinh s trang thai du co thé
dbi véi vector nay. Thay @i hé sb k 1a lyra chon cac trang thai
du khac nhau, c6 thé dan téi can bang dugc dién &p trén tu cia
nhanh trén, nhanh dudi trén mdi pha, hoac lam suy giam dong
can bang. Dé can bang dién &p trén ty, can tdi thiéu hda ham
muc tiéu sau day:

= {(Vjc,u -Ve )2 Ve Ve )2}

j=AB.,C

(38)

Trong do: v:-v,. /N 12 lugng dat dign ap trén ty,
e =Viewn (b +T) Ve =Vie, (t,+T,) 12 gid tri ude luong cua
dién &p trén tu & nhanh trén, nhanh dudi mdi pha dién ap ra &
cudi mdi chu ky diéu ché. Hé thong diéu khién theo phuong
phap dé xuit cho MMC duoc thé hién & hinh 11. Trong do,
thiét ké diéu khién P1, PR cho mach vong dong dién da duoc
gigi thiéu trong [3], [12]. Bo diéu khién P1 két hop véi bo diéu
khién PR1 va PR2 véi md hinh nhu trong Hinh 11 c6 tac dung
triét tiéu cac sai léch tinh ctia dong dién chay trong nhanh trén
va nhanh dudi cia bd MMC 3 pha. Viéc nay s€ gilp tao ra gia
tri ¢at mong mudn cua dién ap chénh léch giira nhanh trén va
nhanh dudi nham muc dich xac dinh cac hé sb chén tu dién
trong mdi chu ky diéu ché.

v

5. Két qua mé phong

Bang 4 md ta thong s6 md phong cua bo bién d6i MMC su
dung trong nghién ciru ndy. Trén thuc té khi md phong cé thé
lya chon Vpc ¢6 gié tri bat ky twong tng véi mot mé hinh cu
thé dé chirng minh hiéu qua cua thuat toan dé xuét. Trong bai
bado nay, md hinh mé phong duoc thuc hién véi Vpec = 600V
nham muc dich phuc vu cho viéc thyc nghiém trén mé hinh
thuc té trong nghién ctu tiép theo.

Bang 4: Thong sé md phong bo bién d6i MMC

TT | Théng sb Ky hiéu | Giatri
1 | Dién p ngudn mot chiéu Vic 600V

2 Dién ap tu dién Ve 100V

3 Dién cam nhanh Lo 3,6 mH
4 Dién tré nhanh Ro 0,0150
5 Pién dung tu dién SM Csm 2200pF
6 | S6 luwong SM mdi pha 2N 12

7 Tan so f 50 Hz

Hinh 12 va hinh 13 Ia két qua dién ap pha va dong dién cac
pha A, B, C cuia MMC khi ap dung SVM vai viéc lya chon
vector dién &p gan nhat. Hinh anh cho thay dong dién, dién ap
khi chua qua bo loc cho cac két qua dang sin chuan dat dugc
ngay & chu ky dau tién va khong c6 qua do xay ra trong subt
qua trinh md phong. Khi thay di ché d6 lam viéc & thoi diém
0,07s, dong dién va dién ap nhanh chéng bam gia tri dat va cé
dang sin chuan.
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Dién ap trung binh trén cac tu dién
Ch
Vref A L Seciac?r Xac dinh da,ds,dc P
—> q dl, dz, d3 PRy > Xac dinh
Vref B ap| Ogh Xéc'dil{h ¥ hé so dieu hé sb chén
— : = Vo | hé sb didu| Tam giag|ché va toa| [Ka,Kg, kg] tu cic
Vref C ché vatga| D1,D2 | ddabc hanh
.| abc V. |ap Vi " Varg | oan
: ¢ Ogh 9| theo (32)
[k, Knl
I I
20X, PR2 |
5P+ 2w 5+ (2w, 27 ]: kH,kL(t)l ]
- Tin hiéu dong cat
20 K, + Vbe kHvkL(t"'l); van SM Pha A _
s +20.5+(40,27) PR1 + Wa Iy, t Dy bdo tin
: . i) higudong | vo, (t+1) | HaM | Tin higu dong cat
Ve i) dign vong muyc titu | yan SM Pha B
' — > vadiénap | V¢ (t+1) | (39)va
—>_C tu t!1e0 (35) (40) Tin hiéu dong cét
'Vi(t)' va (38) i, (t+1) van SM Pha C
el v

Hinh 11: Hé théng diéu khién dong dién vong dua trén thuét toan didu ché SVM

Thuc hién danh gia tong d6 méo séng hai THD cho dién &p ra
ctia MMC nhu hinh 14, két qua cho thay chi sé THD cua dién
4p chua qua b loc 12 7,07%. Thyc hién danh gia tong d6 méo
song hai THD cho dong dién trén tai nhu hinh 15, két qua cho
thiy chi s6 THD cua dong dién trén tai la 1,99%.

Két qua nay da chimg minh dwgc chit luong hoat dong tét cua
BBD khi 4p dung chién lugc diéu ché SVM. Hinh 16 1a két
qua cua dién 4p mdi tu dién & nhanh trén va nhanh dudi cua
cac pha A, B, C. Két qua cho thay gié tri cua dién &p tu luén
dao dong quanh gia tri dinh mac caa nd la 100V. Khi hoat
dong 6n dinh & thoi gian 0,15s tu dién dao dong véi bién do
I6n nhat khong quéa 7V, tac 1a 7% gia tri dinh muc. Doi voi
BBP MMC, day la gi4 tri dé danh gia MMC hoat dong 6n
dinh.

T T T

PhaA

Pha B

0 0.05

0.1 0.15 0.2
H|nh 12: D1en ap pha o phla AC Cua MMC
200 phah  PhaB  phac 1
<10
@
o
» 0
f=
g}
S.10
20[ [ [ I I I ]
0 0.05 0.1 0.15 02
Thoi gian(s)

Hinh 13: Dong dién ¢ phia AC cia MMC

Selected signal: 10 cycles. FFT window (in red): 3 cycles

ignal mag

Si

o 0.05
Fundamental (50Hz) = 286.2 , THD = 7.70%

0.1 0.15

Mag (% of Fundamental)

o 10

20 30 40

Hinh14: Chi sé THD cho dién ap trén tai

Selected signal: 10 cycles. FFT window (in red): 3 cycles

Signal mag

o 0.05

0.1 0.15
Fundamental (50Hz) = 18.67 , THD = 1.99%

Mag (% of Fundamental)
[e]
w

o 10 20 30 40
Hinh 15: Chi s6 THD cho dong dién trén tai
Nhanh trén pha A NhBnh dudi pha A
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85f
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Hinh 16: Dién ap tu dién nhanh trén nhanh dudi pha A, B, C

Khi thay d6i ché do lam viéc ¢ 0,07s, do chénh léch I6n nhat
cua tu dién nam ¢ Pha B 1a 14V, twong (ng 14%. Tuy nhién
qua trinh nay nhanh chéng tré lai binh thuong sau 0,02s. Vi
cac tu dién mdi nhanh dao dong quanh gia tri dinh muc cua
n6 nén gia tri dién ap tu dién trung binh cia mdi nhanh ciing
dao déng quanh gia tri dinh muc nhu hinh 17.
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Hinh 17: Bién 4p trung binh tu dién nhanh trén va nhanh dudi pha A, B, C

Lo N
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Hinh 18: Dién 4p chénh 1éch cta nhéanh trén va nhanh dudi pha A, B, C

Hinh 18 1a dién ap chénh léch cac nhanh cua céac pha A,B,C.
Két qua cho thiy gia tri dién 4p chénh léch mdi pha nho hon
1V, gié tri thé hién dién &p chénh léch mdi nhéanh trong cac
pha khong dang ké, chung to bo diéu khién du bao hoat dong
t6t, khi thay ddi ché do 1am viéc & thoi diém 0,07s thi do chénh
léch ting khong dang ké. Day la nguyén nhéan khién cho dong
dién vong ciing & gid tri thap nhu hinh 19. Dong dién vong &
hinh 19 trong céac pha A, B, C c6 bién d6 nho, chi ¢ gia tri 4A
khi MMC hoat dong 6n dinh. So véi gi4 tri dinh mtc dong
dién la 20A ¢ hinh 13 thi gid tri nay twong tng véi 20%. Khi
thay d6i ché do lam viéc o thoi diém 0,07s thi gié tri dong dién
vong khong cé bién dong nhiéu ¢ thoi diém qua do. Pay la
két qua thé hién duoc qua trinh triét tiéu dong dién vong do
bo diéu khién dé xuat tac dong va dat dwoc muc tiéu diéu
khién tot 1a dong dién vong ludn duoc kiém soét & gia tri thap.

20 F T I T I T T ]
Pha A
° - - " P A S b Ao g
20
o 0.05 0.1 0.15 0.2
20 Pha B | | | 1
= . B e e R |
T O [ T T 3
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) 0.05 0.1 0.15 0.2
20 PhaC 1
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-20
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Thi gian(s)

Hinh 19: Dong dién vong chay trong pha A, B, C

6. Kétluan

Bai bao da thuc hién chién luoc diéu khién giam thiéu dong
dién vong va kiém soat can bang dién ap trén ty dién mdi
nhanh bang phuong phap diéu khién du béo két hop voi
phuong phép diéu khién PI, PR cho BBD MMC. Qua trinh
thuc hién luat diéu khién dya trén két qua cua phép diéu ché
SVM cho BBD MMC véi s6 miic bat ky. Quy luat didu ché
SVM dugc thuc hién bang céach tinh chon céc toa d6 nguyén
trong cac Sector cua hé toa dd Ogh, qua d6 x4c dinh dugc quy
luat chuyén mach dam bao t6i wu thanh phan séng hai cua tin
hi¢u dau ra, phuong phap da han ché dugc viéc tinh toan diéu
ché va nang cao higu suat cho BBD MMC. Thyc hign mo
phong cho BBD MMC gom 12 SM trén mdi pha véi phuong
phap diéu khién dé xuat & trén da cho ra 13 muc dién ép, dong
dién vong da duogc giam thiéu dang ké va luén dao dong on
dinh khi dién 4p trung binh cac tu hoat dong & trang thai can
bang va dién &p chénh léch mdi nhanh 1a khong dang ké.
Phuong phéap da chung minh hiéu qua cua luat diéu khién da
dé xuét va sy két hop cua phuong phap diéu khién MPC va
P1, PR d¢ &p dung cho MMC va tao ra cac két qua tot.
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bl ngang biang phwong phap giai tich va phwong phap phan tir hiru han
Studying the influence of electromagnetic forces on core blocks of the shunt
reactors by using the analytical model and finite element approach
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Tém tit

Cudn khéng bu ngang (CKBN) duoc st dung trong ludi dién truyén tai dé hap thu cong suit phan khang (CSPK) va tranh hién tuong qué
dién ap & cudi duong day khi hé théng van hanh khéng tai hoac non tai. Bé tranh hién trong bdo hoa mach tir, doc theo try caa cuon CKBN
dugc thiét ké cac khe ho dé chia khéi tru (i) 16n thanh cac phan doan (khéi tru) nho hon. Tuy nhién, tai cac khe ha xung quanh cac khéi
try, s& xut hién cac thanh phin tir thong tan va tir théng rd thay ddi lién tuc tir khdi tru nay dén cac khéi try khac. Biéu nay lam cho su phan
bd mat do tir cam trén cac khdi tru khong ddng déu va sinh ra luc dién tir tac dong 1én cac khdi tru. Lyc dién tir co xu hudng day/ép cac khbi
tru lai v6i nhau, 1am cho céc khdi tru bi dao dong, rung lic va gay ra tiéng én, 1am anh hudng dén ché do van hanh caa CKBN. Trong bai
bao nay, phuong phap giai tich va k§ thuat phan tar hitu han duoc phat trién dé khao st va tinh toan su phéan b cua tir théng xung quanh céc
khe hé giira céc khéi tru va hee dién tir tac dung 1én cac khdi tru cia CKBN. Su phaét trién ciia phuong phép s& dwoc &p dung dé tinh toan

CKBN 1 pha, cdng suat 40Mvar, dién &p 500//3.

Tir khoa: Cugn khang bu ngang (CKBN), tir thong tan, tir thong rd, mach tir, phirong phdp phan tir hitu han.

Abstract

The shunt reactor (SR) is widely used in power transmission sys-
tems of 110kV, 220kV and 500kV to absorb the reactive power and
avoid overvoltage at the end of the line when the system is operating
with no-load or low load. In order to avoid the phenomenon of circuit
saturation, air gaps are often designed along the SR core to divide
the large core into smaller segments (core blocks). However, the
presence of air gaps around the core blocks will cause fringing flux
and leakage flux components, which vary from this core to another.
This makes the distribution of magnetic flux density uneven on the
core blocks and will appear electromagnetic force acted directly on
the core blocks. The electromagnetic force tends to push/press these
core blocs together, causing them to vibrate, oscillate and generate
noise, affecting the operation of the SR. In this study, the analytic
model and finite element technique are developed to calculate the
distribution of the flux around the slots/air gaps between the core
blocks and the electromagnetic forces acting on the core blocks of
the SR. The developed method will be applied to directly calculate a
single-phase SR with a capacity of 40Mvar and a voltage of 500/\3.

1. Pitvan dé

Dé tranh hién tugng qua dién &p va duy tri dién &p 6n dinh
& cudi duong day truyén tai 110kV tré 1&n khi hé théng van
hanh non tai hoac khdng tai, cuon khang bu ngang (CKBN)
duoc sir dung dé hip thu va can bang cong suét phan khéng
(CSPK) [1]-[3]. Gan day, c6 nhidu nha nghién ctu trong va
ngoai nudce da nghién ciru vé CKBN, cu thé nhu: trong tai liéu
[1], nhém téc da sir dung phuwong phéap phan tir hitu han (FEM)
dé tinh toan va phan tich dién khang tan cia CKBN dé tim ra
md&i lién hé gitra dién khang tong va dién khang ro giira cac
khéi tryu. Trong tai ligu [2], phuong phap giai tich dwgc phét
trién dé tinh toan cac thong sé kich thuéc mach tir va day quan

cia CKBN. Céc két qua dat duoc tir phuong phap dé xuit
dugc kiém chimg qua phuong phap FEM. Trong tai liéu [4],
nhém tac gia da ap dung phuong phap FEM dé dua ra giai
phép giam t6n hao do dong dién xody sinh ra trong cudn day
ciia CKBN bang céch téi wu khe ha khdng khi trong cudn day.
Céc tiép can cua phuong phap duoc thuc hién thong qua 2
budc: dau tién tinh toan ton hao sinh ra trong cudn day, sau
do tinh toan mat d¢ tir théng trung binh xung quanh khe ho
khdng khi. Trong tai liéu [5], nhdm tac gia trinh bay phuong
phép tinh toén tir tre caa khe ha khéng khi trong mach ti cua
CKBN théng qua su bién ddi “Schwarz-Christoffel”. Cac gia
tri dat dwoc s& dugc kiém ching thong qua ky thuat FEM.

Thong qua cac cong trinh nghién ctru nhu da phén tich &
trén, mac du c6 nhiéu cong trinh nghién ciru da ap dung va
phét trién phuong phap FEM dé tinh toan, phan tich va mo
phong céc thdng s dién tir caa CKBN. Tuy nhién, viéc khao
sét, danh gia sy anh huong cua luc dién tir 18n cac khéi tru cua
CKBN van la mot thach thie 16n ddi voi cac nha nghién ciru
va ché tao cudn khang.

Trong nghién ciu nay, ‘phuong phap giai tich va phuong
phap FEM dugc tiép tuc ké thira va phét trién dé tinh toan su
phan bé cua tir thdng xung quanh khe hé gitra cac khéi tru, va
lyc dién tir 1én cac khdi tru cia CKBN. Su phéat trién cua
phuong phap dwoc 4p dung truc tiép dé tinh toan cho CKBN
1 pha, cdng suat 40Mvar, dién ap 500/+/3.

Noi dung chinh cta bai bao dugc ciu truc lam 4 phan:
Trong do, phﬁn 1, dat vin dé nhu di mo ta & trén; phﬁn 2,
nghién ciu vé md hinh CKBN mét pha bang phuong phap
giai tich va ky thuat phan tir hiru han; phan 3, &p dung mé hinh
ly thuyét da phat trién & phan 2 dé giai bai toan thyc té; phan
4, tom tat cac két qua da dat duoc.

Received 6 March 2023; Accepted 27 March 2023.
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2. MO0 hinh CKBN mgt pha bﬁng phwong phap
gidi tich va phwong phap phan tir hitu han

2.1. M6 hinh CKBN mgt pha

M6 hinh CKBN mét pha str dung trong hé thdng luéi dién
truyén tai dugc mo ta nhu hinh 1 [4]. Nhu da phan tich & phan
I, dé giam duoc tir thong trén try, tranh dugc hién tugng bio
hoa, trén try ciia CKBN thudng thiét ké cac khe ho véi chiéu
dai khe ho 16n. Tuy nhién, do chiéu dai khe ho 16n, dan dén
xung quanh khe ho s& ton tai tir thong tan va tir thong ro 16m,
dan dén tir thong chinh lai giam. Do vay, dé giam duoc thanh
phén tir thong tan nay, thay vi sir dung mot khe ho véi chidu
dai 16n, doc theo khdi try, can chia nhidu khe hé voi tong chidu
dai khe ho 1a khong d6i. Diéu nay s& lam tiang duoc tir trd
xung quanh khu vuc khe ho va giam dugce tir thong tan.

oS,

b D—

Hinh 1. M6 hinh cu6n khéng 1 pha [4]

Tuy nhién, viéc chia mot khe hé 16n thanh cac khe ho nhd,
didu nay dong nghia v6i viéc mot khéi tru co chiéu dai 16n
dugc phéan doan thanh cac khéi tru c6 chiéu dai nho hon, s&
anh huong dén két cdu cua mach tir cia CKBN. Céc khe ho
khong khi doc theo khéi tru phu thudc vao cac thong sé chinh
cua cudn khang (nhu: CSPK, mat do tir cam, dién cam, nang
luong tich trit trong khong gian diy quan va khe ho) va c6 thé
duogc xéc dinh thong qua md hinh giai tich.

2.2. M0 hinh lyc dién tir bing phwong phap giai tich

Xét mo hinh cudn khang 1 pha nhu mo ta tai hinh 1. B¢ tur
tham cua céac khdi try (u = u,. ,uo) c6 gid tri rat 16n so voi tir
thidm khe ho 1a Ho, nén tir tro phan mach tir c¢6 thé bo qua [6],
[7]. Dua vao moi quan hé gitra st tir dong (F), tir thong va tir
tré mach tir, dong dién dugc xac dinh nhu sau [11], [12]:

1\ Bl
I = (—) 1)
. V2/ 1o N
Trong do, lg 1a chiéu dai cia khe hd khong khi (m), N la
$6 vong day (vong) va By 1a mat 36 tr cam cyc dai trén tru
(T).

Gia tri ciia By duoc xac dinh theo phuong trinh sau:

Q
By = |7/ (2)
’H—O.f. v,

trong d6, f 1a tan s luéi dién (Hz) va V, 1a thé tich khe hé
khdng khi.

Luyc dién tir tac dung 1€n cac khéi tru dugc tinh toan thong
qua mat do nang luong [8], [9].

AW_IBZA N 3
B =2 A, ®)

trong d6, Ac 1a mit cat ctia khdi tru va Ax 12 sy dich chuyén
cua khoi try. Mat d6 luc dién tir tac dong Ién bé mat khoi tru
duoc xac dinh:

FS:_

) O

m2/)’

Trong (4), mat do tir cam c6 thé duge xac dinh thong qua
suc tir dong, do6 la:

B=1 = () (5)

“Thay (5) vao (4), mat d¢ luc dién tir tac dong 1én bé mit
khoi try trd thanh:

1#01 N?
FS -

(N/m*) (6)

Mot cach tlep ({3.111 khac lyc dién tir dugc xac dinh thong
qua Tensor ung suat, d6 1a [12]-[15]:

FzﬂiffdAS-n(N) 7
Trong do, S 1a ma tran Tensor Ung suit dugc xac dinh:
BZ
Bz — Y BB, B,B,
s=*| BB, B:-% BB ®)
T | PPy Yy yPz |1

| B.B, B,B, BZ-=|

Trong d6, B> = B + B} + BZ.

Biéu thuc luc dién tir tai phuong trinh (7) gom 02 thanh
phan: thanh phan tlep tuyen (Fy va thanh phan phap tuyén
(Fn). Hai thanh phan nay lan lugt duoc xéac dinh:

F,=B,H, F, —l(iBZ—MOHE) (9a — b)
Trong do B, va H, 1an luot 1a cac thanh phan phap tuyén

va tlep tuyen cua véc to mat dg tir cam va véc to cuong do tu
truong.

2.3. M0 hinh lye dién tir bing ky thuat FEM

Trong phan nay, phuong phiap FEM duogc phat trién dé
tinh toan va mo phong cac tham sb dién tir cia CKBN. Trong
do, luc dién tir tac dung 1én cac khéi tru s& duoc thyc hién &
tién trinh “post-processing”. Hé phwong trinh Maxwell va luat
trang thai xac dinh trong mién nghién ciru Q (Q = Q. U Q¢ )
va bién 9Q = I') duoc viét [10]:

rot E = —0;B,rotH =J,, divB =0, (10a-b-c)
B =uH, ] =oE. (11a-b)

Diéu kién bién (DKB) trén I duoc xac dinh:
n-B|, =0, nxH|, =0, (12a-b)

Trong d6 n 1a véc to phap tuyén.
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Q, 1a mién dan va Q¢ 1a mién khong dan. Cac truong E, B,
H, J lan luot 1a cuong d6 dién truong, mat do tir cam, cuong
do tur truong va mat d6 dong dién. Céc trudng nay dugc Xac
dinh dé thoa méan so do Tonti [16], d6 1a: H € H,(rot; Q),
E € H,(rot; Q), ] € H(div; Q) va B € H,(div; Q), trong
do Hy, (rot; Q), H(div; Q) va H,.(dive; Q) la khong gian ham
chtra cac diéu kién bién va cac ham thir. Cac tham s u va o
lan luot 1a do tir tham va do dan dién cua cac mién dan va
khong dan.

Dva vao hé phuong trinh Maxwell’s equations (10a-b-c)
va cac luat trang thai (11a-b), mat do tir cam B duoc biéu dién
thdng qua tir thé véc to A:

B = rotA (13)
Thay phuong trinh (13) vao phuong trinh (10 a), ta c6:
rot (E +jw A) = 0. (14)

Cuodng d¢ dién truong E dugc biéu dién thong qua dién thé vo
hudng (v), i.e.

E = —jw A — gradv. (15)
T cac phuong trinh (13), (14) va (15), phuong trinh roi rac
viét cho tir thé véc to A théng qua dinh luat Ampére (10 a) va
luat trang théi (11 a) nhu sau [10]:
f[,l_lB ‘rotAd'd + f (cE-A)dQ, +

0 0
(mx H)-A'dl}, = f (s -ANdO,
I'p n
A’ € Hj(rot; 2) (16)

Thay phuong trinh (13), (15) vao (16), phuong trinh (16) tro
thanh:

Ju‘lrotA ‘rot A'dQ +ja)f (cA-A)dQ, +
0N 0N

(nxH)-A'dly,
Tp
= [,(s - A)dQg, A" € HY(curl; Q). (17)
Trong phuong trinh (17), truong A’ 1a ham thir duge xac dinh
trong khong gian ham HY(curl; Q).
Luc dién tir tac dong 1én bé mat cac khdi try dwoc xac dinh
thdng qua tién trinh “post-processing”, do la:

F=frotA X j-dQye (N).
0]

jwf (ogradv - A")dQ, +
0

(18)

Trong d6, Oy, 1a thé tich cua khdi tru.
3. Bai toan ap dung

Pé kiém ching duoc md hinh ly thuyét da phat trién & phan
2, trong phan nay, bai toan &p dung dugc dé xuat 13 CKBN 1
pha, cong suit 40Mvar, dién 4p 500/+/3. Cac thong sb chinh
cia CKBN duoc tinh todn bang phuong phéap giai tich va cho
trong bang 1. Cau trdc hinh hoc cua cudén khang dwoc dugc
mo ta trong hinh 1. Hinh 2 md ta dic tinh dwong cong B-H
cua 16i thép, tng vai tan s6 50 Hz. Bac tinh md ta suat ton hao
theo mat d tir cam duoc biéu dién tai hinh 3.

M6 hinh chia lugi cua cac khéi try va mach tir cia CKBN
duogc biéu dién tai hinh 4. Muc dich cua bai bao chu yéu tap
trung tinh toan tir thong tai cac khéi tru va viing khe ho khong
khi gitra cac khdi tru, do d6 cac cac phan tir lugi min (thin
mesh) chii yéu tap trung & cac khdi try, déi voi céc vi tri khéc,
st dung c&c phan tir ludi thua c6 kich thude 16n hon. Tong s6
phan tir lu6i dé dat duoc sy hoi tu caa nghiém 1a: 205213 phan
ta.

Biang 1. Thong sb chinh ciia CKBN.

Théng s6 Ky hiéu Théng s6
Cong suat phan khang  Q (MVAr) 40
Dién 4p dinh muc U (kV) 500/V3
Dong dién dinh mac 1 (A) 1384
bién cam téng L_total (H) 6,63
bién cam tan L_fringing (H) 1,9154
bién cam khe ho L_gap (H)
khong khi 4,1489
buong kinh try Dc (mm) 735
Chiéu cao try He (mm) 1944
Téng chiéu dai khe ho g (mm)

N 425
trén try
S6 vong day quin N (vong) 1834
Chiéu rong day quin W (mm) 254
Chiéu cao day quén Hw (mm) 1674
Tén hao dong Pcu (KW) 63,8
Tén hao sit Pre (KW) 31,4

2
—Steel M5

'.:1,5
% .
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o
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Cuong dé tur trueng H [A/m) . ’
Hinh 2. Bic tinh B-H cua 16i thép CKBN, {rng vdi tan s6 50Hz.
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Suét tén hao P [Wrkg]
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o Mat dé tir théng B[T] o
Hinh 3. Bic tinh suat ton hao cta theo theo mat dd tir cam, tng véi tan so
50Hz.

ZAYA'LS ATas

v RKRANAPNN
a 7
Hinh 4. Mo hinh chia luéi cta céc khoi tru va mach tir caia CKBN.

Su phan bo ciia mat do tir cam xung quanh khe ho khong
khi doc theo cac khéi tru, trong khéi tru va trong mach tir dugc
biéu dién trong hinh 5 va hinh 6. Gia tri phan bd cua mat do
tir cam tai vi tri gitra va trén bé mat khdi tru dugc mo ta tai
hinh 7. Tanhan thay rang, do cac khéi tru khong dugc vat goc,
nén trén doan Y1Y2, tir théng tan chu yéu tap trung & hai mép
goc cua khéi tru va s& cé gié tri 16n nhat 1a 1.03T. Do hiéu
rng bé mat (skin effect), nén khi tan sé cang cao thi gié tri nay
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cang lon. Tai doan Y3Y4, do khdng giap khe ho khong khi,
nén phan tir thdng tan c6 gia tri nho hon.

Hinh 5. Sy phan b6 cuia mat do tir cam xung khe hé khéng khi doc theo
cac khoi try.

Y- -8

—=—MagB__Y1Y2
—o-MagB__Y3Y4 f

0 02 04 0.6 08 1
Distance(m]

Hinh 7. Su phéan b ctia mat d6 ty cam tai vi tri giita khéi try (Y1Y2) va
trén bé mat khéi tru (Y3Y4).

Sy phan phé cua tir truong doc theo khdi tru phan doan
Y5Y6 va Y7Y8 dugc thé hién nhu trong hinh 8. Do tinh chat
d6i xing, nén sy phan bd cua tir théng 1a kha ddng déu va co
gia tri xap xi bang nhau. Su phan bd cua luc dién tir trén bé
mit cua cac khdi tru ciing duoc biéu dign trong hinh 9. Ta
nhan thy ring, gia tri luc dién trir tac dong trén cac khdi tru
cung phwong nhung nguoc chidu va cé xu huéng diy va ép
cac tam ngan cach giita cac khéi tru doc theo khe hé khdng
khi. Diéu nay s& 1am x0 léch céc khéi try, anh huong dén két

cau ciia mach tir CKBN va gay ra tiéng 6n trong su6t qué trinh
van hanh. Hinh 10 mé ta s phan b cua luc dién tir tac dong
trén bé mat khéi tru (Y3Y4) va giita khéi tru (Y1Y2). Nhu da
phan tich, tai vi tri hai mép géc cua khdi try, do thanh phan tir
thong tan 16n, do d6 luc dién tir tai khu vuc nay cé gia tri I6n.
Khi gia tri mat do tir cam dat t6i 1.03T, @ng suat luc huéng
truc tac dong trén bé mat khéi tru 1én t6i 480kN, didu nay s&
nguy hiém dén két ciu cia CKBN, tham chi s& phap huy két
cau caa CKBN.

240

-0-MagB__Y5Y6
-B-MagB__Y7Y8

220
200 -

=

E 180
160 -

140

120 .
0 0.2 0.4 0.6 08 1 1.2 1.4

., Distance[m] 3
Hinh 8. Sy phan bd ctia mét d§ tw cam tai vi tri doc theo khoi tru (Y5Y6) va
(Y7Y8).
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Hinh 9. Sy phén bd cua luc dién tir trén bé mit cta céc khéi tru

5
5 x 10°

-©-Y1Y2 analytical solution
-¥-Y3Y4 analytical solution
“2-Y1Y2 FEM solution

-B-Y3Y4 FEM solution

EN

w

Electromotive Force [N]
N

0.6

0.2 0.4 0.8

i Distance[ml X
Hinh 10. Sy phan b6 lyc dién tir tai gitra khoi tru (Y1Y2) va trén bé mat
khdi tru (Y3Y4).

4. Kétluan

Trong bai b4o nay, nhdm tac gia da tiép can bang hai
phuong phap (phuong phap giai tich va phuong phap FEM)
dé tinh todn, md phong su phan b cua mat do tir cam trong
va xung quanh khe ho cac khéi tru, luc dién tir tac dong 1én
bé mat khdi tru cia CKBN. Trong ca hai phuong phép, cac
Céc két qua dat dwoc cho thdy, cac luc dién tir tac dong 1én bé
mat trén va mat dudi caa khdi tru cing phuong nhung nguoc
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chiéu va c6 do 16n xap xi bang nhau. Diéu nay sé& tac dong
truc tiép t6i cac tAm ngan cach giira cac khdi try, s& lam xo
léch két cu cua cac khdi tru va mach tir do phai chiu lyc nén
rat lon. Cac két qua dat dugc tir nghién ctu, & 1a co so dé
gilp cho cac nha thiét ké va ché tao CKBN dua ra giai phap
tang cuong/gia cb két cau ciia cac tim ngan cach giita cac khoi
tru trudc khi san xuét. Dac biét, dua ra sy lya chon phi hop
ctia mat do tir cam trong 15i thép dé co thé giam duoc lyc dién
tir tac dong trén bé mat cua khdi tru va bé mat cua cac tim
ngin cach gitra cac khi try. Biéu nay s& gilp cho viéc thiét
ké va van hanh CKBN duoc téi wu hoa dé dam bao tinh 6n
dinh va hiéu suit cua hé théng dién.

LOI CAM ON

Nhém tac gia bai bao xin tran trong cam on Trudng DPai hoc
Quy Nhon da cho phép str dung phan mém de tinh toan, mo
phong va kiém tra két qua.
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Mot cach tiép cin méi trong xAy dung md hinh dong hoc va diéu khién cho dong
co tr nang khong 16i thép
A new approach to establishing a dynamic and control model for Slotless Self -
Bearing Motor
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Abstract

The content of the article analyzes the electromechanical process of the Lorentz electromagnetic force when we supply a slotless
self-bearing motor with two types of current: alternating current and direct current. The alternating current generates motor
torque and the direct current generates axial magnetic drive force. The slotless self-bearing motor model designed and fabri-
cated in this study has a concentrated rotor magnetic field and scattered stator windings. This is different from previous research
models where the rotor has a distributed magnetic field and the stator is 12 bars. The new type of motor in the study of this
paper uses the vector control theory of electric machines to build the control model. In this motor, the magnetic drive force will
be maintained continuously by a direct current large enough to hold the rotor against disturbances caused by centrifugal force
when the motor rotates and disturbances due to rotor drag. The control structure for the slotless self-bearing motor is cascaded.
The inner loop is a current loop that is designed in a “bang-bang” control structure. The outer loop circuit has two channels:
the position control channel and the speed control channel. The position control channel uses a PD controller combined with
feedforward noise compensation and the speed channel uses a P1 controller. The simulation results show that the system works
stably and is resistant to noise for the rotor position.

Keywords: Slotless Self-Bearing Motor (SSBM), Magnetic drive force, Magnetic drive, PID controller

stator ¢6 dang 12 thanh dan. Loai dong co méi trong nghién ctiu cia

Symbols bai béo nay st dung ly thuyét diéu kh!én véc to clia méy dién xoay
chieu dé xay dung md hinh dieu khién. O dong co nay, luc nang

. - ngang truc sé dugc duy tri lién tuc nho bd sung dong dién mot chieu

Symbols Units Description du I6n dé gitr cho rotor chéng lai cac nhidu do lyc ly tam gay ra khi
A B,N,S space state m?tnx dong co quay va cac nhidu do hrc can cua rotor. Céu tric diéu khién
G(s) transfer functlor_1 cho dong co tu nang khong dung 15i thép dugc thiét ké theo dang
Lsd, Lsq H d and g stator r inductance mach vong, trong d6 mach vong bén trong 1a vong diéu khién dong

dién duoc thiét ké theo ciu tric Qiéu khién “bang-bang”, con mach
vong ngoai ¢6 hai kénh: kénh dicu khién vi tri ngang truc va kénh
diéu khién toc do. Kénh dieu khién vi tri s dung bo dieu khién PD

Abbreviations

cAu trc song song va kénh téc do sir dung b diéu khién PI. Két qua

SSBM Slotless Self-Bearing Motor . . : ;
g m& phaéng cho thay h¢ thong hoat dong on dinh va ¢d khd nang chong
g nhiéu gay sai I&ch vi tri rotor.
Toém tat

Noi dung cuia bai bao phan tich qua trinh sinh mé men quay va luc
néng ngang truc cua déng co tu nang khong dung 16i thép theo
nguyén ly luc Lorentz khi ta cung cip cho cudn day stator dong co
hai loai dong dién: dong dién xoay chiéu va dong dién mot chiéu.
Dong dién xoay chidu tao ra md men quay va dong dién mot chiéu
tao ra lyc nang ngang truc. Mo hinh déng co tu nang khéng 16i thép
duoc thiét ké va ché tao trong nghién ciru ndy c6 tir trrdng rotor tap
trung va day quan stator phan tan. Dy 14 diém khac biét véi cac mo
hinh nghién ciru trudc day trong d6 rotor c6 tir truong phan bé va

1. Giéi thiéu chung

bong co ty ning ndi chung va déng co ty ndng khdng dung
16i thép n6i riéng hién duoc quan tim nghién ctru nhiéu trong
thoi gian gan day [1]-[13]. Pong co nay ¢6 kich thudc nho,
khong str dung 16i thép va cho phép chay ¢ toc do cao. N6
duoc st dung trong thiét bi ngoai vi may tinh, h¢ thong luu
trir dir liéu, thiét bi y té va phong sach,... Trong cac nghién
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cuu [3-10], déng co tuy nang khong 16i thép co stator la thanh
dan va rotor ¢ tir trudng phan bé rai. Do d6, khi mudn ting
cOng suat ta phai tang tiét dién thanh dan, diéu nay lam ting
kich thuéc cua dong co. Khi van hanh dong co & tdc do cao
s& gap kho khan do luc ly tdm s& pha hong cac mach tir dan
trén mat rotor. Trong cdu truc diéu khién, luc 6 tir chi xuat
hién khi rotor c6 sai léch vi tri va rat nhay véi nhiu do rotor
ctia dong co duoc tha long [3-6]. Khi rotor quay s& xuat hién
luc ly tam I6n c6 tan sé ti 18 véi tde do quay va do Ion ti 1§ voi
binh phuong tdc d6 quay. Khi dong co khoi dong vai luc ly
tam khong 16n nhung rotor da bi léch. Khi tbc d6 cang cao lyc
ly tdm cang 16n do vay s& gay dao dong rotor véi bién d6 va
tan sb I6n. Dé triét tiéu dao dong nay bat budc phai thiét ké
mach b nhidu, tuy nhién khi thiét k& ba nhiéu lai van phai
dung sir dung dong dién I6n nén hiéu suit giam di.

Noi dung bai bao nay dé xuat xay dung mé hinh déng co tu
nang khdng I8i thép mai vai stator khong phai 1a 12 thanh dan
nhu trong cac nghién ciu [3-6] ma la cac cap cuon day a-d, b-
e, c-f cudn rai theo chu vi cia stator. Rotor 1a nam cham vinh
ctru ¢6 tir truong phan bé tap trung. V& ciu truc didu khién,
mach vong diéu khién vi tri s& thiét ké c6 thém dong dién gitr
cho roto ludn ¢ trang thai can bang. Khi dong co gia téc, luc
tir s€ gitr cho roto khdng bi dao theo luc ly tam.

2. Mo hinh dong co va dong luc hoc qua trinh

2.1. Dic diém, ciu tao ddng co tw nang khong I5i thép
(SSBM) dwgre dé xuat

Dong co tw nang khong 16i thép dugc dé xuat nhu trén hinh 1.
Trong do, stator ¢6 cau tao dang day cubn, gom 6 bdi day,
cudn dai theo chu vi cua stator r (hinh 1a) véi so d6 trién khai
day quan nhu trén hinh 1b. Stator khong phai 12 thanh dan ma
12 ba cip cuon day a-d, b-e, c-f lech nhau 120° theo chu vi
stator hinh 1c. Rotor 1a mot nam cham vinh ctru phan bé tap
trung.

Hinh 1. Mo hinh dong co (a) So db day din (b), Mb ta cuén day (c)
Do stator cua dong co co ciu tao 1a ddy cudn rai nén khi cip
dong dién vao ba cip cudn day s& xuét hién stc tir dong J. Ta
dat véc to st tir dong J cua cdp cudn day a-d, J cla cép
cudn day b-e va J cuia cap cudn day c-f. Dé tao nén lyc cua 6
tur cling nhu mo6 men quay ta dya trén lyc Lorentz:

F. =B, siny

21)
Trong do:

- Fr(N) 1a lyc tac dung lén day dan thir k tai diém xét
- Bs(T) tir truong ¢ khe hd khong khi
- ka (A vong) 1a cuong do véc to dong dién dang tri chay
qua cac cudn day thu k
-y (rad) la goc 1éch gifra véc to tir trudng va véc to dong
dién dang tri
- £ (m) l1a chiéu cao cua cudn day stator
Dé tao luc day 6 tir ta cdp cho stator dong co dong mét chidu
va dong dién xoay chiéu dé tao mo men. Sau ddy ta lan lugt xét
luc ddy va md men quay.

2.2. Lwe day 6 tir ngang truc

Luc néng cua doéng co tuy nang khong 16i thép duoc tinh theo
luc Lorentz, Ia tich cua véc to tir truong va véc to dong dién
dang tri, co hudng xac dinh theo quy tic ban tay trai. Nhu vay,
lyc nang s& vudng géc véi vée to dong dién dang tri, do I6n
dugc tinh theo nhu biéu thirc 2.2 dudi day:

Fa = BJ&]; sin(B-w)

. 2
F, =B,0J, S|n(ﬂ+?”—z//) (2.2)

Fcf = B5€ch Sin(ﬂ_%_l/l)

Trong d6:

- Fk(N) 1a lyc tac dung cua tir truong Rotor 1én cudn day
k

- Bs(T) tir truong & khe hé khong khi

- ka (A vong) 1a cudng do véc to dong dién déang tri chay
qua céc cudn day. Cudn day thu k ta co:

2

T

- if, la dong dién mot chiéu chay trong cudn a-d dé sinh

3 =Xow ki

luc day )
- Kaq la hé s6 quan day
U .
- p=6 +E (rad) 1a goc léch gitra véc to luc Fad va truc

X
- w(rad)la goc quay cia véc to tur truong Rotor

Hinh 2. B4 thi véc to dong ding tri va véc to luc
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Néu chon truc X tring véi +a ta c6 goc Go=m/4 va goc
37[ r \ LN M . A g A

L =6 +E = Véc to dong dién dang tri, tao hyc 6 tir, léch

pha nhau 120° va khong thay ddi vi tri mac du rotor quay

Tf 7f 7f
NN P &

Ifad ,Ifbe ) lfcf tac dong cua rotor 1én ba cdp cudn day duoc

Theo (2.2) ta c6 ba véc to luc tu

trinh bay trén hinh 2:
Do céc cudn day cb dinh nén ba lyc lfad Fbe,lfcf s€ tao phan

luc tac dong Ién rotor ky hiéu la |fard ,lfbre ,|fc¥ . Ba lyc ddy nay
tac dong Ién rotor giir cho rotor can bé‘gng tao chirc nang tuong
tu nhu 6 tir gitr cho rotor dong tAm. D6 thi véc to phan luc tac
déng vao rotor duoc trinh bay trén hinh 3:

Hinh 3. Véc to phan luc tac dong 1én rotor

Chiéu ba luc 1&n truc X-Y va téng hop luc trén truc X va Y ta
duoc:
F, =] Fo COS( f+0 )+ Fy, C08( B+ A+ )+ g COS( -+ )|

xad

F, =[ o sin(+at)+ Fy sin B+ A+ at)+F sin(f-A+at)]

yad

(2.3)

V6i A=2n/3 va quy wée nhu sau: F;f ¢ chiéu theo (+) truc X,
va F, co chiéu theo (-) truc X. Tuong tu véi luc truc Y: F;

¢6 chiéu theo (+) truc Y, tuc 1a day Rotor theo +Y va Fy_ co

chiéu theo (-) truc Y.
Xét ché do tinh, tir trang thai ban dau nhu trén hinh 4, ot=0
va roto dong tdm cac lyc thanh phan biéu dien nhu trén hinh

avéi I3 =3L =34 =1 taco

- Luc 6 tir theo truc X
F =F +F
FS =Fhg + Fihe (2.4)
Fo= xrcf

- Luc b tr theo truc Y
F = F+ +Fy
F+ be (2.5)

- _ r
I:y - yad + chf

3
Thay (2.4) va (2.5) vao (2.3) véi B = 7” va at = 0Ota co:

- Déi véi truc X:

Fob = Foad + Frobe = kf|0|:00534 +cos(—1—)}
= 0,5k 1,[0,707 - 0,258] = 0,5k 1,,[0,965] 2.6)
Fro = Froct = K¢ [cos%}=—0,5kflo[0,96s]

- DBéivéitruc Y:
Fyo = Fyoad + Fyoor = K¢ Io[sm?’4 +5|nﬁ}
=—k;1,[0,707 +0,258] = -k 1,[-0,965] (2.7)
F = —F e = K¢ O[sm Z”} Ky 15[0,965]

Véi k; =Bgr Valy, =JJ . Tl 2.6 va 2.7 ta thay, khi rotor
ddng tam (sai Iéch vi tri bang 0), ta co:

F

X0

(2.8)

Diéu nay cho thay, d(_)ng co dé sinh ra lyc 6 tir dé giir khe ho
khong khi dong déu. Tir biéu thirc 2.8, md hinh luc 6 tir cua
dong co ty nang khong 18i thép, biéu dién trén tryc X, Y nhu
trén hinh 4a

Hinh 4. D thi véc to luc & tir trén truc X-Y
a. Khi ddng tam b. Khi léch tim

Khi rotor léch tam (Hinh 4b), hé diéu khién s tao ra AF; va

AF; dé khir sai léch theo truc X (AX=0). Lyc AR, va ARy
dé khir sai léch theo truc y (Ay = 0). Tir biéu thic (2.8) ta
thay lyc 6 tir khi Rotor can bang duoc gitr 6n dinh bai hai cip
luc d6i ngau bang nhau (Fx+ va Fx-), (Fy+ va Fy-) tuong tu
nhu 6 tir chu d6ng dung 18i thép.

Khi rotor bi léch tdm nhu trén Hinh 4b xuét hién ‘Sai léch la
Ax>0 va Ay<0. bé khur Iéch tam rotor dua rotor ve vi trj can
bang ta ding giai phap dicu khién dong dién tao ra lyc d¢ kéo
sai [éch Ax=0 va Ay=0. Trén Hinh 4b mo ta diéu khién luc dé
khtr Iéch tdm Rotor. Lic do:

Fx+ = Fy —AF, 2.9)
Fo =Fy +AF, '
Fy =F, +AF, 210)
F, =F,—AF, '

M@ ta luc theo dong dién trén truc X-Y ta co:
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{Fx =kg (1o £AI) 2.11)

Fy =g, (1,0 £ A1, )

2.3. Mb men quay

De tao lyc nang ta sir dung dong dién mot chiéu cap cho cudn
day, nhung d€ tao m6 men quay cho dong co, ta sir dung dong
dién xoay chieu. Xét doi voi ba cap cuon day a-d, b-e va c-f
ta cap cho dong dién xoay chiéu nhu trén phuong trinh 2.12
dudi day:

i, =1, cosy

ig, = 1, cos(y + 27z 1 3)

g =1, cos(y —2x13)

Khi cap dong xoay chiéu vao ba cudn day ta ¢6 ba véc to
dong dién dang tri tao m6 men duoc biéu dién trén hinh 5a:

(2.12)

b)
Hinh 5. B4 thi véc to dong tao md men
Véc to tir thong dong co ¥, trung véi véc to tir truong (truc

1
d)cogiatri¥, = EﬂréB(Wb) .

Ba véc to dong dién r;d ,rJe,r; quay Véi toc do t, ap dung
phép bién doi véc to ta duoc véc to dong dién tong:

I, = 2(1% +ali, +a?1]
- (2.13)

i
a=e 3

Chon vi tri véc to tong trang véi truc q, md men dong co
dugc tinh:

M=k ¥ I, (2.14)
3
Véi Ky ==
i Ky 5

Nhu vay, vé mat vat ly hai thanh phan dong dién tao luc 6 tir
va tao mo men hoan toan doc lap va thoa man tinh xép chong
vi cung dai lugng thur nguyén. Do do, ta c6 dong dién stator
la tong cua hai thanh phan dong dién tao ra luc 6 tir va mo
men quay va dugc biéu dién thanh:

=(IO +Ai, 4 )+i;d
=(I0 +Aib’Ye)+i;e
g = (1o +AI ) +il,

Phuong trinh dong luc hoc vi tri cua hé ddi vai truc X va truc
Y:

(2.15)

F-F, = m%
4 (2.16)

F-F,=m%Y
dt i

Phuong trinh dong luc hoc cua truyén dong dién:
d
M-M, =J-2 2.17)

dt

Trong do:

- x (m) va y(m) la khe ho khong khi ctia dong co tai truc X
vayY

- m(kg) la khéi lugng Rotor

- F,(N),F,(N)Ialyc can chuyén dong truc X va truc Y

- M(Nm) la md men can

- J(kgm?) la m6é men quan tinh Rotor dong co

3. Thiét ké diéu khién cho dong co SSBM
3.1. CAu tric diéu khién

So @6 ciu truc diéu khién cho dong tu nang khong I8i thép

dugc trinh bay trén hinh 6.

- Hg théng diéu khién nay gom c6 hai dai luong can diéu
khién 1a vi tri rotor (x va Y) va toc do dong co (w), tuong
ing v6i hai kénh diéu khién: Biéu vi tri rotor va diéu khién
tde do dong co.

R U . R f
- Hai dai luong diéu khién gdm: Dong dién tao luc nang I,

. . N T 2.
la dong mot chiéu va dong dién tao mé men Ik dé diéeu
khién tég do la dong xoay (;hiéu. Hai dong di¢n nay dugc
dicu khién riéng ré sau do tong hop dua vao by khuech dai
nguon dong cap cho cac thanh dan cua dong co.

- Dai lugng tac dong caa dieu khién toc d6 dong co 1a dong
sinh m6é men I, , tir dong Iy, quy doi ra 17,17 1% qua
khau bién doi toa do. 7 ‘

- Dai luong di€u khién vi tri: Luc 0 tir ludn ton tai ba dong
dién 11,11 .17, tao baluc day Foad, Fove Va Foct tac dong

oad * " obe ?
lién tyc 1én rotor dé can bang rotor trong ca luc rotor dimg
im va ca trong khi dong co chay. Xét trén truc X-Y khi
trang thai rotor can bang ta ludn duy tri luc tir Fyo va Fyo
tdc dong do dong dién lox va loy tao nén. Khi c6 sai léch
Ax#0 va Ay#0, bd dicu khién tao nén dong (1, +Ai, ) va
(1, +Ai,) dé sinh ra luc:
F = Fo +AFGF, = Fyo +AF,
Céc luc Fy va Fy dé khir d6 1éch tim rotor. Dong dién lox
va loy trén truc X va Y duogce sinh ra tir dong cua ba cudn
dé'y Iafdo = Ibfeo = Icio = I0f '
Dong dién cap cho dong co bao gdm dong mét chiéu tao luc
nang va dong xoay chiéu sinh mé men dugc thé hién nhu trén
phuong trinh 3.1.

o f : : 3.1

lad :(Io +A|ad )+I;lrd (3.1)
f - -

be :( Io +Alyg )'H;-d

ok f - .

Iee :(Io +A|ad )'H;\rd

Phén cimg cua hé didu khién gém: Ba bo khuéch dai nguép
dong, ba thict bi do dong, hai thi€t bi do vi tri (khe hd) va thict
bi do gdc quay, toc do dong co.
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Céu tric djéu khién dong co tu nang khong 16i thép dugc thiét
ke theo kiéu noi tang (Hinh 6):

|
Al ° RIad
Y Algg + I;d +
- a-d,b-e,c-f » |J .
> —> > >
|
o] 0
.;z RIbe
& i + o
= S e il
& > - > -
1, 1-| EF
=3 Iy
Rlcl
Al Ay + le + '
XY A, -|-|J
Reslover
lag
cosy
Y . T
2 4 Bodidu | 'sm ) lbe
2 . 7 |
khién » cos(y +—)
_ tée do 3 T
o Icf
@ cos(y ——),
3
A
v
drdt [

Hinh 6. Céu truc diéu khién dong co tw nang khong 16i thép

- Mach vong trong diéu khién dong dién cép cho ba cap
cudn day. Do hai dong nay doc lap véi nhau nhung lai
cling cung cép cho ba cap cudn day stator, vi vy ta thiét
ké mot mach vong trong chung cho ca hai dong dién. Mat
khac, dong dién tao luc nang la dong mét chiéu va dong
sinh md men la dong xoay chiéu nén dé diéu khién hai
dong nay ta thiét 1ap mach vong dong dién chung thiét ké
theo kiéu “bang-bang”. Luong dat dong dién gdm hai
thanh phan 1a dong dién tao luc va dong dién tao md men
quay.

- Mach vong ngoai gdm hai kénh: Kénh diéu khién vi tri
Rotor v6i bd didu khién vi tri c6 diu ra la dong dién, qua
bién dbi toa do (2.6) ta duoc dong du ra. Kénh didu khién
téc d6 Ro v6i dau ra bo diéu khién tdc do 1a bién do dong
dién cua dong dién tao mo men, qua bd bién ddi toa do ta
¢6 duoc tinh toan thong qua (2.8). Tong hop hai tin hiéu
dong dién ta c6 dong dién dat cho mach vong dong dién
(2.9).

Phuong phap thiét ké diéu khién: Ta thiét ké mach vong trong
sau d6 thuc hién vong ngoai. Thiét ké riéng r& timg kénh c6
mb phong kiém chimg, sau d6 tong hop thanh hé dé mé phong
danh gia.

3.2. Tong hep hé diéu khién cho dong co SSBM

a. Tong hop mach vong dong dién

Viba dong di¢n iad ’ibe ,icf la dong xoay chiéu nén ta s& chon

bo diéu khién dugc chon 1a bd diéu khién kiéu “bang-bang”
v6i ba kénh cho ba dong dién va chon A =+5%l,,. Mach
vong dong dién s& dap ung véi hai dai lwong: Tan sb va bién
d6. Khi khoi dong dong co hai dai luong nay déu bién dong.
Tuy nhién dé don gian ta s& md phong doc lap dai luong bién
d6 dé danh gia dap ung cua mach vong. Do dién cam cua mach
phan g dong co rat nho (do khong c6 13i thép) nén dap ung
hé rat nhanh.

Do ba bg diéu khién c6 tinh chat giéng nhau nén trong ngi
dung bai bao nay chi trinh bay b diéu khién dong cap cho cip
cudn day a-d nhu trén hinh 7:

Ead

\i
=

I, —AA+A -
‘ AL Uad 1 Iad‘
+ 9 ¥ R(1+s7) o

Hinh 7. Cu trac bo diéu khién dong cho cudn a-d
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Bap tring dong dién b Bang-Bang

fs I
I -
Dong thue
08 1 — — -Déng dit
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©
204l
=]
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Hinh 8. Pap ting bién d6 dong dién ¢ tan sb cb dinh

Trong d6:
- Ua (V) la dién ap
- Ea(V) 12 stic dién dong
- R(Q) dién tro cudn day
- L ladién cam cuon day
- la (A) 12 dong dién tong dang tri
Dap tng bién do dong dién ¢ tan s6 ¢6 dinh nhu trén hinh 8:
Nhan xét: Didu khién bién d6 dong dién theo kiéu“bang-bang”
¢6 tac @ong nhanh, thoi gian dap ang la 5ms.

b. Tong hop mach vong diéu khién v; tri
Mach vong diéu khién vi tri Rotor gdbm c6 cac dai luong sau:
Vi tri (xy), toc do chuyén dichv, = y;v, = x; hang so thoi

gian mach vong kin dong dién T, hé sb ty 18 luc va dong dién
kfx 1kfy. Phan dbi twong co dong dién lo dé tao luc gitr rotor
laFo

B6 diéu khién
Vit M F.

Ham truyén ddi twong mach vong diéu khién téc do quay cua
dong co ty nang khong 18i thép:

_ o 1

(M-M,) Js

M knj‘lfr (3.4)
I7:l+sTi

sm

Trong d6: J (kgm?) md men quan tinh dong co

*

@ Ul 4 k 1
a . 1T Mmook J—
— [dN/dt— _ R, > ST W, - Is

<
1
S

Hinh 10. C4u trac didu khién mo men
Vi gia thiét trén mach vong diéu khién toc d6 dong co SSBM
la tuyén tinh théng s6 khong ddi, twong tu nhu cac dong co
xoay chiéu diéu khién véc to théng dung. Ta c6 thé ap dung
tiéu chuan md dun ti wu dé tong hop bo didu khién téc do.

Ta dugc ham truyén bo didu khién téc do 1a Pl cy thé:

1+ sz,

Fro(8) =kg (3.5)

TR

Vi k=i =4,

m it

4. Mo phéng
4.1. M6 hinh m6 phéng

Céc thong sé sir dung dé mé phong hoat dong cua dong co
dugc dua ra nhu trén bang 1 nhu sau:

Bang 1: Thong s6 dong co SSBM

hig Gid tri Y nghia
iéu
Bs 049T Mat d6 tr truong cu dai
m 0.04 kg Khoi lugng rotor dong co
w 55 vong S6 vong day quan stator r
Hinh 9. C4u tric diéu khién vi tri PD c6 hai mach vong ndi song song r 0.011m Ban kinh rotor
8 0.005m Khe hé khong khi
Mach vong diéu khién vi tri rotor duogc thiét ké c6 ciu tric 4 0.02m Chiéu dai cugn day
dang PD hai mach vong ndi song song (Vi tri va téc do chuyén R 32Q. Dién tré cudn day
L 0.061mH Dién cdm cudn day

dich). Tong hop ta ¢6 tham s6 hai bo diéu khien:
- Diéu khién toc do chuyeén dich vi tri Rv(x,y):

m
Koo =
R 2k T,
3.2
 _.m (3.2)
RY 72k T,
- Diéu khién vi tri R(x,y):

kRX:i;TVXZZTi

T,

1“ (3.3)
kRy =—;Tvy :2Ti

2,

c. Tong hop mach vong diéu khién téc dg cho dong co
SSBM

4.2. Kich ban va két qua md phéng

Dé kiém chung vé thiét ké mach vong diéu khién vi tri ta mé
phong danh gia, kiém tra vé tic dong cua luc dé dua rotor vé
vi tri can bang. Sau d6, kiém tra dap tmg vé dong dién sinh ra
mé men quay cua dong co va dap tng tée do cua dong co.

a. M6 phéng mach vong diéu khién vi tri

Pé kiém chiing vé thiét ké mach vong vi tri ta di mo phong
kiém tra danh gi4 trong cac trudng hop sau:

- Xét mach vong dieu khién vi tri khi dong co dung im, sai
léch ban dau theo hai truc x, y dwoc dat lan luot 1a x=
+0.3mm, y= -0.3mm va chua c6 dong dién tao lyc gir
lx=0 V& lo,=0 (Hinh 11).



Measurement, Control and Automation

55
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Hinh 11. Bap mg vi tri khi x=+0.3 mm va y= -0.5mm, va dong tao
lyc gitt Rotor lox=0 va loy=0
- Khi c6 dong dién tao lyc git 10x=0.8A va l,=0.8 (Hinh
12):

Dap teng vitri truc x, y

T
= Delta X
0.3 T
E Delta Y
s 02 |
©
= 0.1 7
a
- 0
=
S04 s
7]
Doz ,
=
=
=-0.3] |
| I I | | I | | I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Hinh 12. Bap g vi tri khi x=+0.3 mm va y= -0.5mm, va dong tao
luc gitr Rotor 1ox=0.8A va loy=0.8A
Nhan xét: Khi khdng c6 dong tao luc giir lo, vi tri 6n dinh sau
khoang 0.08s va co sai léch tinh Ax=1.8mm va Ay=1.8mm.
Khi ¢6 dong tao lec giit lo, vi tri 6n dinh sau khoang 0.08s
nhung khong c¢6 sai 1&ch tinh.

b. Pdp iing toc do cia dong co khi khéi dong, lam viéc on
dinh va dao chiéu
Speed response
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Hinh 13. Béap ung téc d6 quay ciia dong co SSBM

C. Pdp ttng dong dién sinh moé men quay dong co
Current characteristics

S

)

Current Im (A)
h o

IS

&
T

: : ; : : : 4
1 2 3 4 5 6 7
Time (seconds)

_Hinh 14. Pép tmg dong dién cia dong co SSBM
bap ung toc do va dong dién sinh mé men quay la tot phu hop
v6i dong hoc ciia mach vong diéu khién téc do.

=)

5. Kétluan

Noi dung bai bao di phan tich qua trinh dong hec hoc cac qua
trinh sinh mé men va lyc ndng caa md hinh mai cho dong co
tu ndng khdng 16i thép, véi rotor co tir truong tap trung va
stator c6 day cuon rai. Bai bao cling da gisi thiéu mot cach
tiép xay dung md hinh todn hoc méi dé tir do dé xuat cau tric
diéu khién méi véi dong duy tri tao luc 6 tir lién tuc. Viéc thiet
ké hé diéu khién véi cau tric mach vong trong diéu khién
dong dién kiéu “bang - bang”, mach vong ngoai hai kénh:
Kénh diéu khién toc do véi bo diéu khién P, kénh diéu khién
vi tri vai bo diéu khién PD cau tric song song da dwoc kiém
chirng qua mé phong. Két qua mé phong cho thay: Biéu khién
toc do khi khoi dong va dao chicéu c6 dap tng tot; Diéu khién
vi tri cho két qua dap tng yéu cau hoat dong cia dong co.
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Abstract

Series elastic actuator (SEA) has been widely seen in various fields, including the industrial and rehabilitation fields. This is due to the
need for safety in human-robot interactions. However, a challenge that the SEA robotic arm faces is the robot's vibration due to the flexibility
of the joints. This leads to a decrease in accuracy when controlling the robot's position. This article proposes a Li-Slotine based backstepping
control algorithm to address this issue. At first, the Li-Slotine based controller is designed for the rigid joint robot. Next, the backstepping
technique is used to design the controller for the SEA robot. The designed algorithm guarantees the system stability, and the vibration of the
robot joints is suppressed. The simulation results show the effectiveness of the proposed method.

Keywords: Series elastic actuator, backstepping control, Li -

Slotine control, adaptive control, flexible system

Tém tit

Sy phé bién canh tay robot khop mém dang duoc théy o trong
nhidu linh vyc khac nhau, bao gom cong nghiép va y té phuc hdi
chirc ning. Didu nay dén tir yéu ciu v& an toan trong viéc tuong tac
gilta con ngudi va robot. Tuy nhién, mot vin dé gip phai véi canh
tay robot khdp mém 14 sy dao dong cua robot do tinh linh hoat ciia
céc khdp. Didu nay gy ra suy giam trong do chinh xac khi diéu khién
vi tri ciia robot. Bai bao nay dé xuit mot thudt toan diéu khién cubn
chiéu dua trén thudt toan thich nghi Li-Slotine dé giai quyét vin dé
nay. Diu tién bo didu khién thich nghi Li - Slotine dwoc thiét ké cho
phan dong luc hoc canh tay, tiép d6 k¥ thuat Backstepping dugc sit
dung thiét ké luat didu khién dua vao robot khép mém SEA. Thuét
toan nay dugc thiét ké dé cai thién do chinh x4c trong viéc didu khién
vi tri ciia canh tay robot khdp mém. Két qua mé phong da cho thiy
15 hiéu qua cta phuong phap dé xut.

1. Gi6i thi¢u

Hién nay véi xu thé phét trién cua xa hoi, c6 rat nhiéu loai
robot dang ngay cang tién tién, robot tro thanh cdng cu khdng
thé thiéu trong cac nha may, xi nghiép hay trong cac linh vuc
khoa hoc nhu y té, sinh hoc,... ¢6 muc do ty dong hda cao.
Trong s6 d6 dac biét hon ca phai ké téi robot khép mém SEA
(Series Elastic Actuator - SEA) [1], v6i wu diém an toan trong
tuong tac vat Iy gitra con nguoi va ngudi may [2]-[4]. Su khéc
biét giira robot khép mém SEA va robot truyén thong la hé
théng robot khép mém SEA st dung 16 xo 1am co ché truyén
lyc tir dong co t6i thanh ndi robot. Co ché hoat dong cua robot
khép mém kha phirc tap vi n6 1a sy két hop ciia ba yéu t: ty
s truyén, d6 dan hdi cua 16 xo va tée do dong co va mo-men

xoan. Chinh mdi quan hé chiat ché cia cac yéu t6 da lam cho
robot khép mém SEA dan tro thanh robot dugc ing dung rong
rdi trong cac linh vyc doi hoi d¢ chinh xac cao nhu y té, ky
thuat, robot dang nguoi,... Ciing chinh vi hé théng 16 xo dan
hoi nay khién cho robot khop mém SEA bi dao dong trong
qué trinh chuyén dong dan dén suy giam do chinh xéc trong
diéu khién vi tri cua robot. Vi vay da c6 rat nhiéu dé tai nghién
ctru duoc dé xuat dé gidp robot khép mém SEA duoc van
hanh tt hon.

Nhiéu thuat toan diéu khién khac nhau da dugc gidi thiéu
dé kiém soat va diéu khién cac hé théng robot khdp mém SEA
va dat duoc hiéu qua nhét dinh [5], [6]. Mot vai nghién ciru
gan day tong hop bo didu khién &p dung ky thuat diéu khién
phi tuyén nhu diéu khién truot [7], [8], diéu khién cubn chiéu
backstepping [9],... cho hé théng robot khép mém SEA.
Nhung céc luat diéu khién nay chua hoan toan dap ung dugc
yéu cau cua hé thong nhu véi by didu khién cudn chiéu
backstepping luon doi hoi tham sé md hinh chinh xac, bo diéu
khién truot ludn ton tai nhwoc diém xay ra hién twong
“chattering” va ciing phu thuc tham sé mé hinh.

_ Trong bai béo nay dé giai quyét cc van dé trén, chling toi
de xuat phuong phap thi€t ke dieu khien thich nghi Li-Slotine
dua trén ky thuét cuon chicu ap dung véi md hinh robot khép
mem. Luat thich nghi Li-Slotine cho phép h¢ thong co the
thigh nghi véi su thay doi thong so md hinh. Ky thuat thiet ke
cudn chiéu cho phép dé dang thiét ke b dieu khién két hop
voi luat thich nghi Li-Slotine. Cac két qua nghién ciru dugc
kiém ching thong qua mo phong 50 i

Phan con lai cua bai bao bao gdém nhitng phan: M6 hinh
toan hoc cua robot khép mém SEA dugc trinh bay trong phan
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2. Trong phan 3, quy trinh thiét ké b diéu khién s& duoc dién
giai chi tiét. Viéc chang minh tinh 6n dinh cua hé thong su
dung bo didu khién d& xut ciing dugc trinh bay trong phan
nay. Céc két qua mé phong kiém ching thuat toan didu khién
dé xuat duoc mo ta trong phan 4. Két luan va huéng nghién
ctu tiép theo dugc trinh bay trong phan 5.

2. M6 hinh toan hoc

Trong bai b&o nay, ching tdi sir md hinh canh tay robot
dan hoi hai khép, vé6i co cdu khop va 16 xo duoc thiét ké nhu
trong Hinh 1. Cac két qua ciia bai bao hoan toan c6 thé mo
rong ra cho robot N khap.

Hinh 1: M6 hinh c4nh tay robot khép mém hai bac ty do

batlaq = [gﬂ vector goc khép cua canh tay robot, 6 =

011, .2 ,.x .
[ 91] bicu dien vector goc cua dong co, khi d6 dong nang cua
2
hé dugc tinh nhu sau:
1. R e
Wa =24"D(q)q+567J0 (1)

Trong d6 D(q) la ma tran quén tinh cua lién két va J 1a ma
tran quan tinh ctia dong co duoc xac dinh lan luot nhu sau:
_[mylE +my(2 + 1% + 2Ll cosq,)  a

a myl?,

7, 0

voi a = my(14, + Uil cos qy), va ] = [6 J
2

D(q)

Y nghia cu’q cdc ky hiéu nhu sau:

my. khoi lwong lién ket thir nhat (kg)

my: khoi lwong lién két thir hai (kg)

1, chiéu dai lién két thir nhdt (m)

L, chiéu dai lién két thir hai (m)

1oy chiéu dai goc toa dé dén tam lién két thir nhdt (m)

lo, - chiéu dai goc toa do dén tam lién két thir hai (m)
Thé ne‘u}g ctia hé bao gdm thé ning trong truong va thé

nang dan hoi dugc xac dinh:

P =p(q) +%(q - 0)TK,(q — 6)
Ko 0
0 K
p(q) 1a thé nang trong truong,
p(q) = (myl, + myly)gsing;.

O]

Trong d6 K, = ] 14 ma tran d6 cang 10 xo, va

Str dung phuong phap Lagrange voi L = W; — P
d 0L 0L (3)

Sau d6 phuong trinh dong luc hoc cua h¢ duoc xac dinh
nhu sau:
D(g)g +C(q,q)q + G(q) = K;(6 — q) 4)
J6+ K0 —q)=u ®)
Trong d6 thanh phan ma tran trong trwong G (q) dugc bicu
dién:
G(q) = [QCOS(CI1)(m1lc1 + myly + mygle, cos(qy + CIZ)]

. m,gle; cos(qy + qz)
Va thanh phan ma tran Clorios va huéng tdm c6 dang:

C= [_mzl1lc2 sin(q2) g, —mylil, sin(q2) (41 + §2)
mylyle; sin(q2) ¢, 0

3. Thiét ké bo diéu khién

Xét mo hinh toan hoc caa hé robot khop mém N bac ty do
nhu sau:

{D(Q)fi +0(q,9)q +G(q@) = K6 —q)

JO+K,(6—-—q)=u

Do xuét hién khau lién két mém (10 xo0), goc dong co 6 s&

khong giéng vai goc khép g. Muc tiéu diéu khién 1a 1am cho

6 hoi tu dén mot ham (gia sir 8,), dong thoi 6 dugc 4p dung

lam dau vao cho dong luc lién két, s& diéu khién g tién dén

(6)

qq- TU nhitng phan tich trén, ta dua ra phuong an sir dung ky
thuat cudn chiéu dé thiét ké diéu khién cho robot khop mém
SEA. Robot s& duoc xem xét nhu robot khép cing va bo didu
khién thich nghi Li-Slotine s& duoc thiét ké cho robot. Sau do
k¥ thuat cudn chiéu dugc 4p dung dé thiét ké ra bo didu khién
cudi cung.

3.1. Thuat toan Li-Slotine

Xét phuong trinh dong luc hoc cta tay may c6 céc tham
s6 hang bat dinh véi dau vao Ug. Phuong trinh dong lyc hoc
cua robot duogc viét dudi dang:

D(q)g + C(q,q)q + G(q) = Ug (7

Dit sai léch vi tri (g, Vi tri dat) va sai léch van téc trong
khéng gian khop la:
€3 =qq —q, éq=Qd_q
Str dung bo diéu khién thich nghi Li — Slotine nhu sau[10]:

Ug = D(q)v + C(q,§)v + G(q) — nar )
=Y(q,q,v,v)p —ngr

Trong do6:

- D(q),C(q,4),G(q) la cac thanh phan uéc luong cia
D(q),C(q,9).G(q),

- v=qq +AQqq—q) = 4q + ey,

B T=€'q+A€q=('Ia—C'I+A(CIa—fI)=U—f'1,

- 14 matran doi xung, xac dinh duong tuy chon,
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- A =diag(4;) matran dudng chéo xéc dinh duong, [P1] myl2, + my(12 + 1)
- P la udc lugng ma tran tham s6 mo hinh p véi p duogc [P2] mylyle,
biéu di&n véi robot 2 bac tw do nhu sau [11]: p=|prs|= m,lZ%, 9)
[m‘ myly +myly
Ps myley

Y() =

0 V1 €OSq, + 1V Sinq,

Vi luat diéu khién (8) ta co6 phwong trinh dong luc hoc

kin cua hé thong:

Di+CGg+G=Dv+Cv+G—ngr (11)
Dat:{‘?zv_r {rzv_‘.’
g=v-—r r=v-—g

va sai léch gitra cac gia tri that va gi tri udc lugng nhu sau:

D=D-D;C=Cc-CG=G-G;p=p—7p;

Vi viéc dat nhu vay phuong trinh déng luc hoc kin cua
hé thong robot trg thanh:

Di+Cr+n,r=Dv+Cv+G=Y(qqv,v)p (12)
Nhan hai vé phuong trinh véi r” ta dugc:
rTDF +7rTCr+7Tnar =r7Y(q, ¢, v, v)p (13)
Mat khac trong robot ma tran C — %D 1a ma tran phan dbi
xtrng (skew-symmetric), nghia 1a 7 (C - iD) r=0.Do d6
rICr = %rTD'r. Phuong trinh (12) tro thanh:

1 ...
r'Dy + ErTDr +1Tngar=7TY(q,q4,v,9)p

1 1 .. 1
& ErTDf‘ + ErTDr + EfTDr
. T .
+ (eq + Aeq) Na (eq + Aeq)
=r"Y()p
1 L T T . .T
& ErTDr + ErTDr + ErTDr + €, Naéq + €4 Nalegy
+ 6, ATnqe, + el ATng e,
=1"Y()p
d /1
e a<ErTDr + egATndeq)
= —¢,"n4€, — el ATn e,
+rTY()p
Dé xuat ham Lyapunov nhu sau:
1 1
Vi = ErTDr +egA'nqe, + EﬁTF‘lﬁ (14)
Khi do
. d /1 .
V= E<ErTDr + egATndeq) +pTT 15 (15)

Dy €osqy (201 + D) — sing,(q2vy + q1v; + Gov,) Uy

- Y(q,q,v,7) viétgon Y (-) va dwoc md ta vai robot 2 bac
tu do nhu sau [11]:

g CoS q4

gcos(q; + qz)

g cos(q; + qz)

Ve = —e‘ande'q —ef ATngle, +rTY ()P
+p' TP
PéV <otachonr’Y(p+pT"H=0
Hay, p"(Y"Tr —T'(® —$)) =0

Do ma tran tham s6 mo hinh 12 hang s6 p = const nén p = 0,
tir do6 ta c6 dugc luat cap nhat tham s6 mo hinh nhu sau:

p=—-p=TYr
3.2. Thiét ké diéu khién sir dung ky thuat cuén chiéu

Tir (6) ta viét lai phuong trinh dong luc hoc robot khop mém
nhu sau:
D(q)g +C(q,9)q + G(q) + Ksq = K0

JO+K,(60—-q)=u

(16a)
(16b)

Datxl = Q,XZ = J'Cl = 9.
Bwéc 1: Gia st x, 1a tin hiéu dau vao diéu khién trong
phuong trinh (16a). Chon tin hiéu diéu khién ao nhu sau:

x1q = K,Ug +q (17)
Khi d6 véi luat diéu khién Li-Slotine, ¢ — q,.

Buéc 2: Dé x; - x,4, ta dat bién sai léch e; = x; — x94.
Chon ham Lyapunov

1
V1 = VR + EelTel (18)

bao ham V; thu dugc:
Vl = VR + efel (19)
Vl = _e.qTT]de.q - egATnd/leq + €1T(x2 — X1q)
D&V, <0tacan cox, — x4 = —K;e; Voi K, 12 ma tran

duong chéo xac dinh duong. Suy ra ta c6 luat diéu khién ao
nhu sau:

Xoq = %14 — Ki€4 (20)

Buwéc 3: Bé x, — x,,4, tadit bién sai léch e, = x, — x,4 , khi
do:

€y =Xy —Xpq = ]_1(u — K (xy — CI)) — X2q (1)

Pao ham cua V; dugce tinh nhu sau:
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Vy = —€, nq€, — el ATnaley + el (x; — %14)
= —éandéq —ef ATngle, + ef (xpq + €3 — X14)
= —€; nq€q —egATngleg + ef (k1q — Kie; + e; — %14)
= —¢,"nq€, — el ATnale, + e, (—Kyie; + €3)
Chon ham Lyapunov
V=V + %ezTez (22)

bao ham V, ta dugc
V, =V, +ele,
= —e'ande'q —egATngle, + ef (=Kieq +e;) + ejé;
= —¢, nq€, — el ATy Ae, — el Ky e,
+ ezT(e1 +]_1(u — K (x, — Q)) - J.Czd)

Pé V,<0 can J Y (u—K(x; —q)) —dpq ey =
—K,e, véi K, 1a ma tran duong chéo xac dinh duong.

Tir d6 ching ta d& xuat luat didu khién nhu sau:

u=J(%q —e; — Kze3) + Ks(x; — q) (23)

4. Két quaz md phéng

bé kiém nghiém hi¢u qua cua thuit toan diéu khién dé
xudt, md phong trén Matlab-Simulink dwoc tién hanh. Trong
md phong nay, ching toi sir dung mo hinh robot khép mém
hai bac tu do véi cac sé mo hinh duge thé hién & bang sau:

Bang 1: Thong s md hinh hé théng robot khop mém

Khép Khép 1 Khép 2
Thong sb
Do cing 10 xo Ky = 40 K, =25
K(N/m)
Do dai lien két L, =025 l, =0.25
I(m)
Do dai thm I,(m) | I, = 0.125 lz = 0.125
Momen quén tinh J, = 0.0185 J, = 0.0218
dong co J (kg/m?)

Dé danh gia chat luong bo diéu khién, bai bao kiém chimg
tinh 6n dinh, kha ning bam tin hiéu dat trong trudng hop c6
ton tai sai léch mo hinh hé thong. Gia str chung ta diéu khién
canh tay robot tir vi tri ddu tién g, = [0 0] (rad) chuyén
dong doc theo quy dao 2—1—2 dén vi tri cudi q. =
[2.4 2.6] (rad). Md phéng dugc thuc hién véi 2 trudong hop
1a md hinh thong s6 1y twong va mo hinh c6 sai léch thong sd
mé hinh.

4.1. Véi treong hgp mé hinh ly twéng

sai léch vi tri khép 1 (rad)

sai léch van téc khop 1 (rad/s)

I
o
T

N
T

o
3
T

o

vi tri khép 1 (rad)
o
T

Vi tri dat
== == yjtri thye khop 1
L L I 1 I

3 4 5 6 7 8
thoi gian (s)
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©
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&
>
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o
©

van téc dat

= = +van tbc thyc khop 2
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Hinh 2: Két qua md phong trong truong hop khéng co sai 1éch mé hinh

Trong truong hop véi md hinh 1y twong, dap tng vi tri va
tbc do van 6n dinh va bam theo tin hiéu dat cho thiy bo diéu
khién phd hop véi mé hinh hé thdng nhu trong hinh 2. Sai
léch vj tri cac khdp rat nho (nhé hon 0,015 (rad) véi khop 1
va 0,004 (rad) vé&i khop 2). C6 thé thay tin hiéu md men cac
khép tang dot bién tai cac diém gia téc thay doi dot ngot. Diéu
nay 1 do thanh phan dao ham trong thuat toan diéu khién. O
day cac thong sd diéu khién dwoc chon sao cho bién do dau
vao khong qué lon.

4.2. Véi trwong hep sai Iéch md hinh 10%

Trong truong Véi sai léch tham sé mo hinh 10%, dap tng
vi tri va toc do van 6n dinh va bam theo tin hiéu dat cho thiy
chit lugng bo diéu khién rét tét, dap tmg duoc véi sai léch md
hinh nhu thay trong hinh 3. Sai léch vi tri téi da ldc nay la
khoang 0,04 (rad) vei khop 1 va 0,007 (rad) véi khép hai. Nhu
vay thuat toan diéu khién dé xuat da ching to kha nang thich
nghi véi sy thay ddi ciia mé hinh d6i twong. Thuat toan thich
nghi Li - Slotine két hop diéu khién cudn chiéu dugc dé xuat
cho robot khép mém moét lan nira khang dinh tinh chinh xac
va tinh phu hop trong trueong hop nay.

Dé kiém chung kha nang cua thuat toan dé xuat, sai léch
mb hinh dén 50% da dugc xem xét. Két qua cho thiy hé thong
van lam viéc 6n dinh khi c6 sai léch mé hinh. Tuy nhién khi
sai léch mo hinh ting 1én thi sai 1&ch téi da gitra vi tri dat va
vi tri thyce cling tang 1én.

5. Kétluan

Bai bao trinh bay diéu khién vi tri cua robot khép mém sir
dung thuat toan dicu khién thich nghi Li - Slotine két hop voi
k¥ thuat thiét ké diéu khién cudn chiéu. Cac két qua md phong
cho thdy bo diéu khién cho chit lugng didu khién tét ngay ca

khi md hinh hé thdng ton tai sai léch. Trong tuong lai, thuat
toan diéu khién dé xuét s& dugc so sanh vai cac thuat toan
diéu khién trude day dé c6 dugc mot cai nhin chinh xac hon
vé hiéu qua ctia thuat toan dé xuat. Hién tuong xuét hién thanh
phan dao ham trong thuat toan diéu khién ciing can phai xem
xét, ma mot trong nhiing giai phap la sir dung bé loc thong
thip thay thé. Cac thuc nghiém trén robot khép mém SEA
thuc té ciing s& duoc tién hanh. Thém vao o, bai toan két hop
diéu khién luc va diéu khién vi tri cling can dugc xem xét dé
tan dung duoc wu diém cua robot khép mém SEA trong céc
ing dung lién quan dén tuong tic véi con nguoi trong linh
vuc cdng nghiép va phuc hdi chirc ning.
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Hinh 3: Két qua mo phong trong truong hop 6 sai 1éch mé hinh 10%
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Abstract

In recent years, load monitoring plays an important role in energy saving and smart grid development. However, detailed monitoring of
individual loads requires a huge number of measuring devices, leading to a lot of difficulties in investment, development and management.
To solve this problem, non-intrusive load monitoring technique which apply machine learning algorithms allows to identify individual loads
consumptions base on total consumption data, thereby significantly reducing the number of measuring devices and investment costs. In this
paper, through the application of machine learning algorithms, we analyzed the energy consumption dataset of an apartment with total and
break-down consumption data. The result point outs difficulties and potentials of applied machine learning in the energy disaggregation.
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Tém tit

Nhing nam gin day, giam sat st dung dién nang dang tré thanh yéu
t6 then chdt trong dinh huéng tiét kiém ning lwong va phét trién ludi
dién théng minh. Tuy nhién, dé giam sat va theo dai chi tiét cac phu
tai thanh phan cin mot lugng I6n thiét bi do dém, tir d6 dén tai kho
khin vé diu tu, trién khai va quan 1y. Dé giai quyét van dé nay, giai
thuat Giam sat tai khong xam nhap (NILM) ang dung k¥ thuat hoc
méy (ML) cho phép xac dinh phu tai thanh phan dua trén dit liéu do
téng tiéu thu dién, qua d6 giam dang ké s6 lugng thiét bi do dém va
chi phi du tu. Trong bai bao nay, théng qua itng dung cAc giai thuat
Machine learning, nhém nghién ctru da phéan tich b dit liéu tiéu thu
dién ning ctia mdt cin ho vé6i cac phu tai tong va thanh phan da dang.
Két qua cua bai bao da chi ra nhitng khé khin va tiém ning trong
viéc ung dung hoc may phan tach phu tai thanh phin tir tong tiéu thy
dién nang.

1. Gi6i thiéu

Nham tng phé véi bién dbi khi hau va s néng 1én toan cau,
sur dung hiéu qua nang lugng ngay cang tré thanh mot trong
cé4c tiéu chi dwoc quan tdm trong cac dy an vé ning luong.
Nhitng nam gan day, Chinh pha Viét Nam da ban hanh hang
loat cAc quyét dinh va chuong trinh qudc gia vé sir dung ning
lugng tiét kiém va hiéu qua. Dac biét, cac dong ho théng minh
va hé thong giam sat nang lugng dong mot vai trd quan trong
trong cac muc tiéu vé quan Iy, hiéu qua nang lugng. Thuc té,
viéc phan hoi cac thong tin vé tiéu thu ning lugng dén nguoi
duing c6 thé gidp tiét kiém nang lugng 1én dén hon 14% tong
luong dién nang tiéu thy [1]. Tuy nhién, viéc trién khai cac hé

thdng giam sat nang lwong theo cach truyén thong can mot sé
lwong cac thiét bi giam sat ning lwong, din dén kho khin
trong dau tu, trién khai va quan ly. Vi vay, ky thuat Giam sat
tai trong khong xam pham da ndi 1én nhw mot giai phap tot
nhat dé déap ing céc yéu td ky thuat, dong thoi giai quyét cac
van dé chi phi dau tr va quan 1y nhod s lwong diém do can
trién khai thap hon.

Giam sat tai khong xam nhap (NILM) la mot qué trinh phan
tich dir liéu dién nang tiéu thu tong va dua ra cac thong tin
tiéu thu dién cua tirng thiét bi trong hé thong dién. Trong giai
doan dao tao, mot md hinh hoc may duoc lya chon dé dao tao
v6i bo dir liéu bao gdm dir liéu tiéu thy cua tai thanh phan.
Sau d6, mo hinh da dwoc dao tao s€ sur dung dé dua ra cac du
doan vé tai tiéu thu thanh phan dua trén di liéu tiéu thu téng
dugc cung cip cho md hinh.

Trong bai bao nay, ky thuat gidm st tai khdng xam nhap dugc
nghién ctru dé du doan tiéu thu dién cua mot can ho tai Ha
Noi. Trong phan diu tién cua bai bao, phuong phap luan cua
ky thuat gidm sat tai khong xam nhap duoc dua ra. Sau do,
cac md hinh NILM s& dugc xay dung tir bo thu vién Scikit-
learn vai céc thuat toan hoc may théng dung va duoc t6i uu
hoa cac siéu tham s6 nham gia ting d¢ chinh xac cua két qua
du doan. Két qua thu dugc cho thay cac thach thirc ciing nhu
co hdi trong viéc ap dung hoc may phén tach phu tai dién.
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Hinh 3: Trich xuét dic trung [4].

2. Qué trinh thuc hién cia giam sat tai khong
xam nhap

K¥ thuat NILM dugc xac dinh ¢6 4 bude c}}inh, bao gém:
Giam sat tiéu thy, xac dinh sy kién, trich xuat dac trung va
phan loai tai [2].

2.1. Giam sét tiéu thu

Budc dau tién cua ky thuat NILM 1a thyc hién do va thu thap
dir liu. Thong tin duoc thu thap 1y twéng nhét 13 thdng tin vé
dién 4p va dong dién tiéu thu véi tan s6 cao. Tuy nhién, da
phan thiét bi thurong mai cho muc dich giam sat va quan ly
ning lugng toa nha déu c6 toc do Iy mau thap (0.2-1Hz), do
vay cac thdng tin khac nhu cong suét tac dung, cong suét phan
khang, hé s cong suat hay cac dac tinh V-1 khac ciing s& dugc
xem xét dé thu thap.

2.2. Xac dinh sw kién

MGi khi thiét bi dién trong hé thdng duoc thay ddi sang mot
trang thai khac (chuyén tir trang thai tat sang bat hoac chuyén
sang mot trang thai hoat dong méi) s& gay ra cac thay doi trong
trang thai dién. Dya trén md ta trong Hinh 2, k§ thuat NILM
thuc hién xac dinh su kién trén bing cach phan tich cac thay
dbi trong céac thong sé do dac dwoc. Thong thudng cé hai
phwong phap duoc st dung dé phat hién su kién [6]:

Active Power in W

Hinh 4: Phan loai tai [5].

e Phuong phdp phat hién canh la phuong phép xac dinh sy
kién thong qua nhiing thay dbi trong cac thong sé dién
nhu cong suét, dong dién, song hai,... Phuong phéap nay
doi hoi xdy dung nhitng bd phat hién su kién phirc tap.
Ngoai ra bo dir liéu tan suit cao dugc khuyén nghi dé
tang mirc d chinh xac khi xac dinh céc su kién.

e Phuong phap xac suit 1a phuong phap don gian hon
trong viéc xac dinh cac su kién. Hé théng thuc hién ghi
lai c&c thay doi gié tri cong suat va tinh toan xac suat cua
thay d6i d6 ung vai tirng thiét bi cu thé. Phuong phap
ndy dugc khuyén nghi sir dung cho b di ligu tan suat
thap.

2.3. Trich xuét dic trung

M3i mot sy kién duoc xac dinh, cac théng sé dic trung cta su
kién s& dugc phan tich va dwa ra. Nhu mé ta trong Hinh 3,
thdng sé dic trung duoc trich xuat gdm hai loai: Thong sé dic
trung cho qué trinh qua do va trang thai 6n dinh [7]. Cac thiét
bi dién duoc cAu tao tir nhiéu thanh phan khac nhau va gay ra
cac thay di khac nhau trong tin hiéu dién va tao ra cac théng
s6 ddc trung cho qua trinh qua do. Bé c6 thé liy dugc cac
thdng s6 nay, bo dir liéu yéu cau phai dugc thu thap & tan suat
cao. CAc thong sb dic trung trang thai qua do co thé 1a cong
Suat qua do, dang séng cua dong dién khoi dong hay nhidu
dién ap. O mit khéc, céc thong so cua trang thai on dinh thi
trai nguoc lai do co thé thu thép dugc vdi bo dir liu tan s6
thip. Céc thong sé bao gom su thay ddi vé cong suét tiéu thy,
dong dién tiéu thu, nhiéu dién, ...
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2.4. Phan loai tai

Budc cudi cling cua ky thuat giam sat tai khéng xam nhap la
phan loai ra thiét bi nao da gay ra sy kién. Dya trén céc dir
liéu duoc thu thap va véi cac dic trung xac dinh duoc, cac
thuat todn hoc may s¢ thong qua cac phuong phap khac nhau
dé du doan duoc loai thiét bi gay ra cac su kién. Mot vi du
don gian 1a c6 thé phan cum cac diém dir liéu va phan loai
thong qua cac cum dir liéu do6 nhue Hinh 4. V&i cac (tng dung
cta NILM, loai thuat toan hoc may thuong duogc sir dung bao
gom hai dang:

e Hoc tap cd giam sat (Supervised learning algorithms) -
thuong dugc su dung [8].

e Hoc tap khéng giam sat (Unsupervised learning
algorithms) [9].

3. Chuong trinh NILM si dung thu vién SK-
Learn

3.1. X4y duwng chwong trinh

Scikit-learn [10] la mot thu vién duoc viét phan 16n bang Py-

thon, dugc tich hop mét loat thuat todn machine learning hién

dai duoc st dung cho cac phuong phap hoc tap c6 giam sat va

hoc tap khong dugc giam sat & quy mé trung binh. B thu vién

tap trung vao viéc dua machine learning dén nhiing ngudi

khong phai la chuyén gia bang cach sir dung ngdn ngir bac cao

va dé cao tinh dé sir dung, hiéu suat, tai liéu huéng dan va tinh

nhat quéan caa API.

Trong ndi dung bai bao, thdng qua bo thu vién Scikit-learn,

mot s6 thuat toan thong dung dwa ra va thong qua cac cong cu

bé sung cuia thu vién dé lya chon cac tham sé tdi wu cho tirng

thuat ton. Két qua hudéng dén xay dung cac mé hinh dy doan

cho két qua tét nhat. Céc thuat toan duoc lya chon bao gdm:
¢ Random Forest Regressor

Gradient Boosting Regressor

K - Nearest Neighbors Regressor

Gaussian Process Regressor

Multi - layer Perceptron Regressor

o~ TP
Tai dir liéu vao
chuong trinh

Di¥ligu D liéu dao tao

Thudt todn Machine
Learning
Cong cu
Grid search parameter

-

.
— Phin téch

P - Len

( Mé hinh dugc ™ Dir liéu ndng luong

S

dao tao J/
-

Tong tiéu thy

Tiéu thu thanh phan
Hinh 5. Chuong trinh NILM dua trén thu vién Sklearn

Chuong trinh hoat déng theo cac budce dugc mo ta trong Hinh
5. Bo dit liéu dwoc chuan bi bao gom dix liéu tiéu thy tong va
dir liéu thanh phan. Sau d6 s& duoc chia thanh hai bo dir lidu
dung cho muc dich huan luyén mé hinh va kiém tra d¢ chinh
xéc. Bo dit liéu dung dé huan luyén s& duoc dwa vao mé hinh
va duoc tién hanh training. Tuy nhién, trong qué trinh hun
luyén, md hinh s& duoc thay doi cac siéu tham sé dau vao
nhiam muc dich gia tang do chinh xac. Tai budc nay, chuong

trinh sir dung cong cu GridSearchCV dugc cung cap kém theo
thu vién Scikit-learn. Cong cu nay hd tro viéc thay lan luot
céc tham s trong mot bo tham sb duoc cung cap tir trude va
so sanh d6 chinh xac voi nhau.

Mb hinh ¢6 dé chinh xac cao nhat s& duogc lya chon cing véi
b tham sé tuong ung. Bo dir liéu kiém tra bao gom dir liéu
tiéu thu tong s& dugc dua vao dé mo hinh tién hanh du doan
va kiém tra lai véi dir lidu tiéu thy thanh phan, tir &6 danh gia
duoc do chinh xac cua mé hinh.

3.2. Panh gia @9 chinh xac
bé dénhr gia do chinh’ xac trong vi¢c udc tinh tqiéu thu dién cua
tung thict bi, thong s6 RMSE duogc stir dung d€ danh gia sai so

gitra gia tri cong suat dy doan dugc vai gid tri cong suat thuc
te.

1)

Vi
P;: Cong suét tac dung du doan duoc
P;: Cong suat tac dung thuc té
Ngoai ra, muc dich cua ky thuat NILM I’é du do?n muc tiéu
thu dién cua tung thict bi, do vay sai so giita tong tiéu thu
dién du doan va thuc té sé dugc dua ra dé so sanh.

Sai s tiéu thy dién = x 100% 2)
~ TA
E = j P(t) x dt ©)
0
T
E = f P(t) x dt (4)
0

Vi
E: Té)ng dién nang tiéu thu dy doan.
E: Tong dién nang ti€u thy thyc te.

4. Trién khai va phan tich két qua

4.1. Péi twgng thir nghiém

Chuong trinh NILM s& duoc thir nghiém vai bo dir ligu tiéu
thu dién thu(} té ctia mot can ho chung cu tai Ha Noi c6 dién
tich 91m?, gom 1 phong khéach, 2 phong ngu va 1 phong lam

viéc. Dya trén dir liéu tiéu thu tong, md hinh s& du doan va
dua ra hoat dong cua cac phu tai trong cdn hd.

50 kW

2.50 kW

Wl
i L ’M\ 1| k M RULIMIELL b

500
ow
8/0 /0 08/10

Hinh 6: Bo dit liéu tiéu thu dién ciia d6i tuong can ho chung cur tai Ha Noi
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Bo dir licu tiéu thu dién trong 20 ngay duoc thé hién nhu Hinh
6. Trong d6 binh néng lanh, diéu hoa Va bep tir 1a thong tin
cua thiét bi riéng biét, con lai thong tin Ve Chleu sang bao gom
cac dén duoc sir dung trong cén hg va dcamlatd hop nhiéu
thiét bi dugc st dung théng qua 6 cam.

4.2. Xay dung truwong hop thir nghiém

B6 dit liéu dugc xay dung tir toan bo dir liéu tiéu thu dién cua
can chung cu. Dit liéu tiéu thy dién tong s& dwoc tinh téng cua
c4c tai tiéu thu thanh phan. Muc tiéu cia truong hop thir
nghiém nham hudng dén danh gia do hiéu qua cta chuong
trinh vai dir liéu thyc té va tap trung di sdu vao phan tich cac
dang tai riéng l¢ trong cong trinh nhu chiéu sang, dleu hoa
khong khi, bép tir va binh néng lanh. Riéng dang tai 6 cam
thugc dang ding hdn hop caa nhiéu tai khac nén nhom tac gia
khong ké dén dang tai nay. Dir lidu tiéu thu tong s& dugc tinh
bang téng cua cac tai dugc ké trén.

mains_1 (kw)

— train
validation
40004 —— test

3000 A
20004

10001

N LM 1 ‘ I |

22 23 24 25 26 27 28 29 30 31 dl 02 03 o4 05 06 o7 08 09 10
Aug
2020
Time

Hinh 7: Di liéu dao tao va kiém tra

Bo dit liéu duoc chia 1am ba phan nhu mé ta trong Hinh 7: Dix
lieu tr ngay dau tién (ngay 22/7/2020) dén hét ngay
06/08/2020 duogc sir dung dé 1am b dix liéu dao tao cho céc
mo hinh. Phan dir liéu tiép theo dén hét ngay 08/09/2020 (3
ngay) dung lam di liéu kiém tra phuc vu cho GridSearchCV
nham t6i vu tham s6 cho md hinh. Di liéu con lai (1 ngay)
dung dé kiém tra do chinh xac cho mé hinh sau khi dwoc tdi
wu tham sd.

4.3. Panh gia két qua thir nghiém

Trong phan nay,mot s6 két qua d doan ddc trung cta cac mo
hinh s& dugc dua ra phén tich, qua d6 c6 thé danh gia mirc do
chinh x&c va hiéu qua cia mé hinh sau khi t6i wu cac tham so.

Prediction vs real of air_conditioning_5
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Hinh 8: Két qua du doan tai didu hoa cuaa mé hinh sir dung thuét toan Ran-
dom forest

Vi két qua tir md hinh sir dung thuat toan Random Forest thé

hién trong Hinh 8, md hinh mic du di dugc téi wu tham sb,

tuy nhién két qua sau khi dy doan van chua thuc sy chinh xac.

Trong khoang thoi gian Ic 6:00 va khoang 13:00 - 23:00 diéu

hoa duoc sir dung, mé hinh ciing di x4c dinh diéu hoa c6 tiéu
thu dién, tuy nhién md hinh cling khéng du doan dugc cac gia
tri dinh ma chi dwa ra duoc gia tri trung binh trong giai doan
tiéu thu. Ngoai ra con mot s6 thoi diém didu hoa khong duoc
sir dung, tuy nhién mé hinh ciing cho két luan phu tai c6 tiéu
thu.

Prediction vs real of air_conditioning_5
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Hinh 9: Két qua du doan tai didu hoa cua md hinh sir dung thuat toan Gra-
dient Boosting

V& co ban c6 thé thay két qua du doan cia md hinh sir dung
thuat toan Gradient Boosting (thé hién trong hinh Hinh 9) cho
ra két qua twong tw md hinh sir dung thuat toan Random For-
est. Ngoai ra, md hinh dwoc cai thién mot sé thiéu sot nhu da
c6 thé xac dinh mot vai dinh tai mac du gia tri du doan chua
chinh x&c hoan toan. Mot sb thoi diém xéac dinh tai tiéu thy bi
sai dd giam nhung van chwa thé khic phuc hoan toan.

Prediction vs real of air_conditioning_5
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Hinh 10: Két qua dy doan tai didu hoa cia mé hinh sir dung thuét toan
Gaussian Process Regressor

Két qua nhan dwoc tir md hinh Gaussian Process Regressor
thé hién trong Hinh 10 kha quan hon rat nhiéu so véi cac md
hinh bén trén. Ngoai viéc c6 thé dua ra cac két qua du doan
thoi diém tai duoc sir dung kha chinh xéc va dua ra cac gia tri
trung binh, cac dinh tai ciing dugc md hinh nhan biét va dy
doan ra véi két qua tuong ddi chinh xac so véi thuc té. Ngoai
ra, cac thoi diém dy doan sai ciing xay ra it hon rat nhiéu so
véi cac mé hinh trén.

Prediction vs real of lighting_2
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Hinh 11: Két qua dy do4n tai chiéu sang ciia md hinh sir dung thuat toan
K- Nearest Neighbors Regressor (KNN)
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Khac véi phuy tai diéu hoa, phu tai chiéu sang ¢ dic trung tiéu
thu nho hon va dugc sir dung bién thién rat nhiéu trong qué
trinh dugc str dung. Két qua thé hign trong Hinh 11 ciia mo
hinh sir dung thuat toan k-NN cho thay khoang thoi gian tir
0:00 dén 6:00 khi can ho tiéu thy nho va it dao dong, md hinh
cho ra két qua dy doan tuong d6i tot, gan nhu bam sat dugc
duong tai tiéu thy. Cac thoi diém khac mé hinh ciing du doan
dugc viéc van hanh cua phu tai. Tuy nhién, mot sb thoi diém
str dung phu tai c6 dao dong Ién, mé hinh van cé nhiing sai
s6t nhat dinh trong viéc dy bao.

Prediction vs real of lighting_2
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Hinh 12: Két qua dy doan tai chiéu sang cua md hinh sir dung thuat toan
Multi-layer Perceptron Regressor (MLP)

Cubi cuing 1a két qua cua mé hinh sir dung thuat toan Multi-
layer Perceptron Regressor thé hién tai Hinh 12 cho thay kha
nang dy doan tai kém hiéu qua hon so véi md hinh sir dung
thuat todn k-NN. D mé hinh da ¢6 thé du doan duoc tiéu thu
cua phu tai va ciing c6 thé xac dinh duoc twong dbi cac dinh
phu tai. Tuy nhién mé hinh ¢6 mot s6 du doan sai kha nghiém
trong vao thoi diém tir 13:00 dén 23:00 khi du doan sai hoan
toan tiéu thu ctia phu tai. Ngoai ra, cac cac dinh tiéu thu cta
tai cling dugc mé hinh du doan kém chinh xac hon.

Bang 1 Sai s6 két qua dy do4n cua cac mé hinh sau khi duoc tbi uu tham sb

Chiéu sang | Binh néng Diéu hoa Bép tur
lanh khong khi
RMS | Saisé | RMS Sai RMSE | Saisé | RMS | Saisd
E dién E 6 Cong dién E dién
Cong ning Cong dién sudt ning Cong ning
suat suat nang sudt
Random 1.9
Forest 37 10% 157 % 70 18% 151 6.3%
Gradi-
ent 36 7.4% | 144 31 66 19% 144 10%
Boost- %
ing
k-NN 38 11% 161 3% 71 20% 156 11%
Gauss-
ian Pro- 41 34% 174 | 35% 42 29% | 167 54%
cess
MLP 41 9% 169 | 78% 77 6.4% | 158 | 13%

Bang 1 tong hop lai két qua nhan duoc tir cdc md hinh nham
so sanh dugc muc d6 hiéu qua cua cac mo hinh khac nhau. Cé
thé thiy cac dang phu tai phuc tap nhu chiéu sang hay didu
hoa khong khi déu gay ra sai s6 Ion hon (10-20%) so Véi cac
dang phu tai cé dang tiéu thu don gian (3-5%). Ngoai ra mot
s6 m6 hinh mac du cho thay kha nang du doan dinh tai tot hon
nhung xét vé tong quan lai cho sai s tong thé cao hon nhur
mo hinh Gaussian Process. Tuy nhién, xuat hién dot bién khi
mé hinh nay du doan tai diéu hoa cho két qua tot hon dang ké
(2.9%) so vai cac mo hinh con lai (~20%).

5. Két luin

Trong bai bao nay, viéc du doan tiéu thu cua tai thanh phan
dua trén dir liéu do tong ciia mot can ho chung cu tai Ha Noi
da duoc trién khai thir nghiém véi viéc ang dung céc thuat
toan machine learning théng dung dugc cung cip boi thu vién
scikit-learn. Céc thuat toan duoc lya chon dé thir nghém bao
gom Random Forest, Gradient Boosting Regressor, K- Near-
est Neighbors Regressor, Gaussian Process Regressor va
Multi - layer Perceptron Regressor. Tir so sanh cac két qua
nhan duoc tiép tuc cho thay cac thuat toan déu c6 cac uu
nhugc diém khac nhau. Cac mé hinh nhu nhu Random Forest,
Gradient Boosting hoac k-NN cho két qua sai sb tong quan
khé 4n tuong khi sai s6 cua két qua thip hon cua céc thuat
toan con lai mac di viéc dy doan ra cac dinh tai thap kém hon.
Mat con lai, thuét toan Gaussian Process Regressor va Multi-
layer Perceptron Regressor méac du cho cac két qua dy doan
dugc cac dinh phu tai tot hon, tuy nhién khi xét vé c4c sai so
t6ng quan lai cho ra sai s6 cao hon cac thuat toén con lai. Nhur
vay, c6 thé thiy viéc dua ra cac trong s6 cua két qua hudng
dén s& c6 tinh quyét dinh kha Ion khi mudn lya chon thuat
toan nao trong viéc du doéan céc tdi thanh phan. Trong cac
nghién ctru sdu hon vé sau, cac cng viéc tiép theo s& tap trung
vao ning cao d6 chinh séc cua viéc du doan bao gdm sai s6
va viéc du doéan ra cac dic tinh phu tai. Ngoai ra, viéc dua vao
c4c bién phuy tro nham gia ting d6 chinh xac cua két qua du
doan s& dugc can nhic va tng dung cho cac thuat toan.
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Abstract

Nowadays, swarm robot is widely used in practice. Controlling the swarm robot is always a challenge for many researchers. In this paper,
the algorithm is proposed to control the swarm robot with three single mobile robots. The decentralized collaboration control is studied to
control the swarm robot to move to the target. The robots of swarm mobile robots can communicate together via the wifi protocol. The camera
and image processing are applied to localize the robots, determine the directions, and recognize the obstacles. The path-tracking algorithm is
employed to control the leader robot which allows the swarm robot can track the reference path asymptotically. In addition, the Limit Cycle
algorithm (LC) is proposed to control the swarm robot to avoid the obstacles on their way. Formation control based on leader-following is
used to control the swarm robot moving in different formations. Both simulation and experiment results are provided to prove the effective-

ness of the proposed method.

Keywords: Swarm Robot, Limit Circle, Formation Control, Obstacle Avoidance, Tracking Control.

Tém tit

Ngay nay robot by dan ngay cang dwoc sir dung rong réi trong
thuc té. Viéc diéu khién robot bdy dan luén 14 nhitng thach thirc cho
c4c nha nghién ctru. Trong nghién ctru ndy, cac thuét toan didu khién
duogc d& xuét cho robot bay dan véi ba robot di dong. Phuong phép
diéu khién hop tac phan tan duoc nghién ciru dé diéu khién robot bay
dan di chuyén t6i vi tri mong mudn. Cac robot cta robot by dan co
thé giao tiép théng qua giao thirc wifi. Cong nghé xir 1y anh dugc ap
dung dé dinh vi, xac dinh huéng ciia cic robot, va phat hién vat can.
Thut toan bam quy dao dwoc 4p dung cho robot din dau dé diéu
khién robot dan dau bam theo dudng di xéc dinh truée. Thudt todn
“Limit Cycle” dugc st dung dé diéu khién robot by dan tranh vét
can trong qua trinh di chuyén t&i dich. Thudt toan didu khién tao hinh
cho robot biy dan di dugce dé xuit dé diéu khién robot biy dan co
thé di chuyén véi nhitng hinh dang khac nhau. Két qua mé phong va
két qua thyc nghiém ddi voi robot bdy dan da dugc trinh bay dé
chtng minh sy thanh céng cia phuong phép diéu khién.

1. Introduction

Recently, there is a wide range of applications of the
swarm mobile robot in reality and it has also received great
attention from researchers. Many previous studies paying at-
tention to the controller design for swarm robots were found
in the past few years [1]-[7]. For example, in paper [1], a new
architecture for controlling the swarm robot to overcome the
challenging of the environmental constraints and the dynamic
changing of the mission is proposed. The adaptive fuzzy con-
troller was studied to control the formation of the swarm ro-
bot, where the adaptive fuzzy was applied to approximate the
error and the disturbance [2].

The algorithm based on Particle Swarm Optimization and
the artificial potential field was proposed to control the swarm
robot system to search the multi-goals [5]. In the paper [6],

the moving distance of the swarm mobile robot was optimized
by applying the PSO algorithm for minimizing energy con-
sumption and moving time. The optimal algorithm for con-
trolling the swarm mobile robot was analyzed in [7].

One of the most important problems for controlling the
swarm robots is to keep the formation of the swarm mobile
robots during movement. Recently, many papers focusing on
formation control for swarm mobile robots have been pub-
lished [8]-[16]. For instance, the modeling and controlling
methods for the swarm robot were presented in [8]. In [9], the
back-stepping control method was applied to control the for-
mation of the swarm robot. The self-organization formation
algorithm was investigated for swarm mobile robots in [10]
and [11]. In addition, the method for controlling the swarm
robot to keep the swarm mobile robot moving in a line for-
mation was studied in [12]. Moreover, the positioning of
every single mobile robot plays a very important role in for-
mation control. Morgan and Hereford in [13] proposed the
path formation method to control swarm mobile robots in case
the information of the environment is limited. The method
based on the vision technique was investigated in [14] and
[15] for to obtain the position of the swarm mobile robot and
keep the them moving in a specific formation. The loT tech-
nology has been applied for the formation control of the
swarm robot [16] in which the information of the trajectory of
the swarm mobile robot is collected by the 10T platform.

However, these above papers merely pay attention to the
formation control and other issues of swarm mobile robots
such as path planning, and obstacle avoidance have not been
addressed. It should be noted that during moving, encounter-
ing obstacle on the way is inevitable in practice.

Therefore, obstacle avoidance and path planning control
for the swarm mobile robot is a pressing issues and great chal-
lenge for researcher. In the past few years, many papers have
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concentrated on the obstacle avoidance algorithm for mobile
robots [17]-[23]. For instance, the Limit-Cycle algorithm was
proposed for controlling the mobile robot to avoid the obsta-
cles located on the way [17]. The orbit obstacle avoidance al-
gorithm based on the limit-cycle method was proposed in [19]
that allows the mobile robot can achieve the target without
collision with obstacles. The navigation control algorithm and
obstacle avoidance based on the distance sensor data were in-
vestigated for the mobile robots in the paper [20]. Addition-
ally, the path planning method cooperating with obstacle
avoidance based on the optimal methodologies such as SA,
PSO, and FA were proposed for the mobile robots in [21]. Re-
garding the path planning and obstacle avoidance algorithm
for swarm mobile robots, recently, there exist several studies
have been published [24]-[26]. For example, Meerza and Is-
lam, et al. in [24] have proposed a method based on the Q-
learning for the path planning control of the swarm mobile
robot. In [25], the problem of searching multiple targets of the
swarm mobile robot and the hybrid path planning combined
with obstacle avoidance issues were investigated in [25] and
[26], respectively. However, these articles [24]-[26] only con-
centrated on obstacle avoidance and path planning and with-
out mentioning the formation control of the swarm mobile ro-
bot.

With the aforementioned analysis, it is seen that some pre-
vious studies such as [8]-[16] focused on studying formation
control and did not investigate the problems of obstacle avoid-
ance and path planning. While several recent studies [24]-[26]
merely researched path planning and obstacle avoidance. Due
to this reason, the problems of formation control, positioning,
obstacle avoidance, and path tracking will be investigated in
this work. More importantly, not only the simulation results
but also experimental results will be provided to demonstrate
the effectiveness of the proposed method. The contributions
of this work are summarized as follows:

1) The swarm robot with three single mobile robots is
designed and implemented in this study.

2) The image processing technique is employed to de-
termine the position of the swarm robot and detect
the obstacles.

3) The leader-following control algorithm is applied to
control the swarm robot. The robot leader is con-
trolled for tracking the trajectories and then the two
follower robots will follow the robot leader.

4) The formation control robot is used to keep the
swarm robot in the specific formation.

5) The limit-cycle algorithm is employed for control-
ling the swarm robot to avoid obstacles and achieve
the target accuracy.

The rest of this paper is organized as follows. The system
description, communication protocol among the single robot,
and the mathematical model of the robot are presented in Sec-
tion 2.

The positioning and obstacle detection method is shown
in Section 3. Section 4 presents the control algorithms that are
applied to the swarm robot. The simulation and experiment
results are founded in Section 5. Finally, the conclusions are
drawn in Section 6.

2. System Description

2.1. System Description

In this paper, the swarm mobile robot structure is de-
scribed in Fig. 1. The system includes a camera USB Logitech
to collect the image and transmit it to the computer. The image
will be processed in the computer to detect both the position
and direction of the sub-robots as well as recognize the obsta-
cles. The sub-robots are connected to the computer via wifi
protocol by using Router Wi-Fi.

A single Robot is built with the structure in Fig. 2. Each
sub-robot consists of Wi-Fi module AC8265, Jestson nano
BO1 board, Driver Expension Jetbot board, Memory card, and
battery. Python language programming is used to make the
program for the system. The system also has the GUI to mon-
itor the operations of the swarm robot; and set up the for-
mation and parameters of the system.

2.2. Communication Protocol

The swarm system is connected via wifi protocol that is
presented in Fig. 3. The API server socket is built into the
computer that contains the IP server, and three mobile robots
are configured as the clients. The function of the socket server
is to store and transmit the data among the sub-mobile robots.
When the client sends the data to the server, other sub-mobile
robots can access this data, however, the program in each sub-
mobile robot will decide whether to receive this data or not.

In this paper, the server socket has to communicate with
three sub-mobile robots, therefore, the multithreaded Process
model is employed to help the system with multi-task operat-
ing simultaneously. Each task is executed independently,
hence, if a task is an error, it will not affect others.

- Camera
— Laptop
Router wifi i . [ =¥
u ArEEEEETEEE

&
N

Wifi AC8265

5V GND SDA SDL
» [ )
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A r S )

5V GND SDA SDL

Robot 1

Figure 1: Structure of the Swarm Robot system
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2.3. Mathematical Model of the sub-mobile robot

Let us consider the mobile robot in Fig. 4.

Y,
Xc

Robot

0 x X
Figure 4: Model of the single mobile robot.

The mobile robot is represented under the following
mathematical model

x
5| -
6
where g =[x y 0]7,x,y isthe position of the robot, 8 is

the angle between the X-axis and line Xc (expressing the di-
rection of the robot).

q:

vcos B cosf 0 v
vsin@|=|sin6 0 [w] 1)
w 0 1

3. Positioning and obstacle detection

To control the warm robot, determining the position of
each robot in the swarm plays a very important role. In this
paper, the position of the mobile robot is obtained based on

image processing. Each mobile robot is attached to two circle
tags with different colors as Fig. 5.
o

”

Figure 5. The mobile with color tags

The procure for determining the position of the swarm
mobile robots and detecting obstacles is described in Fig. 6.

- . Pre-proceSSing

Detecting objects
and extracting
background

-

Figure 6. Procedure for obtaining the positions of the mobile robots and ob-
stacles.

Pre-processing: Because the captured pictures from the cam-
era are distorted that will affect the detecting results. There-
fore, the images will be calibrated by applying the calibration
tool of the OpenCV before using them for the next steps.
Detecting objects and extracting background: The objects
will be detected based on the HSV color threshold. Using the
Color Threshold will assist to extract the background and de-
tect the objects.

Determining the center of the objects: The center of the ob-
jects is calculated in the following formula

Mio
Cx = —
Moyo

— Mo
and C, = o 2
where ( C, , C, ) is the center of the objects.

Mo, Moo, and M, are the image moment of each pixel.

Determining the position: The camera will detect the center
of each tag by using the image processing algorithm as in Fig.
6. After obtaining the center of the two circle tags, the center
of the mobile robot is computed as follows
X1+Xp
x =T ®3)
_y1ty2
o == _ _ (4)
and the direction of the mobile robot is calculated in the fol-
lowing formula
0 = tan~1(222) + 90° (5)
X1—X3
or
0 = tan™'(£22) + 270° (6)
X1—X2
where (xq, y1), (x5, ¥,) are the centers of the tags, 9 is the
angle that expresses the direction of a mobile robot in Fig. 7.
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After applying the image processing the position and the
direction of the three mobile robots are determined in Fig. 8.
The values of the positions of the leader mobile robot and two
slave robots are shown in Fig.9

Oy

N
Y2

Y XX Ox
Figure 7: Positioning the mobile robot based on image processing.

Jli;li

Figure 8: Position and direction of the mobile robot

Figure 9: values of the position and direction of the mobile robot on the
GUI

4. Control Algorithm for Swarm robot

In this paper, a swarm robot with three sub-robots is de-
signed and implemented. Robot 1 is assigned as a leader robot;
Robots 2 and 3 are follower robots. The motion of the Sub-
Robot 1 will lead the motion of the swarm. The tracking path
algorithm will be applied for the swarm robot to make the
swarm robot to be able to track the pre-defined trajectories.
The swarm also is controlled to avoid the obstacles that locate
on their path by applying the Limit-Circle Algorithm.

Finally, the formation control method, called Leader-Fol-
lower, is employed to control the swarm robot moving in a
specific form such as a triangle, vertical line, and horizontal
line.

4.1. Tracking Path Algorithm

Because the movement of the swarm robot depends on the
movement of the leader robot, in this article, the tracking con-
trol is applied for the leader robot to track the reference tra-
jectories. The purpose of the tracking path algorithm is to con-
trol the center of the mobile robot C approach to the reference
point and make the tracking error converge to zero when t —
0,

Suppose that the reference point is expressed in the follow-
ing equation

vy cos 0, cos6, 0],
[Ur sin @ ] [sm 0, 0] [w:] (7
1

where g, =[x, ¥ 6,17, (x,, y,) is the reference position,
6, is the reference angle. v, and w, are the reference linear
velocity and rotatory velocity (see Fig. 10).

Y Xc

Reference

X
Figure 10. The mobile robot and tracking trajectory [22]
Let us define the tracking error
ey = T.(ar — q) (8)
cos§ sinf 0
where T, = |—sin6 cos6 0, then (8) is written
0 0 1
cosf sinf 0 xr_x
e2 — sm 7] cos 0 0 9
9 - 9

in which ey, e, are the tracklng error in the x and y-axis, re-
spectively. e is the angle error between 6,. and 6.

Based on the method in [22], the linear velocity and angle
velocity for the leader robot are calculated as follows:
_[v1] _ v, cose; +kie;

Ve = (U1] - [wr + k3v, sine; + kyv,e, (10)
where k4, k,, and k5 are the positive scalars that are selected
by using the trial-and-error method. Finally, based on the ob-
tained v; and w,, the velocity of the left and right-wheel
Vr1, V11 Of the leader robot are computed in the following for-
mula

VLl = U1 - a)lr

{VRI =1 + w1Tr (11)

where 2r is the distance between the two wheels of the leader
robot.
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4.2. Obstacle avoidance algorithm

To avoid the obstacle located on the trajectory of the
swarm robot, the Limit Cycle algorithm [5] is employed for
the swarm robot. It should be noted that to avoid a collision
between the robot and obstacles, the mobile robot and obsta-
cle are surrounded by the safety circle with a radius R.

The limit cycle algorithm is operated based on the obstacle
and mobile robot detection. Let us consider the system with
three obstacles in Fig. 11 where 0, is the object that obstacle
the moving of mobile robots and 0,, is the object that is not
impacted by the moving path of the robot.

- N

A 1 et
{ ‘ \ . Target
\ ! s @

L
'
e |
X | 1
Y ’
~_ #

Oy

Figure 11: The mobile robot with three obstacles

To determine the path plan to achieve the target and avoid
the obstacle, the Limit-Circle algorithm is carried out by the
following procedure:

Step 1: Plot a line | connecting the center of the mobile robot
and the center of the target that has an equation in Oxy coor-
dinate: ax + by +c =0

Step 2: If line | crosses the influence circle of the obstacle, this
obstacle is considered a disturbing obstacle 0,, otherwise, it
is taken into account non-disturbing obstacle 0,, (see Fig. 10).

Step 3: The mobile robot will achieve to the target directly if
there does not exist the obstacle 0.

Step 4: If there exist 0,4, the nearest distance d between the
center of the obstacle 0,4 and line | is computed as follows:

aQx+bQy+c

va?+b?

where Q,, @, are the center of the obstacle, a, b, and c are the

d = 12)

coefficients of the line I.

Target
e
R,R, > G, G,
Pid \
] T \
e 1
- W 1
= ,,' Safety
~--- circle
Robot

Q,.0Q,

Figure 12: Determining the moving direction of the Mobile robot

Based on the value of d, the moving direction of the robot
is determined. If d is positive, the robot will avoid the obstacle

in the clockwise direction, otherwise, it will move in the coun-
ter-clockwise direction.

When there are disturbing obstacles, the avoiding obstacle
trajectory is constructed by tracking the safety circle of the
obstacle (see Fig. 13).

4
— S ,

Robot

Figure 13: The avoidance obstacle operation

In order to build the avoidance obstacle trajectory, the co-
ordinate needs to be re-established in the center of the obstacle
as in Fig. 14.

R
2| s
s X5 1 Mew Croridante
! I )
L]
* —-— \ s
— *\ Obstacle .
Robot
—
Original i

Cooridant
Figure 14: Re-establishing the coordinate

The new position (x,, y, ) of the robot in the new coordi-
nate is determined:

Xg cosa —sina 0 x| /X

Vs | _|[sina cosa 0 yopst y 1

0 o o 1 0] (o) @
170 0 0 0 1 1/ 4

After obtaining the incremental position of the robot in the
new coordinate and based on the value of d, the robot will
determine the moving direction (clockwise or counter-clock-
wise trajectory) to for avoiding the obstacle and achieve the
shortest path. The two trajectories are described in the follow-
ing equations.

Clockwise trajectory movement:

Xs = Y5 + xs(rvz - xsz - ysz)

Vs = —Xs + ys(rvz - xsz - ysz) (14)
Counter-Clockwise trajectory movement:

x.s ==Y +xs(2rv2 _szz _3752)

Vs = X5 + ¥s(r5 — x5 — ¥5) (15)
1, IS calculated as follows

p=7+1,+0 (16)

in which ;. is the radius of the robot, 7, is the radius of the
obstacle and § is the radius of the safety circle.

The angle for demining moving direction is obtained as fol-
lows:
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0, = arctan(%) a7
where

. d

Xs = mys + XS(T'VZ - xsz - ysz) (18)

. d

Vs = _mxs + ys(rvz - xsz - ysz) (19)

From the obtained x; and y;, in eqg. (18) and eq. (19), the lin-
ear velocity for obstacle avoidance moving is calculated

Ur =+ xsz + ysz (20)
The angular velocity is determined as follows
w, =" (21)

dt

From (20) and (21), the reference trajectory for avoiding ob-

stacles is
Xy cosg 0
. U,
r =[sin9 0] ] 22)
6, o 17

Applying the tracking reference path algorithm in Section 4.1,
the linear velocity and angle velocity of the robot result in:

V. =V, coSeyg + ke,
we = wp + kgvy sineg + kyvee,

(23)
(24)

4.3. Formation Control Algorithm

To control the swarm mobile robots moving in a specific
formation, the Leader-Following is applied in this paper. It
means that the follower mobile robots will follow the action
of the leader mobile robot when they are moving. There are
three methods for formation control of the swarm mobile ro-
bot are illustrated in Fig. 15. In this paper, the swarm mobile
robot with three mobile robots is considered as Fig. 16. The
mobile robot R, is a leader and mobile robot R;and R3 are the
followers.

:@ :@ :be

a) b) c)
Figure 15: Formation control robot algorithm

In the algorithm in Fig. 15(a), the mobile robot R, and Rs
are controlled to keep the distance between mobile robots R,
to R; and Rs to R to be a constant value. Fig. 15b expresses
the formation moving of the swarm robots in which the swarm
robot is controlled such that the distance between R and Rs.
Rs to R, are constant. Unfortunately, the formation control
methods in Fig. 15a and Fig. 15b is with low accuracy. Due
to this reason, in this paper, the method in Fig. 15c is applied
to control the swarm mobile robot.

From Fig. 16, it is seen that [,,, 3, l,3 are the distance be-
tween Ry and Rz, R1 and Rs, Rz and Rs, respectively. In this
paper, the control method will maintain the distances

15, 113, 1,3 (see Fig. 10) based on the formation of the swarm
robot.

Y

Figure 16: Swarm mobile robot system with three members.

From Fig. 16, we have

I¥, =x1 —x, —dcos 6,
B,=y, —y, —dsin6,
¥ =x; —x3 —dcos0
l]j/3_1_3_d,93 (25)
13=Y17)3 Sin 3
I35 =x, —x3 —dcos 05
l§3=y2—y3—dsin93

Then the distances 1,5, l;3,and l,5 is computed as follows
Ly = 152+,
liz = 1/li%z + lfsz
s = w,13632 + l%/32

The angles ¥;,,143,¥,5 (rad) are the angle between Robot 1
and robot 2; robot 1 and robot 3; and robot 2 and robot 3, re-
spectively. These angles are computed in the following for-
mula.

(26)

P, = arctan (%) -0,+m
l}'
P13 = arctan <ﬁ> —-0,+m
ly
tlpn = arctan <§> -60,+m
in which 6,, 6,,and 85 (rad) are the angles between Robot 1,

Robot 2, and Robot 3 with the Ox axis, respectively.

To design the formation controller for the swarm robot
system, the dynamic equation of the swarm robot with three
mobile robots is expressed in the following equations [22]:

92 = (Uz

(27)

(28)

93 = w3

Z = G,(2,04,0,,03)uy3 + F(2)uy
where z=1[l;, ¥, Lz P3]7 is the output vector,
Uy = [V2 w2 V3 ws]T isthe input vector. v;, v,, and v,
are the linear velocities and w,, w,, w5 are the angular veloc-
ities of Robot 1, Robot 2, and Robot 3, respectively.
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Based on the method in [20], the parameters G,, F,, and p
are determined

[ COS V12
—sinys2 —d cos Y12

G, = ‘ li2 li2
0 0

l— coS Py 0
[— cosyP;, O ]

dsinyq, 0 0
0 0

(29)

dsiny;s
dsiny,s

COS V13
C0S Y23

sinia
1 (30)

key (1f —
ko (i, —
ks(lfs = Lis)
ka (15 — L33)

where k,, k,, ks, and k, are the positive scalar controller
gains that are selected arbitrarily by the user. y;; = B;; + ¥
with B;; = 6; — 6. The control inputs for Robot 2 and Robot
3 are computed:

Uy = [V2 W2 V3 W3]

1/’12) (31)

|
=
| |

T'=6'(p — Fuy)

It should be noted that the relations between the linear ve-
locity and the rotatory velocity of Robot 2 and 3 and the ve-
locities of the left and right wheels are represented

(32)

v, = Vi2+VR2
, = ——=2
2
{ VR2—Vi2 (33)
w2 = 2r
_ Vi3tVRs
3 =
2
{ VR3—VL3 (34)
w3 2r

in which V,, and V/, are the velocities of the left and right
wheels of Robot 2. V;; and V4 are the velocities of the left
and right wheels of Robot 3.

From Egs. (33) and (34), the velocities of the left and right
wheels of Robot 2 and Robot 3 are determined:

VLZ =V — Wyr
VRZ =7, + wyTr
Vi3 = v3 — w3r (35)

VR3 = V3 + w37

5. Simulation and Experiment Results

In this section, both simulation and experiments are exe-
cuted for the swarm robot with three mobile robots the prove
the effectiveness of the proposed method.

5.1 Simulation results

«+ Tracking reference trajectory for a single mobile

robot

Firstly, to verify the effectiveness of the tracking controller,
the single mobile robot is used for validation. The reference
trajectory used for simulation in this paper is calculated by
using eg. (7) in Section 4.1 with (x,,y,.) = (2, 1) (m) and
6, = 45% v, = 0.04(m/s). The initial position of the leader
robotis (x,,y,) = (2.18,1) (m)and 8 = 90°. The simulation
results for tracking reference trajectory are shown in Figs. 17-
20.

Reference trajectory
_Real trajectory

7

.' Initial position

Figure 17: Tracking trajectory control for a robot

©
Figure 18: Tracking errors: (a) the tracking error in the x-axis, (b) the track-
ing error in the y-axis, (c) the direction angle error.

The simulation results are shown in Figs. 17 and 18. Fig. 17
shows that with a single mobile robot, the tracking controller
can successfully control the robot to track the reference tra-
jectory accurately. The tracking errors are illustrated in Fig.
18, it is obvious that the tracking errors in the x-axis, y-axis,
and direction angle approach zero asymptotically.

+» Tracking reference path for a warm robot with a

triangle formation

In this section, Robot 1 is the leader; Robot 2 and Robot 3 are
the followers. The leader robot is controlled to track the ref-
erence trajectory and two follower robots will follow the
leader robot with a constant distance to achieve the target.
The initial position of the leader robot (Robot 1)
X, =[1 1 g]and the linear speed and angular
speed are (Vo @®o) = (0.04 0). The target is (X¢ Y¢) =
(2.4 3.4). The initial positions of Mobile robot 2 and Mo-
bile robot 3 are: [x, Yy, 6] = [0.8 0.8 2?"] and

s

[xs ys 65]=[11 09 —]
The expected distance between the mobile robot leader and
two followers: mobile robot 2 and mobile robot 3, and the
expected directions of these two robots

d a d dl —
are[1$, v& 1% 1%]1=1[03 137 0.3 03]

Reference trajectory - o
Robot 1 ° g °
Robot 2
Robot 3 Target

Initial

position

®
. b

Figure 19: Moving the swarm robot with triangle formation
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e theta (rad)

©

Figure 20: Tracking errors of the leading robot: (a) the tracking error in x-
axis, (b) the tracking error in y-axis, (c) the direction angle error.

1112 (m)

Figure 21: The distance between Robot 1 and Robot 2

Khoing céch gitra Robot 1 va Robot 3 —i
-3,

0ar

Khodng cach L13 (m)

Time (s)

Figure 22: The distance between Robot 1 and Robot 3

Khodng céch L23 {m)

0 5 10 15
Time (s)

Figure 23: The distance between Robot 2 and Robot 3

Fig. 19 shows the trajectories of the reference, Robot 1, Robot
2, and Robot 3. The tracking errors [e,, ey, €44 | are demon-
strated in Fig. 20. The distance between the leader robot and
two follower robots is shown in Figs 19-21. From these sim-
ulation results, it is clear that the leader robot (Robot 1) can
approach the reference trajectory asymptotically, the tracking
errors [ex, ey, ethem] converge to zero. Figs 20-23 illustrated
that the distances 1,5, l,3, l,3 approach the expected distances
1%, 1%, and I, with very small errors.

Therefore, it concludes that the tracking trajectory and for-
mation control algorithms operate well.

++ Obstacle Avoidance for a leader robot
In this section, the obstacle avoidance algorithm Limit Circle
is carried out for the single robot. The initial position of the

leader robot is (x;, y;,6;) = (3,6, %) The position of the tar-

get G (X*¢ Y¢) = (5.5 7.4). Center of the obstacle Q is
(%@ Yo) = (4.4 7.2).The safety circle is established with
aradius & = 0.8. The radius of the robot and obstacle are ;. =
0.1 and 7, = 0.2, respectively.

Safety Circle Target
[
.. Initial position _
- ¥—_ Trajectory of
° leader robot

Figure 24: Obstacle avoidance of the leader robot

From Fig. 24, it is seen that the leader robot can move to the
target and did not go inside the safety circle. Therefore, the
leader robot can avoid obstacle Q.

7

< Obstacle Avoidance for the swarm mobile robot

For the swarm robot with three mobile robots, the Limit
Circle algorithm is applied to control the swarm robot to avoid
obstacles and go to the target. The Limit Circle algorithm is
employed to control the leader robot (Robot 1) and two fol-
lower robots will follow with the constant distance
(g, 9%, 1% 1%]1=1[0.15 2365 0.15 0.296]. The
initial position is (xq,y,0,) = (362) The position of tar-
get Gis (X6 Ys) = (5.8 8). The Center of obstacle Q is
(%o Yo) = (4.4 7.2). The radius of the robot, obstacle,
and safety circleare [, 7, &]=[0.1 0.4 0.5].

Target

S

Safety Circle

| Initial position

Figure 25: Obstacle avoidance of the swarm robot

Fig. 25 shows that the swarm robot with three robots main-
tains a triangle formation and avoids obstacles when they are
moving to the target.

5.2. Experiment results

To prove the effectiveness of the proposed control methods,
the swarm robot with three mobile robots is built and tested.
The experiments are executed in three cases:
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Case 1: Formation control

Case 2: Tracking reference trajectories with a triangle for-
mation.

Case 3: Formation control and obstacle avoidance.

To monitor and set up parameters for the swarm robot, an
Interface is built as in Fig. 26. Interface is designed for con-
figuring formations, setting the target, monitoring the status
and position of the swarm robot.

Configuration settings Present value

ol propes Current coordinates of the robots

- Desired
distance (m):

~ouection (oc0): [JIEIN

ROBOT1 ROBOT2 ROBOT3

- Slave 2 coordinates:
y3

(oo |
o

Target value

- Master coordinates target:

- Slave 1 coordinates target:

- Slave 2 coordinates target:

Figure 26: Interface for configuring and monitoring swarm robot.

«» Formation Control of the swarm robot

There are three formations including vertical formation,
horizontal formation, and triangle formation of the swarm ro-
bot to be tested in this paper.

Mode 1: Triangle formation

The swarm robot is set up at arbitrary positions: Leader
robot (x;,y;) = (1.9, 0.31), Robot 2 (x,,y,) = (1.78, 1.31),
and Robot 3 (x3,y5;) = (0.85, 1.4) (m) that are shown in Fig.
27. Applying the formation control and selecting the triangle
formation in the Interface, three mobile robots move and ar-
range in the triangle formation that can be seen in Fig. 28 and
the trajectories of the three mobile robots are shown in Fig.
29.

The results in Figs. 27-29 show that the formation control-
ling algorithm is successful to control the swarm robot ar-
ranged in a triangle formation from arbitrary positions.

Mode 1: Make swarm | Viewmode 1 | Mode 2: Move in Swarm | View mode 2and3 | Mode 3: Obstacle Avoidance in Swarm | View mode 3

Target value
- Master coordinates target:
- Slave 1 coordinates target:

- Slave 2 coordinates target:

Configuration settings
Mode In progress
Triangle
Trangle J

- Master coordinates:

==
i o |
- Direction (Deg):

ROBOT1 ROBOT2 ROBOT3

Figure 27: Initial position of the swarm robot

Present value
Current coordinates of the robots

-~ Master coordinates:
x1 yl  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

- Slave 2 coordinates:
x3 y3  Thetas

Mode 2: Move in Svarm | View mode 2and 3 | Mode 3; Obstacle Avidance in Swarm | View mode 3
Configuration settings Present value

Mode In progress
[
| xi yi  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

Lo o o]

- Slave 2 coordinates
x3 y3  Thews

[ o o | ez |

Current coordinates of the robots

- Master coordinates:

| Trangle

- Master coordinates:

[ o |
pesied
Pt o< |
- ouscton oes. [N

ROBOTL ROBOT2 ROBOT3

Target value Theta  Theta target

- Master coordinates target:

- Stave 1 coordinates target: [ 00 |

XY
Slave 2

Trajectory of Robot 3

TRUONG DAT HOC SU' PHAM K¥ THUAT < . b /
® o\

Figure 29: Triangle formation and trajectory of swarm robot.
Mode 2: Horizontal Alignment

The initial positions of the swarm robot are (x;,y,) =
(0.99, 0.76), (x,,v,) = (0.76, 1.18), (x3,vy3) = (2.08, 1.38)
(m) that are shown in Fig. 30. The swarm robot is controlled
to align horizontally in Fig. 31 with the expected distance of
0.4 (m), and the trajectories of the swarm robot are demon-
strated in Fig. 32. It is seen that the experimental results in
Fig. 30-32 shown that three robots of the swarm robot have
the same position in Y-axis 0.4m, it means that the formation
control is successful to arrange the swarm robot horizontally.

‘Configuration settings

Present value

Mode in progress.

_»mimnu alignment |- m

Horizontal allgnment | Thetat

Current coordinates of the robots

- Master coordinates:

- Master coordinates:
- Slave 1 coordinates:

L.
x2 y2  Thetaz
i) & 3 B3

ROBOT1 ROBOT2 ROBOT3

- Direction :
- Slave 2 coordinates:

x3 y3  Thetas

===
Target value Theta target
e

- Slave 1 coordinates target:

- Slave 2 coordinates target:

Figure 30: Initial position of the swarm robot.
Mode 3: Vertical Alignment

The initial positions of the swarm robot are illustrated in
Fig. 33 with the position of Robot 1 (x;,y,) = (0.99, 0.76),
Robot 2 (x,,v,) = (0.76, 1.18), and Robot 3 (x3,y;) =
(2.08, 1.38) (m). Formation control algorithm is employed to
control the swarm robot moving in a vertical formation that is
presented in Fig. 34 and their moving trajectories are shown
in Fig. 35.
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From the Figs. 33-35, it is easily seen that the swarm robot
can arrange exactly in a vertical formation from an arbitrary

position.

The positions in Y-axis of Robot 1, Ro-
bot 2, and Robot 3 are the same and
equal to 0.4 m

Target value
- Master coordinates target:
- Slave 1 coordinates target:

- Slave 2 coordinates target:

TRUONG DAI HOC SU PHAM KY THUAT
KHOA DIEN - DIEN TU'

Target value
- Master coordinates target:

- Stave 1 coordinates target:

- Slave 2 coordinates target:

The posi-
tions in X-
axis  of
three ro-
bots are
equal to
1.19m

Target value
- Master coordinates target:

- Slave 1 coordinates target:

- slave 2 coordinates target:

Figure 34: Vertical Alignment

\s¢/

GROUP: SWARM ROBOTICS UTE

Configuration settings

Mode in progress

Horizontal alignment| m

- Master coordinates:

[Configuration settings

Theta

Configuration settings

Mode In progress.

Vedalgmatil]

- Master coordinates:
[ |

ROBOT1 ROBOT2 ROBOT3

Theta

=il
m 3263
[0 |

Present value
Current coordinates of the robots

- Master coordinates:
x1 yl  Thetai

E2 B3 3

- Slave 1 coordinate::

x2 y2  Theta2

- Slave 2 coordinate::
x3 y3  Theta3

View mode 2and 3 | Mode 3: Obstacle Avoldance in Swarm | View mode 3

Present value
Current coordinates of the robots

- Master coordinates:
vyl Thetai

x1
=1 &3 e

- Slave 1 coordinates:

x2 y2  Theta2

Theta target

Present value
Current coordinates of the robots.

- Master coordinates:
x1 yi  Thetat

- Slave 1 coordinates:
x2 y2  Theta2

- slave 2 (oordinates:

x3 y3  Theta3

Theta target

TRUONG DAT HOC SU' PHAM KY THUAT

@) KHOA DIEN - DIEN TU

—

\§¢/

GROUP: SWARM ROBOTICS UTE

Figure 35: Vertical alignment and trajectory of swarm robo

% Moving Swarm mobile robot with a triangle for-
mation
In this section, the swarm mobile robot is tested with mov-
ing in the triangle formation and achieved the target position.
The initial position of the leader robot is[x; y; 61] =
[1.96 0.43 309.3] and the position of the target is
*c Ye)=(2 0.4).

The expected distances among the mobile robots of the
swarm robot are [1%,
[0.24(m)

1pfz lfs llzis]Tz
—147(deg) 0.25(m) 0.36(m)].

B =

t=0(s) t=28(s) t = 16(s)
Figure 36: Swarm robot moving with the triangle formation

1

Configuration parameters: Present value

Runmode Time: (i)

RAVEOR 20 | o4 |

Current coordinates of the robots

- Master coordinates:
x1 yl  Thetai

- slave 1 coordinates:
x2 y2

- Stave 2 coordinates:

Theta2

Theta3

x3 y3

3 B B2
[ oo

Psi12 e:
us_e:

123e:

Value

Vehicle Master Vehicle 2 Vehicle 3 K-factor for the host vehicle K-factor establishes the robot swarm

vw il K -l «BEB<Bl «wBEl <« El
w Il Kl KN <« En 0 [«
Figure 37: The results of the swarm robot moving in a triangle formation.

The experiments for the swarm robot moving to the goal
with the triangle formation are illustrated in Figs. 36-38. From
the results in Fig. 36, it is seen that the swarm robot can move
in a triangle formation. Fig. 38 shows that the distance among
the robots can approach the expected distances. The real dis-
tance 1,, can track the reference distance %, with small error
0.04(m). The distances l;3,l,5 also converge to the expected
values. Therefore, we can conclude that the control algorithm
can successfully control the swarm robot to move in a strangle
formation.
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Error set value for swarm robot
L2d: [ psitzd : [BED (46)
_1 ® ) % @ ) 0 @
Pz oW ) e
agni| o iager] e
%'——mvv-u-e— . -~ 1 | =S 1y
. t=0(s) t=11(s) t=30(s)

Time ) S Tme

L23d: (m)

Lzd: [ (m)

Figure 38: Expected distance among the robots.

+« Avoidance obstacle
The results of the experiments for avoiding obstacles are
demonstrated in Figs. 39-43. The initial positions of the
swarmrobotare [x; Yy; 6;]=1[0.8 0.52 38.7]thatis
shown in Fig. 39. The expected distances and angles that
need to maintain our [1%, &, 1% 4] =
[0.26(m) 257.7(deg) 0.29(m) 0.45(m)]. The posi-
tion of the target G is (X¢  ¥Y6) = (2 1.4) (m). Based on
the image processing technique, the center of the obstacle Q
is determined (¥¢ Y¢) = (1.5 0.7) (m). The radius of
the robot, obstacle, and safety circleare [, 7, 6] =
[0.15 0.15 0.2] (m).

HOME | Mode 1:Make warm | View mode 1 ‘ Mode2:

-
XY_target(m) : m m
2N owtanceto oss R
o e |
e |
ua: N v
o 2 o

rrobot r_ostace r_safe

- ¥

Ostacle

Value

K-factor for the host vehicle K-factor establishes the robot swarm

o o
o R o N

Vehicle Master Vehicle 2 Vehicle 3

R N

Figure 39: Initial positions of the swarm robot.

‘Configuration parameters:

Runmode Time: [EXEM
R - - |
oistance to 085 [JIEXERN

we: R o [
Psi12d :m Psi12:

r_robot r_ostade r.

Ostacle

Value

K-factor for the host vehicle
< N

K-factor establishes the robot swarm

w EE oo BN
ol o BN

Vehicle Master Vehicle 2 Vehicle 3
R

Figure 40: Results of the obstacle avoidance of the swarm robot.

Figure 41: Avoidance Obstacle moving of the swarm robot.

Error set value for swarm robot

vi2d: [ psirzd : [ @

-

L13d: - (m) L23d: - (m)

| 7‘

Figure 42: The real distances and the expected distances among robots.

XY
Plot Mode3 o

Figure 43: The trajectories of the three robots.

For avoidance obstacles, the experimental results are
shown in Figs. 39-43. In Fig. 41, we consider the experiment
at three points: start point (0 s), 11 s (avoiding obstacle action
is taking place), and 30 s (swarm mobile robot successfully
avoids the obstacle), it is seen that when the system detects
the obstacles Q, it will create a safety circle with radius 6§ =
0.2 (m) that is larger than the radius of the obstacle. On the
basis of the Limit-Circle algorithm, the leader mobile robot
(Blue color) will move outside of the safety circle and leads
the swarm mobile robots to avoid colliding with obstacle Q.
Moreover, it is also seen that the swarm mobile robot can
avoid the obstacle during moving and keep the triangle for-
mation to reach the target (X¢  ¥c) = (1.95 1.42) ;Fig. 42
illustrates that the swarm robot can maintain the distances
among the robots during avoiding the obstacle. Hence, the al-
gorithm control of this paper successfully controls the swarm
robot both moving in a specific formation and avoiding obsta-
cles.
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6. Conclusion

The swarm robot with three mobile robots has been de-
signed and implemented in this paper. Image processing tech-
nique is employed to determine the positions of each robot of
swarm robot and detect the obstacle successfully. The control-
ling algorithm for tracking the trajectories, avoidance of ob-
stacles, and formation control are studied and applied success-
fully for this swarm mobile robot. The simulation and experi-
mental results proved that the swarm robot can track the ref-
erence trajectories, move in the specific formation, and avoid
obstacles successfully.
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Automatic mobile robot tracking and following steel weld seams”

Pong thoi, bai bao ¢ trang 33 clia nhom tac gia: Hieu Minh Nguyen va Minh Hoang
Trinh cling d3 bi gan nham tén bai bao, gan dang phai 13 “Leaderless-and Leader-
follower matrix-Weighted consensus with uncertainties”

Tén bai bao va nhom tac gia trong Phan noi dung quyén khong bi sai, ndi dung xuat ban
online phan Muc luc tai trang https://mca-journal.org/index.php/mca ciing da dugc cap
nhat dang.

Toa soan cdo 10i cung cac tac gia, doc gia vi so suat nay.

Toa soan Tap chi Tw dong hoa ngay nay


https://mca-journal.org/index.php/mca

THONG TIN DANH CHO TAC GIA

CHUYEN SAN PO LUONG, PIEU KHIEN VA TU BONG HOA (viét tit: DL-DK-TPH) la dién dan cong bd nhitng cong
Trinh khoa hoc ¢6 noi dung thuéc moi linh vuc cia PL-DK-TDBH:

1. Piéu khién hoc: Ly thuyét hé thong; Ly thuyét diéu khién; Hé phi tuyén; Cac hé rai rac, hé lai; M6 hinh hod va md phong;
Diéu khién t6i wu; Nhan dang hé théng; Loc va ude luong trang thai; Biéu khién thich nghi va cac hé hoc; Biéu khién bén
vitng; Piéu khién théng minh, hé mo, hé chuyén gia, mang no ron, thuat gien; Diéu khién chuyén dong; Diéu khién dién tir
cong suat; Mo hinh hoa va diéu khién ré bdt cong nghiép; Diéu khién xe tu hanh, rd bét di dong; Diéu khién cac hé sinh hoc;
Diéu khién trén co so thdng tin hinh anh; Diéu khién trén co s¢ ngdn ngit, tu thé va hanh vi;Cac h¢ diéu khién c& micro va
nano; Diéu khién cac loai may dién, truyén dong va hé thong ning lwong. ..

2. Tw dong hoa: Giao dién nguoi-may; Cam bién co cdu chap hanh, 1/0 thdng minh; Hé thng tu dong hoa tich hop toan dién;
Cac hé SCADA, DCS, CAD/CAM/CIM/CNC; Hé théng nhiing, cdng nghé PLC, PC/104, PXI, IPC; M6 hinh hoa va mé phong
qué trinh san xuat; Biéu khién qué trinh cdng ngh¢; Tu dong hoa phong thi nghiém; Hé thong do ludng théng minh; Mang diéu
khién; Phan mém tu dong hoa; Vi xtr ly, CSoC, SoC, DSP, FPGA, ASIC trong diéu khién; Bién tir cdng suat; ...

3. Po lwong: Ly thuyét do luong (phuong phap do, xtr ly s6 liéu do, ...); Cam bién va thiét bi do (do cac dai luong dién cong
nghiép, toc do, nhiét do, luu lwong, mic, do quang, do ludng tan s6 vo tuyén va vi song, do ludng am hoc); Truyén thdng cong
nghiép; Mang cam bién va mang cam bién khong day; Po va giam sat méi truong; Do va giam sat hé thdng dién; Ro-le k§
thuat so; Tuong thich dién tir truong, ...

4. Ung dung: Hé thng co dién tir; Hé thong diéu khién giao thong théng minh; Ty dong hoa trong cong nghiép tau thuy; Tu
dong hoa trong ndng nghiép, 1am nghiép va thuy san; Tu dong hoé cao ¢, nha thong minh; Ty dong hoé trong ham mo, khai
thac khoang san va luyén kim; Tu dong hoé trong ché tao may; Tu dong hoa trong cong nghiép nhe; Tu dong hoa trong linh
vuc ning lugng, dién ning va niang luong tai tao; Ung dung diéu khién trong linh vic hang khong vii tru; Ung dung trong an
ninh, quéc phong; Ung dung trong giéo duc va dao tao; Ung dung trong y té va cham séc stc khoé cong ddng; Ung dung trong
phong chéng thién tai va xir Iy 6 nhiém méi truong; Céc wng dung khac, ...

Chuyén san DL-DK-TPH ra 1 ndm 3 s vao cac thang 4, 8 va 12 trong niam, ndi dung cé thé gom bén muc:

1. Myc CONG TRINH KHOA HQC Ia muc chinh, gdm nhirng bai bao gigi thiéu cac két qua nghién ctiru méi va chwa duoc
cong b tai cac dién dan khoa hoc khac. Dung lugng bai béo can han ché (véi mirc phi co s6) 1a 6 trang tré xudng. Ké tir trang
thir 7 mirc phi sé cao hon.

2. Muc THONG BAO KHOA HQC nham tao diéu kién dé cac nha khoa hoc théng bao c6 dong, ngan gon vé cac huéng, hoic
vé céc két qua nghién ctru. Dung luong han ché khéng qué 2 trang (voi miee phi co s6).

3. Muc TRAO POl KHOA HQC nham tao diéu kién dé cac nha khoa hoc trao ddi theo hinh thire ngudi doc chat van — tac gia
tra 10i vé cac van dé khoa hoc nay sinh xung quanh bai bao di ding. Bai dang tai muc nay c6 noi dung khong vuot qué 1 trang.
4. Muc CONG TRINH TONG QUAN giéi thiéu cac bai viét tong quan vé mot linh vuc cu thé theo dit hang cua Ban Bién tap
khi c6 nhu cau.

Nop ban thao

Chuyén san PL-DK-TPH chi nhan ban mém cia ban thao bai bao (CONG TRINH KHOA HOC, THONG BAO KHOA HOC,
TRAO POI KHOA HQC) duéi dang Word (.docx) hoic PDF (néu soan bang LaTeX). Vui long doc k va tuan thu cac quy
dinh duoc trinh bay trong néi dung file template ciia Chuyén san. Chuyén san PL-DK-TDH chi nhan ban thao nop truc tuyén
qua trang web https:/mca-journal.org. CAc tac gia can dang ky tai khoan (mién phi) dé c6 thé nop bai.

Ban quyen

Bén thao phai 14 ban gdc, c6 ndi dung trude day chua duge cong bd, va khong dong thoi dang duge xem xét dé xuat ban & noi
khéc. Néu ban thao co nhiéu dong tac gia, cac tic gia c6 trach nhiém dat dugc thoa thuan cac bén cing dong y ding, d6 khong
phai trach nhi€ém cua Chuyén san. Néu ban thao co st dung cac dd thi, bang biéu, hinh anh, doan van hay cong thic tir cac tai
liéu khac da cong bd trude day, cac tac gia can thay ddi va/hoic trich dan pht hop hodc tw chiu trach nhiém xin phép bang vin
ban dé dugc phép sir dung céc tai lidu d6 trong ban thao ctia minh.

Phi dang bai

Mirc phi co s cua cac bai viét tir 8 trang tré xudng 1a 2.000.000VND/1bai. Néu bai viét dai hon 8 trang, muc phi ké tir trang
thir 9 tr di 1a 200.000VND/1 trang. Tuy nhién, bai viét khong dugc phép dai qua 15 trang (trir nhing truong hop dic biét. Vi
du: cac bai thuoc muc “CONG TRINH TONG QUAN” do Ban Bién tap dit hang). D6i voi bai viét cua sinh vién, mic phi
dugc giam 50%.

Thic mic

Moi thic méc, hay cau hoi lién quan t6i cong trinh diang c6 thé gui truc tiép téi Truong Ban Bién tap, PGS. TS. Tran Trong
Minh, Khoa Ty dong hoa, truong Bién - Bién tir, Pai hoc Bach khoa Ha Noi, s6 1 dudng Pai C Viét, quan Hai Ba Trung, Ha
Noi.

Email: minh.trantrong@hust.edu.vn



https://mca-journal.org/
mailto:minh.trantrong@hust.edu.vn
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