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TOM TAT

Tu dong hoa la mot khia canh quan trong cua Cong nghiép 4.0 dé cai thién do
chinh x4c va ning sut. Dé danh gia hiéu qua va ning suit ctia qua trinh san xuét,
c6 mot s tidu chi can xem xét: tinh On dinh, thoi gian dap tmg, tiéu thu ning
lwong, than thién véi moi truong, chi phi va cong nghé... Tinh cip thiét ap dung
cong nghé 4.0 trong nhitng mdi truong lam viéc doc hai chang han nhu 16 phan
g hat nhan, phong thi nghiém hoéa chat doc hai, day chuyén san xuat va pha
ché thude trir sdu, chita chay, cac hoat dong chéng khung bd, bom min, va giai
phau y té. Hé thong robot didu khién tir xa di dugc phat trién dé giai quyét vn
dé nay. Mot trong nhitng hé théng d6 14 hé thong chu - té. Hé thdng nay giai
quyét cac van d& véi céac tin hiéu phéan hdi nhu vi tri, luc va md-men cua cic
thanh phan cudi cua hé théng diéu khién thu dong cho ngudi van hanh dé cai
thi€n do chinh xac va hoat dong linh hoat cua hé théng. Hién nay, céc vat li¢u
thong minh va mg dung cua chung dang phat trién rat manh mé& nhu Piezo,
Electrorheological Fluid (ERF), Shape Memory Alloy (SMA) va Magneto-
Rheological Fluid (MRF). Luu chét tir tinh (MRFs) 1a vat liéu thong minh duoc
mg dung rong rii cho hé thdng phan hdi lyc vi ¢6 nhing vu diém nhu dap tng
nhanh, tiéu thy ning lugng thap, tao luc va mé men 16n. Tuy nhién, trong cac hé
thong phan hdi luc sir dung MRF van con mot s ton tai nhu két cAu qué cong
kénh do co ciu tac dong dé xuit chua duge tdi wu hoa, luc ma sat & trang thai
chua duoc giai quyét. Vi vay, trong ludn 4n nay, tac gia tap trung nghién ctru va
phat trién cac co cAu méi c6 tinh nang MRF dé tao ra md men, luc co thé diéu
khién duoc, sau d6 dugc ap dung trong cac hé thong phan hdi luc. Luin 4n bao

gdm cac noi dung chinh sau:

e  Phat trién co cAu tac dong hai chiéu st dung MRF (BMRA) giam dugc
md men ma sat ban dau, giai quyét hién tugng thit nat ¢ chai so véi co
cdu BMRA tru6c day dé img dung cho hé thdng phan hoi luc.
e Tbi uu hoa cac thong sé hinh hoc cta ciu hinh BMRA dé xuit bang

phwong phap tdi uu First Order. Bén canh do, sir dung t6i uu hoa da




muc tiéu NSGA dé khao sat tinh uu viét clia cdu hinh dé xuét so véi
céu hinh da nghién ctru trude do.

e Phat trién hé thong joystick 3D phan hoi Iyc sir dung cac BMRA va
phanh MREF tinh tién (LMRB) duoc dé xuat.

e Xay dung mo hinh todn va cac bo diéu khién cho cic hé théng phan hoi
lyc dé danh gia kha nang cua hé thong.

e  Phat trién phanh sir dung MRF (MRB) vdi roto bién dang phirc tap dé
¢6 kich thuéc nho gon ap dung cho tay may xuc giac 3D.

e Phat trién tay may xuc giac 3D sir dung MRB biéng dang phirc tap va
LMRB.

ABSTRACT

Automation is a key aspect of Industry 4.0 to improve accuracy and
productivity. To evaluate the efficiency and productivity of the production
process, there are several criteria to take into consideration: stability, response
time, energy consumption, environmental friendliness, cost, and technology...
The urgency in the application of technology 4.0 is essential in hazardous
working environments such as nuclear reactors, toxic chemical laboratories,
pesticide production and preparation lines, fire fighting, anti-terrorism activities,
mines, and clearance Medical surgery. Remote control robot systems have been
developed to solve this problem. One of those systems is the master-slave system.
This system solves problems with feedback signals such as position, force, and
torque of the passive control system end components for the operator to improve
accuracy and flexibility operation of the system. Currently, smart materials and
their application have been developing very strongly such as Piezo,
Electrorheological Fluid (ERF), Shape Memory Alloy (SMA), and Magneto-
Rheological Fluid (MRF). Magnetic fluids (MRFs) are smart materials that are
widely applied to force feedback systems because of their advantages such as fast
response, low energy consumption, large force, and torque generation. However,
in the force feedback systems using MRF, there are still some shortcomings such




as the structure is too cumbersome because the proposed impact mechanism is
not optimized, the friction force in the state has not been resolved. Therefore, in
this thesis, the author focuses on research and development of new mechanisms
featuring MRF to generate controllable torque/ force, which is then implemented
in force feed-back system. The thesis includes following main contents:

o Development of a bidirectional MRF based actuator (BMRA) for the
feedback system. Force to provide a controllable torque in both
directions which can eleminate frictional torque, solving bottleneck
problems compared to previous BMRA mechanisms.

e Optimization of the geometricparameters of the proposed BMRA
configuration by the First Order optimization method. Besides, using
NSGA multi-target optimization to investigate the overall performnce of
the proposed configuration and compared to the previously studied
configuration.

o Development of a 3D-force-feedback joystick system using two of the
proposed BMRAs and a linear braking featuring MRF (LMRB).

e Constructing mathematic models and controllers for force feedback
systems to evaluate the system's capabilities.

o Development of MR brake (MRB) with complex-shaped rotor to
archieve compact size for a 3D haptic manipulator.

o Development of a 3D haptic manipulator featuring complex-shaped rotor
MRBs and a LMRB.




Chwongl. TONG QUAN

1.1 Gi6i thiéu vé lru chat tir bién. (MRF)
Luu chét tir bién 1a Iuu chat thay ddi cac tinh chét luu bién nhu d6 nhét, Gmg

sudt chay dudi tac dung cta tir truong. MRF di duoc Jacob Rabinow nghién ciru

tai Cyc tiéu chuan qudc gia Hoa Ky vao cudi nhitng nim 1940s [1]. Pac diém tir

tinh ctia luu chat tir bién bao gdm tmg suat chay déo, d6 nhét sau chay déo va do

lang dong [2, 3]. Tinh Iuu bién nay phu thudc vao cic tham s6 bién doi khac nhau

nhu ty trong hat tir tinh, loai hat tir tinh, mat d6 cac hat tur tinh, cuong do tu

truong, nhiét do, tinh chét cua chit long nén va loai chét phu gia [4].

1.2 Pic diém MRF.

1.2.1 Thanh phan chinh MRF. (Hinh 1.1)

= Hat tur tinh (1): hat cia MRF hi¢n nay =3
dugc sir dung nhu sit, hop kim sat, oxit

sat, nitrat sit, cacbua sat, sit carbonyl, : : _'
niken va coban [6, 7]. Kich thudc hat Leen .
tr tinh nam trong khoang 0,1-10 pm. Hinh 1.1 Thanh phén chinh MRF.

= Chét long nén (2): 1a dau silicon, dau khoang, dau parafin, dau thay lyc, chat
long hitu co nhu halogen, silic fluoride va dau hydrocarbon tong hop [7].

= Chit phuy gia: duoc thém vao nham lam giam su ling dong cua cac hat trong
MRF. Hién tugng ling dong nay s& lam giam hiéu suat caa MRF [8]
1.2.2 Nguyén ly hoat dgng MRF.(Hinh 1.2)

Khi MRF ¢ trang thai khong c6 tir truong di qua thi cac hat tir tinh chuyén
dong tu do va luu chit tng xir nhu lwu chat Newton. Khi MRF ¢6 tac dung cia
tu trudong bén ngoai vao thi cac hat tir Ti iruim dp dung
tinh s& gan két va sip xép lai voi nhau H““”‘”h *. % '“i ki“'
theo hinh dang phan b ciia duong sirc :... : .;
tr. Céc 1}@‘[ tu c6 kha niang chérrlg lai Sl:,l’ .l'. 'I. | 3 I '“
pha v lién két, lam cho Iuu chat sét lai. I;)inh 12, Che trang i MRF
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1.2.3 Cac ché d 1am viéc ciia MRF.

Theo nghién ctru [9] gdm bao gdm: ché do dong chay (valve mode), Ché do trugt

(shear mode) va Ché do nén (squeeze mode).

1.3 Tinh hinh nghién ctru h¢ théng phin hoi lyc hi¢n nay.

1.3.1 Nghién ctru trong nuorc.

- Tu Diép Cbng Thanh [10] nghién ciru hé tay may Master va Slave sao chép
chuyén dong diéu khién tir xa, viéc nghién ciru dirng tai sao chép chuyén dong.

- Nguyén Ngoc Diép [11] phat trién dé tai “Nghién cizu,thiét ké va ché tao mod
hinh tay may sao chép chuyén dgng va phan héi liec ” van ton tai mot s6 nhuoc
diém do van sir dung phanh MRF kiéu truyén théng.

1.3.2 Nghién ciru nwéc ngoai.

Li W. H cung cac cong sy [12] d4 dwa ra hé phan hoi luc joystick 2D voéi hai
phanh ding MRF. Cac phanh duogc sir dung van la cac phanh truyén théng va
viéc t6i wu hoa hinh hoc chua xem xét nén két ciu va ma sat ban dau con 1on.

Nguyen P. B va cac cong su [13] da thiét ké va ché tao co ciu joystick 2D
phan hdi lec st dung co cdu quay hai chiéu dung MRF. Tuy nhién van sir dung
kiéu quan day truyén thong din toi hién tuong that nit cd chai va viéc t6i uu hoa
hinh hoc chua duoc xem xét nén két ciu con kha In, mé men dau ra chi 1,2 Nm.
1.4 Két luan.

Thong qua cac nghién ciru trén, tac gia nghién cru va phat trién mo hinh va
g xit modi cia MRF cho co hé cia minh. Ddng thoi tién hanh phan tich, tinh
toan, t6i wu hoa cac thong sb hinh hoc véi rang budc cia hé théng va tién hanh
xy dung bai toan diéu khién dé dap g cho hé théng.

1.5 Muc tiéu nghién ciu.
1.5.1 Muyc tiéu chinh: hé thong phan hoi lyc dung MRF c6 kha ning:
- Phan hdi chinh xac luc 3D; giam thiéu téi da anh huong cua luc ma sat 1én
tay nguoi diéu khién; dénh gia kha ning dap wng caa hé thdng phan hoi huc.
1.5.2 Muc tiéu cu thé.
- Phét trién co cdu tac dong hai chiéu dung MRF (BMRA);
- Phat trién phanh MRF tuyén tinh (LMRB) c6 kha ning kiém soét lyc doc truc.
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- Phét trién hé théng phan hdi luc 3D véi su két hop cia BMRA va LMRB.
- Phét trién phanh MRF bién dang ring (MRB) v6i muc dich 1a giam khi lugng
va ting mbé men dau ra cho MRB.
- Phét trién tay may phan héi luc 3D dya vao su két hop cia MRB va LMRB.
1.6 Pham vi nghién ciru.
Hé théng phan hdi luc 3D; luu chat nghién ciru 1d MRF132-DG; toe do dicu
khién khoang 2 rad/s; bo diéu khién ap dung PID, SMC.
1.7 Phwong phap nghién ciru va cach tiép can.
- Phuong phap sé: dao ham bac nhat, NSGA-11, bo diéu khién PID va SMC.
- Péi tugng nghién ctru 1a cac co cdu tac dong ding MRF
- Céc két qua t6i uru va thuc nghiém duoc kiém tra tinh ding dén va do tin cay.
1.8 Tinh méi ciia dé tai.
Céc diém méi ctia nghién ctru nay so véi cac nghién ciru trudc:
- Phét trién co cau hai chiéu mai khic phuc hién twong that nat ¢ chai, bdo hoa
tir cuc bo, giam khdi luong co ciu so véi co cu cua tac gia Nguyen P. B [27].
- T6i wu cac thong sé hinh hoc cuia BMRA, MRB va LMRB vé6i myc tiéu 1a
khéi lwong nho nhit va diéu kién rang budc 1a mé men dau ra cua co cau
- Phét trién hé théng phan hoi luc 3D sir dung BMRA va LMRB da d& xuét.
- Phét trién tay may phan hoi luc 3D sir dung MRB va LMRB da dé xuat.
- Xay dyng md hinh toan cho hé théng phan héi luc 3D.
- Xay dung cac b diéu khién cho hé thdng phan hdi luc duoc dé xuét

Chwong2. COSOLY THUYET
2.1 Céc dic tinh co ban cia MRF.
- Dac tinh ter tinh ¢ink: tir tinh cia MRF kha nang cho phép tur thong chay qua
lwu chét, ddc trung boi do tir tham p. Vi quan hé [14]: B =pw.H  (2-1)
Trong d6 B la mat do tir thong, H 1a cuong d6 tir trueong.
- Ddc tinh d¢ nhét: chiu anh huéng boi hai yéu t d6 1a 6 nhét cua chit long
nén va mat do hat tir tinh. DAy ciing 1a mét trong nhitng thdng sb luu bién




dugc str dung dé xac dinh dic tinh wng xur
Phuong trinh d nhét: n, =1+ 2.5¢
Vi 1 12 d6 nhét twong dbi, ¢ 1 thé tich cua cac

cua vat liéu phi Newton [15].
(2-2)

chit hoa tan

= P¢ bén : sau mot thoi gian 1am viée luu chat ¢d thé mat di nhitng dic tinh ban

dau véi nhiéu ly do khac nhau chu yéu mai mon hat tir tinh.

2.2 M6 hinh toan ap dung cho MRF.
M® hinh déo Bingham [5]:
V6i 1: tmg suat cat; T, ang suat chay déo; Sgn

déo; y: tbe do cit cua luu chat.

T =1,(H)sgn(y) +ny
: ham dau; n: d6 nhét sau chay

(2-3)

Céc tinh chit Iuvu bién cia MRF duoc xac dinh bang cong thirc sau [5]:

Y =Y, + (Yo — Yo,)(2e75asy — e ?Pasy)

(2-4)

Y 14 thong s6 luu bién cia MRF nhu (mg suat chay (ty), do nhot (w)

Ty = Ty + (Tyo — Tyoo) (267 B%sty — @728ty

1= oo + (o — Hoo) (2875 %51 — e72B%u)

(2-5)
(2-6)

Gi4 tri cac tham s6 Y ¢6 xu hudng tir Yo dén gia tri bio hoa Yo, agy 12 chi sé mo

men b&o hoa caa tham sb Y; B 1a mat do tir théng
2.3 M6 men ma sat trong rénh MRF.
2.3.1 M6 men ma sat trén ranh mat dau (1).

Xét phanh dia don (Hinh 2.1), dia quay véi van

téc o (rad/s). M6 men duoc tinh nhu sau[16]:
2T peqR* R;\™T3 T 3 3
- (n+3)qtg [1 - (R_o) ] 0+ (R§ + R{)(2-7)
2.3.2 Md men ma sat trén mat tru ngoai (I1).
M6 men ma sét tai (II) duoc tinh [17]:

Ta = 2m. RgdeRO

2m

(2-8)
2.3.3 Md men ma sat trén rénh nghiéng.
Xét phanh MRF c6 bién dang dia gdm c6 ranh

Hinh 2.1. Két cdu dia don cia MRB

™ Vaphanh Cudndiy
True ‘ 1 . . o /
Phét |
chin ok |

nghiéng (l1, Is, Is) (Hinh 2.2). M6 men ma sat
trén rdnh nghiéng theo [17]:
T; = 21 (REL+ Ryl?sin® + > Psin®@) 7,

+§nu,i§(4Ri3 + 6RZIsin® + 4R;1%sin*@ + 13sin®*@); (i = 1,3,5)

MRF |

MRTF Dia

||
Hinh 2.2. K&t ciu clia BMR

(2-9)
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2.4 Luc ma st truwgt co cdu tuyén tinh ding MRF (LMRB).
Xét mot LMRB c¢6 cdu tao va théng sé hinh hoc co ban (Hinh 2.3). Khi d6 luc

ma sat trugt sinh ra boi LMRB dugc tinh [18]:
Fsq = 2m. uRsLv/ty + 2m. RsLt,, (2-10)

Véi Rs 12 béan kinh truc; d 1a kich thudc khe MRF; v 1a van téc tuong dbi giita

truc va vo; L 1 chiéu dai cia 6ng MRF; R 12 ban kinh LMRB.

2.5 M6 men ma sat giira phot va truc. / ‘
Dbi véi phanh (Hinh 2.1, Hinh 2.2)

thi md men ma sat dugc tinh theo [19]:

Tys = 0,65(2R)*w/?  (2-11)

Tst: m6 men sinh ra do ma sat ctia phot

véi truc (Oz —in); Rs1a ban kinh truc

Truc phanh
W Duong sic i
B8 Cudn day
Bac truwgi
\\ Thén phanh
Lt chdt MR
&| W Phot chan MRF

Hinh 2.3. Két ciu LMRB

(inch); @ 14 toc d6 quay cua truc (vong/pht)

Dbi véi LMRB (Hinh 2.3) st dung O-ring nén md men ma sat giita phdt va truc
dugc tinh theo [20]:  F,, = f.L, + fLA, (2-12)
2.6 Phuong phap giai bai toan tir tinh cia MRF.

2.6.1 Phwong phap giai tich.

Ching ta biét ring md hinh héa hé thdng dua trén MRF 1a di két hop phan
tich dién tir va phan tich hé thdng luu chat [21]. Mach tir ¢6 thé dugc phan tich
bang dinh luat Kirchoff tir tinh nhu sau: ¥, Hy Iy = Neyynsl (2-13)
Trong d6 Hy 1a cudng do tir truong trong lién két tha k ciia mach tir; I 1a d6 dai
hiéu dung cua lién két; Nwems 12 56 vong cua cudn day; | 1a dong dién &p dung.
2.6.2 Phwong phap phan tir hitu han.

Két hop phuong phap phan tir hitu han voi mo dun giai dién tir truong c6 san
trong phan mém ANSYS sé& gitp ta xac dinh dugc mat do tir thong di qua khe
MRF. Khi sir dung phuwong phap nay thi dé kiém soét tot viéc chia ludi theo mong
mudn, tac gia dung phin tir tr gidc cho tat ca cac phan tir (phan tr dbi xtimg truc
PLANE 13) ciia phan mém ANSYS.




2.7 Co sé phwong phap tdi wu hoa.
e Phuong phép giam d6 doc (Gradient Descent - GD) [22]
e Phuong phap giai thuat di truyén (Genetic Algorithms - GA) [23]
e Giai thuat di truyén sap xép khong vuot troi 11 (NSGA-11) [24]
2.8 Co sé ciia phwong phap diéu khién.
- Bo diéu khién PID (Proportional Integral Derivative) [25]
- Bo diéu khién SMC (Sliding Mode Control) [26]

Chuwong 3.  PHAT TRIEN CO CAU HAI CHIEU DUNG MRF
3.1 Co ciu hai chiéu dung MRF (BMRA).
3.1.1 Nguyén ly céu tao. o

y S

NN
N
\\\\\\\\\\\\\\\\

N

Trén co s BMRA cua Nguyen P. B [27] va
Nguyen Quoc Hung [35]. Nhém d& xudt hai g
phuong an cho BMRA & BMRAL 6 mot o tsl] “‘
cudn day & modi bén (Hinh 3.1), BMRA2 ¢4 hai
cudn day & mdi bén. V& cAu tao thi BMRAL1 va

..\\\

chin

BMRA2 hoan toan giéng nhau chi c6 BMRA2 Z%;/ e % e

duge b tri 2 cudn diy & mdi bén. Cac BMRA il Dia2
hoat dong nhu sau: tir dong co bén ngoai thong ~ Hinh 3.1. Keét cau clia BMRAI
qua hé banh ring s& din dong hai truc vao 1 va 2 quay ngugc chiéu, ma hai dia
dugc gin ¢b dinh trén hai truc dau vao nén dan t6i hai dia 1 va 2 ciing duoc quay
cung tde do nhung nguoc chiéu. Mot truc ra duoc gfm ¢ dinh v&i thin BMRA
s& 14y m6 men dau ra ciaa BMRA khi chung hoat dong.

3.1.2 M6 men dau ra cic BMRA:

BMRALl: Ty =T;-Ty,+Tgyq —Ty, (3-1)
Trong d6 Ty1: md men dau ra cia BMRAI1; T4, T 1a mo men sinh ra cua dia 1,
dia 2; Tgq, Ty: m() men ma sat gitra phat va truc 1, truc 2. Theo (2-7), (2-8):

- R* is R?

T, = M;? ci [1 ]|w1| +ﬂ(1e —R?)+%[l ]lel+ £MTyd1z (R3, — R%)
Tpg13Ry R 2mT |“’ IR

LTS d[l ) ]l 1|+ =22 (R — R%,) + 2mRGta (Tyara + Hara—y ) (3-2)




T RE Ri\* 2nt T oo RE 2nt
T, = Haz1ltc 1- _L o, | + del (Rfi _R?) " Hazz2Rco 1- (_ o, deZ (RS, a)
2t, 2t,
Tig3RS R 2MTyq |aJ IR
+% [1 CO ] |w,| + —2— y = (Rd - R?o) + 2”Rdtd(Tydz4 + Ugza— d) (3-3)
g
Tu’O‘ng tu ChO BMRA2 TOZ = le - sz + TSI - TSZ (3'4)
T 1R R
Ty = Hi1Rcin [1 ] o, + y11 (Rm _ Rl3) + T2 col[ ctl ]|(D1|
2t, Reix 2t, Reoq
2ntT s RE R Uy RE
n y12 (R%,, _Rgu) i HisBeip 1 _( col) o | + y13 (Raz _R3 ) 4 THaatteoz Hialico2 czZ | N
Ztg Rch 21: cuZ
2 R} Reo 2 |wq IR,
7TTy14 Rz — R31) + W#Zd [1 ( 2) ] lw | +— myls (R — R%:,) + 2mRt(Tare + a6 %) (3_5)
Tl R, ( R; )4 y21 3 ”ﬂzchm c11
Ty = 1- + R3, — R} + ——
dz Ztg Ral |(JJ2| ( cil 1) Zt Cal | Zl
2ntT TU,3R TUy4 R
y22 (Rcol m)+ #Z az[ col | L+ y23 c12 Rgm) + #224t 502[ czZ ]|0)2|
ch caZ
2n1y24

(Riy = Repr) + 72281 = (%22)"| o] + 2752 (R — RE) + 2R3t + oo 20 (3-6)
3.2 Thiét ké t6i wu cho cac BMRA : Ham muc tiéu cia BMRA (my)

my = Va1pa1 + VazPaz + VapPn + Vs1Ps1 + VsaPs2 + VurrPurr + Vepc (3-7)
Trong do6: Va1, Ve,
Vh, Va1, Vs2, Vrr,
Ve la thé tich cua
cac bo phan ciu | it gIL-|| |
tao nén BMRA “PLNS )
tuong tng do6 1a thé
tich cta dia 1, dia

2,Vo,truc 1, truc 2, Hinh 3.2. Két cdu BMRA1 Hinh 3 3. Két chu BMRA2
MRF va cudn day.

Reol| Ra

MRF1
MRF2—F
MRE3 4%

MRF4
MRF5

MRF6
%

Khéi luong riéng tuong tng d6 13 pa1, puz, ph, Pst, Ps2, PURE, e

- Bién thiét ké: tat cac théng s hinh hoc chu yéu cia BMRA.

- Piéu kién rang bugc: mé men dau ra cia BMRA Tp > 5 Nm

3.2.1 T6i wu hoa mjt muc tiéu. ,

Str dung phuong phép First Order (Hinh 3.4) Céng cu toi vu héa ANSYS sé&
chuyén d6i vin dé t6i uu hoa bi rang budc thanh van dé khong bi rang budc thong




qua ham Penalty (ham phat). Ham muc tiéu twong duong khéng rang buoc co
2L Y P () + X By (90) (3-8)

OB]Jo

phuong trinh: Q(x,q) =

Gid 1] thiét ké ban diu (DV)

Chay tip tin phan tich

Tinh todn him muc tiéu neong diwong
khéng bi ring bugc (Q)
)

‘ Tim DV hrimg vector ‘

OBJ 1a gia tri ham muc vai

- Trwrémg mé men ban diu
- Mt db tir teimg

- Mé men phanh

- Him myc tiéu OBJ

cac bién thiét ké ban dau; q l1a

tham s6 bé mit; Py 1a ham phat
cho bién thiét ké x; Pq 12 ham

Vong lip diu tién

(chiéu am cia Gradient ciia Q)

3

phat Penalty bién trang thai g Vi o g 0 e DY ‘
Vong lip {Thuit tedn Golden-Section)
tiép theo

Viéc chia ludi duoc xac
dinh boi s6 phan tir trén moi

duong thang, khi sé phan tur

H A X \ z Tinh todn gid trj méi inh todn ha 6 . ap t6i
duoc chia trén mai duong Ion L] | e s | | G |
Golden-Section) hong bi ring bude (Q
P

hon hoic bang 10 thi két qua \_{ B
md phong da hoi tu. Sai léch

khi tang ludi tir 10 phan tir 1én

12 phan tir chi khoang 0,2% dam bao dugc d6 hoi tu mong muén. M hinh phan
tr hitu han phan tich mach tir (Hinh 3.5). Ty 18 lip day cua cudn day duoc lay
bang 80%, trong khi ton that tir trudng duoc gia dinh 1a 10% duwa trén kinh nghiém
thuc nghiém. Ty 1¢ hoi tu cua t6i uu hoa duge dat 0,1%. Két qua phan b mat do
tir thong cia BMRA & muc t6i wu (Hinh 3.6)

Hinh 3.4, Luu dd tdi vu bing phuong phép First Order

BMRA_[27] BMRALI BMRA2
Hinh 3.5. M6 hinh phan tich mach tir cia BMRA

™ Tosy
736300
5 a
[ coesos__sous) N
e B :

BMRA_[27] BMRAL BMRA2
Hinh 3.6. Phin bd mét dé tir thong cia BMRA
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Két qua hoi tu cua cac BMRA (Hinh 3.7), vé6i To>5 Nm véi d6 chinh xac 2%,
s6 vong lap bang 40. M6 men xoan truyén tir dia 1 cao hon mot chdt so véi mod
men xoan dau ra (7,4% trong truong hop BMRA_[27], 13% trong truong hop
BMRAL1 va 7% trong truong hop cia BMRA2). Didu d6 cho thiy rang chénh
léch md men xo0én truyén cua BMRA_[27] nho hon BMRA1 do BMRA [27] ¢6
st dung bo phan cach tir. Bbi vai BMRA2 khong c6 bo phan cach tir ma chénh
léch vé md men truyén BMRAZ2 van nho hon BMRA_[27].

50
345
240

10 40

35
c \~
\

——Khdi lugng EMRA | ——Knhdi hrong BMRA
1

g 20 | 2
15 | 10

T | e R S S i ostC 0sE” it
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 S0 5 07 %0 % g

BMRA_[27] Vg lip BMRA1 Vong lip BMRA?

Hinh 3.7. Két qua t6i vu ciia cac BMRA
Bang 3.1: Két qua téi vu cia cac BMRA

BMRA Théng s thiét ké (mm) Dic tinh hoat dong
tc= 6,3; hc=6,1; Ls1=5,0; La2=0,5 | Timax=4,96 Nm
BMRA_[27] | Ri=36,3; Ro=50,2; tg = 11,9 Mmnax = 3,21 kg
R 61,8;t0=3,8;th=3,1; L =322 | Ph=21,8W; Rc=49 Q
Wc—56 h.=7,65; R¢i=40,7 Tmax= 4,97 Nm
BMRA1 =21,5; Rp =52,8;t3=4,2 Mmax = 2,64 kg
R =556;th=2;t,=583;L=34,8 | P,=19,8W;R.=32Q
Wer=We=4,25; ha=7,4 Tmax= 4,98 Nm
hcz= 6,2; Rei1=29; Reio=47,5 Mmax = 2,1 kg
BMRAZ =20; Ro=56,6;t4=4; R=59,4 Pw=24 W; R;1=1,68 Q
'[0—2 th=3,2; L=24,3 Re2=2,16 Q

Ap dung phuong phép First Order (Hinh 3.4) két qua cho boi Hinh 3.8. Mirc
md men dau ra 16n thi khdi lugng cia BMRA [27] ludn cao hon cac BMRA
dugc dé xuat, mc tiéu thu dién cia BMRA?2 ludn cao hon csc BMRA kh 4c va
muc tiéu thy dién cuia BMRA1 luén nhé hon BMRA [27].

V& thong sé ban kinh ngoai (R) cia BMRA_[27] cao hon so véi BMRA1va
BMRA2 tai T >5 Nm, v6i T <5 Nm thi ban kinh ngoai cia BMRA [27] nho
hon mot chit so véi BMRA2 nhung ludn 1é6n hon BMRA, ban kinh caa BMRA1
luén nhé hon BMRA2.




Bén canh d6 chiéu dai tdng thé (L) cia BMRA2 nho hon dang ké so véi cac
BMRA khac. O mé men xoan dau ra cao thi chiéu dai tong thé cia BMRA_[27]
nho hon cia BMRAL, khi T <5 Nm thi tré nén 16n hon.

Khéi lugmg BMRA (Kg)

Biin kinh ngoii (mm)

——BMRA_[27] — - BMRA1- - - BMRA2 50 ~——BMRAL|— — BMRAI-- - BMRA2
3
3
»
=3
®
=
z
10
3 10 13 20 H 10 15
Mé men dau ra (Nm) Mé men dau ra (Nm)
50 L n s
——BMRA_[27]= = BMRAL - - - BMRAZ ——BMRA_[27]- — BMRAL- - - BMRA2
H
=
3
a
=
o]
20 T - T - T -
5 10 15 2 5 10 15 2

M& men dau ra (Nm)

Bién thiét ké,
quy mé dan so

Bién thiét ké
ngiu nhién

Tap tin dau vao tir
bién thict k&

M men ddu ra (Nm)

Hinh 3.8. Két qua téi wu bang First Order

3.2.2 Téi wu hoa da muc tiéu cho BMRA.
Ap dung thuat toan téi wu di truyén sap xép khong chi phéi Il (NSGA-11) [24].
Luoc do téi wu (Hinh 3.9). Biéu do Pareto (Hinh 3.10) cua giai phap toi wu khi

=}

Vong lap tang 1 H

Cap nljal I)ién
thictké

H ANSYS

Vong lip hién tai
lén hon cho phép

1

NSGA -IT H Tap két qua

Hinh 3.9. Luu d t6i uu 4p dung NSGX-II
céc tham sé cia NSGA-II duoc thiét lap nhu sau: s6 1an lap ti da 1a 100, quy mo
dan s6 bang 20, ty 1& phan trim chéo bang 0,7%, phan trim dot bién 0,005, ty Ié
dot bién bang 0,02. Két qua (Hinh 3.10) c6 thé thiy rang két qua tbi wu rat gan
véi két qua mong muédn. Thyc hién véi 50 b gié tri ngau nhién caa bién thiét ké.
Tur két qua, céc gid tri caa tham sb thiét ké cua trudng hop nao tt nhat s& duoc
chon 1am gié tri ban dau cua bién thiét ké trong thuat toan bac nhat.

[ = BMRA[S6] e BMRAl 4 BMRA2] '
-
10 L
=t .
¥ -
Z8
‘ g : 4
> . 4
@ - o "
w © el
£ - S
=4 o o
3 ug
2 {aa
-
0 T
5 10 15 20 25

Mo men déu ra (Nm)

Hinh 3.10. K&t qua tdi uu hoa da myc tiéu
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3.3 Thiét ké va hoan thién hé théng thi nghiém BMRA2.
Hé thong thuc nghiém hoan thién dugc “fe™ ™ wow ot syraz -
trinh bay bai Hinh 3.11

3.4 Két qua thye nghiém va danh gia.

AC servo

Két qua md men xoin dau ra khi
khéng cap dong dién cho cac cuon day
(Hinh 3.12) thay ddi tir 0 dén -0,22 Nm.

Gia tri am c6 nghia la m6 men xoan dau

Bo khuéchdai ~ Card NI May tinh

ra cung hudng cua truc 1. Vi duwong kinh Hinh 3.11. He(tllig;{;'ﬁ:uc(igfii‘; BMRA2
cua tryc vao 1 16n hon tryc vao 2. Thoi 0.00 R,
gian md men xodn dap tng & trang thai tit
Ia khoang 30 ms. Thoi gian dap (ng nay E:: e
do d tr& co hoc cua BMRA., 2

Khi cap dong dién dang bac ( muc thay 025

dbi 120,25 A trong khoang tir 0,5 A t6i 2,5 MY mme
A) cho cac cudn day & mat bén cua dia 1 Hinh 3.12. M6 men BMRA2 & trang thai tat

tai thoi diém 0,5 s thi dép tng timg buéc md men N AN R SR
dau ra cia BMRA (Hinh 3.13) xdp xi 02s. M6 &,

men diu ra trung binh do duoc cua BMRA khi  2°

dong dién 2,5 A 1a khoang 5.1 Nm Ién hon véi =

thiét ké t6i wu 12 4,98 Nm. Nguyén nhan c thd do o0 & 13 st
viée woc tinh md men ma sat va md men truyén  Hinh 3.13. Kér qua md men déu ra
dong chua chinh xac hodc do ton thét tir truong fzgu: vct.“‘_\‘;;hw co i
gy ra. Tir Hinh 3.14 la két qua m6 men dduramoé 2 241 \

phong nhu mot ham cua dong dién &p dung, ta :%'36' \"‘-a.,_*
thdy ring mé men dau ra do dugc ciing phii hop =40 s
vGi md men md phong va sai sé dao dong tir 1,5% 00 05 0 5 e

Dong dién ap dung (A)

dén 5%. Tir Hinh 3.13 ta ciing thdy ring trong moi  Hinh 3-14. M6 men va dong dién

truong hop gid tri 6n dinh cia mé men do duoc hiu nhu dat duogc tai thoi diém

11



1,05 s. Do d6, thoi gian dap ting cia mé men cam
{rmg dau ra la khoang 0,55 s, thoi gian dap tng co
hoc la 30 ms.

Tién hanh twong ty cho dia 2 ta c6 cac két qua
biéu dién boi cac Hinh 3.15, Hinh 3.16. Thoi gian
dap ung cua dong dién ap dung khoang 0,2 s. M0
men xoan dau ra trung binh & dong dién 2,5 A dat
4,7 Nm nho hon mot chit so véi trong truong hop
dia 1, md men xoan khoang -0,25 Nm & trang théi
tat. M6 men dau ra do dugc va md phong so véi
dong dién duoc thé hién & Hinh 3.16 phd hop Véi
m6 men mo phong va sai s6 nho hon 5%. Véi két
gua tr Hinh 3.14 va Hinh 3.16 thi mé men
x04n dau ra do dwgc hai chiéu cia BMRA
dugc mo ta boi Hinh 3.17. Két qua cho thay
mo6 men xoan dau ra hai chiéu cia BMRA ¢6
thé dugc diéu khién boi dong dién &p dung cho
cac cudn day. Cu thé, néu md men xoin dau ra
nhé hon -0,22 Nm thi dong dién duoc cap cho
cac cuon day cua dia 1 va nguoc lai néu mo
men xoén dau ra Ién hon -0,22 Nm thi dong
dién duoc dat vao cac cuon day cua dia 2. Tu
Hinh 3.18 néu &p dung dong dién 0,2 A cho
cac cuon day cua dia 2 thi loai bé dugc mo men
X0an trang thai nghi ciaa BMRA2, khi d6 md
men xoan dau ra bang khong cé thé dat duoc.
Tuy nhién, sai s6 do nhidu khoang +/-0,09 Nm.

Mé men diu ra (Nm)

M6 men déu ra (Nm)

6]——25A — = 20A- - - -175A—-—15A
= {=+=125A ceo L0Aw DT A== = 0.54
;Zi 5
s 4
£ 3
é 2
<
s 1
0
1 T T i T T T T
0.0 05 10 15 20 25 3.0 3.5 4.0

Thai gian (s)

Hinh 3.15. Két qua mé men diu ra

5.6 —-—Thecté  ----- Mé phong
E 424 ot d
< e
= 25
5 284 e
& N

rd
5 14, e
=y }.‘/”
2 0.0, .= u
0.0 05 1.0 1.5 20 25

Dong dién ap dung (A)

Hinh 3.16. M6 men va dong dién

—_— Cz;c cuén dﬁ‘y dia |
489 Ciccuondiydia2 .o
244
004"

~e
244 ~.
-4.8 el J
00 05 10 15 20 25
Dong dién ap dung (A)

0.4

2
°

o
e
!

e
o
n

<
o

Hinh 3.17. Két qua mé men dau ra BMRA2

T T T T T T T
00 05 1.0 1.5 20 25 30 35 40
Thei gian (s)

Hinh 3.18. Mé men xo4n dau ra bang khéng

L3i do nhidu nay dén tir thiét bi do va ciing c6 thé do dong dién dat vao cudn day

khong 6n dinh. Két qua thir nghiém cho thiy sai s6 mé phong nhé hon 5%. Thoi
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gian dap ing ciia md men xo0dn dau ra 1a khoang 55 ms (trong dé tré co hoc 12 30

ms) véi mirc ndy dép tmg dugc cho cac hé thong phan hoi luc trong thuc té.

Chuong 4. PHAT TRIEN HE THONG JOYSTICK 3D PHAN HOI
LUC DUNG MRF

4.1 C4u tao va nguyén ly hoat dong caa hé 3D.

Trén co s& md hinh [36] tac gia phat trién hé

thdng joystick 3D phan hoi lyc (Hinh 4.1) c6

cac dic diém nhu sau:

- Vé thiét ké: b tri hai BMRA trén hai truc X
va truc Y (biéu din md men Ty, Ty), bd tri
LMRB trén truc Z (biéu dién lyc Fy).

- Vé phan tich: phan tich phan hoi luc 3D cua :
hé duoc thuc hién. Hinh 4.1. So d6 dong hé 3D phan hbi

- Vé diéu khién: xay dung cac b diéu khién cho hé théng qua d6 danh gia luc

phan hdi caa hé thong .

Than vo

A A A A 5 Dia phanl
Hé thong hoat dong nhu sau: truc dau ra cua At
. Truc vao 2

MRF
8 Cuon day

hai BMRA duoc két ndi véi hai truc cia co cau

gimbal (4), co cau gimbal théng qua tay cam (C)
dugc tich hop voi LMRB (3), trong khi vo

LMRB duoc két ndi voi than truc Y cua co cu

Truc dau ra

Phot chan MR

gimbal théng qua chﬁc")t Xoay va x?ay doc theo i 0 R ol AT
khe truc Y (mat phang I). Tay cam dugc dat
trong khe truc X clia co cdu gimbal va di chuyén doc theo (mit phang II), gbc
hoat dong cua céan tir - 60° dén + 60°
4.2 Tinh toan mdé men/luc BMRA, LMRB.
4.2.1 Tinh toan m6é men BMRA.

Trén co s6 BMRA2 di nghién ciru & Chuong 3 [37], tac gia chon BMRA
(Hinh 4.2). Viéc tinh mé men diu ra cia BMRA tuong ty nhu BMRA2.
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4.2.2 Tinh toan lyc ham LMRB.
Céu tao cia LMRB (Hinh 4.3). Nguyén ly
hoat dong LMRB: tryc phanh s€¢ dugc truot

trén hai bac truot ¢ hai dau, khe hé gitra truc ;
va than LMRB sé& dugc dién day MRF, trén ‘

Loo | wet Lot

than LMRB b6 tri hai cuén diy. Dé ngin - P
, ] Hinh 4.3. Két cau LMRB

khong cho MRF r0 ri thi ¢6 bo tri hai O-ring

6 hai ¢au cia LMRB. Luc hdm cia LMRB dugc tinh theo cong thire (2-10):

F, = —2”-”-25!'L'” + 2(nRy LTy + Fyy) (4-1)

Luc ma sét giita truc va vong chin: F,, = f.L, + f4 Ay (4-2)
4.3 Tinh toan t6i wu héa cho BMRA va LMRB.
4.3.1 T6i wu héa BMRA.
Ham muc tiéu: Vgyra = mR2. L (V6i rang buoc: Ty, = T),.) (4-3)
R 12 béan kinh ngoai BMRA; L la chiéu rong hiéu dung cia BMRA; Ty 12 md men
dau ra yéu cau va duogc xac dinh tir luc phan hdi mong mudn theo mdi hudng:
Tor = bnaxFnax (4-4)
V61 Fmax 1a Iyc phan hoi toi da mong muon moi hudng dugc chon bang 20 N;
Imax 14 chiéu dai t&i da cta can diéu khién 1a 200 mm. M men d4u ra yéu cau toi
da ¢6 thé dugc tinh 1a 4 Nm, md men dau ra t6i da yéu cAu cia BMRA dugc thiét
1ap bang 5 Nm dé bu cho mé hinh thiéu chinh xac va ton that nang lugng.
Céc bién thiét ké cia BMRA nhu chiéu cao a5

o

—— Thé tich (em*x10”

cac cugn day (i, Nez); chicu rong cudn day g *° L timmtnem |y E
= 357\ Z
(We); ban kinh ngoai va trong clia dia (Rao, Rai); 2 a0} g
b 4§
ban kinh trong cu6n day 1 va 2 (Rci1, Rei2); @0 2 2° g
N TP L P oo 122
day cua dia (tq); do day cua vo hinh try (to); d0 5| 8

day phan bén ngoai vo bén (tn), Ngodi ra ty= 05 o s @ 55 w0 s Al

Vong lap

0,8 mm va t,= 0,6 mm dugc chon theo kinh  Hinh 4.4. Khdi luong - M6 men BMRA

nghiém.
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Viéc t6i ru hoa BMRA cua hé théng joystick 3D tuong tu nhu téi wu hod cua
BMRA?2 d trinh bay & Chuong 3. Két qua téi vu duoc trinh bay bai Hinh 4.4
cho théy khi md men du ra tdi da bi rang budc Tor > 5 Nm v6i d6 chinh xac 2%.
Bang 4.1. Két qua tdi uu ctia cac BMIRA.

Théng s thié ké (mm) Dic tinh hoat dong

Wclz W02=4,25; hc]_: 7,4, hc2: 6,2, Rcil = 29 Tmax: 4,99 Nm, sz 24 W
Rei2 = 47,5; Ri =20; R,=56,6; t4=4; R=59,4 |V =269 cm? m,= 2,05 kg
th=3,2; L=243;ty =0,6;t,=0,8 Rer = 1,68 Q; Re2=2,16 Q

4.3.2 T6i wu héa LMRB.
Tt cac van dé trén thi viéc tim céc gia tri toi uu cac kich thudc cha yeu cua
LMRB sao cho c6 luc trang thai ban dau giam dén thap nhat c6 thé va dugc xac

dinh béi cong thirc sau:  Fyy = w + 2(mRgLaTyo + Fyy)
g

Véi rang buc Fy, > Fp,,, va R; <30 mm.

Céc thong s6 chiéu cao (hy), chiéu rong (We), goc Vat (cr, ¢); chiéu dai 16i
(Lpo, Lpi), ban kinh truc (Re) va do day vo (tn) déu duoc chon lam bién thiét ké
khi t6i vu héa LMRB. Twong tu cho giai phap tdi wu cho LMRB véi luc phanh
t6i da 25 N, voi kich thude khe MRF bang 0,6 mm, do day thanh méng lay 0,5
mm. M5 hinh phén tir hitu han st dung 13 phan tir cip ddi xtng truc (PLANE 13)
ctia phan mém ANSYS ap dung cho LMRB dugc hién thi trong Hinh 4.5. Phan
bb mat do tir tinh cia LMRB thé hién trong Hinh 4.6. Két qua t6i wu (Hinh 4.7),
ta thay rang hoi tu xay ra sau vong lip thtr 39, tai d6 luc trang thai ban dau la
4,95 N, Iyc ham tdi da 12 24,94 N gan bang véi luc can thiét voi ban kinh R =14,8

mm nho hon gia tri rang budc.

990032

wy
' n- ' = ‘
653 -717885 .70] .67
o o a o
.450265 .4 . 461453 466294 -45044 455127 .45
u H . u { u . | u

Hinh 4.5. M6 hinh PTHH phén tich mach tr LMRB Hinh 4.6. Phan bd tir thong & mic t6i ru LMRB
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Biang 4.2. Két qua t6i uu cia LMRB.
Thong s thiét ké (mm) | Dac tinh hoat dong
Wc| =11,3; ha=7,4;t:=0,5 [Fun =4,95N;
=4,85; ¢r=2,85; Lpi=8 Fmax=24,94 N
R =14,8; Lpo= 4,0; L= 38,7mp= 0,2 kg; Pw=4,5 W
=05, t,=2,1; Ri=45 R =230 o

4.4 Phan tich lwc hé phan hoi lwc 3D. vonglip
° * ° Hinh 4.7. K&t qua t6i vu LMRB

60

50

Luc tac ddng Oft-state/Max

So dd dong hoc cua can diéu khién cua hé
phan hdi lyc biéu dién boi Hinh 4.8. Tai vi tri
bat ky ctia nm tay cadm & vi tri P (Xp, Yp, Zp) VOi
truc Z c6 chiéu dai |, ta xoay can mot goc ¢x theo

truc X va ¢y theo truc Y thi vi tri cia diém hoat

dong P xac dinh boi:
Xp] 0 le(dxy s(dy)

™= [yl’ = Rxy [0 = l_ls(¢x) (4'5)
Zp] l le(Px)c(dy)

Hinh 4.8. So dd dong hoc can diéu khién
Véi Rx va Ry 1a ma tran xoay truc X vay.

[ c(@y)  s(Px)s(Py) c(Px)s(y)
Ryy = 0 c(Px) —s(¢x)
>_5(¢y) C(d)y)s(d)x) C(¢x)c(¢y)

Véi vi tri cua nam diéu khién tfly y thi m6 men va lyc dau ra dugc xac dinh bai:

(s: sin; c: cos) (4-6)

zZ,  xp/l
y] = _]XYR[ ]/ Ixy = 0w/l (4-7)
—Xp Zp/l
Fp = —F,,; Tx, Ty la hai ham cla Fy, va Fy,

4.5 Thiét ké, ché tao hé phan hai luc 3D.

Khi ¢6 cac thong s6 tdi wu cia BMRA va LMRB, tac gia tién hanh ché tao,
lap rap va hoan thanh hé thong thi nghiém ctia hé joystick 3D phan héi luc duoc
biéu dién boi Hinh 4.9
4.6 Két qua thuc nghiém.

M3 hinh thuc nghiém cén didu khién phan hdi luc 3D (Hinh 4.10). Két qua tur

Hinh 4.11 c6 thé tinh gi4 tri dn dinh trung binh cta cac md men diu ra trang thai
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ban dau tuong tmg 12 -0,218 Nm va -

AC Servo Y BMRA_Y AC Servo_X
Nam didu [

0,215 Nm. Gia tri &m c6 nghia la mo ki«
men d4u ra nim cing hudng véi truc
1 cuia BMRA.

Tir két qua thir nghiém mé men dau
ra cia BMRA x nhu 1a mdt ham cuia

Cam bién goc  Cam bién géc BMRA_X

dong dién, tac gia ap dung duong cong phuomgY  phuong X slng obi
Ilinh 4.9. M6 hinh thuc té h¢ joystick 3D

xap xi bac 3 tinh duogc dong dién ap
dung cho cudn day cia BMRA x v6i md
men Xodn dau ra v6i cong thirc (4-8),(4-9)
va két qua duoc thé hién boi Hinh 4.12

= —(0,1914 + 0,9367T, + 0,2157T2 +
0,0261T3) (Tx<-0,218 Nm)  (4-8)

I, = 0,1921 + 0,72153T, — 0,18035T2 +
0,02778T2 (Tx >- 0,218 Nm) (4-9)
Pbi véi truc Y cling duge thé didn qua

Hinh 4.13 boi coéng thie (4-9), (4-10)
I, = —(0,1927 + 0,9302T,, + 0,2115T + 0,0252T%) (Ty < - 0,22 Nm)  (4-10)
I, = 0,1958 + 0,72954T, — 0,18798TZ + 0,0261T  (Ty> -0,22 Nm) (4-11)

BMRA_Y

Bé didu
khién ngudn

BMRA X
Hinh 4.10. M6 hinh thuc nghiém hé joystick 3D

D6 16n cua luc LMRB dugc tinh bing gid tri trung binh do I6n cua luc vao/ra.
Két qua tai | = 2,5 A thi lyc do dugc 14 25,3 N, trong khi Iyc mo6 phong 1a 24,98N.

Luc ngoai trang thai la 5,35 N trong eooj
khi lyc mé phong 14 4,95N. Tai | = 5.

Z 010

1: 8o,
11 g, LCB'!OII ding.

I au ing cor Ul 0.00
T dng co hoat ding

2,0 A dat vao thi do 16n cuia luc tac g o]
dong 1a 23,0 N 16n hon lyc cuc dai <=

can thiét. St dung duong cong xép @) BMRA x  Théign () IBMRAy s
R . L s Hinh 4.11. M6 men diu ra BMRA trang thai di
xi bac 3 thi ta ¢6 (Hinh 4.14): ' ! g
I, = —0,99805 + 0,24302|F,| — 0,01246|F,|? + 0,000329|F, |3, (|Fp| > 5,35 N) (4-12)

17




25 — . 25
== Thue & ) — - — Thuc t2
= | =-— Dudng cong xap xi _ — . — Dudmg cong xap xi
< 204 2.0 -
- z -
= | \\ . ) o0 L
= g =0 191440 8367T 40 2157 T740.026173) £ 2
S o154 .. S 15 ~
& e & -
= { -~ = =
It -~ e
S 1.0+ ™~ 210 =7
o \.\ ";’0 P
£ 1 ‘s £ P
=05l ~, £ 05 ks - .
N /#  1=0.192140.72153T -0.180367 +0 027787,
1 ‘\\ ¢,‘
0.0 0.0 ———— S P
-4 -3 -2 -1 0.0 05 1.0 15 20 25 3.0 35 40
Mo men déu ra (Nm) Mé men dau ra (Nm)
) BMRA_x dia | b) BMRA x dia 2

Hinh 4.12. Dong dién nhu ham mé men diu ra BMRA x

—— Thycté

25 . L . 25 P -
== T T et 4 2.0 _. _ uimg cong xdpxi
— - — Duimy cong xip i — - — Dutrng cong xip xi —_ iz cong xap 4
7204 £ 20 . < <
Z N =(0.192T+0.9302T +0.2115T+0.0282T) = e 2454 4
= ey . = & EX &
Z 15 "~ S 15 -~ = ’
S ~ = ~ o .
3 ~. = o = e
B s 5 =T 5 1.0 "
g 1.04 ~o 210 L g2 Wid
=} ~ =3 - =0 ! -
= o~ = 05 Py i //
08 \‘\ A7 L aresan 72054T -0 18798 T*0.0261 T 8054 e
-, . -
™ il 1 - .
0.0 0.0 #" 1,7-099805+0.24302F -0.01246F;+0 000329F})
4 3 2 A 00 05 10 1.5 20 25 3.0 35 40 0,04 :
Dong dign &p dung (A) Dong dién dp dung (A) 5 10 15 20
a) BMRA ydia | b) BMRA vdia2 Lue tac déng (N)

Hinh 4.13. Ddng dién nhu ham mdé men diura BMRA _y Hinh 4.14. Dong dién va luc LMRB
4.7 Piéu khién phan hdi lyc cho hé joystick 3D.
4.7.17Thi‘ét ké b diéu khiép vong hé cho hg phan héj lwc 3D.

bé dieu khién lyc phan hoi tiep tuyén mong muon dén tay ngudi van hanh thi
tac gia tién hanh xay dung céc bo diéu khién vong ha (Hinh 4.15) va dé ghi nhan
luc phan hi tiép tuyén can thiét tai mot vi tri bat ky cua can. Vi tri goc cta cac
truc can diéu khién duoc do bang bo ma hda goc, trong khi chiéu dai cua can diéu
khién do bang bo do tuyén tinh. Vi tri cia nam thao tac duge xac dinh boi:

7, =[x, ) Zp]T = R[0,0,1]T (4-13)

Trong d6 R 1a tdng ma tran xoay cua can voi hé toa do toan cuc. Chl y thoi gian
ldy mau la At = 0,01(s).
Khi d6 ma tran R duogc viét lai nhu sau:  R(¢ + At) = R(ADR(L)

Khi R(At) c6 thé tinh gan dung nhu sau:
c(d®,) s(de,)s(dd,) c(dd,)s(de,)][ 1 9 dg,
R(At) = Ryg,Rap, = 0 c(d®,) —s(d®,) 0 1 —do, (4-14)
-5(d9,) c(dB,)s(dD,) c(dB,)c(dD,)]|-ds, do, 1
Luc phan hdi LMRB dugc do riéng biét (Hinh 4.16). Tir déy ta thiy rang huc

phép tuyén mong mudn (F), luc hdm LMRB (Fp) duoc xéac dinh bai Fy = Fap.
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e P N o X Tinh mé men diu | T, Tip [ M3 men-Dong dién | Iv, Iy . Luc phin xa
Két qua caa Hi nh 4.17 biéu ra (4-7) 4-8)..(4-11) BMRAs tidp myén

dién cac luc ti€p tuy€n phan :
Chiéu dai tay 1_C‘z’n‘nblc":r:\

hdi do duoc tuong ddi tot s0  [twemongmuin | [Tham sé vi e ay cimfed | cim () wyén sinh

(Fia, ) (R, Xp, Yo s )
voi cac lyc mong muon. Tuy ‘—I_( i 4 Hcam bidn

goc

nhién van c6 do tre khoang 30  Hinh 4.15. Luu dé didu khién he lyc phin hdi tiép tuyén

ms so vOi gid tri mong

Luc mong

F X inh |1 } 3
|Fpl | Phuong trinh Iy LMRB | Luc phan

™ Fe=Fe F(N-L(A) | | xa

mudn. Pidu nay chu yéu | muén
Hinh 4.16. Luu d6 diéu khién hé cho luc phan hdi thang thudmg

la do ¢6 d6 tre co hoc cua

309...Fo-mongmuén = = Fu-mong muén

phdn rng mé men xodn cua cic BMRA. | e e
Budc thu 2, tir vi tri ban dau (xp = 0,

yp= 0, z,= 200 mm), mot chuyén dong tuy

. Luephan héi (N)

y cua tay cam dugc thuc hién va luc tu

nguoi van hanh dugc do bang cam bién lyc o 3 o s 20

Thai gian (s)

3D, két qua duoc trinh bay trong Hinh 4.18.  hinh 4.17. Két qua cua BMRA_x, BMRA_y

309 ... Fo-mong mubn = - = Fyz - mong mudn

Véi két qua nay thi ta ciing thdy do tré st aliebie e’

[
=]

khoang 30 ms gitra gia tri do dugc voi gia

=]

tri mong mudn. So véi két qua trong trudng

Luyc phan héi (N)
o

o

hop tay cam dugc ¢ dinh thi Tuc tiép tuyén

N
B

cao hon mot chut. Pidu nay do chuyén

o 5
dong khong 6n dinh cua tay cam. Poi véi - BTR:\I _”M :}
luc phap tuyén thi hé thong khong thé phan R .
xa luc ¢6 do 16n nhé hon 5,3 N'do lyc ma =
sat ngoai trang thai da noi bén trén. Budc b
nhay tir gia tri cta lyc phan hoi vé khong la o] o
do su thay d6i huéng cua luc khi do. CUMRE L matwe ©

4.7.2 Thiét ké bp diéu khién vong kin cho Hinh 4.18. Két qud thue nghiém lyc phan hoi
hé phan hdi lwc 3D.

Tir két qua md men xoén dau ra dugc st dung dé xac dinh md hinh toan béang
phan mém MATLAB. Pap tng buéc va két qua nhan dang hé théng cia BMRA
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va LMRB duoc dua bai Hinh 4.19. Didu nay c6 thé thdy ring mé men truyén
dong do duoc rat gan vai mo men truyén dong tir md hinh nhan dang.

* Pbi voi BMRA 4p dung nhu sau:  aT + bT + T = f(I) = 2,105]  (4-15)
Vé6ia=1/26590;b = 2452/26590

f()=0,01025—-0,53308 « I — 1,63852 * 1% +0,42608 = I3; (T 1a md men
mong muén; |: dong dién ap dung)

* Déi v6i LMRB ép dung nhu sau: cF' + dF + F = g(I) (4-16)
Véic = 1/649,5; d = 60,69/649,5

g(I) =5,01899 +9,75739 * I + 1,28363 = I? — 0,796 = I3; ( F 1a lyc mong

mudn, | 14 dong dién ap dung).

1
"——zsa- S 2a- - 178A—-—15A ——25A— - 2A-- - 1T3A—-—15A | T 2A L 175R
o 125A- - 1A 0.75A—--0.5A B — 125 oo 1A BF5A- = 05A ] A 0758 -0.5A

8
5
4
3

M& men (Nm)

0o 05 10 15 20 25 aon D‘ﬂ 05 T‘U 1‘5 2‘0 ZIE JID as .
BMRA dia 1l  Thai gian (s) BMRA dia 2 Théi gian (s) Théi gian (s)
Hinh 3.19. Pap (g budc ciia hé théng

Can luu y rang luc phan hoi phéap tuyén luon bang luc tat dan va tdch khoi

Iuc tiép tuyén. Do d6 phuong trinh (4-7) c6 thé viét nhu sau:

T. F.

7] = -0 R1e2 2] o = @17)
y2

Ty
V6i —[JTR],, 12 ma tran con 2x2 cua ma tran chinh —[JTR]. Cac théng sb

cua can diéu khién (rp), ma tran Jxy, R, Ty, Ty, luc mong muon Fy, Fx. By di€u

khién vong kin dé phan anh lyc phan hoi mong muén trinh bay béi Hinh 4.20

’ - Chiéu dai tay Cam bicn
Thong s6 vi tri tay cim [« | cAm (dl) tuyén tinh

(R, A Xps Vp, Tps -l.\‘_l') ‘—]_

dg, dg  [+—|Cambién goc

Luc mong mudn Er|Luc-Mo-men|Er| Bodicu (Lol | . . Sl
(F» Fy, F) 4'(%)—’ (4-7) [ ] khién KGN [ Lo theong

Hinh 4.20. Luu dé diéu khién vong kin ctia lyc mong mudén
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® Bo diéu khién PID thi dong dién dwoc xac dinh nhu sau:
1(t) = kpe(t) + k; [ e (t) + kpe(t) (4-18)
O day kp, ki, va ko 14n luot 13 gia tri ty 18, tich phan dao ham; e 1a sai s6 giita
gia tri dau vao vara.
bé danh gi4 hi€u qua cua bd dicu khién tac giad sir dung ITAE (Integral of Time-
Weighted Absolute Error) la tich phan sai 1éch theo
thoi gian dugc xac dinh boi: ITAE = f0°° tle(t)|dt (4-19)
Trong d6 t 1a thoi gian mo phong; e(t) 1a sai 1éch thoi gian. Tir cac gia tri tbi
uu thye hién trén MATLAB SIMULINK sao cho tiéu chuan ITAE nhé nhat.
Béng 4.3. Két qua didu chinh ky, i, kg N
BMRA x | ky=10 | ki=0 | kg =8
BMRAY | kp=9 |[ki=0|ks=7
LMRB k=9 |ki=0|ki=2
Qua gi4 tri ctia hé sb ta thdy khau tich phan

——F.montmolt  —— F, mongmwdn  —— F, mong mubn

Luc (N)

khong hudng dang ké nén thyc té chi 1a bo diéu

Thoi gian (s)

khién PD. Két qua (Hinh 4.21) cho sai 1éch cia  ynn 421, Két qua thie nghiém theo PID
hé thong 1a 8%.
= B9 diéu khién SMC cho luc phan héi [33]
Tong quat ta co: aT + bT + T = u(l)
PatT =x;x, =%, =T, %, =——2——2+4d (4-20)

a a a

[x; x,] 1 vecto trang thai; u 1a diéu khién dau vao; a, b 1a tham sé xac dinh tir
nhan dang hé thong, vai a = 1/26590, b = 2452/26590.
d: gdm dd nhidu va khong chéc chin cua hé thong, |d| < D
Mat truot dugce xac dinh boi: s =ce+é (4-21)
Trong do e 1a sai s6 duoc x4c dinh: e = x4 — x
X4: gid tri mong muén; x: gia tri do duogc; ¢: hé s6 do déc mat truot (¢ > 0)
Ham diéu khién dugce dinh nghia nhu sau:
u=a [ksign(s) +cé+ x4+ % + %] (4-22)

a

Tinh én dinh cua hé thdng sir dung ham Lyapunov nhu sau: V = %sz
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V = s(—ksign(s) — d) = —k|s| — sd (4-23)
Khik > D thi V = —k|s| — sd < 0 hé théng 6n dinh.

le‘I cac gia tri toi wu cua bo dicu Bang 4.4. Két qua diéu chinh cua ¢, k
khién dugc thuc hién trén MATLAB BMRA x |c=15 | k=14

SIMULINK sao cho tiéu chuan | BMRA y | c=14 | k=197
ITAE nho nht. LMRB |c=17 | k=10

Két qua thyc nghiém véi sai léch clia hé thong sir dung SMC 14 4%. Vi két
qua duoc thé hién & Hinh 4.21 va Hinh 4.22 thi b diéu khién PID va SMC 6 tan
s6 3Hz ciia ham sin twong tmg. Pbi voi bd SMC cho két qua lwc mong mudn tbt
hon véi sai s6 nho bang 4%, nho hon bo PID 8%. Luc theo ddi ctia PID dao dong
lién tuc xung quanh lyc mong mudn gay ra boi sy lién tuc cia dong dién cia mdi

bd truyeén dong. Diéu nay de hiéu la trong hé thong c6 nhieu va co cau khong 6n

dinh, PID khong thé giai quyét tat ca e i e
— —Fothycté . F, thuc té Fothuctd |

. i . 30
cac nhuoc diém nay. Tuy nhién, dong

dién dau vao ctia by didu khién SMC
muot ma hon bd diéu khién PID. Bén
canh do, diéu khién lyc cua co cu
truyén dong bang SMC theo ddi tot

v6i lyc mong mudn. Ngoai ra bd SMC

c6 thé han ché nhiéu, sy khong chac

chin va su thay dbi cua hé thong.

Thoi gian (s)

Trong ca hai bo diéu khién, c6 thé thy Hinh 4.22. Két qua thyc nghiém theo SMC

réng luc thuc té F, khong thé theo ddi luc yéu cau v6i luc nhoé hon 5,3 N.

Chuwong 5.  PHAT TRIEN TAY MAY 3D PHAN HOI LUC
5.1 C4u tao va nguyén ly hoat déng.

Tir nhu cau trong thue té nhdm nghién ciru da phat trién mot hé théng tay may
phan héi lwe 3D (Hinh 5.1).
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Tay may bao gdm khép thit lung (khdp 01),
khép vai (khép 02) va khop truot canh tay (khop

/4
03). Trén truc ctia khép 01 bd tri mot MRB_01ding ™" SOBE 1 maree s

M2

I.MRB

dé phan xa lyc tiép tuyén ngang mong mudn, ddi véi
khép 02 thi trén tryc lip MRB_02 dé phan anh lyc
tiép tuyén véi do cao mong mudn con trén khép
trugt canh tay thi bd tri LMRB. Lyc phan xa t6i da

Khdp hong

ctia nguoi van hanh, mé men cia MRB 1a 8 Nm
5.2 Thiét ké tay may phan hdi luc 3D.

(. Théin phanh ngoai
Than phanh trong

5.2.1 Thiét ké phanh bién dang ring (MRB). B3 Cudm diy
, Bia phanh
5.2.1.1 Cau tgo va nguyén ly hoar dgng. B i MR

W vang chan MRF
O lin

Két cau phanh c6 dia phanh hinh ring nhu

True phanh

Hinh 5.2. Muc dich ting bé mat tiép xtic giita

MREF véi dia phanh va vo phanh tir d6 s€ cho

mo men 16n va khéi lugng giam dang ké. Hinh 5.2. Cau tao MRB ranh nghiéng

s s A CI
5.2.1.2 Tinh toan m6 men MRB. i NN o,
Theo nhu cich tinh mé men trén rdnh Pt 7L - / phanh
nghiéng da trinh bay ¢ Chuong 2 thi véi MRB IR Nwer
& xuét nhu Hinh 5.3. Khi d6 mé men MRB B I % Cuin
E R, | R "day

duoc tinh: [ Az
. Eq
Phét .
Ty = 2(Tgo + Tz + Tea + Tee + Tps + Trio) + ch]'f:n Tl;
True ]K\ ) | J\ A —f) lan

2(Ty + T3 + Tis + Tyy + Tro) + T + 2T, (5-1) phanh—=——=_
Thanh phin mé men Tg, Ti v Tc ciia phanh  Hinh 5.3. So dd tinh md men BMR

duoc xac dinh nhu sau:

TpgiR}, R \* 2MTyEi :
Moo =281 - ()] 0 4 228 R 3-RD), (1 = 0,2.46810)  (52)

1
Ty; = 21 (Rizl + R;[*sin¢p + §l3sin2¢) Tyni

+ -y 3 (4RF + 6RPIsing + 4R;1%sin?p + Bsin®e); (1,3,5,7,9) (5-3)
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T, = 2mR% (b + 2h) (tyc + pe =) (5-4)

Véi R; 1a ban kinh cua diém thir i; I 1a chiéu dai cua khe nghiéng, ¢ 1a goc
nghiéng, h 14 chiéu cao cia ring.

M6 men ma sat do phét sinh ra duoc tinh theo (2-11): T, = 0.65(2R;)? /3
5.2.2 Thiét ké LMRB.

D6i v6i hé thong tay may nhu trén yéu cau thiét ké LMRB thi trong Chwong
4 [38] d4 trinh bay va ché tao thuc nghiém mot mau két qua kha tt, tac gia khong
nhéc lai ma chi chon lai lyc him mdéi 14 F = 40 N.

5.3. T6i wu héa phanh cho tay may 3D.
5.3.1 T6i wu hoa MRB.
Khdi lwong nhoé nhat cia phanh:
my = Vapa + Vapn + Vsps + VurpPur + Vepc (5-9)
Véi diéu kién: T, = Tp,; gi6i han bién thiét ké: xF < x; <x/, (i=1,2,...n)

Trong d6 Vy, Vi, Vs, Viyg VA V. tuong mg 1a thé tich ctia dia, than vo, truc,
MRF va cudn day cta phanh; pg, pn , Ps, Pur Va pe 1an luot 12 khéi lugng
riéng ctia dia, vo, truc, MRF va cudn day; x- va x” 1a giéi han dudi va trén cua
bién thiét ké hinh hoc twong ng xi ctia phanh MRF; n 14 sb lwong bién thiét ké;
Tor 12 m6 men xoén can thiét cua phanh.

Céc tham s6 kich thudc quan trong cia MRB nhu 14 chiéu cao, chiéu rong ciia
cudn day (he, Wc), ban kinh ngoai dia R, ban kinh rang trong Ry, kich thudc hinh
hoc ciia ring (chiéu cao dinh, bé day dinh, bé day day), bé day dia tq...déu duoc
chon 1am bién thiét ké, con thong s6 khac t;= 0,6 mm, ty= 1 mm duoc chon tir
ban dau. Trong qua trinh t6i wu hoa dong dién | = 2,5 A dugc tinh vi c6 xem xét
t6i cac didu kién lam viéc an toan, ty 18 14p day cta cudn day liy 70%, ton that
tir tinh duoc gia dinh 12 10%, mo men gi6i han 1a 10 Nm nhung yéu cau chi 8
Nm, téc d6 hoi tu duge 1y 0,1%

Mo hinh PTHH phén tich mach tir, mat d6 phan bd tir cia MRB rat dong déu
dugc thé hién trong Hinh 5.5. Két qua tdi wu thé hién Bang 5.1
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a

Khoi lugng
% --=--- M& men phanh

© =
. N
Khoi lvgng MRB (Kg)

)

@

6

12
Vong lap

! 18
Hinh 5.4. M6 hinh PTHH ctia MRB  TTinh 5.5. Phan bd mat d tir thong TTinh 5.6. Khdi lugng va md men cita MRB

24 30

Biang 5.1. Két qua t6i wu cia MRB.

Thong s6 thiét ké (mm) Pic tinh hoat dong
we=5,52; hc=15,8; R=34,5; L =35,8 Tomax =10 Nm; m = 1,03 kg
th=4,6; tv=1,0; Ri = 10; Ry= 31,2 Tiwn= 0,1 Nm;
Rs=6,0;t4=2,0;h =2,6;twu=3,2;te=4,6 |Py=37W;R.=2,9Q

5.3.2 T6i wu hoa LMRB.

Trong d6 mot s thong sb tinh toan can thay ddi cho phit hop d6 1 ty= 0,8mm,
tw = 0,5 mm Tuong tu nhu thiét ké t6i wu da duoc trinh bay ¢ cac phan trén thi
mo hinh phan tir hiru han va phan bd tir thong cia LMRB dugc thé hién ¢ Hinh
5.7, Hinh 5.8 va két qua t&i uu véi luc him yéu cau 10n nhit 1a 40 N dat duogc thé
hién boi Hinh 5.9

Hinh 5.7. M6 hinh PI'HH phén tich mach tir LMRB llin}:‘:.;l. Phﬁn‘;(’:’mg‘ﬂ d()‘t:;th('mg Cltla:lﬂl..\ARB ﬂ:nh :.9, I‘,zu‘c. Il:un z:la :I:IRIZ:
Bang 5.2. Két qua toi uu LMRB.
Thong s6 thiét ké (mm) Dbic tinh hoat dong
We =1,5; hg = 11,3; chy =3,7; ch, =5 | Fmax=40 N; m = 0,46 kg
R=21,8;L=39.2;ty=0,5 Ry=5; Fi=6,0N; P, =115W;R.=25Q

5.4 Thiét ké, ché tao hé thong phan hdi hre 3D.
5.4.1 Thiét ké MRB, LMRB.

Sau khi c6 céac thdng sb hinh hoc ti wu téc gia di thiét ké MRB, LMRB ciing
nhu hoan thanh hé théng tay méy phan hdi luc dé ra.
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5.4.2 Hoan thién mé hinh tay may.(Hinh 5.10)
5.5 Két qua mdé men ciia MRB va lyc LMRB.

H¢ thong thyc nghiém (Hinh 5.11). Trong qua trinh thyc nghiém, canh tay
duoc xoay quanh khdp 01 va gia tri trung binh cia lyc tai cac gia tri khac nhau
cua dong dién duogc dua vao da dugc ghi lai. Cac gia tri moé men cia cac MRB,
LMRB cho béi cac Hinh 5.12, Hinh 5.13. Hinh 5.14. Qua cac két ta thiy mo
men ting truc cuia tat ca cac phanh dap ung kha t6t, tuy nhién van c6 mot sb thoi
diém viéc dap tng chura tot 1im c6 thé do mat 6n dinh cia hé thong hay thao tac

van hanh chua 6n dinh.
MRB 02 LMRB

Bo nguén
diéu khién ngudn

B diéu khién

MRB 01

NI 6289 card
N A a3 X . o -a .
Hinh 5.10. M4 hinh thuc té tay may Hinh 5.11. M6 hinh thuc nghiém tay méy 3D
Md phong WMo phang fa M3 phoig
L [— T — L B s B S Thue
= e 50 e
= 84 = 84 '_‘u\-"
B Z Lt
z 2 2407 -
E 64 £ s E -
= = = 304
g § E #
£ 4 2 4 = P
g E @ //
2 2 104 .~
L
0 0 - v . T 0
0.0 0.5 100 s 2.0 2.5 0.0 0.5 10 15 2.0 25 00 05 10 1'5 20 25
Dong dién (A) Dong dién (A) Déng dign (A)

Hinh 5.12. M6 men cia MRB_01 Hinh 5.13. M6 men cia MRB_02 Hinh 5.14. Luc ham ciia LMRB

5.6 Thiét ké by diéu khién cho tay may 3D phan héi luec.
Dé phan anh cac lyc mong mudn thi bo diéu khién vong hd s& phan anh luc

tiép tuyén mong muén (Hinh 5.15) va lyc thong thuong (Hinh 5.16).
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cbng thie (5-6), (5-7): Hinh 5.16. Luu dé diéu khién lyc LMRB
Ty = Fy.7.cosf (5-6)
Tsp = E,.7r (5-7)

Fn va Fe 12 lyc tiép tuyén mong mudn cia khép 01 va 02.

Tir két qua thir nghiém trong Hinh 5.12, Hinh 5.13 ta c6 thé thiy rang mé men
phanh ciia cic MRB gan nhu bao hoa khi ap dung dong dién | > 1,5 A. Ap dung
duong cong x4p xi bac 2 thi dong dién ap dung cho cic cudn day cia MRB_01
(lw) va MRB_02 (Ish) dugc tinh theo cong thirc twong tng (5-8) va (5-9):

I,, = —0,0245 + 0,1516T,, + 0,00177T2 (5-8)
Iy = —0,027 + 0,1543T,;, + 0,00155T2, (5-9)

Tuong tu nhu cac MRB ta ap dung dong dién 1 < 1,5 A cho LMRB. Str dung
duong cong xap xi bac 2 thi dong dién ap dung cho cudn diy cia LMRB duoc
xac dinh theo phuong trinh (5-10)

I, = —0,1707 + 0,03424F, + 0,000169F? (5-10)
Str dung dong dién I < 1,5 A va ap dung nhu la mdt ham ctia m6é men dugc tao
ra thé hién trong Hinh 5.17, Hinh 5.18, Hinh 5.19
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Hinh 5.17. Quan hé T-1 cia MRB 01 inh 5.18. Quan h¢ T- cia MRB_02  Hinh 5.19. Quan hé F-I cia LMRB
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5.6 Két qua thwe nghiém.

Cén luu y rang tin hiéu diéu khién dién 4p nam trong khoang tir 0 - 5 V, dong
dién dau ra thay d6i tir 0 - 2 A, toc do mau duge dat 14 0,01 s. Két qua Hinh 5.20
cho thay luc phan héi mong mudn khong ddi 40 N duoc dit cho timg thanh phan
ctia lyc phan hoi tai thoi diém 0,5 s.

D6i vai lyc ngang phan hdi thuce té so voi mong mudn vai sai sb toi da 4% va
thoi gian dap ung khoang 0,24 s (Hinh 5.20a). Luc nang phan hdi thuc té so véi
mong mudn phan anh tét, thoi gian dap ung 1a khoang 0,26 s (Hinh 5.20b). Luc

hudng tam phan hoi thuc so véi mong mudn véi sai s t6i da khoang 6,5% va co

nhiéu dao déng hon so véi trudc day (Hinh 5.20c).
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Hinh 5.20. Két qua thyc nghiém tay may phan héi lyc

3 4

Két qua luc phan hdi mong muén hinh sin cho cac thanh phan luc phan hoi
duoc thé hién ¢ cac Hinh 5.21, Hinh 5.22, Hinh 5.23. Tuy cac luc phan hdi kha
t6t nhung khong thé luc phan hdi nhé hon 1,5 N dbi voi MRB_01. O trang thai
on dinh sai s6 t6i da cta luc tiép tuyén ngang va do cao 1a khoang 4%, luc huéng
tam 1én dén 6,5% v6i nhiéu bién dong. Tuy nhién, do m6é men x0dn ban du cua
MRB va luc cia LMRB cua hé théng hoi 16n nén khong thé phan xa lyc nho dén
nguoi diéu khién d6 1a 1,5 N cho vi tri ngang (khép 01), 1,8 N cho lyc nang (khép
02) va 6 N cho luc huéng timMRB_02 va 6 N véi LMRB khong thé nhé hon 6
N, sai sb ti da cua luc tiép tuyén ngang va do cao khoang 4%, luc hudng tim
1én dén 6,5%.

Qua két qua thyc nghiém cho thay rang bo diéu khién hinh cdu 3D duya trén
MRF duoc d& xuit c6 thé cung cip luc phan hdi 3D mong mudn cho ngudi van
hanh. Can luu y rang b diéu khién d& xuét co thé d& dang tich hop véi bat ky
robot bi dong ndo cho hé théng diéu khién tir xa, trong d6 két hop phan hdi luc
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song song voi di€u khién vi tri cua hé thong dugc dé xuat nhu trén. Di€u nay dan

dén mot ng dung tiém nang cho céc ting dung diéu khién tir xa.

50 50 50
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40 40 40

30 30

20 20
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00 3 26 B 0o 13 2% 39 0.0 13 26 38

“Thai gian (s) Thai gian (s) Thiri gian (s)
Hinh 5.21. K&t qua do ciia MRB_01 Hinh 5.22. K&t qua do cua MRB_02 Hinh 5.23. Két qua do cia LMRB

Chuwong 6. KET LUAN
6.1 Két luan.

T6m lai trong nghién cau nay, tap trung nghién ctu thiét ké, mo phong, ché
tao va thuc nghiém trén cac mod hinh méi dong thoi thiét ké cac bo didu khién
PID, SMC cho viéc diéu khién luc phan héi cuia BMRA, MRB, LMRB &p dung
trong hé théng phan hdi luc véi ndi dung téi wu hoa (First Order, NSGA-II) thong
s6 hinh hoc ciia co cdu va xem xét cac dat tinh cling nhu kha niang dap (g cua
ching trong c4c chie nang chinh ma mot hé phan hdi lyc can c6 (khéi lwong, mod
men phét sinh). Qua cac két qua ban dau dat duoc thi ta thiy rt nhiéu noi dung
duogc nghién ciru mai dugc dua ra thong qua cac ndi dung dugce dang trén cac tap
chi quéc té uy tin. Dé tai da dwa ra mot huéng méi vé kha ning tng dung cua
MRF cho h¢ théng phan héi luc néi ¢ va hé thong haptic néi riéng. Tuy nhién
van con mét s vin dé can duoc nghién ciru thém do 1a hiéu suét cia co cau hién
tai chi dat trén dudi 90%, do nhiéu nguyén nhan do6 1 cong nghé ché tao, I4p rap,
tinh déng chat cua vt liéu.

6.2 Kién nghi va hwéng phét trién cia dé tai.
® Han ché cua dé tai:
- Luc ma séat ban dau cia LMRB con cao;
- Heé thong phan hoi chi méi phat trién toi 3D;
- Bo diéu khién phan hdi luc tinh méi chua cao.
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Hudéng phét trién dé tai:
- Phét trién co cau LMRB méi giam luc khong tac dong ban dau;
- Phét trién hé thong joystick 3D dung 03 co cu tac dong quay dugc
diéu khién boi chi mot dong co;
- Xay dyng hé théng diéu khién kin va &p dung cac thuat toan diéu
khién hién dai nham nang cao chat lwong luc phan hoi;

30



TAI LIEU THAM KHAO

[1] Rabinow J. The magnetic fluid clutch. AIEE Trans. 67, 1308-
1315,1948.

[2] Kordonski W. I., Gorodkin S. R, Novikova Z. A. The influence of
ferroparticle concentration and size on mr fluid properties. Proceedings of the
6th  International  Conference on  Electrorheological  Fluids,
Magnetorheological Suspensions, and Their Applications, World Scientific,
Singapore. 1997, 22-25, pp. 535-542.

[3] Rosenfeld N., Wereley N. M., Radhakrishnan R., Sudarshan T.
Nanometer and micron sized particles in a bidisperse magnetorheological
fluid. Int. J. Mod. Phys. B 16(17-18), 2392-2398, 2002.

[4] GuanJ. G., Wang W., Gong R. Z., Yuan R. Z,, Gan L. H., Tam K. C.
One-step synthesis of cobalt-phthalocyanine/iron nanocomposite particles
with high magnetic susceptibility. Langmuir 18(11), 4198-4204, 2002.

[5] Zubieta M., Eceolaza S., Elejabarrieta M. J., Bou-Ali M. M.
Magnetorheological fluids: characterization and modeling of magnetization.
Smart Materials and Structures. 18(9), 095019. doi:10.1088/0964-
1726/18/9/095019, 2009.

[6] Park J. H., Park O. Ok. Electrorheology and magnetorheology, Korea-
Aust Rheol.J. 13(1), 13-17, 2001.

[7] Munoz B. C., Adams G. W.,, Ngo V. T., Kitchin J. R. Stable
Magnetorheological Fluids, US Patent 6203717, 2001.

[8] J.Claracq, J. Sarrazin, J. P Montfort. Viscoelastic properties of magneto-
rheological fluids, Rheologica Acta 43(1), 38-43, 2004.

[9] K. Butter et al. Direct observation of dipolar chains in ferrofluids in zero
field using cryogenic electron microscopy, Journal Phys. Condens. Matter.
15(15), 1451-1470, 2003.

31



[10] Tu Diép Cong Thanh (Trudng DH Bach khoa TP.HCM), Biéu khién
Tele-Manipulator, Tap chi Phéat trien KH&CN, tap 13, s6 K5 - 2010.

[11] Nguyén Ngoc Diép, Nguyén Qudc Hung, Nguyén, Vién Qudc, Huynh,
Cong Hao, L& Duy Tuan, Nguyén Ngoc Tuyén, Ling Vin Thing. Nghién
ctu, thiét ké va ché tao mé hinh tay méay sao chép chuyén dong va phan hoi
luc, Hi ngh; toan quoc My va Co cdu, 2015, Thanh phé Hé Chi Minh.

[12] Li W. H., Liu B., Kosasih P. B., Zhang X. Z. A 2-DOF MR actuator
joystick for virtual reality applications, Sensors and Actuators, VVol.137, Issue
2, 308-320, 06/2007.

[13] Nguyen P. B., Oh J. S., Choi S. B. A novel 2-DOF haptic master device
using bi-directional magneto-rheological brakes: modelling and experimental
investigation, International Journal of Materials and Product Technology,
44(3/4), 216, 2012.

[14] Nguyen Q. H., Choi S. B. Optimal design methodology of
magnetorheological fluid based mechanisms, Smart Actuation and Sensing
Systems, d0i:10.5772/51078, 10/2012.

[15] K. Toda, H. Furuse, Extension of Einstein's Viscosity Equation to That
for Concentrated Dispersions of Solutes and Particles, J Biosci. Bioeng.
102(6), 524-528, 2006.

[16] Choi J. U., Choi Y. T., Wereley N. M. Constitutive models of
electrorheological and magnetorheological fluids using viscometers, Smart
Material and Structures, do0i:10.1117/12.483975, 2003.

[17] Le D. T., Nguyen N. D., Le D. T., Nguyen N. T., Pham V. V., Nguyen
Q. H. Development of Magnetorheological Brake with Tooth-Shaped Disc for
Small Size Motorcycle, Applied Mechanics and Materials, 889, 508-517,
20109.

[18] Song B. K., Nguyen Q. H., Choi S. B., Woo J. K. The impact of bobbin
material and design on magnetorheological brake performance, Smart
Materials and Structures, 22(10), 105030, 2013.

32



[19] Division P. S. Rotary Seal Design Guide (Parker Hannifin Corporation),
Catalog EPS, 5350, 2006..

[20] Brian E S 2005 Research for dynamic seal Friction modeling in linear
motion hydraulic piston applications, Master of Science Thesis University of
Texas at Arlington, USA.

[21] Raju Ahamed, Choi S. B., Ferdaus M. M. A state of art on magneto-
rheological materials and their potential applications, Journal of Intelligent
Material Systems and Structures, 29(10), 2051-2095, 2018.

[22] J PHUONG PHAN DG.

[23] Mukhopadhyay A., Maulik U., Bandyopadhyay, S. Multiobjective
Genetic Algorithm-Based Fuzzy Clustering of Categorical Attributes. IEEE
Transactions on Evolutionary Computation, 13(5), 991-1005, (2009).

[24] K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan. A fast and elitist
multiobjective genetic algorithm: NSGA-II. IEEE Trans. Evol. Comput., vol.
6, no. 2, pp. 182-197.2002.

[25] Deb K., Agrawal S., Pratap A., Meyarivan T. A Fast Elitist Non-
dominated Sorting Genetic Algorithm for Multi-objective Optimization:
NSGA-II. Lecture Notes in Computer Science, 849-858, 2000),
doi:10.1007/3-540-45356-3_8.

[26] V.I. Utkin, Variable Structure systems with Sliding Modes. IEEE
Transaction on Automatic Control, 22, 2, 212-222, 1977.

[27] Nguyen P. B., Choi S. B. A Bi-Directional Magneto-Rheological Brake
for Medical Haptic System: Optimal Design and Experimental Investigation,
Advanced Science Letters, 13(1), 165-172, 2012.

[28] E. Garcia, J. C. Arevalo, G. Mufioz, P. Gonzalez-de-Santos. Combining
series elastic actuation and magneto-rheological damping for the control of
agile locomotion, Robotics and Autonomous Systems, 59(10), 827-839,
25/06/2011.

33



[29] Scott Winter and M. Bouzit. Use of magnetorheological fluid in a force
feedback glove, IEEE Transactions on Neural Systems and Rehabilitation
Engineering, Vol. 15, No. 1, pp. 2-8, 2007.

[30] Blake J., Gurocak H. B. Haptic Glove With MR Brakes for Virtual
Reality, IEEE/ASME Transactions On Mechatronics, 14(5), 606-615,
11/20009.

[31] OhJ S, Choi S H and Choi S B, Design of a 4-DOF MR haptic master for
application to robot surgery: virtual environment work, Smart Material and
Structures, Vol.23(9),2014.

[32] Najmaei. N., Asadian. A., Kermani, M., Patel. R. Design and
Performance Evaluation of a Prototype MRF-based Haptic Interface for
Medical Applications, IEEE/ASME Transactions on Mechatronics, 1-1,
2015.

[33] V.I. Utkin, Variable Structure systems with Sliding Modes. IEEE
Transaction on Automatic Control, 22, 2, 212-222, 1977.

[34] Najmaei. N., Asadian. A., Kermani, M., Patel. R. Design and
Performance Evaluation of a Prototype MRF-based Haptic Interface for
Medical Applications, IEEE/ASME Transactions on Mechatronics, 1-1,
2015.

[35] Nguyen Q. H., Diep B.T., Vo V. C., Choi S. B. Design and simulation of
a new bidirectional actuator for haptic systems featuring MR fluid, Proc. of
SPIE Vol. 10164, 1016410, 2017.

[36] Diep B.T., Le D. H., Vo V. C., Nguyen Q. H. Performance evaluation of
a 2D-haptic joystick featuring bidirectional magneto rheological actuators,
Springer Nature Singapore Pte Ltd, doi.org/10.1007/978-981-10-7149-2_73,
2018.

[37] Diep B. T., Le D. H., Nguyen Q. H., Choi S. B., Kim J. K. Design and
Experimental Evaluation of a Novel Bidirectional Magnetorheological
Actuator, Smart Materials and Structures, 29 117001, 21/09/2020.

34



[38] Diep B. T., Nguyen Q. H., Kim J. H., Choi S. B. Performance evaluation
of a 3D haptic joystick featuring two bidirectional MR actuators and a linear
MRB, Smart Materials and Structures, 30 017003, 01/12/2020.

35



DANH MUC CONG TRINH PA CONG BO

. Diep B. T., Le D. H., Nguyen Q. H., Choi S. B., Kim J. K. Design and
Experimental Evaluation of a Novel Bidirectional Magnetorheological
Actuator, Smart Materials and Structures, 29 117001, 21/09/2020.

. Diep B. T., Nguyen Q. H., Kim J. H., Choi S. B. Performance evaluation of a
3D haptic joystick featuring two bidirectional MR actuators and a linear
MRB, Smart Materials and Structures, 30 017003, 01/12/2020.

. Diep B. Tri., Le D. Hiep, Vu V. Bo., Nguyen T. Nien., Duc -Dai Mai., Nguyen
Q. Hung. A silding mode controller for force control of magnetorheological
haptic joysticks, Modern Mechanics and Applications, LNME, pp. 1-13,
2022, https://doi.org/10.1007/978-981-16-3239-6_83.

. Diep B. T., Nuyen N. D., Tran T. T., Nguyen Q.H. Design and experimental
validation of a 3-DOF force feedback system featuring spherical manipulator
and magnetorheological actuators, Actuators, 9(1), 19, 2020.

. Nguyen Q. H., Diep B.T., Vo V. C., Choi S. B. Design and simulation of a
new bidirectional actuator for haptic systems featuring MR fluid, Proc. of
SPIE, Vol. 10164, 1016410, 2017.

. Diep B.T., Le D. H., Vo V. C., Nguyen Q. H. Performance evaluation of a
2D-haptic joystick featuring bidirectional magneto rheological actuators,
Springer Nature Singapore Pte Ltd, doi.org/10.1007/978-981-10-7149-2_73,
2018.

36



MINISTRY OF EDUCATION AND TRAINING
UNIVERSITY OF TECHNOLOGY AND EDUCATION

DIEP BAO TRI

DEVELOPMENT OF A FORCE FEEDBACK SYSTEM
USING MAGNETORHEOLOGICAL FLUID

MAJOR: ENGINEERING MECHANICS
CODE: 9520101

PHD THESIS SUMMARY

HO CHI MINH City — 07/2021




THE WORK IS COMPLETED AT
HO CHI MINH CITY
UNIVERSITY OF TECHNOLOGY AND EDUCATION

Supervisor 1: Assoc. Prof. NGUYEN QUOC HUNG
Supervisor 2: PhD. MAI DUC DAI

PhD thesis protected in front of
EXAMINATION COMMITTEE FOR PROTECTION OF
DOCTORAL THESIS
HCM CITY UNIVERSITY OF TECHNOLOGY AND EDUCATION




ABSTRACT

Automation is a key aspect of Industry 4.0 to improve accuracy and
productivity. To evaluate the efficiency and productivity of the production
process, there are several criteria to take into consideration: stability, response
time, energy consumption, environmental friendliness, cost, and technology. The
urgency in the application of technology 4.0 is essential in hazardous working
environments such as nuclear reactors, toxic chemical laboratories, pesticide
production and preparation lines, fire fighting, anti-terrorism activities, mines,
and clearance Medical surgery. Remote control robot systems are developed to
solve this problem. One of those systems is the master-slave system. This system
solves problems with feedback signals such as position, force, and torque of the
passive control system end components for the operator to improve accuracy and
flexibility. operation of the system. Currently, smart materials (Smart material)
and its application have been developing very strongly such as Piezo,
Electrorheological Fluid (ERF), Shape Memory Alloy (SMA), Magneto-
Rheological Fluid (MRF). Magnetic fluids (MRFs) are smart materials that are
widely applied to force feedback systems because of their advantages such as fast
response, low energy consumption, large force, and torque generation. However,
in the force feedback systems using MRF, there are still some shortcomings such
as the structure is too cumbersome because the proposed impact mechanism is
not optimized, the friction force in the state has not been resolved initially.
Therefore, in this thesis, the author focuses on research and development of new
impact mechanisms using variable fluid to induce torque, force, thereby
developing force feedback systems used with other proposed structures. The

research team has focused on developing the following main contents:
= Development of a two-way actuator using MRF (BMRA) to reduce
initial friction torque, solving bottlenecks compared to previous BMRA

mechanisms for the feedback system. force.

= Optimization of the geometry parameters of the proposed BMRA
configuration by the First Order optimization method. Besides, using
NSGA multi-target optimization to investigate the superiority of the



proposed configuration compared to the previously studied
configuration.

Development of a force-feedback 3D joystick system using the proposed
BMRA and translational MRF (LMRB) brakes.

Constructed math models and controllers for force feedback systems to
evaluate the system's capabilities.

Development of brake profiles (MRB) with complex profiles with better
mass than previously proposed configurations.

Developed force-feedback mechanical system using MRB, LMRB
which has better performance than the previous systems



Chapter 1 OVERVIEW
1.1 Introduction to MRF.

A rheological fluid is a fluid that changes rheological properties as viscosity,
yield stress under the effect of a magnetic field. MRF was studied by Jacob
Rabinow at US Nation Bureau of Standards in the late 1940s [1]. Magnetic
properties of rheological fluid includes yield stress, post yield viscosity and
deposition [2,3]. This rheology depends on various variable parameters such
density of magnetic particles, type of magnetic particles, density of magnetic
particles, magnetic field strength, temperature, the properties of the base fluids
and type of additivies [4].

1.2 Characteristics of MRF.
1.2.1 Main components of MRF. (Figure 1.1)
Magnetic particles (1): MRF particles are ~——

0% e

now used as iron, iron alloy, iron oxide, iron  ==* g
nitrate, iron carbide, iron carbonyl, nickel < %St
and coban [6,7]. Magnetic particles size
ranges from 0.1-10 um.
= Background liquid (2): silicon oils, mineral oils, hydraulic oils, organic fluids
such as halogens, silicon fluoride and synthetic hydrocarbon oils [7].
= Additives: it added to diminish the deposition of particles in the MRF. This
phenomenon will reduce the productivity of MRF [8].
1.2.2 Working principle of MRF. (Figure 1.2)
When MRF is in a state without a Magnetie

. . . ) Magnetic particles
magnetic field, the magnetic particles . = *
[
8

°®
e ® 8

Figure 1.1 Main components of MRF

move freely and the fluid behaves like : ':: .: o o;.': :§ s
Newton fluid. When the MRF has the ‘H “ “
effect of an external magnetic field, the Flgurel ZStates of the MRF

magnetic particles will close and arrange
together according to the distribution shape of the magnetic field lines. The
magnetic particles are resistant to break the link, making the fluid solidifying.
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1.2.3 MRF mode of operation.

According to research [9] including: valve mode, shear mode, squeeze mode.
1.3 Current research situation .

1.3.1 Domestic research.

- Diep Cong Thanh [10] researched the Master and Slave manipulators to copy
the movement which was remote controlled, researching stops at copy
movement part.

-Nguyen Ngoc Diep [11] develops the topic: “Research, design and
manufacture manipulator model copping motion and force feedback” still has
some drawbacks due to still using the traditional MRF brake.

1.3.2 Foreign research.

Li W. H and colleagues [12] proposed the 2D joystick force feedback system
with two brakes using MRF. The brakes used are still conventional brakes and
the geometry optimization has been not taken into account. Along with the initial
friction was still large.

Nguyen P.B and colleagues [13] designed and manufatured a force-
responsive 2D joystick mechanism using a two-way rotary mechanism using
MRF. However, still using the conventional winding method, which led to the
bottleneck phenomenon and the geometry optimization has been not taken into
account, so the structure is still quite huge, the output torque is only 1.2 Nm.

1.4 Conclude.

Through the above studies, the author researches and develops a new model
and responses new of MRF for author’s system. Simultaneously, analyze,
calculate and optimize geometrical parameters with constraints of system and
proceed to build control problems to meet the system requirments.

1.5 Research objectives.
1.5.1 Main objectives: a force feedback system using MRF is capability

Accurate 3D force feedback: minimize the effect of friction on the operators
hand; evaluate the capable response of the force feedback system.
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1.5.2 Specific objectives.

- Development of a two-way mechanism using MRF(BMRA).

- Development linear MRF brake (LMRB) with axial force control.

- Development of a 3D force feedback system with a combination of BMRA
and LMRB.

- Development of the tooth profile MRF brake (MRB) with the purpose
diminishing mass and raising torque output for the MRB.

- Development of 3D force feedback manipulator based on combination of
MRF and LMRB.

1.6 Scope of research.

- 3D force feedback system; study fluid is MRF132-DG; control speed about 2

rad/s; controller is applied PID, SMC.
1.7 Research methods and approaches.

- Numerical methods: first dervative, NSGA-II, PID controller and SMC.

- The object of the study is the mechanism of action using MRF.

- Optimal and experimental results are checked for accuracy and reliability.

1.8 The novelty of the thesis.
New points of this study compared with previous studies:

- Developing a new two-way structure to overcome the phenomenon of
bottlenecks, local magnetic saturation, reduced structural volume compared
to the structure of the author Nguyen P.B.

- Optimizing the geomatrical parameters of BMRA, MRB and LMRB with goal
of the minimun mass and the constraint condition is output torque of the
mechanism.

- Development of 3D force feedback system using BMRA and LMRB is
proposed.

- Development of 3D force feedback manipulator using MRB and LMRB is
proposed.

- Building mathmatical model for 3D force feedback system.

- Construction of controllers for the force feedback system is proposed.
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Chapter 2 THEORETICAL BASIS

2.1 The basic characteristics of MRF.

- Static magnetic properties: the MRF’s magnetism allow flux to flow through a

fluid, characterized by its permeability p. With relation [14]: B=u.H (2-1)

Where B is the flux density, H is the magnetic field strength.

- Viscosity characteristics: it is influenced by two factors that are the viscosity of
the base liquid and the density of magnetic particles. This is also one of the
rheological parameters used to determine the behavior of non-Newton [15].
Viscosity equation: : 7, =1+ 2.5¢ (2-2)

Where 1 is the relative viscosity, ¢ is the volume of the solutes
= Durability: after a period of work, the fluid can lose its original properties for

different reasons, mainly abrasive magnetic particles.

2.2 M6 hinh toan ap dung cho MRF.

Bingham plastic model [5]: t = ©,,(H)sgn(y) + ny (2-3)

Where . shear stress; 7. yield stress; Sgn: sign function; n: post-melting

viscosity; y: shear rate of the fluid.

The rheological properties of MRF are determined by following formula [5]:

Y =Y, + (Y — Yoo) (207847 — 7 %Pasy) (2-4)
Y is the rheological parameter of MRF such as yield stress (z,,), viscosity (1)

Ty = Tyoo + (Tyo — Tyoo) (26 7B %sty — e 72B%sty) (2-5)

1= oo + (Mo — Hoo) (2875 %51 — e72B%u) (2-6)

The value of Y tends from the zero-applied field value Y, to the saturation value

Yoo @gy is the saturation moment index of the Y
parameter; B is the applied magnetic density
2.3 Friction torque in MRF gap.

2.3.1 Friction torque on the head gap (1)
Consider a single disc brake (Figure 2.1), the

disc rotates with speed w (rad/s). The torque is

calculated as follows [16]: Figure 2.1. Configuration of MRB
_ 2MtegRY [ (R\MF3 2MTy (p3 | p3 .
T = e [1 (B o+ Z2(r3 + R?) 2-7)




2.3.2 Friction torque on the cylindrical surface (11)
The torque of friction at (11G) is calcuated as follows [17]:
Ty = 2m. R§bqtp, (2-8)
2.3.3 Friction torque on the inclined gap. - Vophah  Cudn diy
Consider an MRF brake with a disc M e ?
profile including the inlined gap (I, Is, Is)
(Figure 2.2). Friction torque on inclined gap ~ ent

chan

Irue |

as follows [17]:

MRF Dia phanh

1
T; =2m (Rizl + R;[%sin® + 3 3sin? (D) Ty Figure 2.2. Configuration of MRB

+ 2y = (4RF + 6R?Ising + 4R 12sin?@ + Psin®@); (i = 1,3,5) (2-9)

2.4 Sliding friction force of the LMRB mechanlsm

Consider an LMRB with Dipkeishaln

I\ Magnetic field lines

basic geometry and B Coils
. . . - =T Sliding drive
configuration (Figure 2.3). Y Howing
The sliding friction force .
-ring

generated by LMRB is 7 , .
calculated as follows [18]: Figure 2.3. Configuration of LMRB
Fsq = 2m. uRsLv/ty + 2(m. RsLTy, + Fpy ) (2-10)

Where R; is radius of shaft; d is gap size of MRF; v is relative velocity between
the shaft and the housing; L is the length of the duct MRF; R is radius of LMRB
2.5 Friction moment between seal and shaft.
For brakes (Figure 2.1 and Figure 2.2), the friction torque is calculated as follows
[19]:

Tyr = 0,65(2Rg)?w?/3 (2-11)
Tst - The torque is generated by friction of seal with the shaft (Oz-in); R is radius
of the shaft (inch); @ is the rotational speed of the shaft (rmp)
The LMRB (Figure 2.3) use the O-rings so the friction torque between the seal
and the shaft is calculated as follows [20]: F,, = f.L, + fh4, (2-12)




2.6 Methods to solve magnetic field problems.
2.6.1 Analysis method.

We know that the MRF modeling system is a combination of electromagnetic
analysis and fluid system analysis [21]. The magnetic circuit can be analyzed by
Kirchoff’s law of magnetism as follows: : Y. Hy I = Niyrns! (2-13)
Where His the magnetic field strength in the k™ link of the magnetic circuit. I is
the effective length of the link, Nwrms is the number of turns of the coil; | is the
applied current.

2.6.2 Finite Element Method.

Combining the finite element method with the electromagnetism module
available in ANSY'S software will help us determine the magnetic flux density
through the MRF gap. Using this method in order to control the meshing as
desired, the author uses the quadrilateral element for all the elements (symmetry
element PLANE 13) of ANSY'S software.

2.7 The basis of the optimization method.

e Gradient Descent method — GD [22].

e Genetic Algorithms method — GA [23].

¢ Non dominated sorting genetic algorithm Il (NSGA-II) [24].
2.8 Control method base.

- PID controller (Proportional Integral Derivative) [25]

- SMC controller (Sliding Mode Control) [26]

Chapter 3 DEVELOPMENT OF BIDIRECTIONAL MAGNETOR
HEOLOGICAL ACTUATOR
3.1 Bidirectional Magnetorheological Actuator (BMRA).
3.1.1 Structure principle.
Based on BMRA of Nguyen P.B [27] and Nguyen Quoc Hung [35]. The team
proposed two options for BMRA as:
e The BMRALI has a coil on each side (Figure 3.1).
e The BMRA2 has two coils on each side.
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In terms of structure, BMRA1 and i I
BMRAZ are entirely the same. However,
only BMRAZ is arranged with two coils mpatan—, | bt i
on each side. N \\\3\@\\* C IW-IL‘
The BMRAs work as follows: from the Phét chin —— RPN
external motor through the gear system, it
will drive the two input shafts 1 and 2 to
rotate in the reverse directions, but the two S Ditass
discs are attached on the two input shafts. Figure 3.1. Configueation:of BMRA1
The results in two discs 1 and 2 rotate in the same speed while the both directions
are reversed. An output shaft fixed with the BMRA body takes the output torque
of the BMRA when they run.
3.1.2 Output torque of BMRAS:
BMRAL: Ty =T{—-T,+Ts — Ty, (3-1)
Where Ty: output torque of BMRAL; T4, T5: output torque of disc 1, disc 2;
T, T, frictional moment between seal, shaft 1, shaft 2. Follows (2-7), (2-8):

Tpg11RE Ri\* 2nt Tptg RE 2nt
T, = Ha11Rei [1 _ _z ] ooy | + ydll (RS — RY) + Ha12co [1 _ (_ ] ooy | + yd12 (RS, - R%,
Cl

Coil 1
Output

;

I
/r
5

‘\\’?“.o

AN

Bearing

Magnetic

/),,{{{// // ,,,,,,,,, circuit

S

4/4

N

2t, 2t,
4 2
+ nﬂ:tde [1 RCO ] loi| +—— mydls (R = R%,) + 2mREta (Tyqra + Hara |wlle) (3-2)
g
e R, i 2nt R 2nt
TZ — ﬂ;ztl ci [1 _ _l ]lwzl + 3’371121 (R?i _ ng) + ”éztz co [1 _ (i ]l zl ydzz (R3 _ R3)
g
4 2
+ nl’-;itzst [1 Rco ] I 2| 4 HTyazs n‘rydzs (Rd Rgg) + ZTTRdtd (Tyd24- + Haoa Imled) (3_3)
g
Similar for BMRA2 Ty, =Tg1 — Ty +Ts1 — Ty, (3-4)
T R R
Ty = H; ci1 [1 ] | + y11 (R%, — R + ﬂlzzt col[ cz1 ]|w1|
g Cll col
2nt iR R 4R
}’12 (Rcol _Rgll) + H;St ci2 [1 _ (Rcal) ]lwll + y13 (Raz _ RC301) + H124t coz[ th ]l 1|
g ci2 002

2 RY Rco 4 21T |wq|R,
my14 (R¥2 — R%) + W#sgd [1 - (R_z) ] o, | + Tyls (R} — R2) + ZFRéta (Ta1e + s %) (3'5)

4
Ty R ( R; ) y21 3 7T/r‘22Rco1 011
Ty = 1- + R3, — R} +——
d2 Ztg Ront |, | ( ci1 L) 21‘ col l 2l
2MTy0, T3 R 1 23 Tl RE02 z
y (Rcol Cll) +— 2[ o 502 | 2| J’ ClZ Rgol) t— Zt = Clz |w2|
Cl CD




2tg

tg

2 RY Reoz\* 2 |w2IR,
+—m3y24 (R3,, — R3,;) + 22 [1 - (R—dz) ] |w,| + —n?zs (R3 — R3,2) + 2mR3ty (T + Hos—22) (3'6)

il
il
O [N

Q1IN =
drs e | ¢ R

MRFI 7
MRF2—Z
MRF3 4%
MRF4
MRES

MRF6

U %4%

Figure 3.2. Geometric parameters of BMRA1 Figure 3.3. Geometric parameter of BMRA2

3.2 Optimized design for the BMRA.
The objective function of BMRA (mp)
my = Va1Par + VazPaz + Vapn + Vs1Ps1 + VsaPs2 + VurrPurr + Vepe (3-7)

Where: Va1, Va2 are the volume of disc 1, 2.
Vi is the volume of housing.
Vs1, Vs are the volume of shaft 1, 2.
Vwmre is the volume of MRF.
V¢ is the volume of coil.
The corresponding density are pu1, Od2, Pn, Os1, P52, PMRF, L.
= Design variable: all the main geometrical parameters of BMRA.
= Constraint condition: the output of BMRA is Tp > 5 Nm.
3.2.1 The objective optimization.
Using the First Order method (Figure 3.4). The Ansys optimization tool
converts the constrained optimization problem to the unconstrained through the

Penalty function. The unconstrained equivalent objective function has the
equation:
OB]

Q(x,q) = —+ X Py (x) + q X4 Py (90) (3-8)

0BJo
OBJo is the value of the objective function with the initial design variables, q is

the surface parameter, Py is the penalty function for design variable x, Py is the
penalty function for state variable.




Initial values of desigh

variables (DV) - Zero fie!d torqqe
- Magnetic density

- Braking torque
* - Objective funtion OB/
Initial Calculate equivalent unconstrained
Iterations objective funtion (Q)

Find DV direction vector
(Negative of the gradient Q)

Calculate new values of DV
Subsequent (Golden-Section algorithm)
Iterations

Run analysis file

Calculate new values of Calculate equivalent
DV (Golden-Section unconstrained objective
algorithm) funtion (Q)

Find DV direction vector
(Polak-Ribiere recursion
formula)

Figure 3.4. Flow chart for optimization using thr First Order method

The meshing is determined by the number of elements per line while the
number of elements divided on each line is greater than or equal to 10, the
simulation results have converged. When the mesh elements increase from 10
elements to 12 elements, the error is only about 0,2 % and ensure the desired
convergence. The finite element model analyzes magnetic circuits (Figure 3.5).
The fill rate of coils is taken by 80 % while the magnetic field loss is assumed to
be 10 % based on experimental experience. The convergence rate of optimization

is set to 10 %. The results of BMRA’s magnetic flux density are at an optimal
level (Figure 3.6).

BMRA [27] BMRAI BMRA2
Figure 3.5. Finite element models to analyze magnetic circuit of the BMRA
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BMRA [2

7 BMRAI

BMRA2

Figure 3.6. Distribution of magnetic flux density of the BMRASs at the optimum

The convergence results of the BMRA (Figure 3.7), Tob > 5 Nm with 2%
accuracy, the number of iterations is 40. The torque passed from disc 1 is slightly
higher than the output torque (7,4 % in the case of BMRA _[27], 13% in the case
of BMRAL and 7% in the case of BMRAZ2). It is clear that the transmission torque
difference of BMRA _[27] is smaller than that of BMRAL because BMRA _[27]
uses a magnetic separator.

50—

-~ OutpuiTorque —— MessolBMRA| [ —---- Oulpul Torque —— Mass of BURA
45f, - Transmitied Torque of Disc1 3.5 - - - - Transmitted Torque of Disc1
—-— Transmitted Torque of Disc2 B ) {\\7 — Transmitted Torque of Disc2 B
4.0 30l .
= =3 T— £
g 35 e > 3275 : R — 36 £
= 40lt N PR S e LT -
»
4 s 20 4 T
225 5
15 =

2.0
15
10

v 0
5 10 15 20 25 30 35 40
Iteration

BMRA[27]

- 0
5 10 15 20 25 30 35
Iteration

BMRAI

----- Output Torque ——
- Transmitted Torque of D|sc1
Sl Transmiited Torque of Disc2

. 0
5 10 15 20 25 30 35 40
Iteration

BMRA2
Figure 3.7. Optimization solutions of BMR As with required braking torque

Table 3.1. Optimal solution of BMRAS with required output torque 5 Nm

BMRA Type Design Parameters (mm) Characteristics
tc— 6,3; hc=6,1; La1=5,0; L2=0,5 | Tmax=4,96 Nm
BMRA _[27] =36,3; Ro=50,2; t4 = 11,9 Mmax = 3,21 kg
R 61,8;1=3,8;t,=3,1;L =322 | P,=21,8W;R:=49 Q
wc—56 hc=7,65; Rei= 40,7 Tmax= 4,97 Nm
BMRA1 =215;Rp=528;t4=4,2 mmax= 2,64 kg
R =556;t0=2;t,=5,83;L=348 | P,=19,8W;R.=32Q
We1 = We2 =4,25; haa = 7,4 Tmax= 4,98 Nm
h(;z: 6,2; Rei1=29; Reio= 47,5 Mmax = 2,1 kg
BMRA2 Ri=20; Rop=56,6; ts=4; R=59,4 Pw=24 W; R;1=1,68 Q
tb=2;th=3,2; L=24,3 Re2=2,16 Q
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Applying the First Order method (Figure 3.4) and the result is given by Figure
3.8. The large output torque level leads to the mass of BMRA [27] is always
higher than that of BMRA proposed. BMRAZ2’s power consumption is always
higher than BMRA’s other and BMRA1’s power consumption is always smaller
than BMRA_[27]. The parameter of outer radius (R) of BMRA_[27] is higher
than that of BMRAL and BMRA2 at T > 5 Nm. With T< 5Nm, the outer radius
of BMRA_[27] is slightly smaller than that of BMRAZ2 but it is always larger
than BMRAL. The radius of BMRAL is always smaller than BMRA2. Besides,
the overall length (L) of BMRA? is significantly smaller than that of BMRA’s
other. When the output torque is high, the total length of BMRA_[27] is smaller
than that of BMRAL. When T <5 Nm, it becomes larger.
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Figure 3.8. Optimal results of BMRA as a function of maximum torque
3.2.2 Multi-objective optimization for BMRA.

Applying the non dominated sorting genetic algorithm 11 (NSGA-II) [24].
Optimal schema (Figure 3.9). The Pareto diagram of the optimal solution shows
in Figure 3.10 when the parameters of NSGA-II is set is as follows: the number
of maximum iterations is 20, the proportion of cross equal to 0,7%, the percent
mutation is 0,005, the mutation rate is 0,02.
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Specify limits of

design variables, Generate population of design| [Generate input file from|

populationsize, variables randomly design variables
maximum i
Increase generation| Update design
Gen = Gen + 1 variables ANSYS
NSGA LT Result files

Stop optimization
loop

Figure 3.9. Flow chart of multi-objective optimization of the BMRAs using NSGAII

The result in Figure 3.10 depicts the optimal result is very close to the desired
result. It is implemented with 50 random sets of design variables. From the result,
the design parameter values of the best case will be chosen as the initial value of

the design variable in the first-order algorithm.
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Figure 3.10. Optimal results of multi-objective optimization of the BMRA
3.3 Design and complete experimental system of BMRAZ2.
The complete experimental system is depicted by Figure 3.11

Programming

Torque sensor Power BMRA2 First shaft  Servo motor

0.00 4
£ 008
Z

-0.10
%' ] Motor On
o RN
5 ‘
1
g 020

-0.25

0.72 1 2 3
Second shaft Amplifier DAQ Computer Time(sec)

Figure 3.11. Experimental system for BMRA2  Figure 3.12. Off-state measured torque of BMRA
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3.4 The experimental results and evaluation.

In terms of the results of the output torque, when current is not applied to the
coils (Figure 3.12), one varies from 0 to - 0,22 Nm.The negative value means the
output torque in the same direction of shaft 1. Since the diameter of the input
shaft 1 is larger than input shaft 2. The torque response time in off-state is about
30 ms. This response time is due to the mechanical delay of the BMRA.

When the coils on the side of disc 1 is applied by step current, the level change
is 0,25A between 0,5A and 2,5A. At 0,5s, the output torque response of the
BMRA (Figure 3.13) is approximately 0,2s. The measured average output torque
of BMRA at 2,5 A current is about 5,1 Nm larger than the optimal design of 4,98
Nm. The reasons are the inaccurate estimation of frictional and transmission
torque or magnetic field losses. From Figure 3.14 shows the result of simulated
output torque as a function of applied current, we can see that the measured
output torgue is also consistent with the simulated torque and the error ranges
from 1,5% to 5%. From Figure 3.13, we can see that in all cases the stable value
of the measured torque is almost reached at 1,05 s. Thereby, the response time of
the output induction torque is about 0,55s, the mechanical response time is 30ms.

1 I L 1 L 1 L I
——25A - = 20A- - - 1.75A—-— 15A 0.04— - : .
0l T =125A os 10A e 075A = m 0.5 [ 7T Measured ----- Simulated
£ 121 e
é -14 é N,
o o X,
3 3 2.4 .,
g2 g
E 3 = N
3 43'- -3.64 ‘\\\_
3™ g
4.8 T,
-5 N
- 6.0 T T T T
00 05 10 1.5 2.0 25 3.0 35 40 0.0 05 10 15 20 25
Time (s) Applied Current (A)

Figure 3.13. Measured output torque  Figure 3.14. Output torque vs. applied current

Proceeding similarly for disc 2, we have the results shown by Figure 3.15 and
Figure 3.16. The response time of applied current is about 0,2 s. The average
output torque at 2,5 A current reaching 4,7 Nm is slightly less than the above disc
1 and the torque is about - 0,25 Nm in off-state. The measured and simulated
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output torque compared to the current
which is shown in Figure 3.16 and it is
suitable with simulated torque and the

Nm)
N
B~ o

—-— Coils for Disc1 activated

7|----- Coils for Disc2 activated .7

Mia
.

error is less than 5%.
The results from Figure 3.14 and 48 e
Figure 3.16, the output torque of BMRA 00 05 10 15 20 2

Applied Current (A)

Output Torque (
R o
th o
/
/

£
@

measured is shown by Figure 3.17. The
results illustrate the output torque of both

Figure 3.17. Bidirectional measured output
torque as a function of applied current

sides which can be controlled by the 041
current applied to the coils. Particularly, if 5 °?1
the output torque is less than - 0,22 Nm, ; 0.0 %/W"VWWWW“W
the current is applied to the coils of the disc § 02
1. On the contrary, if the output torque is 24|

0.0 05 1.0 15 20 25 3.0 35 4.0
Times (s)

greater than - 0,22 Nm, the current is
applied to the coils of the disc 2. From
Figure 3.18, if the current 0,2A is applied
to the coils of disc 2, we can reject the off-state torque of BMRAZ2, and then the
output torque which is zero. However, the error is caused by interference about
+/- 0,09Nm. This interference error comes from the measuring device and the
current applied to the coils is unstable. The results of the test show that the
simulation error is less than 5%. The response time of the output torque is about
55 ms when the mechanical delay is 30 ms. This level is suitable for real force

Figure 3.18. Experimental results for zero
output torque

feedback systems.

DEVELOPMENT OF JOYSTICK 3D FORCE FEEDBACK
SYSTEM USING MRF
4.1 Structure and principle of operation of 3D system.
On the basis of the model [36], the author has developed a force-feedback 3D
joystick system (Figure 4.1) with the following characteristics:

Chapter 4
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- Design: two BMRAs is arranged on two X and Y axes to represent the torque
Ty, Ty, LMRB is arranged on Z axis to represent force Fy

- Analysis: the 3D force feedback analysis on the system is performed.

- Control: build controllers for the system. Thereby, the feedback force of the
system is evaluated.

MRF1
MRF2-

MREF.

MRE: M
MRFS Z = 71 MRF6

Figure 4.1. Dynamic diagram of 3D feedback system

Figure 4.2. Configuration of BMRA

The system works as follows: the output shafts of the two BMRAS are
connected with the two axes of the gimbal mechanism (4), the gimbal mechanism
via joystick (C) integrated with LMRB (3), while the LMRB’s housing is
connected with the Y axis body of the gimbal mechanism through the pivot pin
and rotates along the Y axis gap (plane 1), the joystick is placed in the X axis gap
of the gimbal mechanism and moves along this gap (plane Il). The operating
angle of the joystick is from - 60° to + 60°.

4.2 Calculation of torque/force for BMRA, LMRB.

4.2.1 Calculate torque for BMRA.

On the foundation of BMRAZ2 studied in
Chapter 3 [37], the author chooses BMRA
(Figure 4.2). Calculation of the BMRA’s
output torque is similar to BMRAZ2.

4.2.2 Calculate the braking force LMRB.

The structure of LMRB in Figure 4.3.
Working principle of LMRB: the brake
shaft will be slid on two bearings at both ends, the gap between the shaft and the

Figure 4.3. Configuration of LMRB
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LMRB body will be filled with MRF, on the LMRB body is arranged with two
coils. To prevent the MRF from leaking out, so two O-rings are arranged at the
ends of the LMRB. The braking force of the LMRB can be determined by the
following (2-10):
Foq = ZHEBEE 4 2 (nRy LTy, + Fy) (4-1)
The friction force between shaft and O-ring: F,, = f.L, + fh A, (4-2)
4.3 Optimization calculation for BMRA and LMRB.
4.3.1 Optimal design of the BMRAs.
Objective function: Vemra = TR2. L (constraint : Ty, > Tj,.) (4-3)
R is the BMRA outer radius; L is the effective width of the BMRA; Ty is the
required output torque and is determined by the feedback force in each direction.
Tor = lnaxFnax (4-4)
Where: Fmax is the desired maximum feedback force in each direction chosen
by 20 N, Inax is the maximum length of the joystick of 200 mm, the maximum
output torque is required by 4Nm. The maximum output torque required by the
BMRA is set to 5 Nm to compensate for the inaccuracies of model and power

loss. s — .
BMRA’s design variables such » 40t == Mass (k)
. . . . é 35 H + + = = Qutput Torque (Nm) 16 °
as heights of coil (hey, heo), coil with = _ g
_ _ B\ g
(we); the outer and inner radius of 3, 4t
e
the disc (Ra, Ra); disc thickness — £ 20/ “==-=-=--------- 1,5
(7]
- . =
(t); Thickness of housing (to); ® ']
1.0

Thickness of the outer housing (tn); s s lte{gt‘ogi‘ % 35 40
in addition, ty= 0,8 mm and t,= 0,6 Figure4.d. Effective volume, mass and output torque
mm are empirically chosen.

The BMRA optimization of the 3D joystick system is similar to the
optimization of BMRAZ2 presented in chapter 3. The optimal results presented
by Figure 4.4 show the maximum output torque. It is constrained by Ty > 5 Nm

with an accuracy of 2%.
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Table 4.1. Optimal results of the BMRAS.

Design variable (mm) Characteristics

Wer=We2=4,25; he1 = 7,4; he2=6,2; Rein = 29 Tmax= 4,99 Nm; P,=24 W
Reiz = 47,5; Ri = 20; Ro,=56,6; ty=4; R=59,4 |V =269 cm?; mp= 2,05 kg
th: 3,2, L = 24,3, tw = 0,6, tg: 0,8 Rcl = 1,68 Q, Rczz 2,16 Q

4.3.2 Optimal design of the LMRB.

From the above issues, finding the optimal values of the main dimension of
LMRB so that the initial state force is diminished to the lowest and is determined
by the following formula:  Fyy = 220%™ 4 5 (iR Lyt + Fyp)

With constraints : Fj, > Fj,,-, va R; < 30 mm.

The parameters of height (he), width (we), chamfer (cr, ci), core length (Lo,
L,i), radius of shaft (Rs) and thickness of housing (tn). They are selected to make
design variables when optimizing LMRB. The same is the optimal solution for
LMRB with maximum braking force of 25N, MRF gap size equal to 0,6 mm,
thin-wall thickness is 0,5 mm. The finite element model using the axis-symmetric
couple element (PLANE 13) of the commercial ANSY'S software were used and
are shown in Figure 4.5. The magnetic density distribution of the LMRB is shown
in Figure 4.6.

)

P W N
_asozes P sbissa e 45044 455127 <
Figure 4.5 Finite element model for magnetic analysis of the LMRB  Figure 4.6, Magnetic flux density of the brake at the optimum.

The optimal results are shown in Figure 4.7. It can be seen that the

convergence occurs after the 39" iteration, at which point the off-state is 4,95 N.
The maximum brake force is 24,94 N which is roughly equal to the force required

with radius R =14,8 mm. It is less than the constrained value.
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Table 4.2. Optimal results of the LMRB.

—— Off-state force (N*10)
- = Max. actuating force (N)

Design variable (mm) Characteristics f§=50 -« - Outer radius (mm) *5
W =113 =74 =05 e L a0 N, | %) — 3
Ci=4,85; ¢r = 2,85; — Sao) s e 5

e T Foax= 24,94 N 3 40, 13
Lpi=8; R=14,8; Lpo=4,0 | ™ S - U ©

_ ) _ ) mp= 0,2 kg, Pw=4,5 =k 12
L|_38171 tW_0151 WR:239 :z:u" R P
t=2,1; Ra=4.5; ’ Sl 1é|z ) 25 30 35
4.4 The force analysis of the force feedback  pigyre 7. Masf :nznbmkmg torque.
3D system.

The kinematic diagram of the joystick
of the force feedback system is shown in
Figure 4.8. The arbitrary position of IR
joystick is P (Xe, Yp, Zp) With the Z axis of s
length . If we rotate by angle ¢« following
the X axis and ¢, following the Y axis, the
is

position of the active point P

determined by:

Xp] 0 le(dxy s(dy) Figure 4.8. Kililematic ciiagram of the joystick
P = [Yp = Rxy |0 = _l5(¢x) (4_5)
Zp] l le(Px)c(dy)
Where Rx va Rvare the X and Y axis of rotation matrices, respectively.
[ c(Py)  s(P)s(@y)  c(dr)s(Py)
Ryy = 0 c(py) —s(¢) | (s:sin;c: cos) (4-6)
__S(¢y) C(¢y)5(¢x) C(¢x)c(¢y)

The arbitrary position of the control joystick, the output torque and force are
determined by:

Ty Fy, 0 Z,  Xp/l
Tyl =-JxR P2 Jow=|"2% 0 /! (4-7)
By Fz Yo —Xp Zp/l

F, = —F,,; Tx, Tyare two functions of F,, and F,,,
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4.5 Design and manufacture the force feedback 3D system.

When there are optimal parameters
of BMRA and LMRB, the author
implemented, assembled
completed the experimental system of
the force feedback 3D joystick system

shown in Figure 4.9

4.6 The experimental results.
The experimental model of the 3D force feedback control joystick (Figure 4.10).

The results from Figure 4.11
can calculate the average
stability of the initial state
output torques as -0,218 Nm
and -0,215 Nm respectively.
The negative value means
that the output torque is in
the same direction with

and

AC motor

Handle

Y-axis AC motor BMRA_Y X-axis AC motor

knob S

Force sensor

LMRB

Figure 4.9. The 3-DOF haptic joystick prototype

(MSMD022J1),

BMRA Y

Driver (MBDIT2207) May tinh

Amplifier

AC motor
| (MSMD02211)

Figure 4.10. Experimental setup of the 3D spherical force-feedback system

shaft 1 of BMRA.
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o -0.10-
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(b) BMRA y

0 1 2 3 4 5
Time (sec)

Figure 4.11 Off-state measured torque of the BMRAs

From the output torque of the test results of BMRA_x as a function of current.
The author applies a 3" order approximation curve in order to calculate the
current applied for the coil of BMRA_x with the output torque (4-8),(4-9). The

results are shown by Figure 4.12.

I, = —(0,1914 + 0,9367T, + 0,2157T2 + 0,0261T2) (Tx<-0,218 Nm)  (4-8)
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I, = 0,1921 + 0,72153T, — 0,18035T;2 + 0,02778T23 (Tx >- 0,218 Nm)  (4-9)
In terms of the Y axis, it can be shown in Figure 4.13 by (4-9), (4-10)

I, = —(0,1927 4+ 0,9302T, + 0,2115T} 4 0,0252T;)) (Ty < - 0,22 Nm)  (4-10)
I, = 0,1958 + 0,72954T,, — 0,18798T)? + 0,02617;  (Ty>-0,22 Nm) (4-11)

The magnitude of the LMRB force is calculated as the average value of

input/output force. At 1= 2.5A, the measured force is 25,3 N, while the simulated
force is 24,98 N. the off-state force is 5,35 N while the simulated force is 4,95 N.
At | = 2,0 A applied, the magnitude of the effect force is 23,0N larger than the
required maximum force. Using the 3 approximation public curve, it is shown
in Figure 4.14.
I, = —0,99805 + 0,24302|F,| — 0,01246|F,|? + 0,000329|F, |3, (|F,| > 5,35 N)(4-12)
I, =0 when |F,| <5,35N
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Figure 4.12. Applied current as a function of measured output torque of the BMRA x
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Figure 4.13. Applied current as a function of measured output torque of the BMRA _y
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Figure 4.14. Applied current vs output force of the LMRB

4.7 Force feedback controller for 3D joystick system.
4.7.1 Design of open loop controller for force feedback system.

To control the desired tangential feedback force to operator, the author
proceeds to build open-loop controllers (Figure 4.15) and to record the tangential
feedback force at arbitrary position of joystick. The angular position of the
joystick axes is measured by an angle’s code set, while the length of the joystick
is measured by linear gauge. The position of the joystick is determined by:

7, = [xp ¥ 2,]” = R[0,0,1]7 (4-13)
Where R is the sum of the rotation matrix of the joystick with global
coordinate. The sampling time is At = 0,01(s).
The matrix R is rewritten as follows:  R(t + At) = R(At)R(t)

Then R(At) can be approximated as follows:
c(ddy) s(d9)s(dB,) c(dB)s@dd N[ 1 9  do,
R(At) = Ryp Rgp, =| O c(do,) —s(d®,) H 0 1 —d@x} (4-14)
—s(d®,) c(d®,)s(dd,) c(dd)c(dd,)|]|-do, do, 1

LMRB feedback force is measured separately in Figure 4.16. Therefore, we
can see that the desired normal force (Fz), the braking force LMRB (Fy) is
determined by F, = F». The results of Figure 4.17 illustrate the measured
feedback tangential forces relatively great and compared with the desired forces.
However, there is still a delay of about 30 ms from the desired value due to the
mechanical delay of the torque response of the BMRA. The second step, the
initial position (xp = 0, yp = 0, z, = 200 mm). An arbitrary movement of the
joystick from the operator is performed and the force from the operator is
measured by a 3D force sensor.
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The results are shown in Figure 4.18. Within these results, we can see that
there is a delay of about 30 ms between the measured value and the desired value.
Compared to the outcome in the case of the fixed joystick, the tangential force
is slightly higher, so the movement of the joystick is unstable. With regard to the
normal force, the system can not reflect a force of magnitude which leads to less
than 5,3 N because of the frictional off-state force. The leap from the value of the
feedback force to zero is caused by the change in direction of the force when
measuring.

Output torque |#w Ty | Torque — Current | 7., % Reflected
calculator Eq. (4-8)...(4-11) *| BMRAs = tangent force

i

Handel
length (d7)

l LVDT
Desired force Parameters of handel

( Fuz, Fy2) position (R, ], xp, ¥p, Zp, Jxy)

(d0,.d9,) |+ Encoders

Figure 4.15. Open-loop controller for force feedback BMRAs

Desired normal IF5l] Force — Current |2 Reflected
force N F(NM-I(A) [ LMRB =1 rmal force

Figure 4.16. Open-loop controller for force feedback LMRB

309. .. Desired F, =+ =Desired F,
Measured F ,

Measured F ,

S
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L
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Figure 4.17. Experimental results of BMRA
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Figure 4.18. Experimental results of the feedback forces.

4.7.2 Design of closed loop controller for force feedback system.

From the outcomes of the output torque are used to determine the
mathematical model by MATLAB software. The step response and the
recognition result of the BMRA’s and LMRB’s system are shown in Figure 4.19.
As the results, It can be seen that the measured driving torque is very close to the
driving torque from the recognition model.

® |n terms of BMRA the following applies:
With a = 1/26590; b = 2452/26590
f() =0,01025 — 0,53308 = I — 1,63852 = I? + 0,42608  I*> (T is the desired
torque, I is the applied current).

* For LMRB the following applies: cF + dF + F = g(I)
With ¢ =1/649,5;d = 60,69/649,5
g(I) =5,01899 +9,75739 * I + 1,28363 = I> — 0,796 = I3 (F is the desired
force, | is the applied current).

al + bT +T = f(I) (4-15)

(4-16)

—2sA- T 2A - 175A— —15A

——25A— — 2A- - - 1.75A—-—15A T _28A .- 2A_-_175A
~ .. -125A 1A 075A= =0 5A . — - -1.25A AR e 0.T5A === 0.5A —-o-15A ---- 1A 0.75A - —-0.5A

Torque (Nm}

s 1o s
Time (s)

¢) Applied current for LMRB

20 25 30 35 20 25 EX) as

Time(s)
a) Applied current for disc

Time(s)

b) Applied current for disc 2
Figure 4.19. Step response of the system
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It should be noted that the normal feedback force is always equal to the
damping force and separates from the tangent force. So equation (4-7) can be
written as:

[;ﬂ — " Rly [1%2] JFy = Fyy (4-17)

—[JTR],, is the 2x2 submatrix of the main matrix —[JTR]. The parameters of the
joystick (rp), matrix Jxy, R, Ty, Ty, the desired force Fy, Fx, the closed-loop
controller to reflect the desired feedback force is depicted by Figure 4.20.

Handle length
Parameters of handle [« | (dn | LDVT

(R, &, Xpy Vp. 2py J) '—I_

dg., dg, | Encoders

¥

Desired force Er|Force-Torque |ET Loly1: N
. X » Syst Actual f
(F £ 12) ‘@—‘ (Eq. 4-7) —Controller ystem - Ac ual orce

Figure 4.20 Closed loop controllers for desired forces

= The PID controller, the current is determined as follows:
I(t) = kpe(t) + k; [ e (t) + kpé(t) (4-18)
®Where kpr, k;, and kp are the proportional, integral, and derivative gains,
respectively; e is the error between the input and output values. To evaluate
the effectiveness of the controller, the author uses ITAE (Integral of Time
Weighted Absolute Error) which is the integral of the time deviation. It is
determined by: ITAE = [, tle(t)|dt (4-19)
Where t is the simulation time; e(t) the error time. From the optimal values
performed on MATLAB SIMULINK in order to the ITAE criterion which is
minimum. w

T T
—— Desired Fx —— Desired Fy ——Desired Fz
Weasured Fx Measured Fy Measured Fz

Bang 4.3. Tuning parameters of kp, i,, Kq
BMRA x | ke=10 [ ki=0 | kp =8
BMRA Y | k=9 [ki=0|ko=7
LMRB ke=9 |ki=0|kp=2

Through the value of the coefficient,

»
S
L

Force (N)

o
e

204

we can see that the integral stage has not A

Time (s)

Figure 4.21. Experimental results using PID
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significantly influenced, so it is actually just a PD contronller. The consequences
in Figure 4.21 illustrate the error of the system is 8%. The following force of the
PID fluctuates continuously around the desired force caused by the continuity of
the current of each actuator.
= SMC controller for the force feedback [33]
The general equation: T + bT + T = u(I)
SetT =xy;x, =%, =T
So dy =2 -2 44 (4-20)
[x4 x,] is the state vector; u is the input control; a,b are parameters determined
from the system identifier. Chose a = 1/26590, b = 2452/26590
d: includes the disturbed system and uncertainty, |d| < D
The slip surface is determined by: : s =ce + ¢ (4-21)

a

Where e is the error to be determined by: e = x; — x
xd: the desired value; x: the measured value; c: slope coefficient (c > 0)
The sliding surface is defined as follows:
u=a [ksign(s) + e 4 dpq + 2 be] (4-22)

a ' a
The stability of the system using the Lyapunov function as follows: V = %sz
V = s(—ksign(s) —d) = —k|s| — sd (4-23)
When Khi k > D then V = —k|s| — sd < 0 stable system.

From the optimal values performed on MATLAB SIMULINK in order to the
ITAE criterion which is minimum.

—_— Des\réd Fx —Ijes\red Fy —‘Desired le

Bang 4.4. Tuning parameters of ¢, k 30 T~ lnamsorod Fx - - Wamsud Fy— - Moasurod Fz
BMRA x |c=15 (k=14 0],

BMRA Yy | c=14 | k=197
LMRB | c=17 | k=10

The experimental results with error
of the system using SMC is 4%. From

Farce (N)

the outcome shown in Figure 4.21 and T i : 3 : E

Time (s)

4.22, the PID and SMC controllers of Figure 4.22. Experimental results using SMC
the sine function are 3Hz respectively. Regarding the SMC unit, the desired force
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is better and the error is as small as 4%. It is also less than PID to 8%. It leads to
a system with disturbed and unstable structure, PID can not solve all these
drawbacks. However, the input current of the SMC controller is smoother than
the PID controller. Moreover, the SMC controllers can restrict the disturbance,
uncertainty, and variability of the system. In both controllers, it can be seen that
the actual force Fz can not follow the required force with the force less than 5,3N.

Chapter 5 DEVELOPMENT OF A 3D FORCE-FEEDBACK
MANIPULATOR SYSTEM
5.1 Stucture and working principle. i
From the practical demand, the e ancodr

Shoulde link

Force
sensor

LMRB

research team has developed the 3-
DOF spherical force feedback system
(Figure 5.1). The arm mechanism
consists of the waist revolute joint
(joint-01), the shoulder revolute joint
(joint-02), the arm prismatic joint
(joint- 03). On the axis of the joint-01 Figure 5.1. Configuration of manipulator systcm

put an MRB_01 used to reflect the desired horizontal tangential force, Regarding
to joint-02, it was fit the MRB_02 to reflect the tangent force and the desired
height. On the arm prismatic joint was fit by the LMRB. The maximum reflected

MRB_01
Encoder
M

Waist link

Frame

force in each direction is taken by 40 N and the operator’s ability was taken into
account. Since the torque of the MRB is 8 Nm.
5.2 Design for 3D force feedback manipulator system.
5.2.1 Design for MRB.
5.2.1.1 Stucture and working principle.

The brake structure was erected in the shape
of the tooth- shaped brake disc as shown in

Housings

# Magnetic Coils
Disc

B MRF

M Lip seal MRF
Bearing
Shaft

Figure 5.2. The purpose is sharp increase the

contact surface between the MRF and the brake
Figure 5.2. Configuration of MRB
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disc and the brake’s housing, thereby
making the huge torque and the

significantly reduce mass. e ) NIRE

5.2.1.2 Calculating torque for MBR. 0 it AN\ Coils

According to the calculation of the : ‘

torque the on the inclined gap UPS:“S 7St |®| Bearing
Shaf-—s==ssEIHITIMIHHIITHITITIININNN

illustrated in charpter 2, the proposed
MRB is shown in Figure 5.2.
The MRB torque is calcualted as:
Ty = 2(Tgo + Tz + Tga + Tis + T + Tr10)
+2(Tyy + T3 + Tis + Tj7 + Tpo) + T, + 27T (5-1)
The torgue components of the the brake includes men Tei, Tii and T which are

Figure 5.3. Moment calculation structure for MRB

determined as follows:
R4 N4 .
Tpi = THETe [1 -(=5) ]9 + 25 (R, 3-RD), (i = 02,4,6810)  (52)

T 2d Ri1 3

1
T, =2m (Rizl + R;l%sing + 3 l3sin2¢)> Tyri
+ %nuli g (4R} + 6R?lIsing + 4R;1%sin’¢p + 13sin¢); (1,3,5,7,9) (5-3)

To = 2mR% (b + 2h) (Tyc + e 722 (5-4)

Where R; is the radius of the ith point; [ is the length of the incline, , ¢ is the
angle of the inclination, h is the height of the teeth.

The frictional torque caused by the seal is calculated in (2-11):

T, = 0,65(2R,)%w!/3
5.2.2 Design for LMRB.

The manipulator system mentioned as above, it is the LMRB’s design
requirements are in chapter 4 [38] which was presented and manufactured an
experimental sample. The outcomes of the experimental sample are quite great.
Although the author does not mention again, the author only selects the new
braking force to be F =40 N.

27



5.3. Optimizing brakes for 3D manipulators.
5.3.1 Optimal Design of MRB.
The minimum mass of the brake:
my = Vapa + Vapn + Vsps + Vurpur + Vepe (5-9)

- Braking torque constraint: T, = T,

- Design variable limits: : x* < x; <x”, (i=1,2,...n)

Where V,;, V3, Vg, Vg and V, are respectively the volume of the disc, the
housing, the shaft, the MRF, and the coil of the brake; p4, py . ps, Pmr and
p. care the density of materials for the discs, the housing, the shaft, the MRF,
and the coil, respectively; x* va x are the lower and upper bounds of the
corresponding geometric design variable xi of MR brakes; n is the number of
design variables; and Ty is the required braking torque.

In the optimal design problem, important parametric dimensions of the MR
brakes such as the height and width of the coil (hc, wc), the disc outer radius R,
the inner tooth radius R, the geometric dimensions of the tooth (height, top
thickness, bottom thickness), the disc thickness tq,.. were chosen as design
variables. The other parameters including t;= 0,6 mm, t,= 1 mm are selected
from the initial. During the optimization process, a current of 2,5 A was applied
to the coil in order to take safe working conditions into consideration. It is also
to be noted that the filling proportion of the coil was set as 70%, while the
magnetic loss was assumed to be 10% based on empirical experience. Although
the maximum induced braking torque was constrained to be better than 10 Nm,
the braking torque required is 8 Nm. The convergence rate was set as 0,1%. The
magnetic circuit analysis model, the magnetic distribution density of the MRB is
very alike and the one is illustrated in Figure 5.5. and Figure 5.6
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Figure 5.4. Finite element model for magnetic analysis

Figure 5.5. Magnetic flux density of the brake at the optimum

Table 5.1. Optimal results of the MRB

3.0

Mass of MRB

Design Variable (mm)| Characteristics
We = 5,52; he=15,8; | Tomax = 10 Nm;
R=345,L=358 |m=103kg
th=4,6; tw=1,0; Tinn=0,1 Nm;
Ri =10; Rg= 31,2 Pw=37 W,
Rs=6,0; ta=2,0; Rc=29Q
h =2,6; tm = 3,2;
tw2 = 4,6

Loemmee Braking Torque

Mass of the MRB (kg)

1‘8 2‘4 3‘0
Iteration
Figure 5.6. Mass and braking torque

[} 12

5.3.2 Optimal Design of LMRB.
Some calculation parameters need
to be appropriately chan ged as t; =
0,8 mm, ty, = 0,5 mm. Similar to the
optimal design illustrated in the
previous parts, the finite element
model and the magnetic flux
distribution of the LMRB are shown
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Figure 5.9. Mass and braking torque.

4 8

in Figure 5.7, Figure 5.8. The optimal outcomes of the maximum required
braking force of 40N are achieved as shown in Figure 5.9.

Table 5.2. Optimal results of the LMRB.

Design Variable (mm)| Characteristics
Wel = 1,5; he = max = 40 N;
11,3; chy = 3,7; m = 0,46 kg
ch, =5;R=21,8; F:=6,0N;
L=39.2;t,=0,5; Py=115W,
Rsi=5; Rc=25Q

29

Braking Torque (Nm)



5.4 Design and manufacture of 3D force feedback system.
5.4.1 Design for MRB and LMRB. _—

After there were the optimal
geometrical parameters, the author designs
the MRB, LMRB as well as completes the
proposed force feedback manipulator
system.

5.4.2 Completing the manipulator
model. (Figure 5.10)
5.5 The torque result of MRB
and force LMRB.

The  experimental  system
(Figure  5.11). During the
experiment, the arm is rotated

Figure 5.10. Manufacturing model of the manipulator

Amplifier

around the joint-01 and the average ﬁmucr
value of the force which is at !
different values of the applied
current has been recorded.

The torque v alues of the MRB, LMRB are shown in Figure 5.12 and 5.13
respectively.

Figure 5.11. Experimental system for 3 DOF manipulators

Regarding the results, we can see that the torque of each shaft of all brakes
responds very well. However, there are still some times when the response is
awful due to instability of the system or unstable operation.
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Figure 5,13, Braking torque of MRB_02

5.6 Control Design for the Force Feedback System.
To reflect the desired forces, the open-loop controller should help us mirror
the desired tangential force (Figure 5.15) and the normal force (Figure 5.16).

0.0 05

T T
10 15
Current (A)

20 25

Figure 5.14. Braking force of LMRB

(Fn, Fo)

calculator

Brake torque |Tw, T | Torque — Current L, Lo MR Brake l—| Reflected
calculator equations force
Desired force End-effector position
l— Encoder

Figure 5.15. Block diagram of the control system for tangent force

Desired

force ()

Force — Current
equation

I

LMRB

Reflected
force

Figure 5.16. Block diagram of the contrlo system for radius force

Regarding to the informations of the code set’s the values of angle & , it leads
to the arm radius r determined and the torque of MRB_01 (Tw), MRB_02 (Tsn)
are calculated by the formula (5-6), (5-7):

T,, = Fy.r.cosf

TSh = Fe. r

Fnva F. are the desired tangential force of the joint-01 and 02
The experimental results are shown in Figure 5.12, Figure 5.13. We can see

(5-6)
(5-7)

that the braking torque of the MRB is almost saturated when a current 1 > 1,5 A.
Applying the quadratic approximation curve leads to the currents applied to the
coils of MRB_01 (Iw) and MRB_02 (lsy) which are calculation formulas as (5-8)
and (5-9) respectively:

I,, = —0,0245 + 0,1516T,, + 0,00177T2 (5-8)
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I, = —0,027 + 0,1543T,, + 0,00155T3, (5-9)
Similar to MRB, we can apply current I < 1,5 A to the LMRB.
Simultaneously, applying the quadratic approximation curve leads to the current
applied to the coils of the LMRB determined by equation (5-10):
I, = —0,1707 + 0,03424F, + 0,000169E? (5-10)
Using the current | < 1,5A and applying a function of the torque generated are
shown in Figure 5.17, Figure 5.18, Figure 5.19
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5.7 Experimental results.

It is noted that the voltage control signal ranges from 0 - 5 V, the output
current varies from 0 — 2 A and the sample rate is set to 0,01 s. The outcomes of
the Figure 5.20 illustrate the constant desired feedback force of 40 N is applied
to each component of the feedback force, at 0,5 s. In terms of the horizontal force,
the actual response is compared with the desired response and a maximum error
of 4% with a response time of 0,24 s (Figure 5.20a). The radial force responded
actually is compared with a maximum error of 6,5% and it is more fluctuation
than before (Figure 5.20c).
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Figure 5.20. Experimental results on the step response of the force feedback system.

The results of the desired sinusoidal feedback force for that component are
shown in Figure 5.21, Figure 5.22 and Figure 5.23. Although the feedback force
is quite great, the feedback force can not be less than 1,5N for MRB_01. At a
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stable state, the maximum error of horizontal tangential force and height is about
4%. The radial force occupied by 6,5% with more fluctuations. However, due to
the off-state torque and force of the MR brake, the system cannot reflect small
force to the operator, whichis 1,5 N for the horizontal fore, 1,8 N for the elevation
force, and 6 N for the radial force. The maximum error of horizontal tangential
force and elevation is accounted for 4%, the radial force occupied by 6,5%.

The experimental results show the proposed 3D spherical controller can
provide the desired 3D feedback force for the operator. It is clear that the
proposed controller can be effortlessly integrated with any passive robot in the
remote control system. Combining parallel force with the position control of the
system is proposed as above. The results in the potential application for remote
control applications.
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Chapter 6 CONCLUSION
6.1 Conclusion.

In conclusion, this study focuses on designing, simulating, manufacturing and
experimenting on new models. Simultaneously, the author carries out designing
PID, SMC controllers for feedback force control of BMRA,MRB, LMRB which
is applied in the force feedback system with optimization methods such as First
Order, NSGA-Il. The content of optimization includes optimizing the
geometrical parameters of the mechanism and considering their properties and
being capable of response in the main functions which the force feedback system
should have such as the mass, torque generating. Through the initial results
obtained, we can see that a lot of newly researched content is published in
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prestigious international journals. The topic has given a new direction on the
applicability of MRF for the force feedback systems in general and the haptic
systems in particular. However, there are still some issues that need to be
researched further. The efficiency of the current structure is only about 90% due
to many reasons which are manufacturing technology, assembly, and material
homogeneity.
6.2 Recommendations and development direction of the thesis.
= Restrictions of the thesis:
- The initial friction of the LMRB is still high
- The feedback system has only developed to 3D
- The new force feedback controller is not high.
= Theme development direction:
- Development of a new LMRB mechanism that reduces the off-state
force
- Development of a 3D joystick system using three rotary actuators
controlled by a single motor
- Building a closed control system and applying modern control
algorithms to enhance the quality of feedback force.
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