NGHIEN CUU THUC NGHIEM HE THONG PHANH SU DUNG
LUU CHAT TU BIEN MRF

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF MAGNETORHEOLOGICAL
FLUID BRAKE SYSTEMS

Cao Lé Anh Kigt ', Nguyén Xuin Bdio 2, Lwong Vin Van !
! Trieong Pai hoc Sw pham Ky thudt Vinh Long;

2 Truong Pai hoc S pham Ky Thudt Pa Néng;

Tac gia lién hé: kietcla@yvlute.edu.vn

Nhdn bdi(Received): 19/9/2026; Phdn bi¢n (Reviewed):7/1/2026; Chip nhin(Accepted):26/3/2026

TOM TAT

Bai béo nay nghién ctru dic tinh dp tmg dong ciia hé thong phanh sir dung luu chit tir bién
(MR brake), cho phép diu chinh mo-men ham linh hoat théng qua sy thay doi trang thai nhanh
cua chat 1éng MR dudi tac QOng tur truong. Co cau phanh dugc thiét ké nho gon, dé ché tao, dong
thoi bao dam mo-men ham on dinI}, hiéu suat cao va do tin cdy trong van hanh. Phan tich phan tu
hiru han (FEMM) dugc st dung dé danh gid phan bo tir truong, trong khi mé hinh dong hoc duoc
x@y dung nham mo ta phan tng cua hé thong ¢ cac diéu kién lam vi€c khac nhau. K&t qua mo
phdng cho thady moi quan h¢ chat ché gitra cuong do tur truong, tinh chat luu bién cua chat long
MR va mé-men hdm sinh ra. Nhitng két qua nay khang dinh tiém nang tmg dung phanh MR trong
0 t0, robot, mady cong nghi¢p va cac hé thong diéu khién thong minh.

Tir khoéa: phanh luu chét tir bién, luu chét tr bién, phﬁn tir hiru han.

ABSTRACT

This study investigates the dynamic response characteristics of a magnetorheological (MR)
brake system, which enables flexible modulation of braking torque through the rapid rheological
transition of MR fluid under an applied magnetic field. The brake mechanism is designed to be
compact and manufacturable, while ensuring stable braking torque, high efficiency, and reliable
operation. Finite Element Method Magnetics (FEMM) analysis is employed to evaluate the
magnetic field distribution, whereas a dynamic model is developed to describe the system response
under various operating conditions. Simulation results reveal a strong correlation between
magnetic field intensity, the rheological properties of the MR fluid, and the generated braking
torque. These findings demonstrate the potential application of MR brakes in automotive systems,
robotics, industrial machinery, and intelligent control systems.

Keywords: Magnetorheological brakes, magnetorheological fluid, finite element method
1. Giéi thi¢u

Nganh cong nghiép 6 to cam két ché tao nhitng phuong tién an toan hon, ré hon va hiéu suét
t6t hon. Vi dy, mot loai phanh mo61 duge gioi thiéu cho qua trinh phanh va duge phan loai la phanh
chat long tir tinh (MRFB), c6 tiém ning mang lai mot s6 1oi thé vé hiéu suat so voi phanh théng
thuong. Phanh MR cho phep kiém soat mo-men xoan lién tyc. Khi khong c6 tir truong, mo-men
xoan dugc tao ra boi d6 nhdt cua chit 1ong mang, 6 truc va phét. Sarkar va Hirani [1] da thiét ké
mot phanh tir tinh mang €p c6 tinh dén tmg suat nén ting cudng cta chat long tur tinh. Dé xac thyc
thiét ké 1y thuyét va phat hién, mot nguyén mau cta dia phim nén MR mét tdm phanh da dugc
phat trién. Thiét 1ap thir nghiém thyc nghiém di giup minh hoa md-men xoén phanh duéi cac dong
dién diéu khién khac nhau (0,0-1,25 A). Zainard va cong su. [2] d3 gi6i thiéu M6 hinh héa va Xac
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nhén phan tng phanh luu bién tir bang phuong phap tham s6. Ap dung tir truong lam tang nang
sut sirc manh cta chit 16ng MR noi chét long nay dugc st dung dé giam téc do cua truc quay.
Rossa et al. [3] da trinh bay thiét ké can nhéc cho phanh luu bién tir. M6 hinh dugc chi dinh mét
d6 tir thong mong mudn trén bé mat chat long. Kich thudc mach tir va cong suét can thlet c6 thé
duogc tinh toan theo hé qua. Phan tich tp trung vao mot dia phanh don va mot tang trong phanh
don va 1am ndi bat sy phy thudc 1an nhau cua cac bién phap hiu sudt nhu moét ham cua céac kich
thudc. Park et al. [4] da gioi thiGu danh gia hi¢u suét cua thiét ké phanh tir tinh 6 t6 v6i bo diéu
khién ché d6 truot. Hé thong phanh duoc dé xuat bao gdm cia cac dia quay dugc nhiing trong chat
16ng MR va dugc bao boc trong mot nam cham dién, trong d6 Gmg sut chay cua chat 1ong thay
d6i theo ham cua tir trudng dugc ap dung bdi nam cham dién. Li va Du [5] dé thiét ké va tha
nghiém mot phanh tir tinh lvu bién (MR) méi nguyén mau. Dau tién, cac dic tinh luu bién cua
chat 1ong MR, dic biét 1a mg sut chay dong, da dugc nghién ctru thye nghiém dya trén mé hinh
déo Bingham. Cubi cung, diéu nay di tiép theo I phan tich nam cham dién sir dung phuong phap
phan tir hitu han. Tsubata va Kikuchi [6] da gidi thiu mot chiéc xe dap m6 phong véi phanh chat
long luu bién tir hinh tru. Ho da phat trién mot bo bién mo6-men xoén ban dap véi mot bo vi diéu
khién. Theo két qua, bd diéu khién dugc phat trién da thuc hién diy dit mé-men xoan ban dap dya
trén yéu cau. diéu kién. Poznic va Casniji [7] ¢ mo ta mot phan tich vé Phanh chat 1ong luu bién
tir hinh tru. Mot phanh quay MR phanh dia c6 dic tinh 13 mé-men xoan phanh ctia né thay doi
phan ng nhanh chéng v6i cuong do tur tnI(‘rng bén ngoai. Nhitng can nhic 1y thuyét ciia phuong
an thiét ké cho phanh chat long MR don gian thong thuong duge dua vao xem xet. Edward et al.
[8] dé nghién ctru sy phat trién cua he thong phanh co dién mai st dung tir luu bién (MR) chat
long. Hé théng phanh duogc dé xuit bao gdm cac di fa quay dugc nhing trong chét 16ng MR va dugc
bao boc trong mdt nam cham dién, noi ma tng suét chay cta chét long thay ddi theo ham cua tir
truong duoc ap dung boi nam cham dién. Sukwani va Hirani [9] dd mo6 ta quy trinh thiét ké phanh
MR va da thao luén vé tac dong ctia khe ho MR 1én mo-men xoan phanh cia né. Hai phanh, phanh
dau tién c6 khe hd MR 1 mm va phanh thir hai ¢6 Khoang cach MR 2 mm da duoc thiét ké va ché
tao. Shrikant et al. [10] da gidi thiéu mot mo hinh phanh tir tinh-luu bién can thiét dé dung mdt
chiéc xe hai banh dang duoc xem xét. Pau tién mo-men xoan phanh can thiét dé dimg xe da duoc
tinh toan phan tich. Sau do, cic thong sb thiét ké phu hop da dugc lya chon va mot md hinh da
dugc phat trién trong phan mém MATLAB dé dat dugc mo-men xoan phanh tuong ty. Kavlicoglu
etal. [11] Tap trung vao thiét ké va dic diém cta mot ban kinh ly hop. chit 16ng tir luu bién (MRF)
hai tim. mé-men xo4n cta ly hop c6 thé duoc kiém soat bang cach diéu chinh tir truong ing dung.
Phan tich phan tir hiru han dién tir (FEA) duoc thuc hién dé thiét ké va tbi uu hoa bd ly hgp. Tan
et al. [12] d3 phat trién mot mo hinh toan hoc ctia phanh ER va két qua mé hinh hoa dugc so sanh
v6i phan ing van tdc dau ra thuc nghiém cta phanh. Sau khi xac nhdn m6 hinh da hoan thanh,
phanh ER d3 chiu nhiéu tai trong khac nhau, truong dién, nhiét do chat 16ng va phan sd thé tich.
Boi quan sat tic dong cua timg bién dau vao, hanh vi xu huéng cta phan tng toc d6 phanh ER da
duoc nghién ctru trong mot nd luc dé xac dinh cac thong sd phu hop c6 thé ding canh tay robot
tai thoi gian kéo dai nhanh nhét. Benetti va Dragoni [13] d4 nghién ctru hanh vi tir tinh phi tuyén
tinh ciia mot dia da ning 100 Nm, Phanh quay hodc ly hop chat 1ong tir tinh-luu bién, sir dung
Phan mém da pha COMSOL. Cung vdi két qua ctia phan tich, uu diém va han ché da duoc tim
thay trong viéc str dung phan mém trong cac mo phong tuong lai cua nhiét va phan tng co hoc cua
thiét bi. Poznic et al. [14] dé gidi thiGu mot ban danh gia vé tat ca cac loai phanh tir luu bién. Dua
trén vé tong thé mo-men xoan phanh so sanh phan tich cho tat ca cac loai phanh tir-luu bién va cac
thong so lién quan khac da dugc da thu dugc. Mot gian thir nghiém, sir dung loai phanh dugc chon
chira dﬁy chét long tur luu bién — Basonetic 5030 duogc san xuit va sau d6 dugc thir nghi¢m. Muc



tiéu ctia cong trinh hién tai 1 nghién ctru hiéu suit ctia phanh dia thuy luc (MR) trén ca phuong
dién thuc nghiém va 1y thuyét. Mot mé hinh Iy thuyét cho phanh MR sir dung Navier-Stokes Céac
phuong trinh v6i hé théng co hoc va chit long Bingham dugc phét trién va giai bang phuwong phap
s6. Anh hudng cua cac thong s6 thiét ké va diéu kién van hanh dugc nghién ctru. So sanh giita
cong vige ly thuyét va thuc nghiém cho cac dién 4p dau vao cho phanh dugc trinh bay. Mgt xac
nhan cua két qua 1y thuyét voi mé hinh CFD va mot mo hinh khac do mot nha nghién ciru khac

nghién ctru ciling dugc gidi thicu.

2. Thiét ké phanh MR
2.1. Thiét ké va nguyén ly 1am viéc phanh MR
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Hinh 2: (a) Phanh sir dung heu chdt tir bién (MRF) (b) M6 hinh ldp rdp cdc chi tiét phanh
Bdng 1: Cdu tao va chirc nang ciia tirng chi tiét trén phanh MRF

STT Tén chi tiét | Vatliéu |  S§ lwong Chitc niing
\ C45 Cb dinh cudn diy ciing MRF va Chira
! V6 phanh ! MREF cung cudn day
2 bia phanh C45 1 Két ndi vo phanh va cb dinh cudn day




3 Truc C45 1

4 MRF MRF 1
5 Bobbin Plastic 1
6 Cudn day Copper 1 Tao tur truong
; Bulong lién két CT3 4
vo phanh M4
2 Bu long nép 6 CT3 6
M4
9 Niép 6 C45 2
Vong bi SuUJ2
10 (6002Z27) 2
Vong phét
1 (15x32x7) NBR 2
12 Bulong lién keét CT3 1

dia va tuc M3

Phanh str dung luu chat tir bién (MRF) c6 c4u tao gdm cac bd phan chinh nhu biéu dién hinh
2(a) gdm: vo phanh, vanh phanh, day ddng, bobbin, truc phanh va dia phanh. Trong do, v0 phanh
dong vai tro c6 dinh cudn déy va chira MRF, dong thot lam khung bao vé. Vanh phanh n6i véi vo
va gitr ¢d dinh cudn day sinh tur truong. Day dong duoc quan quanh bobbin dé tao ra luc tir khi c6
dong dién di qua. Bobbin giir ch dinh day dong tai vi tri thiét ké. Truc phanh dam nhiém chure nang
truyén chuyén dong quay tir nguon to1 dia phanh. Dia phanh Ia noi tiép xtc voi chat long MRF,
gitlip tao lyc ma sat khi MRF chuyén sang trang thai rin hon do tic dong ciia tir truong. Vé nguyén
1y hoat dong, khi khong c6 dong dién, MRF & trang thai long cho phép dia quay tu do. Khi cip
dong dién vao cudn day, tir truong sinh ra lam ting d6 nhét cia MRF, chuyén sang trang thai ban
rén, tao luc can ma sat 1én dia phanh, ttr d6 tao lyc phanh. Muc dg phanh c6 thé diéu chinh dugc
thong qua viéc diéu khién cuong do dong dién cap vao cudn day.

Hinh 2a minh hoa thé hién mit cit ngang c4u tric cta phanh tir MR. B9 phan nay gom mot
truc quay chinh dudng kinh 32 mm xuyén qua cum phanh, hai bén truc dugc bd tri d6i xing céc
dia phanh cling véi cac khe hd chira luu chat tir bién. Bén trong v phanh b tri cac cudn day dién
tir c6 chiéu day 10 mm, khi dugc cap dong dién sé sinh ra tir truong. Tl trudng nay lam thay doi
d6 nhot cua chét long MR trong khe ho, nho do diéu chinh duoc luc phanh. V6 ngoai ciia cum
phanh c¢6 duong kinh 174 mm. Vi thiét ké ndy, mé-men phanh dugc kiém soat linh hoat thong
qua viéc diéu chinh dic tinh dong cat cta luu chat MR dudi tac dong tir trudng.
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Hinh 3: M6 phong dong tir truong di qua dia phanh: (a) m6 hinh FEMM, (b) chia luéi, (c) két
qua mod phong.

Hinh 3 minh hoa qua trinh md phong phan bd tir truong trong dia phanh bang FEMM. O
hinh 3(a), m6 hinh déi xtmg sir dung 15 st va hai cuén day dong 18 AWG dit dbi xing dé tao tir
truong, trong khi vo ngoai bang nhom (Aluminum 1100) dong vai tro cach tir. Hinh 3(b) cho thay
qua trinh chia luéi, con hinh 3(c) 1a két qua mod phong, trong d6 cac dudng stre tur tap trung ¢ 161
va di qua vung dia phanh chimg to thiét ké c6 kha nang dan tir hidu qua va dinh hudng tét tir thong
vao khu vuc lam viée cua luu chét tir bién.

2.2. M6 hinh toan hoc ciia phanh MR

Pé xdy duyng mo hinh mé-men xoan chinh x4c cho phanh MR, chat 16ng tir bién dugc gia
dinh 12 khong nén duoc va phan bd déng déu trong kénh dan. Do phanh dang dia chu yéu lam viéc
trong ché do cit, cac mo hinh Bingham va Herschel-Bulkley thuong dugc str dung dé mo phong
dic tinh mo-men xoan. Piém khac biét co ban giita hai mé hinh 1a mé hinh Herschel-Bulkley xem
xét thém anh hudng cia téc do cit, trong khi mé hinh Bingham phu hop hon véi trudng hop tbe
d6 cat trung binh. Dura trén diéu kién thuc té va dé don gian hoa qué trinh phén tich, bai viét lya
chon mé hinh Herschel-Bulkley dé biéu dién tng suét cit cua chat 1ong tir bién nhu sau:

T= 1, + ky", khit> T, (1)



V=0, khit < T, )

Trong d6 T 12 Gng sudt cit cia luu chat tir bién, Ty 1a tng sut chay cua luu chit tir bién thay
dbi theo mat do tir truong, k 1a @6 nhdt déo, v 1a tdc d6 bién dang cit.

Duéi tac dong cta tir trudng, mo-men phanh MR gdm hai phan: mé-men tir do Gmg suat cit
t61 han T, va m6-men nhot do d nhét cia luu chat. M6-men tai khe hd giam chan hudng tim trén
bé mat dia dugc xac dinh bang phuong phéap phan tir vi phan.

Tbc d6 cit tai moi diém trong vung lam viéc cua dia phanh.

wr

\"=T (3)

Trong d6 r 13 ban kinh quay cta diém tiy chon, o 1a vén téc goc cua truc va t 1a do day khe
hé gidm chan cia phanh.
Phanh MR trén bé mat vong tir r; d&én r, ¢ thé thu duoc nhu sau:

ry ry
T, = j 2nr?tdr = 21‘[] r?[t(B) + nyldr

rq rq
2
= §T[T(B)(r2 — %) + v (rz —r1) (4)
Téng md men phanh ciia phanh MR la:
4n Tnwn
T =2T, = ?TET(H)(I'Z —r{) + ot (r3 —r{) ()

Téng mo-men phanh T gém hai thanh phan: Tg va Ty. Tg. Trong d6, Tg 13 mo-men co thé
diéu khién, sinh ra boi ing suét cat cta luu chét tir bién dudi tac dong tir trudng va thay d6i theo
mat d6 tir thong, do do6 c6 thé diéu chinh bang dong dién cap vao cudn day. Ty la mo-men do do
nhot va cac thong s6 cau tric cua phanh, chiém ty 1& nho, nén tong md-men phanh van duoc xem
1a ¢6 thé diéu khién. Khi d6, tong mo-men dau ra duoc biéu dién nhu sau:

T=Tg+T, (6)
vOlL:
4n
T = ?T[T(H)(rz - r1) (7a)
_ Tmon
T, = 2 (f — x) (7b)

3. Thye nghiém trén hé thong phanh MRF

Thyc nghiém trén hé thdng phanh sur dung luu chat tir bién (MRF) duoc tién hanh nhém
kiém chtng tinh hiéu qua cua thiét ké va xac nhan ket qua mo phong tir truong. He théng gém
cum phanh MRF da ché tao, bo diéu khién dong dién cap cho cudn déy, cam bién do md men can,
va co cAu truyén dong quay mé phong chuyén dong thuc té. Trong qua trinh thuc nghiém, dong
dién dugc diéu chinh tir 0 dén gia tri dinh mirc dé khao sat kha nang thay ddi luc phanh theo thoi
gian thuc.



Cambiénlye B diéu khién dong co servo

(b)
Hinh 4: 4(a) hinh anh thuc té phanh khi gia cong, 4(b) so do hé thong thuc nghiém

Trong hinh 4(a) 1a anh chup thuc té cum dong co servo — phanh MRF, trong d6 phanh dugc
gin c¢b dinh va ndi véi truc dong co qua khop noi mém dé dam bao truyén dong 6n dinh, han ché
rung lac BG tri nay gon gang, dé hiéu chinh, phu hgp cho thi nghiém nghién ctru. Hinh 4(b) mo ta
so d6 tong thé h¢ thong thi nghiém phanh MRF, gom: ngudn DC cap dong cho cuén day phanh,
dong co servo tao chuyén dong quay, bo diéu khién servo, cam bién Iyc do mo-men hdm va may
hién séng phan tich tin hiéu. Cach b tri nay khoa hoc, truc quan va dap tng tot yéu cau dénh gia
dac tinh phanh trong nghién ctru va ing dung 6 to.

Badng 2: Két qua thuc nghiém: (a) 30 vong/phiit, (b) 60 vong/phiit, (c) 100 vong/phiit
(a) Két qua thuc nghiém khi van tdc quay truc  (b) Két qua thuc nghiém khi van tdc quay truc

30 vong/phut 60 vong/phut
STT Volt | Ampe Luwe Momen STT Volt | Ampe Luc Momen
M AW ™) (N.m) M A ™N) (N.m)
1 5 0.7 20 2 1 5 0.7 25 2.5
2 10 1.3 40 4 2 10 1.3 45 4.5
3 15 1.9 50 5 3 15 1.9 55 5.5
4 20 2.5 60 6 4 20 2.5 65 6.5
5 25 3.1 70 7 5 25 3.1 85 8.5
6 30 3.8 100 10 6 30 3.8 105 10.5
(c) Két qua thyc nghiém khi van téc quay truc 100 vong/phit
STT | Volt (V) Ampe (A) | Lwe (N) Momen (N.m)
1 5 0.7 30 3
2 10 1.3 50 5
3 15 1.9 60 6
4 20 2.5 70 7
5 25 3.1 90 9
6 30 3.8 110 11
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Hinh 5: Két qua do mé men ham dwéi cdc gid tri dién dp va téc dé quay khdc nhau
Két qué thi nghiém phanh MR ¢ ba toc d6 (30, 60 va 100 vong/phut) cho thdy mé-men ham
tang ty 18 v6i dién ap cap cudn day. Khi dién 4p ting tir 5 V dén 30 V, mé-men ting tir 2 — 10
N'm (30 vong/phut), 2.5 — 10.5 N-m (60 vong/phut) va 3 — 11 N-m (100 vong/phut). Piéu nay
khang dinh mo-men phanh phu thudc tryc tiép vao tir truong do dong kich tir tao ra va chiu anh
hudng cua tc do quay.
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Hinh 6: Ddp trng mé men hdm trong mién cwong dé dong dién
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Hinh 7: Pdp 1ing moment hdam trong mién toc dg
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Hinh 8: Dap vng moment ham phu thugc téc do va dong dién

béc tinh m6é-men ham cia phanh MR theo dong dién va téc d6 duoc thé hién trong Hinh
6,7.8. Két qua cho thiy mo-men ham ting phi tuyén theo dong dién, trong khi anh huong cua tbe
d6 gan nhu khong dang ké, cac dudong cong gan tring nhau. O cac murc dong dién khac nhau, mo-
men chi tang nhe khi tde do tang, chung t6 phanh MR chu yeu phu thudc vao dong dién. Nhin
chung, mé-men ham c6 thé diéu khién hiéu qua bang cach thay doi dong dién, v6i do nhay cao,
con tac dong cia tbe d6 quay hau nhu khong dang ké trong ving khao sat.
4. Két luén

Két quad thuc nghiém khéng dinh hai ddc tinh quan trong cta hé théng phanh MRF. Trudc
hét, lyc phanh ting ty 1¢ thuan véi dién 4p hodc dong dién diéu khién: khi tin hiéu kich tir dugc
nang cao, lyc him gia ting rd rét & ca ba toc do quay (30, 60 va 100 vong/phit), chimg té kha ning
diéu khién bang tin hiéu dién rat hiéu qua. Bén canh dé, luc phanh hau nhu khong bi anh hudng
bai tbe do quay, sai léch giita cac téc do tai cung mot mure kich tur 1a khong dang ké. Piac diém nay
giiip phanh MRF duy tri Iyc hdm 6 6n dinh, co thé du doan trudc, va vuot tri so voi co ché phanh
ma sat truyén thong Nhin chung, cac két qua thu duoc hoan toan phii hop véi co so 1y thuyet
dong thoi cho thay tiém ning ung dung rong rii ciia phanh MRF trong nhiing h¢ thong can do
chinh x4c cao va kha ning diéu khién linh hoat.
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