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Today, the magnetic levitation system is widely used in various industries. This system is
inherently unstable and nonlinear, which is presented by nonlinear equations. On the other
hand, the existence of a time delay in these systems also causes system instability or even chaos,
which creates additional problems in their control, thus requiring the design of robust and
optimal control. In this paper, arobustadaptive intelligent controller based on the backstepping-
sliding mode is proposed for the stability and proper tracking of the magnetic levitation system
in the presence of time delay, uncertainty, and external disturbances. Due to changes in the
equilibrium point, comparative control is used to update the system’s momentary information
and intelligent controller to estimate uncertainties and disturbances and non-linearity of the
system. A robust controller is used to asymptomatic stabilize the Maglev system. The Lyapunov
stability theory is used to analyze the stability of the magnetic levitation system with the
proposed controller. In the end, in order to demonstrate the performance of the proposed
controller, numerical simulations have been used in MATLAB software. The simulation results
show that good tracking has been performed and the controller is very good against noise and
disturbance.

Keywords Magnetic Levitation System (Maglev); Time Delay; Robust Adaptive Intelligent Con-
trol; Backstepping Control; Lyapunov Theorem

CITATION LINKS

*Correspondence

Address:  Electronic Engineering
Department, Engineering Faculty,
International Imam Khomeini Uni-
versity, Qazvin, Iran. Postal Code:
3414916818

Phone: -

Fax: -

n.bigdeli@eng.ikiu.ac.ir

Article History

Received: June 16, 2018
Accepted: December 30,2019
ePublished: July 20, 2020

[1] Dynamic stabilization of tuned-circuit levitators [2]| Analysis of a single axis magnetic
suspension system [3] The industrial applications of the active magnetic bearing technology
[4] Controlled dynamic characteristics of ferromagnetic vehicle suspensions providing
simultaneous lift and guidance [5] Feedback linearization and model reference adaptive
control of a magnetic levitation system [6] Trajectory tracking for the magnetic ball
levitation system via exact feedforward linearisation and GPI control [7] Applied nonlinear
control [8] Phase-space nonlinear control toolbox: The maglev experience [9] Nanoscale
path planning and motion control with maglev positioners [10] Sliding mode control of
active suspension for transit buses based on a novel air-spring model [11] Sliding mode and
classical controllers in magnetic levitation systems [12] Gain scheduled control of magnetic
suspension system [13] Nonlinear robust control design for levitation and propulsion of a
maglev system [14| Nonlinear control of active magnetic bearings: A backstepping approach
[15] Adaptive fractional order Backstepping sliding mode controller design for a magnetic
levitation system [16] Magnetic levitation hardware-in-the-loop and MATLAB-based
experiments for reinforcement of neural network control concepts [17] Neuro-sliding
mode control for magnetic levitation systems [18] Intelligent bounds on modeling
uncertainty: Applications to sliding mode control [19] Application of composite fuzzy-PID
algorithm to suspension system of Maglev train [20]| Linearizing control of magnetic
suspension systems [21] Adaptive sliding mode control of maglev system based on RBF
neural network minimum parameter learning method [22] Fractional order controller for a
class of inertial plant with delay [23] Robust control design for long time-delay systems
|24] Coefficient diagram method (CDM) based PID controller design for magnetic levitation
system with time delay [25] Design of fractional order controllers satisfying frequency
domain specifications for magnetic levitation system with time delay [26] A modeling and
control approach to magnetic levitation system based on state-dependent ARX model [27]
Adaptive fast terminal sliding mode control of magnetic levitation system [28] Hybrid
control of magnetic levitation system based-on new intelligent sliding mode control [29] An
adaptive robust controller for time delay maglev transportation systems

Copyright© 2020, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.



S 0edi 9 541> (g0 YWY

aol i ol Ghsyaé g Il B3 sy 3,8 8 ks
ks SLbl s oxihs Jie poluly 2hb sbagby) yida
Gilwh> Gy Jre Gilwphs laglyy dez el
Ut s ordpleo] ccanl 1O g iy J56S° g5lohs o Blyjgzily
ol culito glyz @ue b Gueblise (59508 & WS Go (5
Iy puSe dhaily Qg3 g uabliseg il (59505 G aleld b g
53 oxdanll Jao 5 B anss BlohSen 5 o7 pimgl )
Gilohs Gy 5l g WS e exlaswl /g il (iamgly
» giolel S e odlaiwl JyuS geild bb 3 393
ol b 29850 pladl Guabliseg Sl 93 by augl digad S (59,
il Lz (B 3 puer Rlale § Gl Jwe ol J
ey 4 by YSlee (giluhS yge ) e ize Lk
4 oy sl opbily dgdie Gl Bdhs I Sl b
b Jie gle @ Ghsnt Jie i DS 5 cwle by
394050 03wl

ublign jolid pilunw sl @8> Swely Jao S ol
GhEnt 9 Blaitand o)l e ol by cwl Hleds
S Galize glgil sl ool lise gladie Ygemo .yl
Glae 38 5 Lol A9 100sgi0 esliaiwl oo (slapiww
g cushd oie L ooaidfre Sqelnd a2y ey
S el yogdle Ll JSiie Jao gyigy Gl (Glnobe
B g cuoglin whnsi g @2 pmass Wil ilugu bl
GB35 8 4295 390 Wb (uie)S eidedy ublisieg S
Gl olss ohb (sl Ghin Gyl Sty
i LaylS el stdon (JIo ol b S e odlitel oSS
b bl s quoliol gladae 5l odlaiul b g (gilwand 5
@l el i8S 3 Gl 350 (So3d 5 ublide (olss
Sl 5309 lgiear polie oaiiS JyuS jl Mo ol 4l
Ssdipe odliiel Giogie BBé cashd ese U ablie
0o odiuss MIGhSan 5 s> Ghasly 53 it clyieay
aneee Wy b ocwlio Guablise (gops &5 WSe
Sheslial bl JyuS g9l g 9wl uablisiog sl
S Mas plo g @8 o aiS o 2hb i) ao J56S
ey g3l o HSgy I eslasul b |y ol lapiunw
o1 Slerdony S3l o8y Gy, am dslllas 93 )3 iy
GuiSilh S Sy WGhKen 5 cuopls Gaind 53 el
Gl prads gl Sebl) et gy 9 oad ol
ul 033 Slpuiy Ghind oS i SO (gly eilxe
b b Ghopt o8y oausfyus Sy B peugls 9 g s
(38 caslge o gl Lol wlonS sleidny Ghpd Jao
Gl (S alpe 0aiS S 5l agd Loyl b il
oxdd oMol IS5/ io g (6,9 W0 Gaid 53 58 8y 0 (e
rablige )l @i lyicds 9l Jao dllie ol )3 cwl
ool oy ax8)S Jai yy (bliel g jugh ohes 4

WA 3.V ojlad Ve o9

o R siadgn pslis oxiiS TS o>bb
(Ploj ;30 ghls Gusblise ol et
L,?)Lﬁ Uﬁquld 9 u.ns.b.‘?““ 3 Eac

MSc > (s3¢0

plol Gllallonn oisly (owtige 9 36 0aSiily (Gn mdige 095
el (938 e

PhD " JsSs adgs

plol Gllallonn oisly (owtige 9 36 0aSiily (Gn modige 095
el (938 e

oSz

oslitul alide glio ;3 035iud j5bdty (uablide j3ld piucw ojgel
hspe @Vslae huwgs ol Ghspe 5 )bl B3 e ol S9de
el 55 Wt ol 3 Gileg 3L 3529 6505 Bk I el erd Jao
Mo il JyuS )3 & 390 of 3 ol Gim b penw (551040
Ay 5 polie S SO obb vl ax 53 agle dezgdy ALSI
Lo @Bug p Glise bl Sadgn eglie oSS dlie ool 53 .l
e unblise 19l i cawlio LIS 9 (S3loslul sl 252
bl oud Slgidey G2l Giliad] 9 comhd pae (Gloj pSli j9a> 5
labaz) SleMbl Gluyjgydy gl Gibas JpuS 1 b whanss 4 dzg
g wliliadl g lacashd pie opess jghiod diadse oIS S 5 el
sl shiiedy pglie eSS 390 edlitul i (slaSihsyd
Seibld (sluly 63985 3l 39die eliul ofe @i 53 ilze ()10l
oS S by Gunblise jold i 5yl Jul=i o i jshiiedy
oS LS D oaldpli johiedy bl )3 3gdse oslitl (glgidiy
bt el oad oslatwl o Hl38ley 55 (e33e (gilwand I eadslpiiag
2 0SS g 0ad plal Gagt 4 Ly 45 amde i (glwa
Ao Jas g sl (Blasel g jags Jlio

Liadbgn pglio 0158 (iley pudl (6l50) unbline 19l et lacslganls
Sl (6,555 WSy S e

WAY/oV/YS el als
WAAYo/o 1y s

n.bigdeli@eng.ikiu.ac.ir :Jguws oty

doldo
b Sl Al o 51 ol Gunblisie sl (505553
&ly )3 g Gz 9 ol wlahd g Sajud pled lels
o > Alad Gablige ey slaylhd cole ol
Sl slagiiy o 5gh «SBhol 3325 pac Judday (53e9iST
s 03 5 4580 ilS hass die ol (KlSe ulad
5 ple ;505 0sSUsS (slading) 1> (5390955 ol i 39550 Y
Sl oiles)l (Gl sbpituaw wile (gy5ls
345 ot 5 3L isS W Sige oxuSeulin (slacey ouablion
390 plizen e (slapiun gy ool 151 Gl 38
iy > wilglss (slaz b sleiday 5 uyn gz liixe Bde
254 walse I 6% il ool 3 s LS 5 oobb
3o b Gblin gl (slogiuons sy oSS oobb

ode Sl usige (dmgly-(sele doliale



WEE . ilej 55505 (513 Gunsbliin s918 tawsas (sl (ot s1agn pglie 01335 55 (2

9 LSy lie layls b awglio 3 9 398 3lge @
el (3 2 4 dlie ol (slas sl

a8 HB5 53 Ghs engodt @i Seolas B8] Giaghy 55 )
conle bl oo pium oS (ol @ azgi b g sl oad
gazo Iy oaiSJpuS Sl esgazme (giluhs el Ghsns
o 4188 Jai 53 (hsyué gl i dlio ol 3 .85 e
ol 48y Sqagn 00335y 3,Slac j9> 14 g ool

sz baiugw jliu »d Gl w2l 1 53 &S b gles ¥
Ghsst péyile (111920 2 lallho 55 -l Wil HIGH J85e
35 Lol sl oadd aid)S ATy usls il o EECRSIETI
ol 03 418, 5 53 e Spalins ;3 35 55U allie ol
ki Ll (Saelind piucuo 53 o5 24 25 hagly (BN, -V
iloy 15U yogde allio ppl 55 cal ords 48,5 i,y sl
owizan g el ok 43S H5 53 35 coshd eie g blasl
4 ol oadahb easS LS b plegw gl @l
el yiosles 018,53 e lie

oISy & PHhSea o plo gdxs by SUsp -F
Pl slacashl eie (YU 1>l dlie ol 4 Giegl
O35 9,4y Ghashad o9il8 S Gub jl g 0l 488 pleali fu3
-M9(o j9r4 9

e s Jle wadsun g2lhe ple SMen -0
ST 5 S ol ik taden Ll dlie ol ) onbdis,S
(Ghopt Saoliny 0348 (el gz Gras G5B b Sy
ol S Sy S )3 et slacashl pie g olilicel
Somess ol s3dsed cul oads oslisl Giabi 8540 L
sogde s SIS ik -pglio oS JyuS olan 4
of @ 35 G b pglie oles Gusli y ade llgs
LAY (0

tunses Saaliss Jao
Bl uablito w5 s Jols oo usblie slid v
GBS 53 b e ol cal @i 5 Lg5 gl asgti
e oz L@y o Vg coasge P
d)l_v.n uag‘.cm R EReaw 4 o_b.‘b))lg )L\J9 e ‘u.u.lol.a_v.a9).&.]'
» Gl w20 T 9 @88 @2 Moublize gopd wli
9 X3 =1 X =V X =P pdio s b cwl @l
G3sas &Sy gl plunsw GSeeliny Jlo U =€ puizes

=
N
|
Q
(9}
|
3|
+ —~
&
~—

Modares Mechanical Engineering

aidS i 53 oo (glapiu sy viedsn slagisy dusl
Sadr D61 Sen 5 pdaSTd Ghagly 5> 6Ulewl o
cewl 48355 o 390 (200 LS SO plgiedy Grac
SQJAS gl G e gy b pras S I oSy
53 cul oad gy BT San 5 s Gtz 55 3lSe pitucuus
4 ek oie oS owasd I oslinel b I8LisT iagg
lda S 5l eslaswl b puizan g diadigr [0S dliwg
e o 53 L3 Hliws LYy e AL (sl i
SO ol pSlae g (gylub ‘)ig) S )l cwl osd odliiwl
ol g (55 sloosS JyuS caSy pululy uablize b8
ol 0313 dgugy (191 [San o STL aslho 4y S Gie G,
2 Guebline yolid JyS gl Gras 0asS S ol el
9 olw aglas 3wl oadds oslasuwl [zolul)lSA_tb 9M§J&La_>_l
oigel Slwe Gkl G de S Sy G Bl San
3 22U peh e eiuaw J3uS gl RBF uac aSid
aslyy poldadl 3929 ju5 9 ploy b jusite cushd pic joa>
ol odd

Gras 9 ogae o)l il (olwa b el S13 Giloy 02U
3 PPl bidye S Guaige 53 ohigd cowlige 5 pole 5
slyiahly 4 cund gloj U 4 il Guoly (35S uwiige
oy sl dg>g [23nl ataly ddg,y dgamel slasd diwg
ol d9doe et b 3Shee g (5yl0LL gie Ysase
L Ghopd sbepiuwmw gl 0asS S g)luly Jal=s g ayjs
Al ol jlawy Jae )3 @2 g (5935 JBI I 0o (Slej 22U
S0 -l oaiS JynS B San g o L
ol iy 35l b ol i JyuS pohieds S G
Sl Nsdse Gluyjsy 4 gl wysot o (layiahly o5 L3S
b oo slopium JyuS johiody (6yuS de oSS
ol o o3l 251 S o logS dsllhae 5 (silej il
rblite ol pinow glyicar 9o Juo 5l dlie gl 5
Gimhl Sedigr  eglie cauS S g cwl oad eslaiul
(i 35l 985 33 1y Guablise jolud i o (sl4igSa
cwl oad ol asS S ool hldagl g coshd e
By 9 i) e loonaS S oSyl jskie oy
s=hb 3 cwl oad osliiwl ‘c9lﬁ.a oS J S olgiedy
i glocaehd oie Y oS o5 Gl 1 oans oS
pie Vb b e sl Ghaekad (dlg 0l (28 poleals
Gl orimen cwl ot 485 B4 et lacgshs
by a3 Soaasd I atume ais bl Suolios gpess
colgd 5wl osd odlawl Segac CuyET (5950 A dzgl
S oledng 0SS jd> )Y Eiue diu il (g lab
g8 b el oad @ldl eIyl o 5 Seibld )laly 55955

Volume 20, Issue 7, July 2020



S 0dg 9 > (540 \YFF

eslin 0535555 ,>bb
a5 olgioe |y Bibld gl jf eslitl b JyuS laghs, dlas
S il 08 4 (slapiuw 3 o5 35 olal oKy JS
il 0SSl pitunao ol daily J3S gl gy o2l 53 -2l
sl QliF] aby el puite glas &S ssde odlitul gl
lbs & Wie cwndty 5935 @ EliF] dbyly S (e
S0 4y pll dayly (gilme JyUS g plit] dhly el usie oo
Cawdd )>T 4.1>)4 ceds dsles )l ‘:])_us 5399 S LJ.:.A
Soibld @i SO g8 dal se )l e sl Tee
8_1'94 Sgo=o 51 esldiwl L IS L_;)I_\gl,} 9 9L )Le,w.u_‘
0aS S I dlie oyl 53 90 Gy bailgy eled Sgilild
xS S pslie 5 Glel g2 plped G Lo el

ol ﬁlf w Jolis ‘QT =hb & 3940 ooliiwl 6.)L€,U.M—L_\

Jsl o8
reudgd lgie of oedib 3l xS Gie Ly 21 = Y1 B L
y1=9101) ()

A5 il eSS plgieds Z, = @1 (y1) of » &S

D9dise by 5 yze 4 V1 Sl @l 3gdse 4i)S
1

Vi =2 yi ©)
g dunlze pj ot V) i

Vl =y101 = Y191 (1) *)
el kg >0 o 3 &S @1 (y1) = =k Sl b
V,=-ky?<0 )

ol Hlaaly Yp e oalaliy
093 o8
ol GaesS @1(¥1) Gilre ouiS S gli o«
Dede LS 05 cygedy P1(V1) 5 21 o gle>
z; — ¢1(¥1) (A)
29ds0 o pj Cygods Yy Gl

Ve =2 = 91(V1) =23 — 91 (V1) = @2 (V1. ¥2) +
kiy1 )
DB 53 (sile cauS S glgredy Z3 = 05 (V1,¥2) of &S
&b (V1 = ¥2) plenn ©lalaly jskiot 3gde 418
39800 Uiy Vo iy g Vy gLl
v, =V, +§y22 (%)

Y2

1394050 Al V) dly eygods V, i
Vz = V1 + Y2y = V1 +v,(0, (v, y2) + kvy) ()
‘kz >0 ('JT ol & (Pz(Yyyz) + klyl = _k2y2 uL>_u| L!

eidgd olgie

V, =V, —k,y2<0 (V)
ol 500 Y1 — Vo el 30350 lds &

ey 65

S 9o ) alie wygod

Y3 =23 — 9,(¥1,Y2) (W)

WA 3.V ojlad Ve o9

Jus by sl ypslie s s (slaedls oSl 4 4255 |
solie glgieds Xges = (Y1) X2q, X3a) 038SHk5 55 b g aiaS
olsise ¥ dhly psite ;oS b puizan g aedl> (gl oslho
23 el o gl ¥ ablas ypot |y bt dhen o

2629l Z aslsie oyl

Z1 = X1 — Xqq

Z, = Xy — Xyg )
_ C (x3 2

3=9c 75,5,

Zy =27,

Zy =273 (¥)

70 = 2(ge = 7)1 -

2 ) ( Z3(t—Ts2) ) 5] _
L(21 (t—‘rsl)+x1d(t)) z1 (t—Tg1)+x14(t) L
2 c

/ (gc = zs(O)ul®) + Af (2) +

L(z1 (t-Ts)+x19(0) A M
dit) = f(z(0),z(t — 15)) + g(@Du(®) + Af (2) +
d(t)
9 Af(2) prizen g X34 :( /gc%)xm 9 X9 =0 &
i)y 2l pilaagl g cashd eie lsiedy cuiyiay d()

Sgdie 48

&l 0auS S >hb

ohlisel g cushd eae ol 53 &5 LS A5 )3 ) ¥ e
D9d0 88 polali S b IshS wygedy i 2>
ol Gl @iy Gk siadisn xS JyuS ol Shsy Sely
lisle gal 5 cwl b oygl N JSd d  aleew
s -y i el 0B ST e dus | oaiiS S
Uld e JuSid |y eglie S Glel sl il
G oS 4 boye layhly guesd diby (s
5 Y oxep | Grae -1 Suesd glagjy 9 el
By peedd @ Wiadgd Gliy plgiedy Gras (B S
Il xS S =>hb jshiieds 3lse e pasuiel
950 o3yl (élgiidny ) do -y xS S ksl
rac sl S g Gk slagisy 03933l b Guwe
g0 JolS

'r\i—__ Jas
G as

TR VSSERSVL g jvig P'z‘flﬁj Ssh (0 s

ode Sl usige (dmgly-(sele doliale



IVFO . il 515 (5l (rmtblisi 5li hansar (s (sl Siado pglie 04335 JyiS b

1(t,z) < 0)|x(O)] + Oy x(t — )+ 244 (Yo)
|67 < 25 (¥%)
|61 = 18p1| + [6p2] < Oplx(t — ) + 2, (vv)

A (e Cudie 6\3}).1.4')‘_‘ Sl 01 0, 6y, A; A, A,

5 oy s daline BB Wae u*(8) Jlonl 008 S
b cwl plp a8 3gd 50 o3l u*(t) oS ylgied ul(t)

uy () = g7 (@) (wy1 + Unpnr + Uponr) (YA)
ol &S

Uy = =Ky Yy = kyYy — Ksyr — kY, —1is (v9)

Unpn1 = _VT/fT(f’(Z) - Wth/’(Z(t - Ts)) (W)

Uopr = —[A1 + Az + A3]Sgn(s) — [B,1z(t)| +

(B + 04)12(t — 7)1]Sgn(s) (¥)

oAiS S Uypyy edle je53l eaiS S Ugg of » &S
Urobr 5 wolial Gh3ye gl ouass gly Madse
pae 230 g s glhs gl sl Gkl eglie oSS
Gob il G bulgy laytahly -l @i (595 31 S skl

gdse (Hlwyiots yj Gl (4iled
Wy = kys $(z(t) ()

Wy, = kys (z(t — 75)) (*¥)
8, = LIsllz(o)| (F)
B = Lulsllz(t — 7o) (¥0)
éh‘r = lpIsl|z(t — T5)l (*#)
=1lsl, (i =123) (*V)

e b ‘L_S):S)L? L_gLQ:C)J Sl e Ly ‘kf Jey,
o) mhw g W Gunblize sl piwow Sqeliny () 4puad
L g YA oSS Jlael b ogids 0 w)f)b_n 33 1y VF dbgiye
SEVSCS RIPCIVISRVITE A ) G TV S POV Y S
Ailose 8L dgaxe diwy dil> 3 L;‘z:dl_\i.u.u alS g oad
2390 Sl ) eygo 4 ) Sl L U el

V, =V, +%(52 + k7MW, Wy + kit W +

BUOF + 67 + 6L + S kT) o)
Wy =Wy — W, W, = A =2—2(1=1,23)s
éhrzghr_ 9 ézzgz_él ‘éh:9h_§h ‘Wh_W\h

cwl Oy,

redgs lgie Beibld dsles 5l (6,8 Eiiw b
Vo = Vs + 8 = [k W0 W) + ki W W +
G266 + 17070, + G260 +
i=1 ki_l/TTiii] (¥3)
g0 ale VY dbslese I § laie

Modares Mechanical Engineering

Pgdie dlo VF dlaily wngod Y3 Glde
V3 =Z3 — 9,(y1,¥2) = f(z(®)) + h(z(t - Ts)) +
Af(z) +d(t) + g(@u(t) — (k.J, — k;¥,) =
fz@®) +h(z(t —1y)) + I(t,2) + g(@)u(t) +

kiyy + koy, (\'f)
S cpehd oae (8, 2)
Af(2) +d(t) = 1(t, 2) 00)

ol ccml Hhise wiu ol gl eSS mhb Je
il V7 dbyly wygod ¥ atuow gl (galeidoy Gl e
s(t) =k;D7'y; + kD 7hy, + s (%)
ol VY dslse wygods o Fidwe g
$(8) = k3yy +kay, + Y3 = kv +kyy, +
fz(6) + h(z(t — 75)) + U(t, 2) + g(2)u(t) +
kiy1 + kpy, ()
oxzen 9 V1 =@ (V1) = —kyy S ol 4 e U
oS sl ™ Jlonl JysS 0936 92 (V1,¥2) + kyy1 = ¥2
JS cashd aae 5 f(2) @5 S Ghso 13 1 3929 ¥ i
Aol egles U(E, 2)
u' =gt @ (~f(y®) —h(y(t - 7)) - Ut y) -
ksy, — kay, —nSgn(s)) (OA)
8 cushd cae 5 g(2) « f(2) &U pappslecl 4 azgi b
&l i ly siedge oniS S I cully U(t, 2)
ol os o3kl yateideal
o8 lie » iuhi siedga pglie eauS S ohb
28 30 -5l
ol S Madge glagis b oldl oS aigS las
b e Saelins pgleel sl i et dduby (salpiuin
S2 G pres (60955 pelaly oo o el laeage
s29 Wi 0(2) 5 Wi $(2) cnsots siabgn Sepmass
b gty |y s a3lal glocelys Vlgige 45 i

fe®) =w"" o +6; (%)
h(z(t —15)) = W," P(z(t — T,)) + &), (Vo)

sobly g s Wiy W™ wasis slhs Jln 8y 9 8f o
oasS S ly Jloal s oS Ll 5l el Wy g VVf
('JT L_;Ub):i,al)lzg &S 0SS ol 5l Guedd 3laS 3939 Sadiga

5 e s 03 (a3 inskS ppon

f@ =W, ¢(2) (")
h(z(t —15)) = Wy, $(a(t — 1)) (¥v)

el Wy s Wi unzs usile Wy o Wy

W' 2 argminfsup|W, (@) — fz(O)]} )
W,* 2 arg min{sup|W,"p(z(t — 15)) —

h(z(t —1y)|} (VF)

P UEY) G5 cashd cie g 8y O conii las (1 g

WS e Ghe ) bulyd

Volume 20, Issue 7, July 2020



3l ls
oo IS S LIS oalsglis ssliieds Gidy ol 5o
clite B8l 5 Gueblize pld piuwaw (J8 iz
oxid gilwosly of 59y » 0ddGhb S JHS g (lwdd
&b sl bgloand elad 3 o5 cwl S5 4 oY cwl
Sire Y by « atan(./o) &bl sign() cwde
OSanlns Jio glagiohly cul ond osliil wal G210
2 i (oalgidag 0SS puizas g Guablize jlid
oS S glagiahly o 53 45 wal oaal ¥ g\ Jglam
A CEORWETICT W RENE 3 - RE NECICE RSy, o

closel cawsds wglha

(asblite ol @iums Saolins Jso sboyiolyly (Y Jgaz

slaga el
a/A\m/s? ge
YA/YQ R
o/10H L
Vo' x V/¢F Cc
\Yg m
Sin(z,2,)Cos(z3)Ye Af(2)
Sin(2t) d(t)
(+/0 ¢ o/%) [t,1,70]

152 oA S slansialy (¥ gz

slaga el
(W o/ ¥ /D) [k, ky, k3, k4]
(R0 B0 iA°) [l b, L]
(Y5 Q¥ Ao) [1, b 1)
(DAD) [ky, ka)
Qe Y1

olis b (1) o3 casBse Jold piunw 29y> o) lagal
Oslae Jlaie wisS JyiS S oalsplis sehieds 45 camssa
3 wglho pslie .l osd w)f)lm 3 oo b e eyguo
Do Hlun 3Slae cwl oadl ¥ Jgam > alie Silej o3l
395 Lglhe Hlade (195 @ Py él.é;i)l S o el oS JyuS
aRe 0z 9 @98 e ahSean ¥ lagad )3 S JLSs Iy
390 0aline 4 digS lad .l oad 031y it Lumblise
G9> 4 9290 Gloj 3l g pilicie] weashd pae 3929
xhw g IS eild &5 amde i ¥ lagel Laiload [Ken
IS peils L wlesds e (i3 4 0auS S ool ) e
sl sl ameew 4 odddlasl Sy &8l > pitucuw ol
olsd slayiehly alSen ¥ lsgad sl Guablise olie
Slaizes (hSan (ulsd (ol & 185 e gad 4 |y ik

S o g e 4 ) @l

WA 3. jlad Ve o9

I adsd 9 4l (s34 \FR
Vs =V, + s(ksyy + kyy, + f(2(8)) + h(2(t -
Ts)) +U(t, 2) + g(Du(t) + k3, + sz./z) -
[k;lv“l'/fTVT/f + kW, W, + 71878, + 171679, +
280 B + XL k72T (F2)
00 canddy FY dlss YA Yo 0 @¥slee il b
Vo=V, +s [I/T/'fT¢(z(t)) + I/T/'hTz,b(z(t —75) + 6+
O+ U(t,2) — k3y, — kyy, — V1S — ki1 — koyp +
ksyy + kay, + ki + kyy, — [/11 + /iz +
J5159n(s) = [0l + Bues + 012 — 7] -
[k;lv“l'/fTVT/f + kW, W, + 71878, + 171679, +
280 B + XL k2T (%)
sl ylgie 5.5gn(s) e || GuSls b
Vy =V, + W, [s(t)d)(z(t)) - kf‘lvT/f] +
w," [s(t)l,b(z(t —7)) - kglvT/h] +5(0)[8) + 85, +
1(t, 2)] = IsOI[A, + 1, + A5] — s[4,z +
(e +  Bp)lz(t — )l —y15% — [l,:lé,féh +
878, + LB By + T3y kA7 A (¥Y)
WY 5 WY it ulgd 5l oslitl b
Vo =V, + (s@®)[8f + 8, + 1(t,2)] = [s@OI[A, +

Ay + A3] = s@®)[6,1z(O)] + (6 + 6,)]z(t — )] -
V152) (F¥)

dsise | F¥ dblee A; = 4,—4;(i=1,2,3) « &
S il iz

Vs <V, + (IsI[(167]—21) + (18n] — (Bnlz(t —
T)1+4) + 116, y)| = (0,120 + 6,,12(t — )| +

/13)] _V152) (F¥)
N o dzgi

V3 < Vz + (|S(t)|[(|5f|_/11) + (16n]+42) +

1t 2)| = 23] —1ns?) <0 (FO)

5 canl o day Ghle Vg &5 ad odly plas bl @ b
wls @ldl 4 uilze Jloly Jlo el Hl85 Saibld (5 b

)
V3 < Vz + (|S(t)|[(|5f|_/11) + ([6p]+42) +
Lt 2)| = 23] —ns?)=-Q@®) <0 (F5)
owdsb 51 S Sl
Jy Q®)dt < V5(0) — Vs (®) (FY)
el 3game g oS V5 () g s9uma V5(0)
J;Q®)dt < oo (FA)

@z b oS lim Q) = 0 waS ylsie ¥ eVb o uly
o Q(E) 2 0 g0 ol )3t 2 00 SIS ylgie o
Slgs J18 N (e mhe 9 0 Vet o glapae
A gl YA susSUpS b ) e ()l oubily 28,8
2 b g ol Gb 5l 6xSh £ &5 cwl 534 o)

.l odal Cawdd ‘Q.w.u.w

e Sl usige (dmgly-sele doliale



IEY . ieg 5505 (sl (rmgblisio 5l qiampar (sl (asld s gl 08335 J5iS o

2000
) e
1500F o e |
___,;,2 .........
__.ﬂ'_
~ qo00} | 777N T
.’,"’ _______________
R Ll
SO0F e
A
0
400
3004 g
—=4
w 200 N
T
100k ,—-:: ooyttt oo ey ety ittty ety pl— e
Vd
4
o . . . .
0 i0 20 30 40 50
Timefsec)

9l diay dile @i ki ouilsd slayiahly ihSas (F jlagal

(65 4z

b S plugw cwlio 3ySlae wilgice Gl sbapsls
9 135 el (LG el > g WS @ L sgame
ol 39> I (slodazmny slaylid) @i S9di0 el puizean
GILL @ a2gi b 29d piuow sy praSlogal el
o GhEnd Seelay dblee g Gueblise Ll e
9 IRkl el @lugw ol » Gl w20 392y e
o lie ol 3 Bede pleaw onl b Susw
b piuaw gl Ghubi dedse  pglie eaiuSyuS
Gliil 5 cushd e oiley sl ohan 4 uublie
oo @ ﬁ&"‘" doiS 5l eslaiwl cwl cals mhb s
2 cglio cuwo pglie S plgiedy Gkl G5 3o (5855
9 9o wushd pae g (bLLEl ulyn )d cauS S i 4z
aslol gilgd uasdd jghieds Sadger JyuS I guizen
L oadzhb S S (g lub )ig) b 5l g e oaliiwl
Sl 5 g ol b @bl Beibld (g,655 51 osliiuwl
A0 ULI.MJ 39> )I 29> uagLa.A oA_uSd)_uS a5 cwl )A' U—"
on )l 592 0l Gily w56 uizen o olasel 5 g Sl g
lie 4 copw 4 Guablize usw glaedls g ye
L Xloauds I)ic\_tz: 395 glho

28 GBS B tangd baugi (5390 1531998 g ST

A8 GiliS o8 tingh g (53,90 1BNST (gladyanls

s IS B tuansd buwgi (5390 @8l (oyle

Jansio 03355 (Jgl oviung) wd sae B augl pqw
Owibgd 1(%00) ey 01353/ ol Shalows/ Lol Siang o/ plisdisig
S/ SaS Sidwgi/polidipbyy (93 odiwng)  JaSu
(B00) ey 015,55/ g Lol

Modares Mechanical Engineering

6

55 =-=-Position
—Position desired
5
2 | m
4.5
29 30 31

Ball position (cm)
w
lwd
n £
\ |
w
A
[pum]
T

2

39 40 4l

0 5 10 15 20 25 30 35 40 45 50
Time(sec)

ublizo Holub diwy dil> piuuo Qg3 casBge hdlds (1 lagad

ablite ol g3 casige Lglhe yolio (¥ Jgaz

(aiilw) g3 cusBgs gl laio Giloj ojly
v (Yo o)
¥ (Ve oYe)
0 (Fo Vo)
= (Fo V)
1
—_ a
é 05
é 0
2]
0.5

[ S
=

Electromagnetic coil current (A)
E O e
—

0 5 10 15 20 25 30 35 40 45 50
Time(sec)

Guablifie g 0Lz 3 @88 ey alSan (Y jlagal

= a 10,5 |—
= -
= 10f 95 ™
a0 13.5 -
E] A 13 l—‘ L\
— 5 'aI
5 5 12.5 R
o]
7
0 :
:J
E|
=
E
an
B
=
@
N L N L L s L
0 5 10 15 20 25 30 i3 40 45 50

(esblise sl @i 4l s (359) b 5 (S 093 (¥ fogad

Volume 20, Issue 7, July 2020



o s 5 I3 (5340 WEA

16- Shiakolas PS, Van Schenck SR, Piyabongkarn D,
Frangeskou I. Magnetic levitation hardware-in-the-loop
and MATLAB-based experiments for reinforcement of
neural network control concepts. IEEE Transactions on
Education. 2004;47(1):33-41.

17- Phuah ], Lu ], Yasser M, Yahagi T. Neuro-sliding mode
control for magnetic levitation systems. IEEE
International Symposium on Circuits and Systems, 23-26
May 2005, Kobe, Japan. Piscataway: IEEE; 2005

18- Buckner GD. Intelligent bounds on modeling
uncertainty: Applications to sliding mode control. IEEE
Transactions on Systems, Man, and Cybernetics, Part C
(Applications and Reviews). 2002;32(2):113-124.

19- Yang ], Sun R, Cui ], Ding X. Application of composite
fuzzy-PID algorithm to suspension system of Maglev
train. 30th Annual Conference of IEEE Industrial
Electronics Society, 2-6 Nov. 2004, Busan, South Korea.
Piscataway: IEEE; 2005.

20- Trumper DL, Olson SM, Subrahmanyan PK.
Linearizing control of magnetic suspension systems.
IEEE Transactions on Control Systems Technology.
1997;5(4):427-438.

21- Sun 'Y, Xu ], Qiang H, Chen C, Lin CG. Adaptive sliding
mode control of maglev system based on RBF neural
network minimum parameter learning method.
Measurement. 2019;141:217-226.

22- Bustowicz M, Nartowicz T. Fractional order
controller for a class of inertial plant with delay. Pomiary
Automatyka Robotyka. 2009;2(2009):398-405.

23- Albertos P, Garcia P. Robust control design for long
time-delay systems. Journal of Process Control.
2009;19(10):1640-1648.

24- Sekhar Mishra S, Kumar Mishra S, Kumar Swain S.
Coefficient diagram method (CDM) based PID controller
design for magnetic levitation system with time delay.
IEEE International Conference on Intelligent Techniques
in Control, Optimization and Signal Processing (INCOS),
23-25 March 2017, Srivilliputhur, India. Piscataway:
IEEE; 2018.

25- Kumar T, Kumar Mishra S, Kumar Swain S. Design of
fractional order controllers satisfying frequency domain
specifications for magnetic levitation system with time
delay. IEEE International Conference on Intelligent
Techniques in Control, Optimization and Signal
Processing (INCOS), 23-25 March 2017, Srivilliputhur,
India. Piscataway: IEEE; 2018.

26- Qin Y, Peng H, Ruan W, Wu ], Gao J. A modeling and
control approach to magnetic levitation system based on
state-dependent ARX model. Journal of Process Control.
2014;24(1):93-112.

27- Boonsatit N, Pukdeboon C. Adaptive fast terminal
sliding mode control of magnetic levitation system.
Journal of Control. Automation and Electrical Systems.
2016;27:359-367.

28- Aliasghary M, Teshnehlab M, Jalilvand A, Aliyari
Shoorehdeli M, Nekoui MA. Hybrid control of magnetic
levitation system based-on new intelligent sliding mode
control. Journal of Applied sciences. 2008;8:2561-2568.
29- Hamidi Milani R, Zarabadipour H, Shahnazi R. An
adaptive robust controller for time delay maglev
transportation systems. Communications in Nonlinear
Science and Numerical Simulation. 2012;17(12):4792-
4801.

WA 3.V ojlad Ve o9

2 Gl o8 s buwgs (5390 e gilie

&lie

1- Kaplan BZ, Regev D. Dynamic stabilization of tuned-
circuit levitators. IEEE Transactions on Magnetics.
1976;12(5):556-559.

2- Downer JR. Analysis of a single axis magnetic
suspension system [dissertation]. Cambridge:
Massachusetts Institute of Technology; 1980.

3- Dussaux M. The industrial applications of the active
magnetic bearing technology. In: Higuchi T, editor.
Proceeding of 2nd International Symposium on Magnetic
Bearing, July 12-14 1990, Tokyo, Japan. Tokyo: Institute
of Industrial Science; 1990.

4- Limbert DA, Richardson HH, Wormley DN. Controlled
dynamic characteristics of ferromagnetic vehicle
suspensions providing simultaneous lift and guidance.
Journal of Dynamic Systems, Measurement, and Control.
1979;101(3):217-222.

5- Torres LHS, Schnitman L, Junior CAVV, Felippe de
Souza JAM. Feedback linearization and model reference
adaptive control of a magnetic levitation system. Studies
in Informatics and Control. 2012;21(1):67-74.

6- Morales R, Sira-Ramirez H. Trajectory tracking for the
magnetic ball levitation system via exact feedforward
linearisation and GPI control. International Journal of
Control. 2010;83(6):1155-1166.

7- Slotine JJE, Li W. Applied nonlinear control. New
Jersey: Prentice Hall; 1991;199(1).

8- Zhao F, Loh SC, May JA. Phase-space nonlinear control
toolbox: The maglev experience. In: Antsaklis P, Lemmon
M, Kohn W, Nerode A, Sastry S, editors. International
Hybrid Systems Workshop. 1567t Volume. Heidelberg:
Springer; 1997.

9- Shakir H, Kim W]J. Nanoscale path planning and
motion control with maglev positioners. IEEE/ASME
Transactions on Mechatronics. 2006;11(5):625-633.

10- Xiao ], Kulakowski BT. Sliding mode control of active
suspension for transit buses based on a novel air-spring
model. Proceedings of the 2003 American Control
Conference, 4-6 June 2003, Denver, CO, USA. Piscataway:
IEEE; 2003.

11- Cho D, Kato Y, Spilman D. Sliding mode and classical
controllers in magnetic levitation systems. IEEE Control
Systems Magazine. 1993;13(1):42-48.

12- Kim YC, Kim KH. Gain scheduled control of magnetic
suspension system. Proceedings of 1994 American
Control Conference - ACC '94, 29 June-1 July 1994,
Baltimore, MD, USA. Piscataway: IEEE; 2002.

13- Kaloust J, Ham C, Siehling |, Jongekryg E, Han Q.
Nonlinear robust control design for levitation and
propulsion of a maglev system. IEE Proceedings-Control
Theory and Applications. 2004;151(4):460-464.

14- de Queiroz MS, Dawson DM. Nonlinear control of
active magnetic bearings: A backstepping approach. IEEE
Transactions on Control Systems Technology.
1996;4(5):545-552.

15- Delavari H, Heydarinejad H. Adaptive fractional
order Backstepping sliding mode controller design for a
magnetic levitation system. Modares Mechanical
Engineering. 2017;17(3):187-195. [Persian]

ode Sl usige (dmgly-(sele doliale



