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Controller Development for an EMS Using Nonlinear
Feedback Linearization

Jin Heon Seo

Abstract

A nonlinear feedback linearizing control method for a
EMS(Electro Magnetic Suspension) system is proposed.
After linearizing the system using the exact linearizing
method, conventional linear system control theory has
been applied. Computer simulations are carried out in
order to compare the performance of the proposed
controller with that of the existing controller designed
by using Taylor series expansion arocund nominal points.
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Fig. 3.1 Block Diagram of Controller with Linear
Approximation Method

3.2 W]2% AL WS o] Aoirle] 74

3.2.1 ulsy L AYspe) (1

uladel Qivkg A w)ded Alagle] ARins o Fr)9)3)
chiel el WLz
el 1
Ml At £e} g2] Lie Bracket (f,g @ R? — Rn)2 4l
(3.3)2.8 Aelwic},
= o8 o of
[f,g]r-— o f o 8 2.3
=2 *%%—E n < n 2EFu|eF 38 (Jacobian Matrix)
l
o] el E #7) M (recursive) @& il Hy= ohg3) 7o)
xyc}
adsk(g) = [f,adek"t(g)] , ade® 1= g
el 2
thaah A& SISO v 2% Al zgle) Folglul
x = F(x) + g(x)u
 f(x),g(x) : R? 2re) Rybs] o) @otegt Hejus
(smooth vector field)
f(0) =0, uER
otzfe) 2AEE THEsh: rReAte] odof urh sk
A A%} sbesicla g
OR7H-g gy
@diffeomorphisn T ! U — Rez} £xzigbc},
PP SE ABPY yi=T(0F B3 y2 PPAF
& o)
3'1 = Ay + bv
o _
o 1 0



o
0
b=
L1
rYx N TxA
v T2
y=]" T=
_yﬂ . _“Tn

b EHES sk ] Y
ulz g(x) + AxXIv, Bx) (=0) € U

O
Fe] 28 wHEshe Tel wldE AP 4™ ug Lslvl «lvﬂ
2 A(3.4.0)F THEsh Ti® 3 ¥ 4 (3.4.0)0) 2

2% A (8.4.a)0) 2)Ef uE %tg

S S _
= Wy V7 AT B) (3.4.2)
= (dTy,adsk(g)> =03 k=0,1, ... ,n2
<dTi,ade™ 4 (g)> = O (3.4.b)

SISne] wld®d A xElgy
sh7] Y% e PErzrie o

vlas) o

b& = 7tbek.

& AHgstel ns

LI
ohge] n)sd - KT A

7b 7hgstek,

x = f(x) + g(x)u

I

e f(x)2h g 33 n]Erbsyr =

(smooth vector fields)o|c},

ey

= el ¥ 270g st
3o Uz} Ezhviel,

= Rrolld (3-g mybshe

e e {g,ade(g), ...
A% £3o)c},

,adent (@) 17 2ol Uofay

2.70% Fi={g,ads (g),
involutives}c}, &,
Bracket

4 glck.

. ,aden=2(g)}7} ede UojA
A3 Fol oo $9ei2) Lie
A& F 7 dele) Heizste s epd

T

671

3.2.2 2b7) RA e va P8 ALY dry
A dejo oJsf =] AL A2st steE Holn
AL d"Hg Fsues voh.A@.De] Aeiubd Aol
f(x)2} g()E ofg2} o] Fch
X2 N ) 0
f(x) i= | -krx172x32 + G g(x) = o]
Xt "1%2X3 - koX1X3_ kixa
(3.5)
adt®(g) = g
adet(g) = (sg/ox)T - (af/ax)g
0
= | 2kpkixt~txs
kokyxi1 2
ade2(g) = [f,adet (g)]

—2kekixy"1x3
= 0
kokix1xz - Zkrkix1"2x3? + ko?kixi?
{g,adc! (g),ade2(@) 1= x10] 07} o}y) ode) U(CRH)ohA 43}
%920 Aeolck,

chgo & {g,ade1(g)}7} ¢12) o4 UollA involutive¥t-& %
o] £ F3kch,

0
2krk, 2
0

{g,adet(g)] =

involutive2] #2loll 2JsiA ofeje] A& THEsl:=

7t Ex21517 gob adet(g)7} involutives}ct,

ag ,az

o]
asg + azadet(g) = | 2krki?
0
o]& ThE3bE ay,02F P ofg2pitc,

ar = x12x3"koky az = kyxixa~t

ubetA] g2} adet (gl 939 UojA involutivedict,

{g.adrt(g),ade2(g) 7t %533t {g,adc' ()17}
involutivedrg Tr&she o3 U7} &zt g Byern
2 othgd wlAdE AY <"y vE o AG4D), A
(3.4.0)F TE3be Aefise] BV TS HG.0)F T

o) A8 ve A 3.9 2o,



Y1 T xg
y2 1T X2
vs = ~kr(xa/x1)2 + 9.8 (3.6)
= Zarrés (u — <dTs, )
- 2krpkox 1= N~ =1 (OM
TZRM:xf*G N=t(xo)u + NP OOMO)
{(3.7)
21(3.6)2] gEH e} 3.2 ALUH L S ol
AR A" 2.8z Zch
01 0 o 'yf}
y=]0 0 1]ly+[0 Ju y = vz
0 0 0 1‘ ydﬁj
(3.8)
o7 A Alzwde] & yo(=2(t))eb 1™ u Atole] BAE o}
&2 #ch,
Vi=u

3.2.3 o3

= oAl zgd

2(3.8)ollA] Ao}
A ~ehg a3kl o 53

45 APstod %

s

ANz defdd
A

AFef J¥ 0 w = r - Kpys — Keyz - Kays
yat A 30614 1,5 E Fe) ALY £ gk

0 0
y=10 0 1 y+ 10 r (3.9
Kp Kv Ka 1

o) Al ndo] Tslglsl e 1(3.1009] xRlo] We

slch,

Ke >0, Ka >0, K > Kp/Ka (3.10)

203,98 d)dxd o) 5] AAglgickes AP steld 2

AP aleloh AA Ala®lo] MED Arejubrdale A
(3.1 247},

X1 = X2

X2 = ~Kp(xa/xy)2+g

o = X2Xa  _ _Tx1%-KpX12-Kvxg 2x2+Kakpxa2-Kagx1?

X3 F TN . m:s SRR

(3.11)

d]d8d A8s Fe) o7 AedrE A Ao Mg}
& o Alasde] PHe 88 A=z syt o9 3.29)

et

R ,__._A_,,_h,,‘yl(t) ERETTC o) R —
r{t) + u(t) v(t) )
x = f(x) + g(x)v I

672

———i Kp + Kvs + Kas? !‘\_..—

23 3.2 u]Ade) PP AeishlHg o]t Aolr|e|

u
EINE

Fig. 3.2 Block Diagram of Controller with Feedback Lineariaing
Method

R AR A

ARV RS R I G R B B bt
) I R I TR U B Y 5
ol e o v o S8 i R
epIH A S ofagl 7o)
I, IR feo i1 U g i o
1 {1} o [ ! .
Ly - i T N AW 0= RN
R ] [T L A S [ E] g r)oaordal abaday
i . PR LI I A B R
VeepalHY ARal s e el o g gy
Ied o el A0 e U owm ol uist faw v
R RO AR R PR B 2 R PEE T PR IR RN I SIS
ob T Tl s A e b E D el 2 O
Wom e e T U mel) P By 40
Y B T R R R B Y
plph e o) oo g al g efietat ool el 3 ol odin
AR SR IR I R

Al g e odabe] Alekel o9 Ksool ] 643 gy
Ka RS I ! AT R TS R R RV R
A0 AR 40 Kol T Se) Rl Te) alfa aie)
S AT S S 0 R GRS RS RS S R B B NS |
L Alehain b Alaliai ot ala) (adke 0w
ol wrstel Fejo] AMolr) (b FRPoR S¥sia] gg

2 ohleh oM WS AT SlgE ¥ Ak

28 4.3 & dol 0.2%%} 0.24% A}olo) 0.5 mm 2] &
2% Pel7} ﬂxlﬂ—— 73 Folet, o] AFolr. Fefe xﬂowl
(e T2doE #3852 g o wlsh u]2%371YHg A4
g Alelzl (D P& sTr wal w obrdsl sloigleg ¥
o} £,

npzlte g 33 4.4% 5 Aolr] BE otAyr 71%0f A
ojgl&ge) =18 wjayt 7/i°|fl' oJ7lol e = =olr] BT

ﬁr}tk MOI__,I 0J217l- 9. 7;,<



5. 4%

LN O =

o slofal 712 wAzke b B a)d AL HA
ZA}spr} obyl wjrt Msialswloz W9 o] B3} ]
g Aastgich, 4olMe) A Eelold ZHalolM o 5 3
=o] ujidtl AL o4 Aojrizt 71} Aejrjuct 9
Fdd g 2l
2 (313004 xiz xs7} 001 vk Aetaiie
Qlstod 2rhzAde] A (performance) & 7iAlsheml Aetg
whmch, o} et 27 wlgh Ay AP AMojrite)
o] ohlm  Zeaje} A% Zatzkg B HorlojM vl5
Azbsioh & 4 ok, wladsd AP Aoiriyg $Y HN
= e asiglels clgew <ls)  chdyt A% A=
glomz o sjze] & Aus] g
zp7)Raba) 6ol Agrg FaE YT
i Sole)tr Meistof glelA clzgl Aelr|E Y
7o 2 zalxo) agls fFaztelRzteely &Fd =il
(truncation error)e] RAMS 1% RArEEe] 3 =3 U
g.5ke)at Aok,

IR IR L= TR S B S ek R el A R

24

rx

2 T
o my
k3

EiESal

[1]P.K.Sinha, "Electromagnetic Suspension Dynamics &

Control”,Peter Peregrinus Ltd.,1987

Pain)

i@

[ R e

IR
|
i

(b-1)

wrh g

wen e

[2]T.Kailath, "Linear System”,Prentice-Hall,Inc.,1980

[3]}B.V.Jayawant and P.K.Sinha, "Development of 1 - Ton
Magnetically Suspended Vehicle Using Controlled
D.C. Electromagnets”,PROC. 1EE,Vol,123,No. 9, pp. 941 -
948,1976

{4]1P.X.Sinha, "Magnetic Suspension for Low - Speed Vehi
—cles”,Trans, ASME. J.
100, pp 333 - 342

[5)P.K.Sinha and B.V.Jayawant, Analytical and Design As
-pects of Magnetically Suspended Vehicles”,Automatica
Vol.15,pp 539 - 552,1979

[6IM.W.Spong and M.Vidyasagar, "Robot Dvnamics and Contr
-ol”, John Wiley & 1989

[7]In-Joong Ha,A kemal Tugcu,and Nader M.Boustany,"Feed
-back Linearizing Control of Vehicle Longitudinal Acc
~eleration”, IEEE Trans. A.C.,Vol.34,No,7,1989

[8]Su,R.,"0On the Linear Egivalents of Nonlinear Systems,
" System and Control Letters, Vol.2, 1981

[9]Marino,R.W. ,and Spong, M.W.,"Nonlinear Control Techn-
iques for Flexible Joint Manipulators: A single Link
Case Study,” Proc., 1986 [EEE Conference on Robotics
and Automation, San Francisco, pp. 1030 - 1026,April
1986,

[10]Spong, M.W.,” Modeling and Control of Elastic Joint
Robots, "Trans. ASME,J of Dyn. Sys, Meau.,and Cont.,
Vol. 109, pp. 310-319, Dec. 1987,

Dyna. Sys. Meas. & Cont.,Vol

Sons, Inc.

(a-2)

59 4.1 chre 27] FFoIMe) Aelrl 39
Fig. 4.1 contraller response at various initial airgap

(a) 2(0) = 0.2 mm

(b) 2(0) = 6 mm
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Fig. 4.4 comparison of controller input magnitude
{a)nonlinear feedback controller
(b)linear approximation controller



