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Control Performance Improvement of a Nonlinear Magnetic Levitation
System with a Disturbance Observer
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Magnetic levitation system (MLS) is a typical nonlinear system that controls the position of a steel ball with the magnetic
force of the electromagnetic actuator. Since disturbances, due to various external forces and modeling errors, may cause
excessive vibration or poor command following, disturbance suppression is necessary to improve the control performance
of the MLS. This paper presents a control performance improvement approach of an MLS with a disturbance observer
(DOB). First, a mathematical model of the MLS was introduced and validated with the measured frequency response. The
MLS steel ball was levitated with a proportional-integral-derivative (PID) controller and a DOB was designed based on the
physical model of the MLS. Both disturbance rejection and command tracking performances of the MLS with the DOB were
investigated with several design parameters such as PID gains and Q filter. The disturbance rejection and command
tracking performances were improved by 76.1% and 64.7%, respectively by using DOB. Finally, the disturbance rejection
and command-following performances of the MLS with the DOB were verified experimentally. The effectiveness and
limitations of DOB were explained with measured closed-loop frequency responses.
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= Input Matrix

= Coefficients of Electromagnetic Force

NOMENCLATURE fi = Time Constant of the Electromagnet
= State Matrix g = Gravity Acceleration
.= The Element of Matrix A ki = Voltage-Current Static Gain
kk = Voltage-Force gain of the Electromagnet

= The Element of Matrix B (= xxa,3xk;)

= Output Matrix m = Mass of the Steel Ball

= Leakage Current of the Electromagnet MLS = Magnetic Levitation System

= Disturbance r = Reference Command

= Electromagnetic Force s = Laplace Complex Variable

= Coil Inductance T = Time Constant of Q Filter
u = Control Effort (Voltage)
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X5, X2 X3 = State Space (The Position of the Iron Ball,
Velocity of the Iron Ball, and Current)

X10, X20, X30 Equilibrium State (The Position of the Iron Ball,
Velocity of the Iron Ball, and Current)
y = Output
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Fig. 1 MLS [9] (Adapted from Ref. 9 on the basis of webpage)

Table 1 Parameters of MLS

Symbol Description Value
Ci Leakage current 0.0243 [A]
f; Time constant of coil 0.0321 [s]
F,, pi Coil inductance 1.7521x107 [H]
F,, » Coefficients of electromagnetic force ~ 5.8231x107 [m]
k; Voltage-current static gain 2.6903 [A/V]
m Nominal mass of the steel ball 0.032 [kg]
X10 Equilibrium position of the steel ball 0.01 [m]
X30 Equilibrium current 0.6322 [A]
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Fig. 2 Open-loop frequency responses and closed-loop sensitivity
functions of the MLS of different mass

’g 12 ' -+ ~Desired =91 —Desired
E o AN J\PB| E \ /\ JANVA S
=10 A AN/ =107 \J X \-D=15
goY Y W W te-w| B M ° D=18

0 1 2 3 4 5 0 1 2 3 4 5
ELI51A ~Desired 15 1A 5 A -Desired
CINA A / a p=23 £ [ \  D=12
:10' AN \/ A\ \/ P =26 :10\/\/\\/\/ D=15
L st N v [P=29 2 5 D=18

0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)

(a) P gain (b) D gain

Fig. 3 Control performances of the MLS W/O DOB in cases of
different PID gains (upper: disturbance rejection and lower:
command following)

23 Y AS

PID 9J2] Alolg =3YstHA thz AT} (Multisine) AZE
MLSo|| K7}sto] 7)o} Hlfax Fulas 3o 4S5 sl 4
= Fig. 20 yepleh. 94 diidA] A=k wigole gt F
gol 7Hsstes Al 2heE el PID Xﬂ°1 52 24s19
o} 2R 19, 32, 39 g0 & WIIA7|HA 2A3t Ful &
I AF olE e Fulgr SH-S Fig. 2(a)o] UERth 2t
HollA mAg o] Aol =il ti A A Wste] weh 1 Hz
ol A Zubr Sk 7] 0.0476014] 0.0515 m/VE °F 8.19%
H3FsEgiTt. PID Aloj2 JAFAIZ] tidA] A Hste] w2 vl
U= 5 573t Fig. 2(b)ell Yebdich. digA] dsFol 7+
2ol what =] Hdigho] AHAA A eHgAdo] Folett.

dnkd o g MEF Fukprh Woy A7|EAY Alo] deo] g
ojxict. o] Ae] AMET Fub=t 200 Hzz Wrof ti/dA)| o] 2
o] 7hFeole WY Aol AY Fukerh 7 Hz AR 2
AA 7hset gt St A3 Fukaeg WA 3ith

0.001 V ZZo] A&u} lgtat 0.01 m =] Fu} o
AHE-3l| PID A|o7] &= /sl MLSE| QJgk A| A9t B %
5= A¥sto] Fig. 30| Uetyltt. Fig. 32t Zo] HlE o|=
(Pyo] Z7teE o7t AlA et ¥w %5 ol FdHnt

I,

oX, ﬂllO

i

a Position y
+
—+(O— PID _:_l + MLS | velocity
)+
1
— ’ m/T

[(fi+0.0025)s+1]

1/t +

(s+1/7) DOB

Fig. 4 Schematic of the Simulink realtime block diagram of the
MLS with DOB

[ PID Controller JLI
1 Poston Im] ,
0 -

Yy v v v

Disturbance

Fig. 3(b)E HH vl o|5D)°] Hadss ozt AA et
o] . vl o]5e] F7MIFIAL v o=

A BE FF Adsol FEEY MLSO| b ol o
WA Ao o] 5 2o fHAIZ} UTH10].

3. DOB

3.1 DOB A
DOB: 7|24 o8 52 AAge] Qfhy 43t A A3t
™ DOB7} -85 Alo] AAH|9] 7jeF s Fig. 4o Uepylct.
ARERE Alo] AAES A[o]7|(PID), BE, AR EHEMLS)Z
TAEC 2 u, ye 2P 71EYE, AloldE, S8l
di= QJFtolt}. kki= ARFA 5719 AY-F o] 52.F Eq. (6)
It 2o 1.

kk =mxa, 3xk; ©6)

Fig. 5% 4% w=ulg ke DOB7} 285 AA| #lof AJx

Yol 25 yzolct
8% Y D S FA4 1 1AL W), W A T
sfoll Tk olgt AA A2 3

Zrobala5 efgh A A AdEol FdET

dEo] AAS = 0.5, 0.1, 0.05 sec)A]7|HA AA
MLS9| £ ViZte k5 S4sto] Fig. 70 Uekilth vt
Hashd Agat o] ezt AlA Adso] AT vidE



332/ April 2023

it 7=0.5sec
[ T d ! ‘"'"“'D ired

ng NANNNNNANA AAAAAAANANAL estre
\;10 VVVVVVVVYV Actual
@] 8 ]
[~ ; ' ' '

5 10 15 20 25
. 7=0.1sec
514 ‘ ‘ ‘ |-~Desired
ELZRANNANAAAN | hingd
A UAATAAAAATA ctual |
Q
~ 6 : ‘ ’ y

5 10 15 20 25
_ 7=0.05sec
514 ‘ ‘ ‘ |- Desired
EZAAANAAAAN - Avtual
e LAATATAAVAA VAV —_ 8
(=}
& 6 : ‘ ‘ ‘

S 10 15 20 25

Time(s)

Fig. 6 Disturbance rejection of the MLS with DOB of different t

Table 2 Disturbance rejection of the MLS with DOB of different ©

T W/O DOB W/T DOB Rejection ratio
[sec] (mm] (mm] [%]
0.5 341 1.73 49.3
0.1 3.19 0.74 76.8
0.05 343 0.48 86.0
2
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Fig. 7 Sensitivity function of the MLS with DOB of different t

- - Desired
12N N a N\ |7~ 7=0.05sec
g o\ 1 —7=0.1sec
= . ~7=(.5sec
.5 10 ARG N
=
& 8

6
0 1 2 3 4 5

Time (s)

Fig. 8 Command following of MLS with DOB of different t
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Fig. 9 Disturbance rejection of the MLS with DOB against different
disturbance frequencies

Table 3 Disturbance rejection of the MLS against different

frequencies

Freq. W/O DOB W/T DOB Rejection ratio
[Hz] [mm] [mm] (%]

0.5 1.89 0.31 83.6

1.0 4.07 0.63 84.5

1.5 291 1.01 65.3

2.0 2.35 1.54 345
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Fig. 10 Close-loop frequency responses of the MLS W/O and W/T
DOB
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Fig. 11 Disturbance rejection of the MLS of different masses W/T
DOB

Table 4 Disturbance rejection of the MLS of different masses W/T

DOB
Mass W/O DOB W/T DOB Rejection ratio
(gl [mm] [mm] [%]
19 3.08 0.62 79.9
32 4.12 0.62 85.0
39 5.75 0.56 90.3
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Fig. 12 Command following of the MLS with DOB for different
command frequencies (mass = 32 g)

Table 5 Command following of the MLS with DOB for different
command frequencies (mass = 32 g)

Freq. [Hz] Amp. ratio W/O DOB Amp. ratio W/T DOB
0.5 1.740 0.905
1.0 4.075 1.243
L.5 5.405 1.920
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Fig. 13 Command following of the MLS of different masses W/T
DOB (@1 Hz)

Table 6 Command following of the MLS of different masses W/T

DOB (@1 Hz)
Mass [g] Amp. ratio W/O DOB Amp. ratio W/T DOB
19 3.250 1.285
32 4.075 1.243
39 5.025 1.210
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