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Magnetic Bearing

Real Physical System
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Parameter

Value

Mass of the Rotor : m
Moment of Inertia about X @ J;
Moment of Inertia about Y : J,
Distance between Center of Mass

and Left Electromagnet : [
Distance between Center of Mass
and Right Electromagnet : [,
Distance between Center of Mass
and Motor : [,

Steady Attractive Force : Fji 1
Stea_dy Attractive Force : Fzg,._,mlrgwﬂ
Steady Current : iy 1
Steady Current : Ijgj4r2~r4
Steady Gap : W
Resistance : R

Inductance : L

1.3%1 [kg]
1.348e=2 [kg m?]
2.326e=1 [kg m?]

1.30e=1 [m]
1.30e=1 [m)]

0 [m]
9.09el [N]
2.20e1 [N]
6.3e—1 [A]
3.1e—1 [A]
5.5e—4 [m]
1.07el [£2]
2.85¢—1 [H]

Magnetic Bearing



Assumptions

« The rotor is rigid and has no unbalance

« All Electromagnets are identical

« Attractive force of an electromagnet is in proportion
to the square of the ratio of the electric current to the
gap length

* The resistance and the inductance of the electromagnet
coll are constant and independent of the gap length

o Small deviations from the equilibrium point are treated



Nominal Model
State-Space Representation
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Ty = [g11 Gr1 G11 Gr1 G101 ip1)”
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rn = 913 9r3 913 Gr3 113 1r3]

g. deviations from the steady gap lengths between the electromagnets
and the rotor

I: deviations from the steady currents of the electromagnets
e: deviations from the steady voltages of the electromagnets

* The subscripts “v” and “h” stand for the vertical motion and
horizontal motion of the magnetic bearing.



Mathematical Model

0 0 1 0 0 0
0 0 0 1 0 0
5.936be +04 —2.9332¢+02 0 0 —6.2251le+01 3.0759¢e — 01
A,U — —2.9332e + 02 5.9365e+04 0 O 3.0759e — 01 —6.2251e + 01
0 0 0 0 —3.7544e + 01 0
I 0 0 0 0 0 —3.7544e + 01
i 0 0 1 0 0 0
0 0 0 1 0 0
A L 2.3136e +04 —1.1432¢+02 0 0 —4.1048e+01 2.0282¢ — 01
h — —1.1432e + 02 2.3136e+04 0 O 2.0282e — 01 —4.1048e + 01
0 0 0 0 —3.7544e + 01 0
I 0 0 0 0 0 —3.7544e + 01
0 0 0 0 0 0] [
0 0 0 0 0 0
A, —| 0 0 -3.0344e—03 3.0344e—03 0 O o o
vh 0 0 3.0344e—03 -30344e—03 0 o | Bv=DBn=
0 0 0 0 0 0
| 0 0 0 0 0 0 | I
C = — 1 0 0 0 0 0
—%“Yh — |01 0000




Nominal Model
« Gyroscopic effect: p# 0

e If p = 0 (ignore gyroscopic effect)

- (v) Vertical plant G,
Go(s) = Cy(sI — A,) ' B,

- (h) Horizontal plant G},
Gh(S) = Ch(SI — Ah)_lBh

e Nominal model



Model Uncertainty

 Perturbation (gyroeffect p #0) G,(s) = (1 + A,)

« Uncertainty weight
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* Robust stability
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Performance

e Performance weiaht
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LLoop Shaping

 For frequencies: o(GK) >>1

1

(I —GK)™') = !

 For frequencies: 0(GK) << 1

— <
o(I—GK) = o(GK) -1

F(GK(I - GK)™') =

e Loop shaping
oc(GK)>a(Wy): @
c(GK)>a(W:'): &(GK)



Loop Shaping Design Procedure

[Step 1] Loop Shaping

Selecting shaping functions W and Ws, the singular values
of the nominal plant G are shaped to have a desired open

loop shape. Let GG represent this shaped plant,
Gs = WoGW,

W1 and W5 should be selected such that G has no hidden

unstable modes.
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Loop Shaping Design Procedure

[Step 2] Robust Stabilization

The maximum stability margin emax 1S calculated.
If cnax << 1, return to Step 1 and W7 and Wy are reselected.
Otherwise, < Is appropriately selected as ¢ < epax, and

an H_, controller K, is synthesized for G,.

[Step 3] Final Controller
The final controller K can be obtained by the combination

of Wy, Wy and K as

K =W K, W5
11



Loop Shaping Design Procedure

* Normalized left coprime factorization

G=M1IN MM*+ NN* =1

e Uncertainties
Ga = MA'NaA = (M 4 Ma,,)(N + Nay)

A=|[An, Ayl € RHy Al <€

* Robust stabilizing problem

H[ K ] (I-GK)"'M™1| <el=x

I

oo
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Loop Shaping Design Procedure

<5_1:’y

(I - GK)~ (I - GK)"'G
K I- GK K(I - GK)™'G

E€max — lnf _
Kstabilizing

— (1 o ”NaM |%{)_1/2
||N9MH%I — )\max(PQ) — /\mam(ZX([+ ZX)_l)

[ II( ] (I-GK) ‘M

®.@)

e [ AT+ PPWT ZCH(C + DF) | y*Wi ZC”
B*X . -Dr
F=-S"YD*C+ B*X) A° = A+ BF

Wi =1+ (XZ—~%I)
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Design for vertical motion

1300(1 + s/(27 - 5))(1 + s/(27 - 35))(1 + s/(27 - 50))

Wio(8) = (05 /r - 0.00)(1 + 5/(2m - 700))(1 + 5/ (27 - 1200))

1 0
Way(s) = 10000[ - }

Emaxe = 0.19944 e, =~,=525

Design for horizontal motion

1100(1 + s/(27 - 5))(1 + s/(27 - 25))(1 + /(27 - 40))

Win(s) = (14 s/(2m-0.01))(1 + s/(27 - 700))(1 + s/ (27 - 1200))

1 0
Won(s) = 10000[ 0 }

Emaxh = 0.27432 e, ! =, =3.75

0]

0]

14



Loop Transfer Function
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Magnitude

Nominal Performance and Robust Stability
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Interconnection Structure

Amult O RS
O Ape'rf N
» W
w1 <1
Wgq
Wwo | 29
u ) 4 ) 4 + y
> G —0—>Q+—>Q ®
+ +
K |

Fig. Feedback Structure 17



Mixed Sensitivity Design

WS(I — GK)_l
WTGK(I — GK)_l

MATLAB Command

systemnames = 'G WT,

GWi W. (s) - Ywr inputvar ='Tu(4) 1;

T outputvar ='[ WT; G’
5 v — input to G="Tu];
u Yo=Y input to WT="G];

G(S) : GWT = sysic;

----------------------------- MATLAB Command

: % Generalized Plant
| Wi (S) [ 2, systemnames = "WP GWT";
wo_ i inputvar = [ w(4); u(4) 1;

input_to WP ="[ GWT(5:8)+w ]’;

ul . input_ to GWT="Tul];
"""""""""""""""""""""" y Gmix = sysic;

K(s) [« nmeas = 4; ncon = 4;

[Kmix, CLmix, gammix, infomix] =

hinfsyn(Gmix, nmeas, ncon, 'tolgam’, 0.1);

l l—'Ws )7, outputvar = '[ WP; GWT(1:4); GWT(5:8)+w |’;
+ :
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w -Controller

« Set of Plants
g = {(I + AmultWT)Gnom : ||Amult“oo S 1}

e Robust Stability

IWrGromE (I — GromK) e < 1

 Robust Performance

||WS(I R (I_l_ AmultWT)GnomK)_lnoo <1
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1+ -Controller: Structured Singular Value

e Linear Fractional Transformation
Pll

FZ(P, K) e Pll —l—PlzK(I — PQQK)le P — [ P21

e Block Structure

P
Poo

A = H Amur 0 ] At € C, Aoy s € C’}

0 A'pe'rf

e Structured Singular Value

pa(M) = :

min{s(A) : A € A,det(I — MA) =0}

e Robust Performance Test

igw(ﬂ(f’» K)(jw)) <1

|
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w -Controller: D-K lteration

e D-K Iteration : 1st

Mu-Plot (1st D-K iteration)

0.4f oo Max. SV. of Closed Laop

0.2+ Mu
) ] P S P T T A R TR R
10-1 100 101 102 103 104

FREQUENCY [Hz]

 2nd order fit for the D-scaling
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w -Controller: D-K lteration

D-K Iteration : 2nd

14—

Muy-Plot (2nd D-K iteration)

Max. SV. of Closed Loop

Mu

101 102

FREQUENCY [Hz]
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1+ -Controller: Analysis

Nominal Performance (Output Disturbance)
_,z"’f.-’f

/

" WiA.]

101 15t D-X iteration
2nd D-K iteration
10-2 e
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Norninal Performance (Input Disturbance)

..... 14
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1+ -Controller: Analysis

103 Allowsble Additive Uncerusinty os __ Allowable Ouiput Muliplicative Unceriinty
104

§1w

31&*'

]

Z e

@ 1st D-K iteration

2nd D-K iteration

FREQUENCY [Hz] FREQUENCY (Hz]
1 1
o(K(I —-GK)™1) oc(GK(I —GK)™1)
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Digital Implementation and Experiments

o Sampling Time
Krspp: T = 184 us
Kinized : T = 148 us
K, . T = 338 us

e Discretization : Tustin Transform

2(z _ 1) MATLAB Command
g — G = tf(num, den);
T(z+1) Gd = c2d(G, T, ‘tustin’);

25



Digital Implementation and Experiments

Additional weight is about 3.3 kg

Experiment 1
« Sine-wave type signal of only one cycle
* The frequency of the sine-wave is 10 Hz
e The peak value is 6 V for the vertical case and 4.5V

for the horizontal case

Experiment 2
o Step type signal

o Applied voltage is5V

26



Results of Experiment 1 : Nominal

Sine-Wave Disturbance (Nominal)
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DISPLACEMENT g1l [mm]

Results of Experiment 1 : Perturbed

Sine-Wave Disturbance (Perturbed)
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Results of Experiment 2 : Nominal
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Results of Experiment 2: Perturbed

Step Disturbance (Perturbed)
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Unbalance Control

e Free parameter

K =F1(K,,¢) =K1 + K12®(I — K2u®) ' Ko

e Condition

®(+jwg) = Koo(Fjwo) ™!
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Unbalance Control

« Design for vertical motion

Wi (s) — 1300(1 + s/(27 - 5))(1 + s/(27 - 35))(1 + /(27 - 50)) [ 1 0 ]
T T /(2 - 0.00))(1 + /(27 - 700)) (1 + s/(27 - 1200)) | 0 1
B 10s 1 0 Emaxe = 0.19926

Way(s) = 10000 (1+ s2+w§) [ 0 1 }

5;1 = Yy = 5.25

« Design for horizontal motion

1100(1 + s/(27 - 5))(1 + s/(27 - 25))(1 + s/(27 - 40)) [1 0}
(1+s/(2m-0.01))(1 + s/(27 - 700))(1 + s/(2m - 1200)) | 0 1

10s ) [ 1 0 } Emaxh = 0.27276
1

Wlh(S) =

Wy (s) = 10000 (1 + )

s? + W e, =, =3.75

» Rotational speed wo = 40w (1200 rpm)
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Unbalance Control: Experimental Results

10y o OO Tramsfor Functions g 1NOF
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Unbalance Control: Experimental Results

o OpLoop T Fusions 1, Nomi et Opp i
102 Ee,
101 |

|

> 1011
102}

103} . Shaped plant Gsp

¥ 104 ——0 Open loop ransfer function GK;
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Unbalance Control
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Unbalance Control: Experimental Results
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Unbalance Control: Experimental Results
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