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Abstract—This paper deals with an application of ..
control attenuating initial-state uncertainties to the magnetic
bearing and examines the 7., control problem, which treats a
mixed Disturbance and an Initial state uncertainty Attenuation
(DIA) control. The mixed ., DIA problem supplies Hoo
controls with good transients and assures H., controls of
robustness against initial-state uncertainty.

On the other hand, active magnetic bearings allow contract-
free suspension of rotors and they are used for various
industrial purposes. We derive a mathematical model of the
magnetic bearing which has complicated rotor dynamics and
nonlinear magnetic property.

Then we apply this proposed 7., DIA control for the
magnetic bearing, and design a robust H., controller both
for exogenous disturbances and for initial state uncertainties
of the plant.

Experimental results show that the proposed robust control
approach is effective for improving rotational performance,
transient response and robust performance.

I. INTRODUCTION

‘Ho control problem has been proven an effective robust
control design methodology and it has been applied to a
variety of industrial products. On the other hand, recent
precision control industries and manufacturing technologies
require not only robust stability of the control systems but
also transient performance for reference signals. One of the
major approach for this problem is a two-degree of freedom
robust control, but this approach generally has a coupling
problem of feedforward and feedback control design. An
H,/H,, control approach[l] seems to be effective, but it
is not easy to design such controller for MIMO complex
systems.

A mixed Disturbance and an Initial-state uncertainty
Attenuation (DIA) control is expected to provide a good
transient characteristic as compared with conventional H
control[2], [3]. Recently, hybrid/switching control are ac-
tively studied, this method might be one of the most reason-
able approach to implement them. In this paper, we apply
the proposed H., DIA control to the magnetic bearing,
and designed a robust H, controller both for exogenous
disturbances and for initial state uncertainties of the plant.

Active magnetic bearings are used to support and maneu-
ver a levitated object, often rotating, via magnetic force[4],
[5]. Because magnetic bearings support rotors without phys-
ical contacts, they have many advantages, e.g. frictionless
operation, less frictional wear, low vibration, quietness,
high rotational speed, usefulness in special environments,
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and low maintenance. On the other hand, disadvantages of
magnetic bearings include the expense of the equipment,
the necessity of countermeasures in case of a power failure,
and instability in their control systems. However, there are
many real-world applications which utilize the advantages
outlined above. Examples of these applications are : turbo-
molecular pumps, high-speed spindles for machine tools,
flywheels for energy storage[4], reaction wheels for artificial
satellites, gas turbine engines, blood pumps[6], and fluid
pumps, etc. [5], [7].

In this paper, we apply the H., control attenuating
initial-state uncertainties to the magnetic bearing. First we
derive a mathematical model of magnetic bearing systems
considering rotor dynamics and nonlinearities of magnetic
force. Then we set the generalized plant which contains
design parameter for uncertainty and control performance.

Experimental results show that the proposed robust con-
trol approach is effective for a mixed disturbance and
an initial-state uncertainty attenuation and for improving
rotational performance, transient response and robust per-
formance.

II. Ho DIA CONTROL

Consider the linear time-invariant system which is de-
fined on the time interval [0, co).

& = Az+ Biw+ Bou, z(0)=x
z = Cixz+ Disu
y = Chx+ Daw (D)

where © € R" is the state and o = x(0) is the initial
state; u € R" is the control input; y € R™ is the observed
output; z € R? is the controlled output; w € RP is the
disturbance. The disturbance w(t) is a square integrable
function defined on [0,00). A, By, Ba, C1, Ca, D12 and
Dy are constant matrices of appropriate dimensions and
satisfies that

o (A, By) is stabilizable and (A, C;) is detectable
o (A, By) is controllable and (A, C3) is observable
e DI,Di5 € R™" is nonsingular

e Dy DI € R™*™ is nonsingular

For system (1), every admissible control u(t) is given by
linear time-invariant system of the form

( = A+ By

u = Cp(+Dry ((0)=0 2
which makes the closed-loop system given internally stable,
where ((t) is the state of the controller of a finite dimension;
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Ak, By, C and Dy are constant matrices of appropriate
dimensions. For the system and the class of admissible con-
trols described above, consider a mixed-attenuation problem
state as below.

Problem 1: H,, DIA control problem
Find an admissible control attenuating disturbances and
initial state uncertainties in the way that, for given N > 0,
z satisfies

[12[13 < flwl]l3 + x5 N~ o 3)

for all w € L?[0,00) and all 29 € R", s.t., (w,xq) # 0.
Such an admissible control is called the Disturbance and
Initial state uncertainty Attenuation (DIA) control.

The existence condition of the H,,DIA controller is
given by the following theorem.

Theorem 1: Assume that there exists a positive definite
constant matrix X > 0 and Y > 0 such that

(A= Ba(DI5Dya) ™"
xD{,Ch) X
+X(A - Bs

1) X(D?QDlz)ingCl)T

—By(D{3D12) "By

+B,BT

Ci X

xct
<0

D12(DTyD12) "' DYy
—I

Y(A- B, DY
X (D21 D3}) "1 Cs)
(A— BlDQTl
X (Dnggl)*lCz)TY
—C3 (D21 D3,) ' Cy

+CT
BTY D3, (D21D3,)~" Doy
-1

A

Then, the H ., controller is a DIA control if and only if
the following condition 4) is satisfied.

Y B,
<0

X T
I'Y

4) Z7 '+ N1—-Y >0
where Z is the maximal solution of the Linear Matrix
Inequality

(A= B1D3,(D21D3,) O

+(B1Bf = B1D3, (D1 D3,)" ' Doy B )Y)Z
+Z(A — Bngl(Dnggl)_ng

+(B1B] — B1D3,(D21D3,) "' Doy B )Y)T
—(Bf — D3,(D21D3,)" 1 (CoY " + Doy BT ) L)™

x(B{ — D3,(Da1D3;)" " (CoY ™' + Dy BY')L)
<0

with L := XY (XY — 1)

III. SYSTEM DESCRIPTION AND MODELING

The experimental setup of the magnetic suspension
system[8] is shown in Fig.1 and rotor coordinate is defined
in Fig.2.

Fig. 1. Magnetic Bearing

Fig. 2.

Rotor

The controlled plant is a 4-axis controlled type active
magnetic bearing with symmetrical structure. The axial
motion is not controlled actively. The electromagnets are
located in the horizontal and the vertical direction of both
sides of the rotor. Moreover, hall-device-type gap sensors
are located in the both sides of the vertical and horizontal
direction. The physical model parameters of the system are
given in Table 1.

The equation of the motion of the rotor in Y and Z
directions in Fig.2 has been derived as follows[5].

mijs = —fi3 = Vmiz — fr3 — Vmr3 4)
mzs = mg— fi1 —Vmi1 — fr1 — Vmrl (5)
J0 = —Jop+ lp(fir + Vi1 — fr1 — Vmr1)  (6)
Jyb = —Jupb + L (= fiz — Vpuz + fra + Vimrs) (7)

where y,(t) and z,(t) are displacements of Y direction and
Z direction respectively; 6(t) and (t) are angles about
Y direction and Z direction respectively; m is mass of
the rotor; g is gravity; [,, is distance between center and
electromagnet; J, and J, are Moments of Inertia about X

axis and Y axis respectively; p is rotation rate of the rotor;
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fjs are electromagnetic force; and v,,;S are exogenous
disturbance. Here the subscript ’j’ shows the each four
directions:{l1, r1, I3, r3} in Fig.1.

The position variables ys and z; and the rotational
variables 6 and v can be transformed by using gap lengths:
{911,971, 913, gr3} which are small deviations from the
equilibrium point as follows.

ys = —(913+9r3)/2 ®)
zs = —(g9n+9gr1)/2 )
0 = (91 —9r1)/2lm (10)
Y = (—g3+9r3)/2lm (11)

Next, attractive force of electromagnets is given as followed.

(i; +0.5)2 (i; —0.5)%
=k —k 12
& (g; —0.0004)% " (g; + 0.0004)2 (12)
The electric circuit equations are given as followed.
dij(t ,
L—Zzi Ly R(I; +1i;(t)) = Ej + ¢;(t) +vr;(t)  (13)

where ¢;(t) is a deviation form steady current; e;(t) is a
deviation form steady voltage; vr; is noise.

The sensors provide the information for the gap lengths
g;(t). Hence the measurement equations can be written as

yit) = g;(t) +w, (14)

where w, (¢) represents the sensor noise as well as the model
uncertainties. Thus, summing up the above results (4)-(14),
the state-space equations for the system are

TABLE 1
MODEL PARAMETER
Parameter Symbol Value
Mass of the Rotor m 0.248[kg]
Length of the Rotor Lr 0.269[m]
Distance between Im 0.1105[m]
Center and Electromagnet
Moment of Inertia about X Jz 5.05-107¢
[kgm®]
Moment of Inertia about Y’ Jy 1.59-1073
[kgm?]
Steady Gap G 0.4 x 10™3[m]
Coeffi cients of f;(t) k 2.8 x 1077
steady Current(vertical) I, I 0.1425[A]
steady Current(horizontal) Iis, I3 O[A]
Resistance R 4[0]
Inductance L 8.8 x 107*[H]
Steady Voltage(vertical) En, En 0.57[V]
Steady Voltage(horizontal) FEis, Ers 0[Vv]

Ty _ A, pAun Ly
@p B —pAuvn  An Th
" B, 0 Uy
0 Bh Up
D, 0 Uy
0 Dy Vh
C

+
v 0 Ty Wy
Talln )] e

]

Ty [gi1 91 G0 G dnn ien)
Th = |3 93 Qi3 Gr3 113 ir3)”
uy, = [en en]’, un=[es ers]”
Uy - [vmll Umrl VLI erl]T
Uh = [UmIS Umr3 VLI3 ULTS]T
Yo = [yll yrl]Ta Yh = [yl3 yr3]T
w, = [wn wal",  wy = [ws we)”
[ 0 Iy 0 i
A, = K41 0 KAy
0 0 —(R/D) |
0 Iy 0 i
A, = K.34; 0 KizAy
i 0 0 —(R/L)I, ]
[0 0 0
Ay = | 0 4y 0
0 0 0
i 0
BU = Bh = 0
| (1/L) Iy
C, = Cui=[L 0 0]
[0 0
DU = Dh = A1 0
0 /D)L |
o [ Amegg, ym i3,
VS Ym— B, Ume B,
o [ B2 T2
2 ~ /20y, Ju)2Jy

where Iy € R?*? is unit matrix, and K, = Ky1 = Kar1,

Kys = Kz = Kyrs, Kin = Kin = K1, Kiz = Kz =

K3 in (12), and p is the rotor speed. Here p is equal to 0

and we do not consider a rotation of the rotor in this paper.
The equation (15) can is also expressed simply as

Ty = Agzry+ Bgug+ Dyug
Yy = Cgxg+ wo (16)
T
where z, == [T le:]T, Ug = [ul uf]T, vy 1= [vg vﬂ ,
wy = [wl wf]™ and Ay, By, C,4 D, are constant

matrices of appropriate dimensions.
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IV. CONTROL SYSTEM DESIGN

Let us construct a generalized plant for the magnetic
bearing control system.

First, consider the system disturbance vg. Since vy mainly
acts on the plant in a low frequency range in practice, it is
helpful to introduce a frequency weighting factor. Hence let
vg be of the form

vo = Wiy(s)ws (17)
I, 0
I, 0
W,(s) o 5 | Weols)
0 I,
WUO(S) = Cy (8-74 - Auor1 By

where W,(s) is a frequency weighting whose gain is
relatively large in a low frequency range, and ws is a (1,2)
element of w . These values, as yet unspecified, can be
regarded as free design parameters.

Let us consider the system disturbance w for the output.
The disturbance wq shows an uncertain influence caused via
unmodeled dynamics, and define

wy = Wy(s)w: (18)
Ww(s) = I4Ww0(8)
Wawo(s) = Cuo(sls — Awo) ™" Buo

where W, (s) is a frequency weighting function and w; is
a (1,1) element of w. Note that I, is unit matrix in R4,

Next we consider the variables which we want to regulate.
In this case, since our main concern is in the stabilization of
the rotor, the gap and the corresponding velocity are chosen;
ie.,

zg = Fyag, 19)
Ihb 0 0 0 0 O
s _ |0 00 00
g 0 0 0 I, 0 O
0 0 0 0 I, O

A @Zg, O = dlag [ 91 02 01 92 } (20)

where © is a weighting matrix on the regulated variables
zg, and 27 is a (1,1) element of z. This value ©, as yet
unspecified, are also free design parameters.

Furthermore the control input u, should be also regu-
lated, and we define

z0 = pug (21)

where p is a weighting scalar, and 25 is a (1,2) element
. T
of z. Finally, let z := [ 2] «f 2l |°, where z,
denotes the state of the function W,(s), z,, denotes the
. T
state of the function Wy,(s), and w := [ w{ w] |

T .
z:=[ 2z 2] |, then we can construct the generalized

plant as in Fig.3 with an unspecified controller K.

[l

The state-space formulation of the generalized plant is
given as follows.

t = Ax+ Biw -+ Bau
z = Cl$ + Dlgu
y = Cox+ Dyyw (22)

where A, By, Ba, C1, C5, D13 and Dy; are constant
matrices of appropriate dimensions. Since the disturbances
w represent the various model uncertainties, the effects of
these disturbances on the error vector z should be reduced.

. v, |
2D, q*'%l .
[ 22
r
W AB s G

Fig. 3. Generalized Plant

Next our control problem setup is defined as;

Control problem:

Find an admissible controller K(s) that attenuates dis-
turbances and initial state uncertainties to achieve DIA
condition in (3) for generalized plant (22).

After some iteration in MATLAB environment, design
parameters are chosen as follows;

Wio(s) = 5430801
Waols) = 1.5(s + 10700) (s + 2510 + 43504)
v (s + 53400)(s + 0.50 £ 50307)
© = diag[ 01 G2 On1 Ono |
0,1 = diag[ 04 04 ],
O = diag[ 05 05 ]
02 = Ona=diag| 0.0005 0.0005 ]
p = 80-10771,

Wwo(s) represents an uncertainty for the 1st bending mode
of the rotor at the resonance frequency 800[Hz].

Direct calculations yield the 24-order H., DIA central
controller Kpra and its frequency response is shown in
Fig4.

The maximum value of the weighting matrix N in the
DIA condition (3) is given by

N =3.3176 - 1075 - I,,. (23)
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V. EVALUATION BY EXPERIMENTS

We conducted control experiments to evaluate properties
of the designed H., DIA controller compared with an
integral-type Optimal State Feedback Control with a state
observer and a notch filter at 2000[Hz]. We define this
controller as “LQ Controller”.

The objective of this experimental comparison is to
evaluate control performance for rotational performance,
transient property and robust performance. The experimen-
tal results are shown in Figs. 5-10.

A. Non-Rotational Test

First, the basic control performance for non-rotational
rotor for a step-type disturbance rejection is evaluated.

Disturbance responses for a step-type disturbance signal
with/without model parameter perturbation are shown in
Fig.5 and Fig.8. A 60[g] weight is attached to the center
of the rotor as a model perturbation and a step-type force
disturbance is added to —!1 and —r1 directions in Fig.1,
where the magnitude of the disturbance is 1/6 steady-state
vertical attractive force.

DIA controller shows good disturbance responses and
also good robust performance for step-type disturbance and
model perturbation. Compared with LQ control with notch
filter, we can see that H., DIA control has a good robust
performance and transient response.

Step responses for a reference signal are evaluated in [9].
LQ control showed a quick response without any overshoot
because LQ control utilizes full state information.

B. Rotational Test

Next the control performance for rotational rotor is eval-
uated with both controllers. Experimental results are shown
in Figs. 6, 7, 9 and 10.

The free-run tests with varying rotational speeds from
6000 [rpm] to O[rpm] are shown in Figs. 6 and 9. The

horizontal axes show times and the rotational speeds of the
rotor changed from 6000[rpm] at O[s] to O[rpm] at around
26[s]. The vertical axes show the displacement of the left
side of the rotor.

Both Figs. 6 and 9 show that the amplitude of the
vibration of the rotor changes based on the rotational speed
of the rotor.

Compared with Fig.6 with Fig.9, the H ., DIA Controller
shows a better rotational performance for varying rotational
speed tests.

Figs. 6 and 9 show Lissajous curves of the center of
the rotor in 30[s] with both H,, DIA controller and LQ
controller. The better control performance of the H., DIA
control shown in the non-rotational tests gives a good
rotational performance.

VI. CONCLUSION

This paper dealt with an application of H., control
attenuating initial-state uncertainties to the magnetic bearing
and examined the H., DIA control problem.

First we derived a mathematical model of magnetic
bearing systems considering rotor dynamics and nonlinear-
ities of magnetic force. Then we set the generalized plant
which contains design parameter for uncertainty and control
performance.

Finally, experimental results for rotational test and non-
rotational test showed that the proposed H., DIA robust
control approach is effective for a mixed disturbance and
an initial-state uncertainty attenuation and for improving
rotational performance, transient response and robust per-
formance.
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