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ABSTRACT

This study is concerned with static and sinusoidal
disturbance rejection for a single periodic input dis-
turbance with known period and its experimental ap-
plication to a magnetically suspended balance beam.
In the area of active elimination of a disturbance
force, the control input should have two different
kinds of gains: one is to deliver a stable control and
the other is a force component to cancel the external
disturbance force. In this paper we employ a sim-
ple state feedback control law to make the balance
beam stable and employ a linear observer to estimate
the states which represent the external disturbance
force components. In order to increase the track-
ing performance using the linear observer we present
a flux feedback approach. Simulation results verify
our proposed control method to reject a static and
sinusoidal disturbance force.

INTRODUCTION

In magnetic bearing systems, one of the interesting
research areas is to control of the electromagnet force
to reject a static external disturbance force or a si-
nusoidal disturbance force which is produced by ro-
tor mass imbalance or by a certain external distur-
bance force. Static disturbance force can be rejected

by using a simple integrator even if the control law
does not have a component for the cancellation of
the static disturbance force. However if this static
disturbance force is combined with a periodic force
which has a certain frequency the simple integrator
cannot reject the periodic disturbance term. In or-
der to reject the periodic disturbance force, if the
additional analog circuit which can reject the peri-
odic force is not employed, the control law should
have a certain component to cancel out the periodic
disturbance force.

In this paper we present a method to reject a static
and a periodic disturbance force which has a certain
frequency. A magnetically suspended balance beam
is nsed as a test rig. Static and sinusoidal distur-
bance forces are produced by a small fan which is
placed on the one side of the balance beam. A state
feedback control law is then employed to make the
balance beam stable.

_Since we do not employ any additional analog cir-

cuit, the state feedback control law should have a cer-
tain component to cancel out the disturbance term.
The component included in the control law depends
upon the disturbance term. Thus the effective re-
jection property of the disturbance force by using
pure digital control method can be achieved by us-
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ing a very accurate and high performance estimation
or tracking tool for the disturbance force. In this
paper we employ a linear observer to track the bal-
ance beam sensor output. Inherently the linear ob-
server has some limited performance for a nonlinear
system such as the magnetically suspended system.
For example, unknown initial states of the magnet-
ically suspended nonlinear system can degrade the
estimation or tracking capability of the linear ob-
server. This property of the linear observer, when it
is employed to estimate the states of the magnetically
suspended system, makes a control designer invest a
lot of time into the observer feedback gain tuning.
In this paper we present a flux feedback approach
to produce control current. The control current has
two components. One is the gap deviation signal
which is sensed by the gap sensor, the other is the
deviation flux feedback signal which is expressed by
a linear combination of the total force of the mag-
netic bearings. At the equilibrium point the total
force of the magnetic bearings should be equal to
the sum of the state feedback control effort and the
estimated disturbance force. The deviation flux feed-
back signal can be expressed by the sum of the state
feedback control effort and the estimated disturbance
force. By using this method we can increase the per-
formance of the linear observer to estimate the bal-
ance beam states which include external disturbance
components due to the reduced nonlinearity which
comes from flux feedback. First, we show the geo-
metrical structure of the balance beam and mathe-
matical model which includes static and sinusoidal
disturbance components, and then we present how
to design the linear observer. Finally we verify the
proposed external disturbance cancellation method
by simulation results.

BALANCE BEAM
MATHEMATICAL MODEL

Fig. 1 shows the geometry of the symmetric balance
beam with two horseshoe shaped magnetic bearings.
Table 1 shows each parameter of the balance beam
system. A small fan is placed on the one side of the
balance beam to produce a static and periodic dis-
turbance force.

TABLE I
BALANCE BEAM PARAMETERS

[Parameter ymbofValue] Units |
ngular Pasition [] rad
alf Bearing Span Ls R.141 m

Mass Moment of Inertia about the Pivot Pain| J D.094q kg m

Coil Current in Bearing 1 P A

[Coil Current in Bearing 2 ip A

[Coil Resistance "R 0.7 19}

Coil Inductance L {0.728{ mH

Magnetic Bearing Open Loop Stiffness K. |2114 | N/m

Actuatar Current Gain K; [1.074| N/A

Steady Current i 1 A

Steady Gap go 380 | pm
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Fig. 1. Symmetric balance beam on two magnetic bearing

and a small fan producing static and periodic disturbance

Equation of motion of the balance beam is expressed
by the second order dynamic equation as:

JO+Cf=Lalfy — f2) + fa (1)

where C; is a damping factor of pivot and

g +il )2 io+ih)2
fi= "OAyNzt_‘l‘z(gL!:a)e)” fr= “°A9Nztzgo°_“LV—£ue

By linearization at i} = 0, ©}, = 0 and 8 = 0 equation
(1) becomes

&= Az + Bu+ Dw (2)
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where

6 a 1
I P
J J

o- (4] o[}

As we see in Eq. (2) we employed a current con-
trol method for the rejection of the disturbance force
acting on the balance beam. In (2) if we define w
is a static and periodic disturbance terms w can be
expressed such as:

w = ky + kosin(Bt + @) + kacos(Bt +8)  (3)

where k;, k, and k3 are the amplitude of the dis-
turbance force and 3, ¢ represent a frequency and
a phase of the periodic disturbance forces. Thus (3)

becomes
w = szw (4)

where

-1
T = [sin(ﬂt+¢)} , Co=[k k2 ks)
cos(Bt + ¢)

Let states of the disturbance forces z,, be
Ty = AuwTyw (5)
The solution of (5) is
Ty = CeAWt (6)
The differentiation of (6) yields
0
By = ApCeAvt = | Beos(Bt + ¢) (7)
Bsin(ft + @)

From (7) we get A,, matrix as:

0 0 0
A,=10 0 B
0 -8 0

The augmented state equation is derived by using
(2), (4) and (5) with the result

E]=[ )+l @

y=[I 0][3] )

DESIGN of DISTURBANCE
ESTIMATOR

How to design a linear observer is already a well
known procedure. In this section we simply show
the design procedure of a linear observer for output
tracking. From (8) and (9) we get the state space
equations as:

(10)

(11)

The objective is to make lim;_,¢ -y =0 by using a
certain observer feedback gain L. Here § represents
estimated output. Thus the state space equation of
the estimated system by observer (see Fig. 2) is

= Agz + Bau

y=Cyzx

i = Auz+Bau-L{i—1vy)
= AuE + Bgu — LC,(& — 1)

(12)
(13)

where C,=[1 0 0 0 0]. In this equation the estima-
tor is expressed by the linear state space equations.
However the balance beam supported by magnetic
bearings has a highly nonlinear property, even if the
mathematical model is expressed by the linear state
space equations. The difference between the linear
property of the estimator and nonlinear property of
the system may cause difficulty in the design of a
proper estimator or may not guarantee the perfor-
mance of the estimator. In order to overcome this
inherent drawback of the linear estimator we propose
a novel control approach which will be introduced in
the next section.

SYNTHESIS of FEEDBACK
CONTROLLER

In the previous section we showed the normal design
procedure of a linear cbserver. This linear observer
has a limited estimation range due to the balance
beam nonlinearity. The purpose of this section is
to show a new approach using flux to estimate the
plant states in the presence of plant nonlinearity. As
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we see in the fundamental equation flux produced by
core magnet is proportional to the pole face area as:

® = BA, (14)
polNi 1
2g AE = k'ﬁ;

where k, = —9-&1 From (14) we get the current

equation as a functxon of gap displacement and air

gap flux.
1
®
= %7 (15)
In the presence of external disturbance force the role
of the electromagnet actuators is to reject the exter-
nal disturbance force. The following formula meets
the requirement:
Fo=F-F=-F—kx (16)
where F‘d is the estimated disturbance force, k is the
state feedback gain. Eq. (15) and (16) allow us to
drive the control current as a function of the exerted
force Fy, and air gap flux & such as:

o= k(2 o8y (=) )
1 92
_ ks
= @( ®3)
= F[(¢b+¢')”~(¢b—¢')zl
)

k ;
= éww&
Eq. (17) yields
¢' = M’- (18)
dks

The air gap flux in each actuator is

® = ¢gpt+d (19)
F.k2

4k

= ¢b+

P = d—¢
o g T
4k; s

(20)

Finally we get the control current from (15), (19) and
(20) as:
; 1
i = Egl 31
1 F k"’

(21)

. 1 .
13 = —goPs (22)

kg

_ 1 Fnk}
= Egz(sbb—%q&)

In (21) and (22) the exerted force is implemented by
the following relation.

Fo=-F;—kz (23)
In the above procedure, we showed a novel synthe-
sis approach of the control current in the presence of
the external static and sinusoidal disturbance force.
The main frame in this procedure is in the equation
(14) which represents a linear combination, ® is pro-
portional to %. Based upon this linear combination
the control current is also expressed by the linear
multiplication of ® and g, and then the final control
current is achieved by the modified formula which
has the deviated flux feedback components as shown
in Eq. (21) and (22). As we have mentioned, Eq.
(21) and (22) have the exerted force components that
involve estimated disturbance force by the observer
and state feedback. Thus, once the observer esti-
mates the external disturbance force £y , by substi-
tuting (21) and (22) into (2) we can easily check the
cancellation of the external disturbance force term.
The performance of the estimator is also increased
by the feedback of exerted force component which
is included in the deviated flux due to the reduced
nonlinear property in the control procedure. Fig. 2
shows the block diagram for the rejection of the ex-
ternal disturbance force using observer.

SIMULATION RESULTS

In this section we show the simulation results of the
static and periodic disturbance force rejection. A
MATLAB Simulink model was designed based upon
the nonlinear electromagnet force equation, which
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Pig. 2. Block diagram for disturbance estimation’

represents a nonlinear simulation. For the simula-
tions we used the following feedback gains and pa-
rameters of the static and sinusoidal disturbance.

» State feedback gains :
K,=5500, K4=500

¢ Estimator feedback gains :
108 x [0.0008 0.2006 0.0983 2.7952 — 0.3089)7

o Disturbance coefficient matrix :
Cw=[11].

e Frequency of the sinusoidal disturbance :
B=60[rad/sec]

¢ Phase of the sinusoidal disturbance :
$=10{rad]

Fig. 3 and 4 show the balance beam gap devia-
tions and the static and sinusoidal disturbance force
which has 10{Hz] frequency and 10[rad] phase differ-
ence produced by small fan. In order to realize the
proposed control method we need to know the exact
value of the phase difference in the small fan. Only
for the simulation we set 10[rad] for the phase of the
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Fig. 3. Gap deviations
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Fig. 4. Static and sinuscidal disturbance

periodic function. From Fig. 3 and 4 we see good
rejection of the external static and periodic distur-
bance force. The peak in Fig 3. occurs due to the
static disturbance as we see in Fig. 4. and the dis-
turbance force estimation error in the transient state
of the estimator. Fig. 5 represents the exerted in-
put force to produce the control current expressed
by Eq. (21) and (22). If we compare Fig. 5 with
Fig. 4 we see the same amplitude in the static and
sinusoidal disturbance force except for the sign con-
vention. This means that the exerted force compo-
nents included in the control current rejects the dis-
turbance force. Fig. 6 shows the simulation results
for the disturbance force estimated by the designed
observer. In this figure we see good tracking prop-
erties of the estimator after the very short transient
state. The transient state has a certain unexpected
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Fig. 7. Electromagnet actuator force: Fi ~ Fy

response due to the balance beam nonlinearity and
the linear property of the estimator. From the imple-
mentation point of view the estimator feedback gains

should be selected very carefully to avoid the unex-
pected transient response above mentioned. Fig. 7
shows the force produced by the electromagnets ac-
tuators. From these figures we see the effort to reject
the external disturbance force in the actuators,

CONCLUSIONS

In this paper we proposed a control method using
an exerted force and flux feedback to reject a static
and periodic disturbance force. A new control cur-
rent formula including exerted force component and
deviated flux component was achieved by a combin-
ing the state feedback control law and the output of
the estimator. First we showed the balance beam
geometrical scheme and the fundamental equation of
motion of the balance beam, and then we showed the
synthesis procedure of the control current to cancel
out the external disturbance force. Finally the pro-
posed comtrol approach was validated by the sim-
ulation results produced by a nonlinear simulation
model.
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