605

ACES JOURNAL, Vol. 34, No. 4, April 2019

Disturbance Rejection for a Zero-bias Controlled Active Magnetic Bearing
Based on Disturbance Observer and Notch Filter

Hai Rong and Kai Zhou

Department of Mechanical Engineering
Tsinghua University, Beijing, 100084, China
ronghl4@mails.tsinghua.edu.cn, zhoukai@mail.tsinghua.edu.cn

Abstract —This paper introduces a nonlinear
disturbance observer plus general notch filter based zero-
bias control strategy to handle disturbance and reduce
power consumption for the radial magnetic bearing in the
magnetically suspended spindle. The zero-bias control is
used to decrease the power consumption of magnetic
bearings, as large power consumption causes temperature
rise of system and temperature drift of sensor. The
suspension of the rotor is affected by complicated
disturbance including non-periodic and periodic
disturbance. In order to reduce the deviation of rotor
brought by external disturbance, the nonlinear disturbance
observer is used. However, since the response lag to the
disturbance, the nonlinear disturbance observer cannot
suppress the periodic imbalance force well. Therefore,
the general notch filter is introduced to reduce the
periodic vibration. The effectiveness on the disturbance
suppression and power reduction of the proposed method
is verified by experiment results.

Index Terms — Active magnetic bearing, disturbance
rejection, general notch filter, nonlinear disturbance
observer, zero-bias control.

I. INTRODUCTION

As well known, one of the main characteristics of
active magnetic bearing (AMB) system is nonlinearity
[1-5]. The conventional bias controlled way to handle
the high nonlinearity is using the Taylor series expansion
to linearize it [1], however, constant bias current is
generated. Generally, large bias current is set to improve
the stiffness, which causes large copper and eddy current
losses, brings the temperature rise of system and
temperature drift of sensors [6]. The zero-bias current
control algorithm has been proposed to reduce the power
consumption of the AMB [7-10]. Sivrioglu adopted the
zero-bias control method in the control of a magnetic
suspension flywheel [7]. However, the controller is much
difficult to design for the zero-bias current control as the
system nonlinearity. One linear control structure for a
cascaded position-flux controller operating at zero bias
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is proposed [8], which uses a flux observer to estimate the
flux state. A cascaded position-force controller structure
is proposed to control the AMB under zero-bias, which
means the position controller can use any linear or
nonlinear control strategies, and applications adopting the
linear algorithms such as H- control [10] can be found
in the literature, however, no complicated disturbance is
considered.

The suspension of the rotor is affected by kinds of
disturbance. For the magnetically suspended spindle,
when the cutting tool enters and leaves the work piece,
the suspension of the rotor suffers from non-periodic
disturbance such as step and impulse forces. However,
due to the randomness and uncertainty of disturbance, it
is hard to predict and suppress it. Hoo [11] or p synthesis
[12] algorithms have been used in the AMB systems,
nevertheless, the high requirement of modeling accuracy
and algorithm complexity limit the range of applications.
Sliding mode control (SMC) method has been applied in
maglev suspension application [13] for the advantages
of quick response and insensitivity to parameter
uncertainties. Nevertheless, SMC method is short of
dealing with disturbance with unknown bound. The
adaptive backstepping sliding mode control [14] is
therefore proposed to handle the unknown disturbance,
whereas, it estimates the disturbance simply via an
integral of the state variables, which asymptotically
converges slowly, therefore, the disturbance should be
slowly varied. Disturbance observer based control
(DOBC) approach which combines the disturbance
observer with basic control method has been proposed
[15-16]. Under this control framework, the normal
control part is designed to achieve basic performance for
the whole system, while the disturbance observer is
developed to eliminate the effects caused by disturbance.
With the co-operation of normal control part and
disturbance observer, the DOBC approach can handle
the non-periodic disturbance well.

Due to the eccentricity from the mass center to the
geometric center, the rotation axis of the rotor and the
inertial axis cannot coincide, the imbalance force is
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therefore generated. The disturbance observer loses its
effectiveness to handle imbalance force as the response
lag to the disturbance, especially in high frequencies.
There are two main control strategies to handle imbalance
force — imbalance compensation and automatic balancing.
Automatic balancing is commonly used since it
significantly reduces the possibility of saturation of the
power amplifier, while imbalance compensation could
easily lead to saturation of the power amplifier. Therefore,
automatic balancing is the better choice for zero-bias
control. Many researches have investigated the active
suppression of imbalance vibration, most are based on
biased current controlled mode, such as the iterative
learning control (ILC) [17]. However, the imbalance
suppression methods under zero-bias control are rare in
the literature. The generalized notch filters are widely
used in the imbalance suppression applications [18], due
to the simple structure and easy realization. Therefore, it
can be used in the circumstances of zero-bias controlled
mode.

In this paper, a new zero-bias control structure of
the AMB system based on the nonlinear disturbance
observer and generalized notch filter has been proposed
and studied, which uses the zero-bias control strategy to
reduce power consumption, and achieves suppression of
non-periodic disturbance and imbalance vibration force
via nonlinear disturbance observer and generalized
notch filter respectively. The suspension control law is
designed by state feedback control algorithm. Finally,
the effectiveness of the proposed method is verified by
experiment results.

The paper is organized as follows: Section 11 focuses
on the system model and description; Section Il provides
the controller design process; Section IV shows the
experiment platform and the corresponding experiment
results; Conclusions are given in Section V.

I1. MODEL OF THE ZERO-BIAS AMB
SYSTEM
The radial support system of the magnetically
suspended spindle is composed of two radial AMBs. The
diagram of the radial AMBs system is shown in Fig. 1.
Due to the movement of rotor between the axial and
radial degrees can be decoupled, the influence of axial
movement to the radial motion can be ignored. Therefore,
the dynamic equations of the rotor for the radial four
degrees of freedoms (4-DOFs) are:
Mg +Gq = Bu; + f,
G, =T.0 ) 1)
y=Cq
define the mass matrix M, the gyroscopic matrix G, the
control input matrix B, the transform matrix T, the

output matrix C, the center of gravity (COG) coordinates
g, the AMB coordinates ¢, , the sensor coordinates y, the
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external disturbance f,, the electromagnetic force u; .
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Fig. 1. The diagram of the radial AMBs system.

Since the rotor normally operates within the range
of rigid frequencies and the sensor centers are close to
the AMB centers, to simplify the modeling process,
assume that the output matrix C equals to the transform
matrix T, , namely, Equation (1) can be rewritten as:

MTqu.b + GTs-lqb = TsTuf + fd (2)
y=0, l

For the slender rotor considered in this research, the
transverse mass moments of inertia are significantly
larger than the polar mass moment of inertia, the
gyroscopic effect and coupling of two AMBs in the
same direction can be ignored [18]. Besides, the design
parameters for the front and rear AMBs are not the same,
the max design force for the front AMB are much larger
than the rear AMB, as the front AMB is the main part
to bear external load in the radial directions. The
suspension accuracy of the front AMB is more important
than that of the rear AMB. That means the AMB systems
can be modeled separately for each DOF. Since the
above reasons, the 4-DOFs AMBSs system can be built as
the following form:

mx,=b, f,; + f;, i =xA,xB,yA yB, 3)
where, f,; and f, denote the electromagnetic force
and the lumped disturbance for each DOF respectively,
b, is the force distribution coefficient. Due to the limits
of space, the detail descriptions about the derivation
process are not given, more details can be found in Ref.
16. Therefore, decentralized control strategy can be used
for two AMBs. Take the front AMB A into consideration,
the state space form of the AMB in the AY direction is:

X =%

X, = (bf, + f,)/m, (4)

y=X
where, X1 and x; represent the displacement and velocity
of the rotor separately, y is system output, f, denotes the
electromagnetic force in AY direction, f, represents the
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lumped disturbance (including the equivalent imbalance
force, non-periodic external force and the gravity, etc), b
is the force distribution coefficient in AY direction, m is
the mass of rotor.

Then based on the Maxwell’s law, the electromagnetic
force can be presented as:

2 2 2

T L S L N )
(9-Y)" (%+Y) 4

where k represents the electromagnetic force coefficient,

i,,i, are the coil currents, N is the turn of coil, A is the

area of stator pole, go is the normal air gap, uo represents
the magnetic field constant in vacuum, which equals to
4nx1077 Vs/Am.

From Equations (4) and (5), it can be known that the
whole system is a nonlinear one when the coil current
is considered as system input. Besides, there are two
control outputs whereas only one input, which is not
desired. Treat the electromagnetic force as the system
input instead of current, then the AMB system becomes
a linear one. Therefore, a new equivalent force controlled
zero-bias AMB system can be written as:

X =%
X, =g(x)u+d. (6)
y=X

Define u as the new system input, g(x)=b/m

is the input coefficient, and d denotes the lumped
disturbance, d = f, /m. Then the excitation current of

the coil can be calculated via the following transform
relationship:

. . u
'1:01'2:(90"'3/)\/%- u=0

. -u . .
|1=(go_y)1/?l|2 =0,u<0

The zero-bias AMB system in Equation (6) is a
linear one, therefore, linear or nonlinear control strategies
can be used. To maintain the normal suspension and
suppress disturbance well, a DOBC approach is proposed
and designed. Before the controller design, define the
tracking error and its derivatives as:

e=x-X
e=x-X , (8)
=% -X =g(x)u+d-x

where x*, X, X" are the reference position, velocity
and acceleration of the rotor respectively.

Let 2=[4 4] =[e €]', then Equation (6) can
be written into a state-space form as:

1:[ % J}{qd- ©)
g(x)u-X 1

()
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Define G, =[0 1]" and,

R
g(x)u—x 1,
Then system Equation (9) changes to:

A=n+G,d. (12)

I1l. CONTROLLER DESIGN

A. Nonlinear disturbance observer based state
feedback controller design

In order to handle the non-periodic disturbance, a
nonlinear disturbance observer (NDO) is proposed [15],
which observes the disturbance as well as its derivatives.
For the convenience of realization, the first two-order
derivatives of disturbance are considered here, and an
assumption is made that the feasibility of NDO is existing
if only the lumped disturbance meets the following
assumption:

Assumption: The lumped disturbance d and its
first two-order derivatives are continuous and bounded,
namely:
|E-J"d(t)

o)’
where 4 is a positive constant, x can be unknowable.

Based on the definitions and deductions above, the
NDO is designed as:

d=p,+0,(4+41)

b, =, (1, + 1)~ qd +d
d=p,+0,(4+4)

B, =0, (7, +17,) — 0,0

|<uw, forj=0,1,2, (12)

; (13)

where d and d are estimations of d and its derivative
respectively, p1 and p; are auxiliary functions, and qz, g2
are positive constants. D

Let D=[d d]", then Equation (13) is reformed as:

{6:p+q(ﬂl+22) B (14)
p=—Q(771+772)+QD

. |d -q 1
where D=| . |, p:{pl}, q:{ql}, Q:{ % }
d P2 4z -0, O
According to Equation (14), the derivative of D is

yielded as:
D=p+q(4+4)

=—Q(771+772)+Q|5+Q(771+772+d)- (15)
=QD+qd

Then the estimation error can be defined as follows:

B=[d dI'=D-D. (16)



The observer error dynamics can be written as
D=D-D
=[d d] -(Qd+qa). (17)
=QD+Ed
where E=[0 1]".
Suppose that g; and gz are chosen to guarantee that
the eigenvalues of Q are in the left hand plane (LHP),
then for any given positive definite matrix R, a positive

definite symmetric matrix P can be found to satisfy the
following relationship:

Q'P+PQ=-R, (18)
then the observer is asymptotically stable. The details of
stability analysis can be seen in Ref. 15. Therefore, the

norm of the extended disturbance estimation error D is
ultimately bounded and the bounds can be lowered by
choosing qi, gz, P and R appropriately.

Remark: The NDO has strong ability to handle
disturbance since the derivative of the disturbance is also
estimated. Meanwhile, it should be mentioned that the
bound of disturbance is unnecessary to know. Since that,
stronger ability to handle non-periodic disturbance can
be expected. Though the bound value can be unknown,
in fact, it affects the suspension accuracy of the rotor a
lot. Therefore, strategies to lower the bound value such
as removing the gravity from the unknown disturbance
are meaningful.

With the disturbance observer, the equivalent
disturbance for the system becomes d , which is much

smaller than d, then the system can be presented as the
following state space form:

X = AX+Bu+G,d (19)
y =Cx

il fs e ducale-fl]
where x = JA= ,B= ,C= .
Xy 00 a(x) 1

Also system (11) changes to:
i=y+Gd. (20)

According to the DOBC design framework [15],
the structure of the controller for the zero-bias AMB
system can be divided into two parts — the disturbance
compensation part and the normal suspension part.
As the effect caused by the unknown disturbance is
eliminated via disturbance observer, then a suspension
controller needs to be designed.

Based on the state feedback control law [19], it can
be deduced that the whole system is controllable. Then a
state feedback controller is deigned to realize the normal
suspension of rotor.

Uf :—Kj.y (21)
where, K =[k, k,] is the feedback coefficient matrix.
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Then the whole control output can be presented as:
U=u; +Uu, A , 22)

=-Ki-d/g(x)
where u and u, are the whole control output and the

output of the disturbance observer. The DOBC method
combining nonlinear disturbance observer with state
feedback control can be abbreviated as SF+NDO.

B. The general notch filter based imbalance force
rejection controller design

Although the disturbance observer can well restrain
disturbance, the state feedback controller based on
disturbance observer itself is still feedback closed-loop
control, that means there remains response lag to the
disturbance, and with the increase of disturbance
frequency, the response lag is more obvious. Therefore,
the disturbance observer functions as a low-pass filter, it
is only effective on the low frequency range, and it cannot
handle the imbalance force well under high spinning
speed. Besides, the value of the unknown upper bound of
disturbance u affects the accuracy of suspension a lot. With
the limits of response frequency of the power amplifier,
the generalized notch filter (GNF) based minimum current
compensation control strategy is therefore proposed to
deal with the periodic imbalance force. The principle of
the GNF N is shown in Fig. 2. The core of the notch filter
is the notch feedback item N, its central frequency can
vary with the change of rotating speed, the convergence
factor ¢ determines the convergence rate and bandwidth
of the notch filter.

R |
N cos mt COs it

Controller

C(s)

Fig. 2. The principle of the generalized notch filter N.

Assume Y, (t) and ¥, (t)to be the input and output

of the notch feedback item respectively, then Yy, (t)
equals to:

_[yS (t)sin wtdt
I y, (t)cos wtdt .

The transfer function of the notch feedback item can
be written as

y,(t)=¢[sinot coswt]
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_Yw(s)_ & 24
Nf(s)_Ys(s)_serco2 @4

Then transfer function from system output Y (s) to
the notch filter output Y (s) is:

_YS(S)_ s? + @? . 25
I\I(S)_Y(s)_sz+gs+a)2 @)

When &0, let s= jo, , the following equation
can be established:

N(jo,)~1, [a)re(O, 0—Aw)U
(0+Ao, »)] . (26)
N(jw,)=0, [cor e(w-Aw, a)+Aa))]

Therefore, as long as =0, the output of the notch
feedback item tends to the component with the frequency

of @ in the system output Y(t). By subtracting the

original displacement signal to the signal estimated by
the notch filter, the same frequency component caused

by the imbalance force in the original signal y(t) is

filtered out, in other words, the same frequency current
generated by the controller is eliminated, and thus the
imbalance force is suppressed.

| Notch filter

Feedback | "/
control

Transform Dynamic
relationship — model in
inEq.(7) Eq. (4)

Equivalent force controlled
zero-bias AMB

Fig. 3. The whole control system based on SF+NDO+GNF.

Since that, with the co-function of the disturbance
observer and the notch filter, the imbalance force and
non-periodic disturbance can be well restrained. The
whole control system for nonlinear disturbance observer
based state feedback control plus general notch filter
(SF+NDO+GNF) is described as Fig. 3.

IV. EXPERIMENTS

A. Experimental platform construction

As shown in Fig. 4, a 5 degree of freedoms (5-
DOFs) magnetically suspended spindle system is built,
which consists of two radial AMBSs, one axial AMB and
the drive motor mainly. Figure 5 shows the structure of
the front radial AMB. In this paper, the main attention is
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paid on the front AMB, for which is the main part to bear
external load in the radial directions. The whole control
system for the magnetic bearing is based on a FPGA
chip — the EP4CE15F17C8 manufactured by ALTERA.
The proposed control methods employ the cascaded
structure with position and current feedback. As well
known, for the zero-bias control, the magnetic force slue
rate near the origin is zero. In order to produce a small
force, a large change is needed in control current. To
overcome this problem, firstly, large current (equals to
20 A) and small turns of coil (equals to 40) for AMB are
designed to improve the force bandwidth of actuators,
then hysteretic current control is adopted to realize the
fast response of current, therefore the largest force
bandwidth can be held. Parameters of the front radial
AMB system are shown in Table 1.

The front radial
magnetic bearing

The last radial The motor

magnetic bearing
Fig. 4. 5-DOFs magnetically suspended spindle system.

Coil

Magnet
pole

Rotor
Flux

Stator

Fig. 5. The structure of the front radial AMB.

Table 1: Parameters of the front radial AMB system

Parameter (Symbol) Value
Mass of the rotor (m) 55 kg
Transverse mass moments 2

of inertia (ly, ly) 0.817 kgxm
Polar mass moment of 0.139 kgxm?
inertia (1)
Magnetic pole area (A) 5.04x10° m?

Electromagnetic force
coefficient (k)
Nominal air gap (go) 0.3 mm
Auxiliary gap (ga) 0.1 mm

Turns of coil (N) 40
Max current (imax) 20 A

2.53x10% Nxm?/A?
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Fig. 7. Current curves during initial lift up.

B. Experimental tests for SF+NDO based control

Firstly, researches on the non-periodic disturbance
rejection are carried out under static condition. The
effectiveness of the SF+NDO control is verified under
two kinds of circumstances, namely the initial lift up
process and adding a constant load. In order to verify the
effectiveness of the proposed algorithm, the commonly
used proportional-integral-derivative (PID) strategy is
compared. Figures 6-8 show the displacement and current
curves under two kinds of disturbance in Y direction
respectively. Firstly, Fig. 6 shows the displacement curves
during initial lift up process, the maximum overshoots
and adjusting time of the rotor for the SF+NDO method
and PID are 63 um/0.06 s and 75 pm/ 0.52 s respectively.
It is demonstrated in Fig. 8 that when a 360 N constant
load is applied to the rotor, the maximum deviations and
recovery time of the rotor for SF+NDO and PID are
7 pum/ 0.25 s and 44 pm / 0.4 s respectively. Therefore,
compared with PID control strategy, the SF+NDO
control strategy has stronger ability to restrain the non-
periodic disturbance. In addition, the load estimation
curve for the disturbance observer can be obtained as
shown in Fig. 9.

150

Socoop PID

el SF+NDO
E
2 st
=
=
&
Q L - "m\/’w a
a . e
= A
=50t =
)

100 F

150 1 1 1 1 1
0.0 02 0.4 0.6 08 1.0
Time(s)

Fig. 8. Displacement curves under the constant load.
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E 200
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[#]
=
& -400
—

-600 1 1 L 1 1

0.0 0.2 0.4 0.6 0.8 1.0
Time(s)

Fig. 9. Load estimation curve under the constant load.

Then, at 2400 rpm, the dynamic performances for
the SF+NDO method and PID control are compared.
Figure 10 describes the displacement curves in Y
direction. It is demonstrated that the maximum deviations
of the rotor for SF+NDO and PID are 9 ym and 17 pm
respectively. Therefore, it can be seen that the SF+NDO
control strategy can suppress the harmonic vibrations
well. Though the proposed SF+NDO method can suppress
disturbance, there are still residual vibrations caused by
the imbalance force, as described in Fig. 11. Therefore,
a new strategy is needed to suppress the imbalance force.

C. Experimental tests for SF+NDO+GNF based
control

On the basis of the SF+NDO method, the imbalance
force is further suppressed by introducing the GNF. At
2400 rpm, the performances of suspension under the
three kinds of methods are obtained, as shown in the
Fig. 12. The results demonstrate that the basic values of
displacement are about 2.4 um, 2.0 pm and 0.85 um for
PID, SF+NDO and SF+NDO+GNF respectively. Finally,
the proposed SF+NDO+GNF method is compared with
biased control (the biased current is 4A) using PID
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method at the same speed, and it shows in Fig. 13 that
the vibrations also decreased with the proposed method.

Besides, the copper losses for the front radial
magnetic bearing are calculated for the proposed control
method and biased control method (the biased current is
4A) respectively, Fig. 14 shows the relationship between
copper losses and the rotating speed. It demonstrates that
zero bias control reduces the power consumption by at
least 40% compared with the biased control. Therefore,
zero bias control is helpful to increase the running time
of AMB system.

60

--—--PID
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30F

Displacement(pm)

0.0 0.2 0.4 0.6 0.8
Time(s)

Fig. 10. Displacement curves at 2400 rpm.
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Fig. 11. The spectrum curves of displacement at 2400 rpm.

Displacement(um) —— PID
; [ - - - - SF+NDO
= | | /A- —— SF+NDO+GNH
- U, » r
09 200 300 Freq(Hz)
3 -
2F .
Ee
[N PP T TT N el
0¢ 200 200 Freq(Hz)
3 -
2 -
1 =
0 200 200 Freq(Hz)

Fig. 12. The spectrum curves of displacement for the
three methods at 2400 rpm.

ACES JOURNAL, Vol. 34, No. 4, April 2019

407

1 —-—-- Biased control(4A)
B — The proposed method
g
=25
w
g 20}
8
S 1S5E
2
"Q" 1.0} . 3

05t ]

0.0

3} 100 200 300 400 500
Freq(Hz)
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Fig. 14. Copper losses for biased control and the proposed
method.

From above, it can be seen that the proposed
SF+NDO+GNF method for zero bias controlled AMB
system shows excellent performance on comprehensive
disturbance suppression and power reduction. Therefore,
the effectiveness of the proposed method is verified.

V. CONCLUSIONS

In this paper, a nonlinear disturbance observer plus
notch filter based zero-bias control strategy is proposed
for the radial AMBs in a magnetically suspended spindle.
An equivalent electromagnet force controlled model is
introduced to handle the nonlinearity brought by zero-
bias current strategy. The nonlinear disturbance observer
is adopted to restrain the non-periodic disturbance
such as step forces. The periodic imbalance force is
suppressed by introducing the general notch filter.
Various experiments have been performed to verify the
effectiveness of the approach. Besides, the proposed
SF+NDO+GNF method is compared with biased control
using PID method, it also show excellent performance in
vibrations suppression and power reduction. Since the
strong ability both in power reduction and disturbance
restraint for the proposed method, it can also be adopted
to other AMB applications where low power consumption
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and suppression of disturbance are needed.
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