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Summary

Unbalance effect is a common problem in rotating machinery. When the rotor’s
geometric axis, inertial axis and magnetic axis are not coincident, the unbalance
happens and it can cause undesirable vibrations, acoustic noise and rotor position
runout. Runout is a term that describes the motion of a rotating shaft in radial
directions. Existence of such motion, repetitive or non-repetitive, in precision
spindles (such as disk drive motors) is generally detrimental to their applications.
Active magnetic bearing (AMB), which levitates a rotating object (typically, a rotor
in electric machine) with a magnetic field, is proven to be a good solution to this
unbalance problem. With effective control methods, the unbalance effect can be
greatly attenuated in the machines using AMB.

In this thesis, a time-domain iterative learning control (ILC) scheme is firstly applied
in AMB to realize unbalance compensation. Then a new control scheme, automatic
learning control (ALC), is proposed to achieve better performance in unbalance
control, and it works in a wide range of rotational speeds in AMB. ALC is based on
the combination of time-domain ILC and gain-scheduled control, and is able to adjust
itself to different rotational speeds. Since ALC can work at different rotational speeds,
the negative effect of speed fluctuations on the ILC scheme doesn’t appear in ALC
scheme. The unbalance compensation is carried out in two modes. One is to achieve
rotation about rotor’s geometric axis with the benefit of precise positioning. The other

is to achieve rotation about rotor’s inertial axis, resulting in reduced transmitted force



to the bearing housing and vibrations. In this thesis, both compensation modes are
realized with ILC and ALC.

Simulations and experiments are carried out to verify the effectiveness of ILC and
ALC schemes. Simulations and experimental results prove that both ILC and ALC
can effectively compensate the unbalance force in AMB, and ALC has better
performance in presence of fluctuations in speed. Rotor position runouts and
fluctuations of coil currents in all radial degree-of-freedom are substantially

attenuated.
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1. Introduction

This chapter discusses the motivation of the research on Active Magnetic Bearing
(AMB) and provides background knowledge on AMB and unbalance effect. The
reasons to cause unbalance effect are analyzed. Various existing unbalance control
methods for AMB are reviewed. In addition, their advantages and limitations are also

discussed.

1.1 Research Motivation

1.1.1 AMB for HDD Spindle Motors

Following the rapid developments of magnetic hard disk drives (HDD) in recent years,
all the components used in hard disk drive are facing challenges for realizing high-
density data recording. One of the bottlenecks in limiting the data recording density is
spindle motor. The vibrations and non-repeatable runout (NRRO) of the motor limit
the track density in data recording. They also cause acoustic noise in HDD operation.
So far, all the solutions for reducing vibrations and NRRO are based on mechanical
methods, for example, using precision ball bearings and fluid dynamic bearings
(FDB). Success of these mechanical solutions relies heavily on the development of
precision machining technology. The track density, i.e., the tracks-per-inch or TPI of

HDDs has increased rapidly in past years, and will be increased further in the coming
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years. This will make it difficult to meet more strict requirements of HDDs in future
using mechanical solutions. Many potential bearing solutions are considered by HDD
researchers, and the contact free suspension by AMB is one of them. Comparing with
the ball bearing and FDB spindle motors, spindle motors using AMB have the
following advantages

(1) Absence of mechanical friction and wear. Therefore, the motor lifetime can be
increased, and the vibration and acoustic noise of the motor can be reduced.

(2) No lubricant leakage problem, which is a very big concern in HDD.

(3) AMB’s performance is not very sensitive to the precision in dimension of
components. As the rotor movement is controlled by an electric system, for
the same precision, AMB is able to show better performance in the runout and
vibration.

(4) AMB is an electronics solution to the high performance rotational system. Its
performance can be improved significantly following the fast developments of

electronics technology and advanced control methods.

1.1.2 Unbalance Effect

Research on AMB includes Electromagnetic (EM) design, sensing technology, and
control techniques. The aim of this research project is to investigate the control
techniques of AMB, and to provide the foundation for employing AMB in the next
generation of HDD. This thesis focuses on performance improvement of AMB by

utilizing control methods without additional manufacturing complexity.
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Unbalance is a common problem in rotating machinery. When a rotor’s geometrical
axis does not align with the axis of inertia and the axis of electromagnetic field, the
unbalance force is induced. This unbalance force is transmitted to the stator and
housing through the bearing, resulting in serious vibration and acoustic noise,
especially at critical speeds of the rotor [1]. Furthermore, the position runout of the
rotor makes it difficult to realize precise positioning and high-speed operation. In
HDD area this brings difficulties to achieve accurate data reading/writing.

Rotor unbalance results from rotor asymmetry in shape, material non-uniformity,
asymmetric EM parameters, misalignment of bearings, asymmetric rotor
deformations, etc. As perfect rotor system without unbalance is almost impossible,
rotor balancing technique must be used in high standard applications.

The conventional method of balancing is realized by employing mechanical
approaches, for example, the addition or removal of small amount of mass from the
rotor to reduce the residual imbalance. This is a time consuming and costly procedure.
Besides, the imbalance in some machines often changes during operation, and
mechanical balancing has limited benefit in such case. Moreover, this mechanical
balancing is not practical for mass production, such as in the HDD spindle motor area.
Recently active magnetic bearing is proven to be a good solution to the unbalance
problem. Through effective control methods, the unbalance effect can be greatly
attenuated in machines using AMB. In this thesis the unbalance compensation
techniques will be investigated and a suitable control method will be proposed for

AMBs used in HDD spindle motors.
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1.2 Introduction to AMB

In contrast to conventional bearings, AMB uses EM forces to actively levitate the
rotor without any mechanical contact. Due to its attractive features, AMB has been
applied in a variety of applications such as turbomachinery [2]-[4], flywheels [5]-[7],
artificial blood pumps [8], machine tool spindles [9], vacuum pumps [10], [11], etc.
Spindle motor in HDD is also a potential application of AMB and it has attracted wide

attentions in recent years [12]-[14].

1.2.1 Working Principle of AMB

AMB uses EM forces to levitate rotors and controls their motions. The rotors are usually
made of ferromagnetic materials, and some contain permanent-magnetic (PM)
materials. An AMB system consists of EM actuators, position sensors, controller, and
amplifiers. Position sensors measure rotor positions and send position signals to the
controller. Then the controller uses some control algorithm to generate corresponding
control current signals. Power drives, usually using PWM technology, send current to
electromagnets to produce resulting control force such that the rotor is stably

suspended without any mechanical contact with the stator.
N i ¢ l
M7 -

—0Q

j

Fig. 1.1.  An electromagnet
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Suppose an electromagnet has N turns of coil, i is the coil current in this
electromagnet. A is its effective cross-area, and g is the air gap. The magnetic field is
considered to distribute evenly under the magnetic pole. The EM force in this axis is

therefore [10]

N?*4 i
= ALY g (L.1)
4 g g
where,
2
A
K, 27 (1.2)

and the permeability of free space is 4, =47x10” H/m.

Usually two electromagnets are oppositely located in one DOF, so the EM force in

this DOF is

g 2
b L

(5y—5)°  (s,+9)

: (1.3)

x|

where i, i are coil current in electromagnets, sy is length of the air gap when the
rotor is in the center position, s is the rotor displacement with respect to the bearing
center in this axis. Thus (59— s) and (sy + 5) are respectively the lengths of the air gaps
for the two opposite electromagnets.

The typical structure of a 2-DOF radial magnetic bearing is shown in Fig. 1.2.
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Position
sensor

contro [ ROTOR % i

AN
NN Electromagnets
» >
Amplifier

Fig. 1.2.  Structure of a 2-DOF magnetic bearing

The two opposite electromagnets are operated in the so-called differential driving
mode. In this mode, the coil current in one electromagnet is the sum of bias current i
and control current i, the coil current in the other electromagnet is the difference of
bias current and control current, as shown in (1.4).

i =i+i, §=i —i (1.4)
For the reasons explained later, iy is normally not zero in many applications. The
existence of a non-zero bias current has an obvious advantage that the EM force in

(1.3) can be linearized at the equilibrium point (i, = ico, s = 0)

f;n:Ki'ic-i_Ks'S' (15)
0 4K i
K, 2—, =—uo (1.6)
816 i, =i.0,5=0 So
0 4K (i +i2)
K, éafm = (1.7)
i, =1.9,5=0 0



Chapter 1. Introduction

In PM-biased AMB (See Fig. 1.3, [15]), bias flux that generated by permanent
magnets replaces bias current in conventional AMB to produce the same effect, so its
coil currents in the two opposite electromagnets are

=i

L, by =1, (1.8)
The EM force formula of PM-biased AMB has the same format as (1.5). The
difference is that for a PM-biased AMB the force-current factor K; and force-
displacement factor K; are related to permanent magnet parameters instead of the bias
current [15], [16]. Although in these years, nonlinear control techniques have been
introduced to eliminate the bias current or flux [17]-[19], there is still a lot of work to
do before zero-bias control technique can be applied in industry. As a result, the

differential driving mode, including PM-biased flux mode, is still used in our research

works.

_—Control tlux
- Stator,

2 Bias flux —_

 Permanent magnet — e |

Fig. 1.3.  Structure of a PM-biased AMB
From (1.7), -K; can be regarded as the open-loop stiffness of AMB. From (1.2) and
(1.7), it is obvious that

K >0,K >0 (1.9)
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The open-loop AMB system has a negative stiffness, so AMB is open-loop unstable
and therefore appropriate control strategies must be employed to stabilize the AMB
system.

According to Newton’s Law, the motion of the rotor with mass m can be described by

"S,‘=f;n+f;l :Ki‘l.c+Ks.S+f1:l
m m

(1.10)

where f, is the disturbance force in this DOF.

The state equation for AMB is
) 0 1 0 0
e "t K i+
§ L9 ofls) | —|° Ju
m m m (1.11)

Thus by employing appropriate control algorithm, the AMB system can be stabilized.

1.2.2 4-DOF AMB

A totally suspended magnetic bearing system is composed of 5-DOF suspensions, 4
radial DOF controlled by radial bearings and an axial DOF controlled by a thrust
bearing. An AMB system is usually arranged such that the axial subsystem can be
separated from the other 4 radial subsystems. So, the axial motion can be individually
considered and the motion equation has a simple double integrator format. Because
the unbalance effect in radial directions is the major concern in many applications,

e.g., HDD, only motions of radial bearings are considered in the thesis.
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Fig. 1.4. 4-DOF magnetic suspensions
A standard 4-DOF magnetic suspension of the rotor is illustrated in Fig. 1.4. There
are two radial bearing planes for an AMB system. Each radial plane includes 2-DOF
magnetic suspensions. Therefore the AMB system in our research is a 4-input-4-

output system.

1.3 Analysis of Unbalance in AMB

In recent years, some problems on AMB are concerned by researchers such as micro-
AMB, self-sensing techniques, unbalance problems, and nonlinear control techniques,
etc. The unbalance problem is analyzed in this thesis and a control solution will be

proposed to solve this problem.

1.3.1 Analysis of Mass Unbalance

Fig. 1.5 describes the mass unbalance effect in AMB when rotor’s geometric axis is

not coincident with its inertial axis.
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Fig. 1.5. Mass Unbalance

Consider in a 2-D plane, with mass eccentricity &, rotor’s angular speed w, the
unbalance force due to mass eccentricity can be modeled as
f.. =&ma’ cos(wt +6) (1.12)
f,y = Ema” sin(t +6) (1.13)

where 4 is the initial phase of mass unbalance.

1.3.2 Electromagnetic Unbalance

Besides mass unbalance, there also exists EM unbalance in AMB when the geometric
axis doesn’t coincide with the EM axis, as shown in Fig. 1.6. In Fig. 1.6, O, 1s the
magnetic center in the cross section of AMB, O, is the geometric center in this cross

section, &, is the EM eccentricity, o is the initial phase angle of the eccentricity, x;

and x, are the air gaps in axis X, y; and y, are the air gaps in axis Y.

10
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Fig. 1.6. Magnetic Unbalance

If the EM center coincides with the geometric center, air gaps in the axis X should be
so. Otherwise, the air gaps in axis X are as follows

X, =8, — &, cos(wt + ) (1.14)

X, =5, +&, cos(wt +a) (1.15)
Assuming s, > e, , the EM unbalance force in axis X is

f.. =K.& cos(at +r). (1.16)
Likewise, the air gaps in axis Y are

V=8, =& sin(wt + ) (1.17)

VY, =S, + & sin(wt +a) (1.18)
and the EM unbalance force in Y axis is

Jo, =K.& sin(wt +0) . (1.19)

(1.14)—(1.19) are based on the assumption that the cross section of the rotor is

perfectly round. Otherwise higher-order harmonic components would appear in the

11
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right-hand side of the equations, and they could excite higher-order EM unbalance

force in AMB.

1.3.3 Composite Unbalance Effect

From (1.12) and (1.16), the unbalance force in axis X is

f;lx = fmx —I_ -fe‘x
= gmw’ cos(wt +0) + K &, cos(wt + ) (1.20)
= Dcos(wt +0)

where

D(w) 2 \&im* @' + K€ +2£,,m* K, cos(6 — )

52 cos™! glma)2 cos@+K & cosa (1.21)
D(w)

The unbalance force in axis Y is

Jo=Twt /o
= gma’ sin(wt +6) + K &, sin(wt + &) (1.22)
= Dsin(wt + J)

Suppose the rotor system is symmetric, and then the motion equation of its geometric

center is
):C:g N @’ O2 X | _ Dc?s(a)t+5)/m (1.23)
Ve 0 w ||V, Dsin(wt+9)/m

where natural frequency @, =vk/m , k is the closed-loop bearing stiffness. The

damping of the rotor system is so small that it can be neglected.
The rotor’s geometric center therefore moves with a circular orbit at the synchronous

speed as shown in (1.24).
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x,(t) = C cos(wt + 5)

: ) (1.24)
y, () =Csin(wt +0)
The motion amplitude is
D(w)
Clo)=——"—. 1.25
@ (1.25)
The mass center also makes circular motion
x,, =Ccos(wt+0)+¢ cos(wt+6)=C, cos(wt+3,) (126)
y, =Csin(wt + )+ & sin(wt +0)=C, sin(wt +6,) ’ '
where
C, 2C? +£ +2Cé cos(6-6)
A _I[Ccos5+€lsin9] . (1.27)
0, =cos c

From (1.20)-(1.27) we know that the composite unbalance force is synchronous with
the rotational speed and its amplitude is related to the rotational speed. Both rotor’s
geometric axis and inertial axis move synchronously in the presence of this composite

unbalance force.

1.3.4 Compensation of Unbalance with AMB

Different from conventional bearings, AMB, as an active device, can adopt
appropriate control algorithms to obtain required operation performance. Unbalance
compensation with AMB is usually implemented in two following modes:

(1) Rotation about geometric axis, such that rotor position runout during operation is
reduced. This is quite significant for the applications that require a high level of

rotational accuracy. How to effectively reduce the rotational eccentricity in HDD

13
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spindle motors is always concerned in the electric machine area. If the compensation
force could counteract the effect of unbalance force in AMB, the rotor could rotate
with very high precision and the eccentric movement could be almost reduced to zero.
Therefore, it is important to magnetic recording systems, which require high precision
for positioning the head.

(2) Rotation about system inertial axis [20]. This is usually realized by reducing
fluctuations of AMB coil currents. System inertial axis is defined as the rotor’s virtual
inertial axis when both mass unbalance and EM unbalance are considered. If the EM
unbalance effect is ignored, it coincides with rotor’s inertial axis. When rotor rotates
about its system inertial axis, no centrifugal force caused by its acceleration is reacted
by the bearing and transmitted to the housing. As a result, vibrations of machine
housing and noise due to rotor unbalance can be eliminated. This advantage is so
attractive that much research works have been done in this mode. Another benefit of
this compensation mode is that it could reduce the copper loss in PM-biased AMB
(see Fig. 1.3). Because in a vertical PM-biased AMB, synchronous control currents
caused by unbalance take to the major portion in AMB coil currents, the copper loss
could be reduced substantially when the rotor is forced to rotate about its system

inertial axis.

1.4 Literature Review

Unbalance disturbance is common in rotating machinery and it could deteriorate system

performance, so AMB researchers pay many attentions on this problem, seeking control
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schemes to attenuate unbalance effect with AMB. Various unbalance compensation

techniques have been developed since the last decade.

1.4.1 Notch Filters

Early unbalance control techniques are based on the insertion of notch filters in the
control loop. By imposing a very low gain to the synchronous frequency while
leaving the rest of the spectrum little changed, the notch filter can help to reduce the
unbalance effect. The major drawback of this method is that the notch filters affect the
stability of the control system so that they can be used in only a limited speed range [21]. A
generalized notch filter was then proposed to overcome this problem [22]. This generalized
notch filter is actually an internal feedback control block inserted into the control loop, but
it has similar characteristic as classical notch filters. The generalized notch filter has an
advantage of free pole location, which can enable the filter to process the synchronous
unbalance signals at different rotational speeds. The idea of generalized notch filter is also
applied in [23]. The difference is that in the latter paper, the convergence is shown with
Bode plot instead of the root locus plot in [22], therefore, the robustness against unknown

high-frequency dynamics in the plant is clarified.

1.4.2 State Feedback Controllers and Observers

Some designs based on state feedback control approach are also developed to stabilize the
AMB system with the ability of unbalance disturbance rejection [24]-[26]. State observers
are used in these designs to estimate the state variables which cannot be directly measured

by sensors. The differences between these designs are their control algorithms and observer
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structures. However, these state feedback controllers need precise plant model which is
usually difficult to obtain. The other problem with state feedback controllers is that the
required state observers could lead to poor robustness. Furthermore, as pointed out by
Shafai et al. [27], both notch filter approach and observer-based state feedback approach
have the drawback that they alter the complementary sensitivity function of the system

such that the stability margin of the AMB system is eliminated.

1.4.3 Adaptive Controllers

Later more research works were focused on designing an “add-on” controller that could be
added to conventional feedback controllers without altering system stability or performance.
To cancel the unbalance effect, this kind of additional controller should be able to produce
a synchronous control signal according to unbalance signals. To generate this synchronous
compensation input, a control method called adaptive forced balancing (AFB) was
proposed [28]. In AFB, time-varying Fourier coefficients of unbalance signals are
computed on-line and updated at each sampling period. The controller output is the
addition of the controller output in the last sampling time and an error correction item. This
adaptive forced balancing scheme is based on adaptive control, so the adaptive controller
adjusts its control parameters according to feedback variables in each sampling period.
Similar approaches with different adaptive laws were also developed for unbalance
compensation with AMB [29]-[31]. Taguchi et al. incorporated Kalman filter technique
into adaptive control to successively estimate rotor dynamics in real time [32]. The
estimation of rotor dynamics is then used in this adaptive control law to generate the

desired control signal. All of these control schemes can provide satisfactory unbalance

16



Chapter 1. Introduction

control performances, but the common problem of this kind of controllers is the heavy
computational load. In each sampling period, controllers need to do much computation,
which challenges the computational speed of the digital processor used for AMB control,
especially when the sampling frequency is high.

In some research works synchronous sensor runout as well as unbalance is also considered
to be compensated [33]. It is assumed that not only unbalance but also sensor runout are
affecting the movement of rotor in space. The position sensor runout injects periodic
disturbances to the measured position signals and thus makes the real rotor position signals
unavailable. In this adaptive algorithm, on-line sensor runout and unbalance identification
are done by employing multiple angular speed approach or bias current excitation approach.
This identification process can finally identify the sensor runout disturbances and
unbalance, but the whole control algorithm becomes complicated. Furthermore, according
to the authors’ comments, there is much work to do before this technique can be used in

industrial applications.

144 FILCand AVC

Application of frequency-domain iterative learning control (FILC) has been applied in
AMB [34], [35]. In iterative learning control, the new input to the plant is addition of an
error correction item and the old input of the last learning cycle. The new input is generated
in such a way that the system output error decreases cycle by cycle. An estimation of the
inverse transfer function is employed in the learning law. Knopse et al. proposed an
Adaptive Vibration Control (AVC) method which is very similar to the frequency-domain

iterative learning control [36], [37]. AVC incorporates a look-up table of learning gain
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matrices into the iterative learning law and selects a gain matrix according to operation
conditions. This look-up table simplifies the control algorithm by waiving the process of
on-line estimation in each learning cycle, but it requires much memory space to store gain
matrices, especially for the system operating in a wide range of speed. Therefore, several
strategies are then proposed for reducing the memory requirements of AVC [38]-[40].
FILC controllers and AVC are all able to yield good control effects. In addition, FILC
controllers and AVC have good transient performances even when there are some sudden

changes in unbalance according to experimental results in [37].

1.45 Other Advanced Control Methods

Applications of some other advanced control techniques are also found in AMB unbalance
control. In [41], the compensation signal is generated with aid of neural networks theory.
Controllers based on Q-parameterization theory are also used in AMB to eliminate
unbalance effect [42], [43]. Nonlinear control methods such as the back-stepping technique

in unbalance control are investigated by some researchers [44].

1.4.6 Discussions

Although various methods have been proposed unbalance compensation with AMB
and most of the schemes can provide satisfactory control effect, it is difficult for them
to be directly applied in HDD spindle motors. Most of the existing methods require
precise knowledge of AMB parameters, which may be not unique for each AMB due
to manufacturing errors. Moreover, as analyzed in previous parts, most of the existing

unbalance control approaches are so complicated that they require much computation
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or memory space in the digital processor. These requirements are not expected in the
applications like HDD as the motor speed could be higher than 10k rpm and currently
the DSP in HDD already needs to process many issues such as coding, spindle motor
drive, servo control, etc. As a result, a practical unbalance control technique, which
doesn’t require much computation and memory space while provides excellent

unbalance compensation effect, is needed for AMB spindle motor in HDD.

1.5 Scope of the Thesis

This thesis deals with the unbalance control method of AMB. The thesis is arranged
as follows.

In Chapter 2, a time-domain ILC scheme is proposed for unbalance compensation
with AMB. The theory of iterative learning control is briefly introduced. Some
considerations about applications of time-domain ILC scheme are also discussed. ILC
scheme is applied to realize rotation about geometric axis and rotation about system
inertial axis in AMB.

In Chapter 3, a new unbalance compensation method, automatic learning control
(ALC), is developed for achieving better performance than ILC. ALC is based on
time-domain ILC scheme and it can adjust itself according to the rotational speed.
Therefore, it owns some advantages over time-domain ILC scheme against rotational
speed variation. The proposed ALC scheme is compared with ILC scheme and its
advantages are discussed in that chapter.

In Chapter 4, an analytical model for 4-DOF AMB is built. Simulations of unbalance

effect and control effects with unbalance control methods, time-domain ILC and ALC,
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are carried out in this model. In addition, Simulations of unbalance compensation
with speed disturbance are carried out in order to compare the control effect of these
two methods against rotational speed fluctuations.

In Chapter 5, the proposed ILC scheme and ALC scheme are examined in a series of
experiments. Comparisons and discussions are provided to analyze the performances
of different control strategies.

Chapter 6 summarizes this thesis and presents the outlook for future works. A suitable
choice for unbalance compensation in future AMB spindle motors in HDDs is

suggested.
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2. Time-Domain Iterative Learning Control

Scheme for Unbalance Compensation

2.1 Iterative Learning Control

Iterative learning control was initially developed for eliminating periodic tracking
errors in robots [45]. Because of its attractive characteristics, ILC has become
increasingly popular since its birth in 1984 [46], [47]. Recently ILC has been applied
in various industrial applications, such as robotic manipulators [48], [49], process

control [50], [51], and motor control [52], [53], etc.

2.1.1 Basic Ildea of ILC

ILC improves the control performance in the present cycle by incorporating past
control information in current control input [46]. This is the most obvious difference
between ILC and most other control methods.

A schematic diagram for typical iterative learning control is illustrated in Fig.2.1. All

the signals shown are defined on a fixed interval ¢t€[0, T]. In ILC, firstly the

controller calculates the error signal e; (¢), the difference between the system output y;
(#) and the desired output y,(#). Then the controller computes a new input u;+; () for
the next cycle (or trial) according to the learning law, and the new input is

temporarily stored in the memory. In this process, the new input is the addition of the
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old input in previous cycle and an error correction item and it is generated in such a

way that the tracking error e; (f) decreases cycle by cycle. Through this learning

process, a desired input signal could be obtained and the tracking error can thus be

minimized finally.

u(t)
Memory Plant
Uy, (0) Learning )
law

yi(®)

oy,

Fig. 2.1. Typical Iterative Learning Control

There are some postulates for iterative learning control as follows [55]:

1. The system performs repeated operation that ends in a finite and fixed duration

(T > 0).

2. The desired output y,(?) is given a priori for te [0, 7.

3. The initial conditions of the system are same at the beginning of each learning

cycle (trial).

4. The system dynamics are time-invariant throughout repeated iterations.

5. The system output y;(f) can be accurately measured or observed.

6. There exists a unique input, u (¢), which produces the desired output.

Among these postulates, some are somewhat strict requirements that can be hardly

satisfied in practice. Forgetting factor that will be introduced in the following part

could relax these strict requirements.
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2.1.2 Time-Domain ILC

Suppose a plant to be controlled has the state-space model like

X(k +1) = AX(k) + Bu(k)

(2.1
y(k) = CX(k)
A general time-domain iterative learning law can be described by
u (O=u,()+P-e,(t+1), t€0,1,2,.,¢ -1 (2.2)

where #,is the number of time steps in one learning cycle, u(f) is the controller output,

J 1s cycle number, the scalar ®is learning gain, and the error in the jth cycle is
e;(t)=y, )=y, (1) (2.3)
According to the convergence condition [54], if the learning gain in (2.2) satisfies
I-C-B-®|<1 (2.4)
thus for all 7€ [0,7, 1],

lim e, (1) = lim[, (1)~ y,(1)] = 0 (2.5)

Actually, the model of the system controlled could be ignored in the process of
determining the learning gain. The learning gain can be easily obtained by manual
tuning until one gets the suitable value. Details about how to choose learning gain for
a time-domain ILC controller are discussed in [56]. It can be proven that, when the
learning gain ® is approaching 1/CB, the tracking error can be converged with a
faster rate [57]. However, in practice, a smaller learning gain is preferred because the
big one could lead the learning control to be unstable in the presence of random noise.
In addition, since the rotor rotational speed of AMB system is very fast, the time for

one learning cycle is very short. Therefore, a number of cycles take only a short while
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although the error convergence speed cycle by cycle is not very high. In this case,
stability is much more important than the convergence speed of ILC.

For improving the robustness of the controller, a forgetting factor & (0 <« <1) can be

applied in the learning process to increase the robustness of the learning control
algorithm against noise, plant changes and other unknown perturbations. The reasons
in using such a factor in improving the robustness of learning control have been
elaborated in detail by Arimoto et al., [58]. The learning law with forgetting factor is
modified as follows

U, =(1-u,(t)+@-e;(t+1) (2.6)
A negative effect of forgetting factor is that it weakens the control effect of iterative
learning control, making the final error not converge to zero. The larger the forgetting
factor is, the larger the final error is and the more robust the learning controller is.

Therefore, o should be set at a balance point to obtain good control performance as

well as satisfactorily adequate robustness for the iterative learning controller.

2.1.3 Low-Pass Filter and its Phase Lag

In the ILC scheme, a low-pass filter is required because high-frequency noises could
induce poor learning transients such that the compensation current could go far
beyond the normal working region of AMB. In our research, a 2™ order Butterworth
low-pass filter is used to filter out high frequency noises. The introduction of the low-
pass filter also results in phase lag, which is undesirable in real-time control. To
overcome this problem, the learning law is rewritten as

u,(O=>10-u, ()+P-e,(t+1+n) (2.7)
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where n is the number of time steps advance used, which produces phase lead to
compensate the phase lag effect of the low-pass filter. Another advantage for the
phase lead is to keep the learning controller stable in a wide frequency range [56]. Fig.
2.2 shows the phase delay effect of the Butterworth low-pass filter and the phase

compensation effect.

after the filter

Diistanced pro)

after compensation

20
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(o]
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=
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Tire(s)

Fig. 2.2. Results of the phase delay and compensation of the filter

The resulting time-domain ILC scheme is shown in Fig.2.3.

1—e
+
s Y,
ai Memary | Plant
u u
I+1 |

& Phase lag Low-Pass + ¥,

compensation Filter

Fig.2.3. Proposed time-domain ILC scheme
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2.2 ILC Scheme for Unbalance Control in AMB

The ILC scheme for unbalance control with AMB includes two modes, rotation about

geometric axis and rotation about system inertial axis.

2.2.1 ILC Scheme for Rotation about Geometric Axis

To make the rotor rotate about its geometric axis, the controller needs to produce

compensation current (force) to counteract the unbalance disturbance.
f;omp = _fl; (28)

Since rotor runout is the target for minimization, the rotor position error signal e, is
the controller input for ILC. The learning controller becomes

e @) =0-0)iy. ()+D, e, (t+1+n) (2.9)

e,(t)=r,(1)=y,() (2.10)
where ij;c is the controller output, @, is the learning gain for this control scheme and
¥p 1s the rotor position signal with unbalance disturbance. The rotor position reference
for AMB system is

r(1)=0 2.11)

The position error will converge to zero in the learning control process (2.9) provided
that learning gain @, satisfies the convergence criterion. Therefore, the compensation
scheme can constrain the rotor to the bearing center and make it rotate about its
geometric axis. The ILC scheme for rotation about geometric axis is illustrated in

Fig.2.4.
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ILC unbalance
force
r rotor position
P Feedback AMB Plant >
+ controller

Yo

Fig. 2.4. ILC scheme for rotation about geometric axis.

2.2.2 ILC Scheme for Rotation about System Inertial Axis in AMB

The task of the ILC scheme for rotation about system inertial axis is to produce
compensation current to reduce the synchronous component of current in AMB coils.
Since the rotor position runout caused by unbalance is synchronous with rotational
speed, the feedback controller generates corresponding synchronous control current to
stabilize the AMB system. Elimination of synchronous current in AMB coils means
the unbalance has no influence on AMB actuator, so the rotor is well balanced and
spins about its system inertial axis. Much less copper loss in vertical PM-biased AMB
is another advantage of this control mode.

In this case the coil current error signal e; is the controller input for ILC. The learning
controller becomes

i[LC,jJrl ®=d _a)iILC,j(t) + @, € (t+1+n) (2.12)

e.(t)=r,(—i.(1) (2.13)
where iy ¢ is the controller output, @, is the learning gain for this control scheme and

ic is the control current. The control current reference for AMB system is

27



Chapter 2. Time-Domain Iterative Learning Control Scheme for Unbalance Compensation

r(t)=0 (2.14)
The control current error will converge to zero in the learning control process (2.12)

if that learning gain @, satisfies the convergence criterion. The ILC scheme for

rotation about system inertial axis is illustrated in Fig.2.5.

i+ ILC e unbalance
e force

g + rotor position
Feedback FB | | AMB Plant >p
controller i

Fig. 2.5. ILC scheme for rotation about system inertial axis.

2.2.3 Decentralized Control

The learning law in (2.9) and (2.12) are designed for 1-DOF AMB control. For the
whole system, there are 4 inputs and 4 outputs for the iterative learning controller. To
simplify the control algorithm, decentralized control mode is used. That is to say, the
4-DOF system is divided into 4 1-DOF subsystems and the output in one subsystem is
only considered in the controller dedicated for that subsystem, as illustrated in Fig.
2.6. The advantage of decentralized control is obvious: the computational load is
reduced up to 75% compared to centralized control mode. The system stabilization
could be assured and the influence to the system performance can hardly be observed

[10].
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ILC ; Efﬁ Ei; . ILC

ILC W‘@m, ILC

Fig. 2.6. Decentralized control mode for ILC scheme

Let X, X2, Y1, Y2 denote the 4 radial axes of an AMB system. With decentralized

control mode,
uj+1,x(t) = (l_a)uj,x(t)+q)x 'ej,x(t_‘_l_‘_n)a xe (XI’XDYIDYZ) s (215)

where x denotes the name of an axis, u;.(¢) is the ILC output for axis X, e;«(¢) is the

error signal for axis x, and @y is the learning gain for axis x.

29



3. Automatic Learning Control for Unbalance

Compensation

3.1 Introduction of Automatic Learning Control

In this chapter a novel concept of automatic learning control (ALC) is introduced for

unbalance control with AMB. Based on time-domain ILC, ALC is proposed for better

performance against speed fluctuation and flexible operating conditions. Because the

ILC unbalance compensation scheme in Chapter 2 is developed for a fixed rotational

speed, it is not suitable for the case when motor speed varies. In addition, this ILC

scheme is sensitive to the speed disturbance during operation. Although it is still able

to maintain stability within a limited range, poor control performance could be

observed with the existence of small speed disturbance. Therefore, an improved

controller, which can operate in a wide range of speed, is needed in order to obtain

better control performance in unbalance compensation.

ALC is based on time-domain ILC. Its basic idea is described as follows.

1. Learning gains for different rotational speeds are stored in a look-up table for use
during operation.

2. Obtain the synchronous component from original signal.

3. Use interpolation method to compute the corresponding learning gains for current

rotational speed.
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4. Change the length of learning cycle with the rotational speed and keep it equal to
the synchronous period.
In step 3, the learning gains are automatically determined. In step 4, the length of a

learning cycle is automatically determined.

3.1.1 Process Synchronous Signals

Generally in ILC, a low-pass filter is required because the high-frequency noise can
make the learning process unstable. In ALC, the controller works in a wide range of
rotational speeds, so the filter should be able to obtain the synchronous signals from
original signals no matter what the rotational speed is. Fourier analysis technique is
used in ALC to process synchronous signal. The synchronous signal can be obtained

according to (3.1)-(3.3).

= % 17 v, (0)sineonde G.1)

2 T+t
b= FLU *y,(t)cosmredt (3.2)
V,(t)=a-sinwt+b-coswt (3.3)

where y,() is the original signal, y,(#) is the synchronous signal, ® is the rotational
angular velocity, T is the rotational period, a is the amplitude of synchronous sine
component, and b is the amplitude of synchronous cosine component. The process of

obtaining synchronous is shown in Fig. 3.1.
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sin wt sin wt
original j | synchronous
signal 2 signal
T —»

Ccos wt coswt

Fig. 3.1. Functional block diagram of processing synchronous signal.

3.1.2 Gain-Scheduled Control

According to [10],[38][37], the changing of rotational speed could lead to the
variation of AMB plant parameters, so a learning gain effective in one rotational
speed may lead to instability in another rotational speed. To solve this problem, the
controller in ALC should be able to adjust its learning gain according to different
rotational speeds. Gain-scheduled control is employed to achieve different learning
gains according to rotational speeds. The learning law becomes

u, (=1-a)u,())+P(w)-e;(t+1) (3.4)
Suitable learning gains for a set of speeds covering the operating speed range are
obtained beforehand. The learning gain for one speed is simply determined by manual
tuning, like the tuning process for a feedback controller. As shown in the last chapter,
the learning gain should satisfy the convergence criterion, equation (2.4). In practical,
although a larger learning gain can give faster convergence rate, a smaller learning
gain is more desirable because fluctuations in the error are smaller after steady-state

is reached. Once a learning gain for one speed is determined, it is recorded and the
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motor is set to the next speed in the look-up table. The tuning process is then repeated
for the new speed to get a new learning gain. Once all the learning gains have been
determined, they are stored in a look-up table. During operation, the controller can
automatically adjust its learning gains according to the rotational speed. For a
particular rotational speed, the learning gain can be calculated by linear interpolation
[59] between the learning gains for the two nearest speeds in the table. For a

rotational speed w, the learning gain @ is

<D(a))=<ba+(a)—a)a)-% (3.5)

)y — W,
where @, and w, are the two nearest speeds in the table, @, is the learning gain for
speed ®,, and @y, is the learning gain for speed ®;,

Operating in the decentralized control mode, the ALC controller needs only one
learning gain for each DOF at one speed. In comparison with the complicated gain
matrices used in AVC [37], these learning gains occupy very little memory space in

digital controllers. In addition, the computation complexity is much reduced.

3.1.3 Variable Learning Cycle

In the ILC scheme for AMB unbalance compensation, the length of a learning cycle
is fixed. This limits the function of ILC to a specific rotational speed. An ILC
controller designed for one rotational speed cannot work at another rotational speed.
Furthermore, because the controller cannot adjust itself in presence of speed variation,
it is sensitive to the rotational speed disturbance. This speed disturbance could
adversely influence the control performance of ILC. If the speed disturbance is large

enough, it could even affect the stability of ILC.
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In ALC, the length of learning cycle is not fixed. Variable learning cycle is used to

adapt the controller to the changing speed. The length of learning cycle varies with

the rotational speed during operation and it is kept equal to the rotational period of the

motor. The performance comparisons of ALC and ILC against speed disturbance are

shown in the simulations and experiments of the following chapters.

The learning law of ALC can thus be described by

{ (w)=

where f; is the sampling frequency.

2nf,
w

The proposed ALC scheme is illustrated in Fig. 3.2.

Plant

U, () =(—u, () +P(w)-e,(t+1), 1€0,1,2.1,(w)—1

l-a |e—
gain- + Memory with
—» scheduled variable -
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speed
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Fig. 3.2. Automatic Learning Control Scheme

giyd

(3.6)

(3.7)
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3.2 ALC scheme for Unbalance Compensation in AMB

Similarlar to the ILC scheme, ALC aims to provide suitable currents or forces to
achieve the task of unbalance compensation with AMB, rotation about geometric axis
or system inertial axis.

For rotation about geometric axis, the controller (3.6) becomes
Lcin@=010—a)i, . . (O)+P(w)e, (t+1) (3.8)
e,()=r,(0)=y,() (3.9)
where iy ¢ is the controller output. The rotor position reference for AMB system is
r,(1)=0 (3.10)

The ALC scheme for rotation about geometric axis is illustrated in Fig. 3.3.

ALC unbalance
force
r rotor position
P Feedback AMB Plant >
+ controller

Yo

Fig. 3.3.  ALC Scheme for Rotation about Geometric Axis

For rotation about system inertial axis, the learning controller in (3.6) becomes
Lie, i1 @O=0- a)iALC,_/' )+, (w)- € (+1) (3.11)

e.(t)=r(H)~i.(1) (3.12)
The control current reference for the controller is
r(t)=0 (3.13)

The ALC scheme for rotation about system inertial axis is illustrated in Fig. 3.4.
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o+ ALC lac unbalance
e force
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Fig.3.4. ALC scheme for Rotation about System Inertial Axis
In order to simplify the control algorithm, ALC also employs decentralized control
mode, i.e. output of a subsystem is only considered in the controller of that subsystem.
If the real-time vibration information can be obtained, ALC can be employed directly
for active vibration control. The vibration signal can also be used as the controller

input, and the learning law becomes
iALC,jH O=1- a)iALC,_/ O+, (w): e, (+1), (3.14)

e, ()=r,)—v(), (3.15)

where (¢) is the vibration signal, and r,(¢) is the reference signal.

36



4. Simulation Results

4.1 A 4-DOF AMB Model

In this section, a 4-DOF AMB model is built for simulating the AMB system used in

the experiments. Several assumptions are considered for the dynamic modeling of the

shaft shown in Fig.4.1.

1.

2.

The shaft is regarded as a rigid body. No flexible deformation exists.
The AMB system is electrically and geometrically symmetric, except in the

case of unbalance.

. The position sensors are aligned with corresponding magnetic actuators.

All radial axes have an angle of 45° with the vertical direction because of the

configuration of radial bearings in our experimental setup (see Fig. 5.4).

In Figure 4.1, x, and y, are the shaft displacements of bearing 1 in axis X and Y,

respectively. x, and y, are the shaft displacements of bearing 2 in axis X and Y,

respectively. x and y are the shaft displacements of shaft gravity center s in axis X and

Y, respectively. y and f are the inclination angles of the shaft, and the rotating angular

velocity is w.
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I Bearing 2

A

Bearing 1
Fig. 4.1. Radial bearing 1 and 2

The motion equation of the mechanical part can be described with (4.1) [10]

m 0 0 O|[x] [o o o o |[x] [£] [0.707mg
0 I 0 0/l [0 0 0 —ILwl|ls 0
ol PPN 4.1
0 0 m Oyl (0 0 0 0 ||y |f]| |0.707Tmg
0 0 0 I||5 |0 Lw 0 0 |4 |p 0

where f; and f, are the forces in axis X and axis Y, p,and p, are the torques about axis
X and axis Y, m is the mass of shaft, mg is the gravity, and / is the moment of inertia
for axis X and axis Y, /, is the moment of inertia for rotational axis.

It is obvious that

X b a 0 0]]x X,
-1 1 0 O
pl__1 oy (4.2)
y| a+b| 0 0 b a ||y »
/4 0 0 1 —1j[y Y

where the coordination transfer matrix is
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b a 0 0
1 -1 1 0 O
Ca+b|0 0 b al
0O 0 1 -1
and the force vector
1. 1 1.0 0] f,
py _ —a b O 0 _fxz
7| o ful
_px 0 a _b fy2
From (4.3)-(4.4),
fu b -1 0 0} f
1 0 O
f;cz = 1 a4 py — TTfL b}
S| a+bl0 0 b 1]f,
f:VZ 0 0 a _1 p,\'

where

L=l b, f opl

M,=[0.707mg 0 0.707mg O]

(4.3)

(4.4)

(4.5)

(4.6)

4.7

In (4.6) fu and f,; are the control forces of bearing 1 in axis X and axis Y,

respectively. fio and f), are the control forces of bearing 2 in axis X and axis Y,

respectively.

From (4.1)-(4.7), the new motion equation is
T"MTZ, +T'GTz, = f, ~T'M,

where

(4.8)
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m 0 0 0
0 7 0 O
M = , (4.9)
0 0 m O
0 0 0 [
0 0 0 O
0 0 0 -low
G= , (4.10)
0 0 0 O
0 JLow 0 O
T
Zp = [xl X, N yz] (4.11)
According to the linearized force equation (1.5),
K 0 0 O K, 0 0 0]
p 0 K, 0 0 N 0 K, 0 0], K o4k @.12)
= z = zZ LU, .
1o o0 K, o" |0 0 K 0| b
0 0 0 K 0 0 0 K||i,
where
K 0 0 O
k2|0 K00 (4.13)
““lo o Kk o0 '
0 0 0 K
K 0 0 O
K, = 0 K& 00 (4.14)
““lo 0o Kk o0F '
0 0 0 K
. . . . T
u=|:lx1 P lyz] . (4.15)
Therefore,
T"MT:, +T'GT:, =Kz, + K, u —TTMg (4.16)
we set
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M, =T"MT

G, =T'GT

then

M +G iz, =K, z, +K,u—T"M,

Define the state vector

and matrices

s

O4><4
A :[

B=

O4><4

MK,

Ol><4

[4><4

M;IKSL _M;IGL

b

gL MZITTMg

C,=1 11100 0 0

Zy .. ; 1T
Z, =] . :[x1 X, N Vo 5 X N yz]

|

The 4-input-4-output AMB plant could be described as

z.=Az +Bu —MgL

yS = CS'ZS

Use a new input u; to replace u

o —1pT
u,=u—K, T Mg,

then the plant becomes

z, = Az + Bu,

¥, =Cz

N

N

(4.17)

(4.18)

(4.19)

(4.20)

4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)
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The simulation parameters for a 4-DOF AMB system are listed in Table 4.1.

Table 4.1. Simulation parameters

Description Name Values
Moment of inertia for axis X and axis Y 1 0.0237 kg'm*
Moment of inertia for rotating axis I 3.989x10 kg'm”
Total mass of the rotor m 1.5410 kg
Distance between mass center and bearing 1 a 0.1753 m
Distance between mass center and bearing 2 b 0.1562 m
Force-displacement factor K; 57.97 N/um
Force-current factor K; 30.45 N/A

4.2 Simulation of reducing rotor runout

The simulation of reducing rotor runout with ILC and ALC schemes is carried out
with MATLAB/SIMULINK. The 4-DOF AMB model is discretized with a sampling
frequency of 10k Hz. The unbalance force is represented by synchronous sine waves
with the same amplitude and different initial phases in different axes. Because the
bandwidth of position sensors used in AMB experiment system is far beyond
rotational frequency, the position sensors are regarded as constant gains in the model.

A PID controller is used to stabilize the AMB system.

4.2.1 Simulation Results with a Constant Speed

The effectiveness of the ILC scheme is firstly examined. The rotational speed is set to
be 3000rpm (i.e., the 1* order mechanical frequency is SOHz). The ILC parameters

for the 4-DOF are identical as

Learning gain: ® =1.2x107 A/ um , (4.28)
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Forgetting Factor: o = 0.005 . (4.29)
The number of time steps # in one learning cycle for the ILC controller is set to be
200 in order to compensate synchronous unbalance disturbance. In the first half
second, only PID controller works to control the AMB system. When time ¢ = 0.5s,
the ILC controller is switched on to work together with the PID controller. The
transient response of rotor position is shown in Fig. 4.2. It can be observed that when
the ILC is used, the amplitude of rotor runout in this DOF can be reduced to a very

small level within a short time.
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Time(s)

Fig.4.2. Transient Response of rotor runout with ILC
The steady-state rotor runout is shown in Fig. 4.3 and Fig. 4.4. The amplitude of rotor
runout before ILC turning on is 37.5um. After ILC’s turning on, the amplitude of

rotor runout is 1.5pm.
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Fig. 4.3. Steady-state rotor runout without unbalance compensation.
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Fig. 4.4. Steady-state rotor runout with ILC
The unbalance compensation with ALC is also simulated. Fig. 4.5 shows the transient
response of rotor runout when ALC is used in the AMB system to make the rotor
rotate about its geometric axis. In the first half second, only PID controller works to
control the AMB system. When time ¢ = 0.5s, the ALC controller is switched on to

work together with the PID controller.
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Fig. 4.5. Transient response of rotor runout with ALC.
The steady-state response of rotor runout with ALC is shown in Fig. 4.6. The

amplitude of rotor runout with ALC is also 1.5um.
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Fig. 4.6. Steady-state rotor runout with ALC.
In simulation results of the constant speed test, both ILC and ALC present good

control effect in unbalance compensation. It can be seen from the simulation results
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that neither controller can reduce the rotor’s repeatable runout to zero. It is due to the
existence of the forgetting factor. Theoretically the rotor’s repeatable runout can be
decreased to zero in the ideal state where the forgetting factor is set to be 0. Fig. 4.7

shows the simulation result when the forgetting factor of ILC controller is set to be 0.
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Fig. 4.7. Transient response of rotor runout when o = 0.

4.2.2 Simulation with speed fluctuations
Simulation with speed fluctuation is also carried out to show the performance of ALC
and ILC under this condition. # for ILC controller is still set to be 200 in order to

compensate synchronous unbalance disturbance of 50Hz. The simulation condition is

set to be:
e From 0 to 2sec., the rotational frequency is 5S0Hz.
e From 2sec., the rotational frequency is changed to 49Hz.

e Unbalance force and PID controller is same as the previous simulations.
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Three simulation tests are carried out, ILC with zero forgetting factor, ILC with a

forgetting factor of 0.005, ALC with a forgetting factor of 0.005.

60

40 rotational speed changes to 49Hz
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Rotor Position (micron)
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ILC off ‘ ILC on
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0 0.5 1 15 2 25 3 3.5 4

Time(s)

Fig. 4.8. Transient response of ILC with a zero forgetting factor
Fig. 4.8 shows the transient response of ILC with a zero forgetting factor. In the first
two seconds, the ILC controller works well at the speed of 3000rpm. Because no
disturbances and noises exist in the simulation, the ILC controller can keep stable and
rotor runout quickly decreases to zero. However, when the rotor frequency is changed
to 49Hz, the ILC controller presents bad performance in this condition. Rotor runout

quickly rises and the amplitude of steady-state rotor runout is up to 17.3um.
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Fig. 4.9. Transient response of ILC with a forgetting factor of 0.005
Fig. 4.9 shows the simulation result of ILC with a forgetting factor of 0.005 when the
rotor speed is changing. It can be observed that when the rotational speed changes,
rotor runout also quickly rises to a large value. Although the forgetting factor can
provide enough robustness during operation, in this case the ILC controller with
forgetting factor has very limited advantage over its counterpart without forgetting
factor. The amplitude of steady-state rotor runout after 2sec is 17um. The limited
improvement attributes to the small value of forgetting factor. If increase a, the
performance during speed fluctuation could be improved, but its performance at

constant speed will degrade.
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Fig. 4.10. Transient response of ALC with o = 0.005
Fig. 4.10 shows the rotor runout with ALC during the period of speed variation. In
comparison with the first two controllers, ALC presents much better control
performance in this case. When the speed is changing, only a small runout peak
appears in the simulation result. Then the rotor quickly resumes to normal condition.
The amplitude of steady-state rotor runout is only 2um. Detailed comparison of the
three controllers is shown in Table 4.2.

Table 4.2. Performance comparisons of the three controllers

ILC(¢=0) ILC (¢=0.005) ALC (a=0.005)

Runout at 50 Hz 0 1.5pm 1.5pm
Peak during speed
changing 18.6um 18.2um 4um

Steady-state runout

after ¢ = 2sec 17.2pm 17.0um 2um
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The ALC controller has obvious advantage over ILC controllers in the situation of
rotational speed fluctuation. The forgetting factor (e = 0.005) can bring limited

improvement in this case.

4.3 Simulation Results of Current Fluctuation Reduction

Simulation results of current fluctuation reduction are shown in this section. The
simulation condition is same as that in section 4.2. In the first 0.5 second, only PID
controller is used, and then the ILC or ALC controller begins to work together with
the PID controller. In the first 2 seconds, the rotational frequency is 50Hz, and then it
is changed to 49Hz. The number of time steps # in each learning cycle for the ILC
controller is also set to be 200 in this section.
Controller parameters in the simulation are:

forgetting factor & = 0.07 (4.30)

forgetting factor o = 0.005 (4.31)
Transient responses of control currents with ILC and ALC schemes are shown in Fig.
4.11 and Fig. 4.12, respectively. The control currents have a constant bias because the
integral part of the PID controller produces a constant bias component to counteract
gravity. It can be observed that in the first 2 seconds (rotational speed: 50Hz), both
the ILC controller and the ALC controller work well and the fluctuations of current
are obviously reduced. After the rotational frequency is changed to 49Hz, only the
ALC controller can maintain the control performance as before. This is same as the

simulation result in section 4.2.
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Fig. 4.11. Transient response of control current with ILC scheme
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Fig. 4.12. Transient response of control current with ALC scheme
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5. Experimental Results

In this chapter effectiveness of proposed ILC scheme and ALC scheme are tested
through experiments. Section 5.1 presents the overview of the experimental setup in
the research work. Section 5.2 briefly introduces the system hardware for AMB
unbalance control experiments. The experimental results of unbalance control are
described in the following four sections. Section 5.3 gives the experimental result of
the ILC scheme. Section 5.4 describes the rotor runout experiment with ALC scheme,
while Section 5.5 describes the experiment of reducing coil current fluctuations with
ALC scheme. The control performances of proposed ILC scheme and ALC scheme
during rotational speed fluctuation are compared in Section 5.6. Section 5.7 discusses

experimental results and some observations in the experiments.

5.1 Experimental Setup

An AMB experimental setup has been built for AMB research works in DSI. The

experimental setup consists of

1. A set of AMB system, which includes a magnetic bearing machine, a control box,
and an interface box.

2. A dSPACE 1103 system for executing control programs, generating control

signals, and performing A/D, D/A conversions.

52



Chapter 5. Experiment

3. A PC for operating AMB software and Matlab/Simulink software as well as
monitoring AMB working conditions.
Fig. 5.1 shows the experimental setup configuration for the unbalance control

experiment.

[ Shaft position
coll current
- = : [n} | ]

T

—
T
j—

‘ ADIE cotl current
motor drive current

Control

box

Cotnputer

{T Motor speed

rotor position

dSPACE 1103
controller board

ANE control

Synchronous pulse ‘ ‘ current

rotor position
AME coil current

Fig. 5.1.  Configuration for the AMB unbalance control experiment

5.2 System Hardware

The experimental system hardware consists of a set of AMB system and dSPACE
DS1103 system. In the following subsections, these experimental facilities will be

briefly introduced.

5.2.1 AMB Experimental System

The AMB experimental system is composed of a magnetic bearing machine and a

control box.
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5.2.1.1 The Magnetic Bearing Machine

Fig.5.2.  The AMB machine in experiments

The AMB machine is shown in Fig. 5.2. In order to realize magnetic suspension in all
DOF, three magnetic bearings were used in the machine. Two radial bearings are
used to control shaft motion in radial directions, and one thrust bearing controls the
shaft motion in axial axis. The AMB shaft is driven by a DC motor, which makes the
shaft rotate at the set speed of the motor. The structure of the AMB machine is

illustrated in Fig. 5.3.
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Fig. 5.3.  The structure of the AMB machine.
The EM and mechanical parameters are same as the simulation parameters used in the
previous chapter. See Table 4.1 for details. The two radial magnetic bearings are
magnetically and mechanically identical. Each radial bearing can realize 2-DOF
magnetic suspensions, as shown in Fig. 5.4. The two axes are perpendicular to each
other and each axis has a 45° angle with the vertical direction. Variable reluctance

position sensors are used to detect shaft position information in each DOF.

Fig. 5.4. A radial bearing
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5.2.1.2 The Control Box

The control box of AMB experimental system is used to

1. Set operation parameters of the AMB system, such as motor speed.

2. Amplify control signals and provide currents to AMB coils.

3. Create communication between AMB machines and computers.

4. Transfer signals to the dSSPACE DS1103 controller board. The signals are system
output signals from sensors.

5. Get control signals from the dSSPACE DS1103 controller board.

5.2.2 dSAPCE DS1103 Controller Board

The dSPACE DS1103 controller board is a real-time digital control development
environment for control design, function prototyping, electronic control unit (ECU)
testing, etc. To realize rapid control prototyping, the DS1103 controller board is
equipped with a PowerPC 604e running at 400 MHz, a Slave DSP TMF320F240,
A/D and D/A converters, programmable digital I/O ports, and PWM generation ports.
The DS1103 controller board can be directly inserted into the ISA slot of a PC. The
voltage range for A/D and D/A converter is from —10V to 10V.

In the experiment, the controllers are built and tuned in Matlab/Simulink. Then the
control algorithm can be loaded to the DS1103 controller board to do real-time
control works. Hardware working conditions can be monitored through an
oscilloscope or the ControlDesk software, which is provided to work together with
DS1103. In this process, DS1103 is actually working as a digital controller that can

directly employ the control algorithm in Simulink.
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5.3 ILC Scheme for Unbalance Compensation

In this section, the proposed ILC scheme for unbalance compensation is evaluated
through experiments. The AMB system is stabilized by a decentralized PID controller.
When ILC is turned off, only the PID controller works. When ILC is turned on, it
works together with the PID controller. In the experiment the sampling frequency for
A/D and D/A conversion is 10 kHz. The rotational speed in the experiment is set to

be 2800rpm, so the synchronous frequency is 46.67Hz.

5.3.1 ILC Scheme for Rotor Runout Reduction

Time-domain ILC scheme is used to reduce rotor runout as proposed in section 2.2.1.
The low-pass filter in ILC scheme is a Butterworth low-pass filter and its cut-off
frequency is 75Hz. The learning gain is 0.12 A/um. Forgetting factor is 0.005. Rotor
position orbits without compensation and with ILC compensation are recorded from
Fig. 5.5 to Fig. 5.8.

The maximum runout of bearing 1 without ILC is 48um. With the ILC scheme, the
maximum runout of bearing 1 is quickly reduced to 3um. The maximum runout of
bearing 2 without ILC is 25.5um, while the maximum runout of bearing 2 with ILC
scheme is reduced to 1um. It can be observed that the position obits of both bearings
are significantly reduced when the ILC scheme is used. Therefore, the shaft is almost

rotating about its geometric axis.
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Fig. 5.5. Rotor position orbit of bearing 1 without ILC

Fig. 5.6.  Rotor position orbit of bearing 1 with ILC
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Fig. 5.7.  Rotor position orbit of bearing 2 without compensation

Fig. 5.8.  Rotor position orbit of bearing 2 with ILC
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During the experiment, the motor speed is controlled at 2800rpm, with £15 rpm speed
variations. According to the previous analysis, this speed disturbance could affect the
control performance of the ILC controller. Fig. 5.9 shows the rotor position orbit of
bearing 1 with ILC when rotational speed has fluctuations. The rotational speed is
2791.74rpm, but the ILC controller is designed for 2800rpm. Therefore, the speed
fluctuation negatively affects its compensation effect and the rotor position orbit
becomes large.

279174 rpm Filter On ix1.00)

1
] 1 ]
coodoobodogqrobodoomodads i
o T = ¥

v

il
1
.

CE (pm3 -

.
an
.

-

1
3

|

Fig. 5.9.  Rotor position orbit with ILC when rotational speed has fluctuations.

The steady-state responses of rotor runouts and their frequency spectrums in 4 radial

DOF are shown from Fig. 5.10 to Fig. 5.13.
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Fig. 5.10. Rotor runout in Axis X; and its frequency spectrum.
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Fig. 5.11. Rotor runout in axis Y; and its frequency spectrum.
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Fig. 5.10(a) shows the steady-state rotor runout in axis X; and the corresponding
frequency spectrum with only PID control. The magnitude of steady-state runout is
44um. Fig. 5.10(b) shows the steady-state rotor runout in axis X; and its
corresponding frequency spectrum with ILC scheme. The magnitude of steady-state
runout is 3.3um.

Fig. 5.11 shows the steady-state rotor runout in axis Y; and the corresponding
frequency spectrum (a) with only PID control and (b) with ILC scheme. The
magnitude of steady-state runout is 26.4pm for PID control. The magnitude of steady-
state runout is 2.8um for ILC control.

Fig. 5.12 shows the steady-state rotor runout in axis X, and the corresponding
frequency spectrum (a) with only PID control and (b) with ILC scheme. The
magnitude of steady-state runout is 22um for PID control. The magnitude of steady-
state runout is 2.4um for ILC control.

Fig. 5.13 shows the steady-state rotor runout in axis Y, and the corresponding
frequency spectrum (a) with only PID control and (b) with ILC scheme. The
magnitude of steady-state runout is 12.2um for PID control. The magnitude of steady-
state runout is 2.2um for ILC control.

The reduction of rotor runout in each axis is significant, especially in synchronous
frequency. The frequency spectrums suggest that the synchronous runouts are almost

eliminated when the ILC scheme is used.
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5.3.2 ILC Scheme for Reducing Coil Current Fluctuations

The proposed time-domain ILC scheme is employed to reduce fluctuations of AMB
coil currents and the corresponding experimental results are shown from Fig. 5.14 to
Fig. 5.17.
According to the analysis in Chapter 2, reducing current fluctuations has the
advantage of attenuated machine housing vibrations. The fluctuations of top coil
current are recorded and to compare controller performances. Because the two
electromagnets are operated in the differential driving mode, where the coil current in
one electromagnet is the sum of bias current iy and control current i, the coil current
in the other electromagnet is the difference of bias current and control current, as
shown in (1.4), the bottom coil current has the same fluctuation conditions as the top
coil current.
The parameters for the ILC controller are:
learning gain ® = 0.07,

forgetting factor o = 0.005.
Fig. 5.14 shows the fluctuation of coil current in axis X; and its frequency spectrum
(a) without ILC and (b) with ILC. The magnitude of current fluctuation without the
ILC scheme is 0.384A. With ILC compensation, the magnitude of current fluctuation
becomes 0.038A.
Fig. 5.15 shows the fluctuation of coil current in axis Y, and its frequency spectrum
(a) without ILC and (b) with ILC. The magnitude of current fluctuation without the
ILC scheme is 0.23A. With ILC compensation, the magnitude of current fluctuation

becomes 0.034A.
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Fig. 5.14. Fluctuation of coil current in axis X; and its frequency spectrum.
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Fig. 5.17. Fluctuation of coil current in axis Y and its frequency spectrum.
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Fig. 5.16 shows the fluctuation of coil current in axis X, and its frequency spectrum
(a) without ILC and (b) with ILC. The magnitude of current fluctuation without the
ILC scheme is 0.202A. With ILC compensation, the magnitude of current fluctuation
becomes 0.014A.

Fig. 5.17 shows the fluctuation of coil current in axis Y; and its frequency spectrum
(a) without ILC and (b) with ILC. The magnitude of current fluctuation without the
ILC scheme is 0.158A. With ILC compensation, the magnitude of current fluctuation
becomes 0.016A.

The frequency spectrums indicate that before ILC compensation synchronous
components are the dominant component of coil current fluctuations. With the
effective control of ILC scheme, the synchronous current fluctuations are almost
eliminated, while the higher-order harmonics remain unprocessed. This is because of
the Butterworth low-pass filter. The higher-order harmonics are beyond its cut-off

frequency, so only synchronous signals are processed in the ILC scheme.

5.4 ALC Scheme for Rotor Runout Reduction

In this section, the proposed ALC scheme for rotor runout reduction is evaluated
through experiments. The controller’s performances at constant rotational speed and
variable rotational speeds are respectively examined in the experiment. The AMB
system 1is also stabilized by a decentralized PID controller. When ALC is turned off,
only the PID controller works. When ALC is turned on, it works together with the
PID controller. In the experiment the sampling frequency for A/D and D/A

conversion is 10 kHz.
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5.4.1 Experiment at the Speed of 2800 RPM

Firstly the proposed ALC scheme for realizing rotation about geometric axis is tested
in the experiment. The rotational speed is 2800rpm (46.67Hz), so the fundamental
frequency of the rotor runout motion is 46.67 Hz.
The key parameters for the ALC controller at 2800rpm are

Learning gain: @ =0.12 A/um

Forgetting factor: a = 0.005.

The experimental results at 2800rpm are shown in Fig. 5.18 to Fig. 5.21. Fig. 5.18
shows the position orbit at bearing 1 without unbalance compensation, while Fig.
5.19 shows the position orbit with proposed ALC scheme. Without unbalance
compensation, the maximum runout is 48um. With the effective control of ALC
scheme maximum runout is reduced to 3um.
Fig. 5.20 shows the position orbit at bearing 2 without unbalance compensation, and
Fig. 5.21 shows the corresponding position orbit with proposed ALC scheme. The
maximum runout before compensation is about 25.5um, while with ALC
compensation the maximum runout is about 1pum. The rotor position orbit is almost
reduced to be a point at the origin.
In the previous experiments of the ILC scheme, the rotational speed fluctuation could
affect the compensation performance. However, with ALC compensation scheme,
this phenomenon doesn’t appear when the speed is fluctuating. This is because ALC
could automatically adjust the length of learning cycle according to the rotational

speed.
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Fig. 5.18. Rotor position orbit of bearing 1 without ALC.

Fig. 5.19. Rotor position orbit of bearing 1 with ALC scheme.
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Fig. 5.20. Rotor position orbit of bearing 2 with ALC scheme.

Fig. 5.21. Rotor position orbit of bearing 2 with ALC scheme.
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The rotor position waveforms of the 4 radial DOF and their frequency spectrums are
shown in Fig. 5.22 to Fig. 5.25.

Fig. 5.22 shows the steady-state rotor runout in axis X; and the corresponding
frequency spectrum (a) without compensation and (b) with ALC scheme. The
magnitude of steady-state runout is 44um without compensation. The magnitude of
steady-state runout is 3.4um with ALC control.

Fig. 5.23 shows the steady-state rotor runout in axis Y; and the corresponding
frequency spectrum (a) without compensation and (b) with ALC scheme. The
magnitude of steady-state runout is 26.4pm without compensation. The magnitude of
steady-state runout is 1.6um with ALC control.

Fig. 5.24 shows the steady-state rotor runout in axis X, and the corresponding
frequency spectrum (a) without compensation and (b) with ALC scheme. The
magnitude of steady-state runout is 22pum without compensation. The magnitude of
steady-state runout is 1.6um with ALC control.

Fig. 5.25 shows the steady-state rotor runout in axis Y, and the corresponding
frequency spectrum (a) without compensation and (b) with ALC scheme. The
magnitude of steady-state runout is 12.2um without compensation. The magnitude of
steady-state runout is 1.4pum with ALC control.

With the ALC scheme, the synchronous component, the one at 46.67Hz, is
significantly reduced to a very small value in each DOF. Therefore the overall runout
value decreases substantially in the experiment.

Since ALC is based on time-domain ILC, it should have similar steady-state response

as the ILC controller. The experimental results prove this point.
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Fig. 5.22. Rotor runout in X; axis and its frequency spectrum.
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5.4.2 Variable speed Experiment for ALC Scheme

In this speed run-up experiment, the rotational speed is increased from 1200rpm to
3200rpm. The rotational speed, peak-to-peak rotor runout without compensation and
peak-peak rotor runout with ALC compensation are respectively recorded for
comparison. The 4-DOF run-up test results are shown from Fig. 5.26 to Fig. 5.29. The
rotor runouts in all axes are significantly reduced.

Because ALC can automatically adjust its learning cycle and learning gain according
to the rotational speed, it exhibits good performance during this experiment. 2800
rpm is around the first critical speed of the rotor, so without ALC the runouts rise
dramatically when the rotational speed is approaching 2800rpm. However, with the
control of ALC, the runouts are almost flat and have no obvious differences compared

to other speeds.
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Fig. 5.26. Axis X, position runout vs rotational speeds.
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5.5 Reduction of Coil Currents Fluctuations by ALC

The proposed ALC scheme is also applied to reduce fluctuations of AMB coil
currents. Likewise, the experiment is composed of two tests, constant speed test and
variable speed test. The AMB system is also stabilized by the PID controller used in
previous experiments. When ALC is off, only the PID controller works. When ALC

is turned on, it works together with the PID controller.

5.5.1 Constant Speed Test

The constant speed test is also carried out at 2800rpm. The parameters for the ALC

controller are:
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learning gain: @ = (.06,

forgetting factor a = 0.005.
The fluctuations of top coil current in 4 radial DOF and their frequency spectrums are
shown from Fig. 5.30 to Fig. 5.33.
Fig. 5.30 shows the fluctuation of coil current in axis X; and its frequency spectrum
(a) without ALC and (b) with ALC. The magnitude of current fluctuation without
ALC is 0.384A. With ALC compensation the magnitude of current fluctuation
becomes 0.036A.
Fig. 5.31 shows the fluctuation of coil current in axis Y, and its frequency spectrum
(a) without ALC and (b) with ALC. The magnitude of current fluctuation without
ALC is 0.23A. With ALC compensation the magnitude of current fluctuation
becomes 0.036A.
Fig. 5.32 shows the fluctuation of coil current in axis X, and its frequency spectrum
(a) without ALC and (b) with ALC. The magnitude of current fluctuation without
ALC is 0.202A. With ALC compensation the magnitude of current fluctuation
becomes 0.012A.
Fig. 5.33 shows the fluctuation of coil current in axis Y; and its frequency spectrum
(a) without ALC and (b) with ALC. The magnitude of current fluctuation without
ALC is 0.158A. With ALC compensation the magnitude of current fluctuation
becomes 0.02A.
It can be observed that the dominant component without ALC compensation,
synchronous current in each axis, is substantially reduced with the effective control of

ALC.
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Fig. 5.30. Fluctuation of coil current in axis X; and its frequency spectrum.
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Fig. 5.31.
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Fig. 5.32. Fluctuation of coil current in axis X, and its frequency spectrum.
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Fig. 5.33. Fluctuation of coil current in axis Y, and its frequency spectrum.
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ALC presents very similar control performance as the ILC scheme in this constant
speed test. The steady-state responses of current fluctuations with both schemes are at

the same level, with little differences that are within the measurement error range.

5.5.2 Variable Speed Test

ALC scheme is also examined to reduce the coil current fluctuations during rotor
speed run-up. ALC also presents satisfactory compensation performance in this
experiment. Fig. 5.34 to Fig. 5.37 illustrate peak-to-peak values of coil currents
fluctuations in 4 axes. Coil current fluctuations decrease substantially when ALC is
turned on. In the experiment, the control current without ALC increases a lot when
motor speed is approaching the critical speeds. With ALC, the current fluctuations are

always within a small value in the experiment.

0.9
08 |

—e— without ALC
0.7 —m— with ALC

0.6

0.5 |

04

03

coil current peak-peak value (A)

0.2

0.1

0 L L L L
1000 1500 2000 2500 3000 3500
motor speed (rpm)

Fig. 5.34. Fluctuation of axis X, coil current vs rotational speeds.
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In addition to attenuate vibrations of machine housing, reducing fluctuations of coil
current has another advantage, reduction of copper loss in PM-biased AMB [15].
Copper loss is always proportional to the square of the current. Because there is no
bias current in PM-biased AMB, control current is the only component in the coil, as
shown in (1.8). Copper loss in this kind of AMB is proportional to the square of its
effective control current. Thus, its power consumption and generated heat during
operation will be reduced significantly by ALC. Smaller control current and less
generated heat allow the power electronics to be further integrated, making it possible
to put control electronics for small AMB systems in a multi-chip module (MCM).

Fig. 5.38 shows the comparison of effective value of the control current between
ALC turned off and ALC turned on. The control current in the latter case can be

reduced significantly.
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Fig. 5.38. Comparison of effective control current.

5.6 Performance Comparison of ILC and ALC Schemes

During Speed Fluctuations

In this section, the control performance of ILC and ALC schemes during speed
fluctuations will be compared. The rotational speed is firstly set to be 3000rpm. ILC
controller is set to compensate unbalance force at this speed, i.e., the time of one
learning cycle is set to be 0.02 second (or #r= 200), i.e., one turn revolution. Because
ALC controller can automatically adjust itself to different rotational speed, so it can
directly work at this speed without any manual configuration. The forgetting factor is
0.005 for both controllers in the experiment. The experiment is carried out in three
strategies: (1) PID control only, (2) PID + ILC, (3) PID + ALC. Rotor runout and top

coil current of axis X; are recorded.
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Both ILC and ALC schemes present satisfied performance when the speed is constant

with little fluctuations. The steady-state rotor runouts in axis X; at 3000rpm with the

three control strategies are shown in Fig. 5.39.
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Fig. 5.39. Rotor runout at 3000rpm.
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During the experiment, there exists small rotational speed fluctuation and this
fluctuation could negatively affect performance of the ILC controller. In order to see
controller performances during speed fluctuation, we set the speed to be 3010rpm,
which is within the range of fluctuation. The rotor runouts in axis X; at 3010rpm are
shown in Fig. 5.40. ALC control still works well, but the ILC controller cannot obtain
satisfactory performance when the rotational speed is not equal to 3000rpm. Because
ALC controller can adjust its learning cycle and keep it equal to synchronous period
according to the rotational speed, ALC controller can automatically work well during

speed fluctuations.
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Fig. 5.40. Rotor runout at 3010rpm.
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Peak-to-peak rotor runouts at some rotational speeds around 3000rpm are recorded in
Table 5.1. ALC scheme provides much better performance than ILC scheme when the
rotational speed is not equal to 3000rpm.

Table 5.1. Comparison between ILC and ALC during speed fluctuations (1)

Speed (rpm) PID (um) ALC (um) ILC (um)
3000 35.7 7.23 6.93
3010 35.7 7.05 19.86
3020 35.7 7.33 20.78
3030 35.7 7.59 37.80
2990 35.7 7.05 15.11
2980 35.7 7.14 18.77
2970 35.7 7.31 21.80

When ILC scheme and ALC scheme are used to reduce coil current fluctuation, the
speed disturbance also negatively affect compensation performance of ILC controller.
Fig. 5.41 shows currents of the top electromagnet with three control strategies, (1)
PID control only, (2) PID + ILC, (3) PID + ALC. Because the learning cycle of ILC
controller is set to be 0.02 second, it works well at the speed of 3000rpm. ALC
controller provides similar performance as ILC controller.

When the speed changes to 3010rpm, ALC controller still maintains good control
performance. However, learning cycle of the ILC controller cannot change during
operation, so it is not suitable for working at 3010rpm. Fig. 5.42 shows the coil
current fluctuation when the rotational speed is 3010rpm. It can be observed that ALC

presents better control performance than ILC controller.
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Fig. 5.41. Fluctuation of coil current in axis X; at 3000rpm.
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Fig. 5.42. Fluctuation of coil current at 3010rpm.

Values of peak-to-peak coil current fluctuation at some rotational speed around

3000rpm are listed in Table 5.2.

Table 5.2. Comparison between ILC and ALC during speed fluctuations (2)

Speed (rpm) PID (A) ALC scheme (A) ILC scheme (A)
3000 0.25 0.0571 0.06
3010 0.25 0.0498 0.186
3020 0.25 0.0601 0.312
3030 0.25 0.0454 0.318
2990 0.25 0.0572 0.117
2980 0.25 0.0483 0.163
2970 0.25 0.0439 0.179
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5.7 Observations and Discussions

The experimental results prove the effectiveness of time-domain ILC scheme and
ALC scheme in unbalance compensations with AMB. Both rotor runout and control
current ripple can be substantially reduced through ALC within short time.
In constant speed test, time-domain ILC and ALC present almost identical
compensation performances. The only difference is that the small speed disturbance
could negatively influence the learning process of time-domain ILC, while ALC has
much better performance against speed disturbance. ALC has another advantage that
it could work at different rotational speeds, which make it suitable for more
applications. The variable speed test proves its performance under the condition of
rotational speed variation.

It can be observed that there still exist small amount of rotor runout and control

current fluctuations although time-domain ILC or ALC is turned on. The reasons can

be concluded as follows.

1. The existence of forgetting factor. According to the analysis before, forgetting
factor in ILC can increase the robustness of the controller with the expense of
nonzero steady-state tracking error. Therefore, forgetting factor should be kept as
small as possible when the controller robustness is enough for the application
requirement. If the robustness were not a problem in some cases, the forgetting
factor could be set zero.

2. The existence of higher-order components. The unbalance analysis in previous

chapters is based on the assumption that the rotor (shaft) is a rigid body. However,
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this proximity doesn’t consider the characteristics of a flexible body. In a flexible
body, higher-order harmonics could be excited by the unbalance force and other
external forces. The amplitude of the excited vibrations depends on characteristics
of the flexible body, excitation frequency, and controllers. In the frequency plots
of the experimental result, higher-order components of rotor runouts and AMB
coil currents can be observed, but only synchronous components are managed to
eliminate. The higher-order components of rotor runouts and control current
fluctuations are left unprocessed. These residual higher-order components can be
further processed to meet higher operation requirements. For example, if the
higher-order components could be detached from the filter and input to the ALC
controller, the controller could suppress the higher-order components as well as
synchronous components in the iterative learning process.

3. Transient response during rotational speed fluctuations or unbalance conditions
variations. Changes of unbalance conditions or rotational speed could result in the
variation of control effects. During the process of speed changing, the transient
rotor runout or coil current fluctuation could rise temporarily both in time-domain
ILC and in ALC. Both the simulation and experimental results prove that time-
domain ILC is sensitive to rotational speed fluctuation, so it takes time-domain
ILC more time than ALC to reach the steady state. ALC can automatically adjust
its parameters according to the rotational speed so that the influence of speed

variation can be minimized.
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6.1 Conclusions

AMB, as a promising bearing candidate to be employed in high performance motors,
is desired to present high rotational precision and vibration-free characteristics.
Unbalance, commonly occurs in rotating machinery, results from the misalignment of
rotor’s geometric axis, inertial axis, and magnetic axis of AMB. It brings vibration
and acoustic noise in rotational systems. In this thesis, time-domain ILC and ALC
strategies are introduced, analyzed, and applied to solve the unbalance problem with
AMB.

In the first chapter, the working principle of AMB is briefly introduced. The reasons
to cause unbalance in motors are analyzed in detail. Mass unbalance results from the
fact that rotor’s geometric axis is not coincident with inertial axis. The magnetic
unbalance is due to the misalignment of rotor’s geometric axis and AMB’s magnetic
axis. The mass unbalance force and magnetic unbalance force are both synchronous
with rotational speed. As a result, the resulting composite unbalance force has a
synchronous speed and it leads to synchronous rotor runout and fluctuations of coil
current in AMB. Since manufacture perfection is costly and impossible in practice,
active control current strategies are necessary for better operation performance. The

literature review of various unbalance control techniques for AMB is also presented
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in Chapter 1. Generally these control techniques are classified into two categories, (a)
to modify the complementary sensitivity function of the system, (b) to explicitly construct
an “add-on” compensator. Although the existing unbalance control methods can yield good
control result, they cannot be directly employed in AMB for HDD spindle motors. Most of
the existing methods require precise knowledge of AMB parameters, which may be not
unique for each AMB due to manufacture errors. Furthermore, most of the methods impose
large amount of computational loads and memory space requirement on digital processors.
It is not practical in many applications like HDD to afford those requirements for bearings
in spindle motors. As a result, a simple but effective control strategy is needed to
compensate unbalance effects for AMB spindle motors.

In Chapter 2, the method of time-domain ILC is discussed. An unbalance
compensation scheme based on time-domain ILC is proposed. The unbalance
compensation is carried out in two ways, rotation about geometric axis and rotation
about system inertial axis. To realize rotation about geometric axis, the rotor runout in
all 4 radial DOF should be minimized. To realize rotation about system inertial axis,
the method is to reduce fluctuations of coil currents in AMB. The proposed ILC
scheme is implemented in the decentralized mode to simplify its control algorithm
greatly. ILC controller can works with a conventional feedback controller without
changing system stability. The feedback controller, which can be already designed for
optimum transient response, is responsible for stabilizing the AMB system, while ILC
provides the desired current to compensate unbalance.

The proposed ILC scheme has a drawback that the parameters of the controller must

be predetermined for one rotational speed and cannot automatically change during
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operation. This character results in controller’s sensitivity to rotational speed
disturbances, degrading the controlling effect when the speed is fluctuating. To cope
with this problem, The ALC control scheme with the capability of working at
different rotational speeds is proposed in Chapter 3. ALC is based on time-domain
ILC. It also incorporates gain-scheduled learning gains and memory with variable
length for different rotational speeds. Fourier analysis theory is employed to process
synchronous signals. With these improvements, ALC can automatically adjust its
controller parameters according to the rotational speed.

Chapter 4 deals with computer simulations of the time-domain ILC scheme and ALC
scheme. A 4-DOF AMB model considering gyroscopic effect is built for simulations.
The simulation results of ILC without forgetting factor, ILC with forgetting factor,
and ALC with forgetting factor are compared and analyzed. All controllers present
good performance at constant speed. However, when the speed disturbance is added,
ALC shows much better control effect than ILC controllers. The simulation results
prove the previous analysis that ALC has better transient response during rotational
speed fluctuations.

Experiments are carried out to further validate the effectiveness of proposed ILC and
ALC schemes. The experimental setup and experimental results are reported in
Chapter 5. The performances of ILC scheme and ALC scheme are compared with
those of a conventional PID controller. It is proved that both ILC and ALC are
effective in suppressing the unbalance effect when the rotational speed is constant.
They produce similar steady-state compensation results in the constant-speed test.

However, it can be observed from the experimental results that rotational speeds
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fluctuation negatively affects the performance of ILC, while its influence to ALC can
be hardly observed. The Variable-speed test of ALC scheme is also performed and
figures of rotor runout and fluctuations of coil currents at a wide range of speeds are

obtained.

In HDD, the spindle motor may run at two speeds for the purpose of power
management. When the process of reading/writing happens, the spindle motor rotates
at the nominal speed. At the rest of time, the spindle motor rotates at a lower speed
for reducing power consuming. Therefore, the ALC can be arranged with two
operation states: read/write state and non-read/write state. During the read/write state
servo needs to accurately follow the track, so rotation precision is important to AMB.
Rotation about geometric axis is desired in this case. During the non-read/write state
rotation precision is not important because the magnetic head doesn’t need to
read/write information from/to the disk. Therefore, rotation about system inertial axis
is preferred to reduce acoustic noise and consuming power. ALC controller can judge
which state is on from motor speed information. Because the acceleration process and
deceleration process are short, ALC doesn’t work at that time. When a steady state is
reached, ALC begins to work and chooses a working mode according to motor speed.
With this working style, ALC needs to work at only two speeds, so two low-pass
filters, one for high rotational speed and the other for low speed, can be used instead
of synchronous signal processing unit in section 3.1.1 to eliminate noise. The ALC
controller can select the right one from the outputs of these two filters according to
the working state. Thus, the computation load is further reduced while the unbalance

compensation capability remains same.
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6.2 Future Works

To further improve the performance of ALC in unbalance compensation, some

proposals are suggested in the following.

1.

Robustness analysis of ALC controller. Robustness of the ALC controller can be
analyzed to keep the controller stable with optimal forgetting factor. Therefore,
the controller can have enough robustness with minimal expense of
compensation performance.

Function analysis in an AMB spindle motor for HDD. The two-state working
style proposed in section 6.1 can be validated to observe its performance in an
AMB spindle motor. Both vibration test and consuming power test are also
needed to compare the control effects of conventional PID controller and
proposed ALC controller.

AMB is considered as a potential solution for next generation HDDs. However,
as the limitations in the research facility and time, the proposed control schemes
have not been used directly in the mini AMB designed for HDD spindle motor.
When the AMB size is reduced to a certain level, some special phenomena may
appear. Experiments and researches on the mini AMB are also good topics for
future works.

As the PM-biased AMB has potential in realizing mini AMB for the applications
like HDD spindle motors, it is expected to apply the ALC to this type of AMB,

and develop more effective control modes for it.
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