Abstract

Jayanth, Vignesh. Identification and Control of Flexible Structures Supported on
Active Magnetic Bearings (under the guidance of Dr. Gregory Buckner)

The focus of this thesis is the development and demonstration of adaptive control
algorithms for Active Magnetic Bearings (AMBs) that account for uncertainties
associated with structural vibration modes. A flexiblerotor AMB test rigisdesigned and
modeled using Finite Element Analysis (FEA). The flexible modes and equations of
motion are obtained using modal analysis techniques. Typically, such analyses
accurately predict the low frequency modes, but accuracy at higher frequenciesisgreatly
reduced. Adaptive control algorithms that account for parametric uncertainties and
unmodeled dynamics are developed to levitate and control the flexible rotor. Model
parametersfor the system areidentified using recursiveleast squares, and used to update
aself-tuning pole-placement controller. This self-tuning approach dramatically improves
the performance and robustness of the magnetic levitation system, as demonstrated
through simulations and experimental demonstrations. Theflexiblerotor AMB testrigis
fabricated to experimentally validate the identification and control algorithms. Results
clearly demonstrate the performance and limitations of the adaptive control design.
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1.0 Introduction

Active Magnetic Bearings (AMBS) are aslowly emerging technology with tremendous
potential for avariety of rotating and translating applications such as flywheel systems,
compressors, and linear motors[ 1, 2, 3]. They have many advantages over conventional
bearings, particularly for high-speed applications. AM Bs provide non-contactingsupport
of the rotor, eliminating concerns with friction, wear, and lubrication - all commonly
associated with conventional bearings. The ultimate speed of AM B-supportedrotorscan
be limited only by the material strength of therotor [4]. Furthermore, AMBSs generate

active magnetic forces for damping out shaft vibrations and stabilizing the system.

Industrial applications of AMB’s have been hindered by several factors, including
challenges associated with control algorithms. AMBsexhibit highly nonlinear dynamics
and are open-loop unstable systems. Flexible rotor systems can make the control
problem even more challenging by introducing lightly damped vibration modes that must
be traversed. Another inherent problem with high-speed rotorsis gyroscopic effects,
which makethe control problem multivariable. Gyroscopic effectsincrease with rotor

speed, causing the system dynamics to change significantly [4, 5].

Simple, fixed gain AMB controllers can be tuned to work well for a limited set of
operating conditions [4]. Asthe operating conditions change (as in the case of high-
speed flywheel systems), the system performance can degrade significantly. Inorder to
provide adequate stability margins over awide range of operating conditions, fixed gain
controllersarefrequently tuned for worst-case scenarios[4]. Trackingand fixed notch
filters can beintroduced to deal with synchronous disturbances (such asthose caused by

mass imbalances) and controller-induced instabilities [5].

Numerousrobust control strategies have been proposed to addressthe control challenges

of AMB’s[6, 7]. These approaches focus on Hy techniques that guarantee theoretical



stability for arotordynamic model subject to modeling uncertainties and disturbances.
These techniquestake into account t he parametric uncertainties associated with variations
inmaterial propertiesand operating conditions, making the controller robust. Most of the
published literature, however, has been limited to rigid rotors or fixed operating

conditions. Another robust control technique, sliding mode control, has been discussed

in[8]. Very little published research has been demonstrated experimentally.

Inthisresearch, an adaptive multivariable controller is devel oped for an AM B-supported
flexiblerotor. Thiswork relieson theory, simulation and experimental validations. The
performance of this algorithm is demonstrated through extensive simulations and

experimental demonstrationson acustom AMB test rig. The control strategy adaptsto
modeling uncertainties and changesin the working environment, and usesthisknowledge
toimproveoverall system performance. Thisadaptation algorithmisvery attractivefor
flexiblerotor systemsasit eliminatesthe need for explicitly modeling | arge numbers of

modes and it eliminates spillover effects [9].

Tosimplify the problem, the flexible structure has only onerotational degree of freedom.
The rotor is pinned about its center of massto allow a* seesaw” pitching motion. This
simplification eliminates gyroscopic effects associated with spinning shafts, but retains
many of the challenges associated with AMB control. Electromagnetic actuators (AMBS)
arelocated at both ends of therotor to provide control inputs. The useof €lectromagnetic
actuators illustrates the advantages (mentioned previously) over more conventional

actuation methods. Two reflectance-compensated optical sensors are used to measure
displacements at each end of the rotor. The rotor and actuators were designed using
Finite Element Analysis, and the test rig fabricated specifically for this research.



2. Design and Modeling of the Flexible Rotor

The primary goal of this research was to develop and demonstrate adaptive control
algorithms for magnetically supported flexible rotors. For thisreason, the design of a
suitable rotor was a primary focus. This chapter summarizes the rotor design and

modeling efforts.

2.1 Design Objectives

The design of a flexible rotor was guided by several key objectives. First, the rotor
needed to exhibit several flexiblevibration modes (in this case 4) within the controller
bandwidth of 1,000 Hz. The second objective wasto dramatically reduce the number of
control inputs and outputsfrom the full-order AMB problem. In thefull-order problem, a
rotor has six degrees of freedom (3 translational and 3 rotational), five inputs (X andY
radial forces at each bearing, Z thrust forces at one bearing) and five outputs (X and Y
radial displacements at each bearing, Z displacement at one bearing). Figure2.1 showsa
typical full-order rotor with AMBsand sensors. For thisresearch, therotor wasrequired
to have two inputs (vertical forcesf(1) andf(2) at each bearing) and two outputs (vertical
displacement measurementsy(1) andy(2) at each sensor). Thefinal design objectivewas

to incorporate adjustable massimbal ances to test experimental controller robustness.



z
Sensor /_L

I:I:‘\_/-/

BearingE

=S
b

Rotor —— _é»
=S

Figure 2.1: Full-order flexible rotor supported by active magnetic bearings

2.2 Finite Element Design and Analysis

Theflexiblerotor was designed and analyzed using Finite Element Analysis (FEA) such
that there were four flexible modes and one rigid body mode within the control

bandwidth of 1,000 Hz. ANSY SVersion 5.5 was used for the design and analysis. The
rotor was hinged to provide asinglerigid body degree of freedom (apitch rotation), and
was designed to be symmetric about its axis of rotation. Slotswereincorporated (not
shown) so that imbal ance masses could be added to the system. The FEA rotor geometry

isshown in Figure 2.2.
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Figure 2.2: Geometry of theflexible rotor

The FEA rotor model was developed using three-dimensional beam elements created
from 81 nodes. Each element was constructed of steel, with adensity of 7700 kg/m®
and a'Young's modulus of 210 GPa. The overall dimensionswere 0.5 m by 0.04 m by
0.003 m, and the total rotor mass was 0.9394 kg.

The natural frequencies of the rotor obtained from ANSY S analysis are compiled in
Table 2.1:



Table 2.1: Flexiblerotor natural frequencies obtained from ANSY S

Mode Natural Freguency
(Hz)
1 (Rigid) 0
2 (Flexible) 789
3 (Flexible) 1714
4 (Flexible) 479.0
5 (Flexible) 622.7

The 0-Hz rigid body mode corresponds to unconstrained pitch rotation, as shown in
Figure2.3 (a). Thefirst four flexible vibration modes are shown in Figure 2.3 (b)—(e).
These bending modes occur at frequencies sufficiently separated from each other to
ensure accurateidentification using on-line parameter estimation algorithms. Because
the eigenval ues of the undamped open-1oop system are purely imaginary, the associated
eigenvectors are purely real, as expected [5].
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Figure 2.3 - Flexible rotor mode shapes
(@) rigid body bode (0 HZ)
(b) first bending mode (78.9 Hz)
(c) second bending mode (171.4 Hz)
(d) third bending mode (479.0 Hz)
(e) fourth bending mode (622.7 Hz)

2.3 Flexible Rotor M odeling
Mass and stiffness matrices M and K were obtained from the ANSY S rotor model and

exported to Matlab to formulate the state equations. This model was mathematically

described using a second order linear differential equation of the form:

M z+ Kz = f (2.1)



where zis the state vector of displacements and rotations defined by:

z=[y & (2.2)

Here yand a arevectorsof vertical displacements (intheYdirection) and rotations (in
the XY plane) of each model element, respectively. Because the FEA model was
designed using 81 nodes, and each node has two degrees of freedom, the state vector
(2.2) has atotal of 162 elements.

The plant has two inputs (vertical control forces f at each bearing) and two outputs

(vertical displacement measurementsy at each sensor).

The complete state space representation becomes:

2 = Az +BU (2.3)
y=Cz +Du
where:
& U
=3z z. (2.4)
“Tg %
and the state matrices are:
é 0 U
A= . (2.5)
(S - u
€ MK 0U324’ 324
é 0 u
B=a. ., a (2.6)
&M



Cisa(2” 324) null output matrix with onesat the (1,50) and (2,274) elements, and D is
anull (2° 2) matrix. To verify the accuracy of the state equation derivations, sorted

eigenvalues of A were computed and compared to the | owest natural frequenciesobtained
inthe ANSY Sanalysis(Table2.1). These eigenvalues compared favorably, asshownin
Table 2.2.

Table 2.2: Flexiblerotor natural frequencies obtained from MATLAB

Mode MATLAB Natural ANSY 'S Natural
Frequency (Hz) Frequency (Hz)
1 (rigid) 0 0
2 (flexible) 78.7 78.7
3 (flexible) 1711 1711
4 (flexible) 4790 4790
5 (flexible) 622.6 622.6

2.4 Modal Coordinate Transformation

For avibrating mechanical system with n degrees of freedom, the governing equations of
motion are a set of ncoupled ordinary differential equations of order two. Theanalysis
and sol ution of these equations can be simplified by using the modal analysismethod. In
thistechnique, the mass displacements are expressed aslinear combinationsof the system
modes. Thislinear combination uncoupl esthe equations of motion such that nuncoupled
differential equationsare obtained. The solution of these equationsisequivalent to the

solution of nsingle degree of freedom systems [10].



The original state vector (2.4) was transformed to modal coordinates using a modal
transformation matrix Y, which was constructed from the sorted real eigenvectors of A

[10]. Thiscoordinate transformation resultsin a modal state vector q:

zZ=Yq (2.7)
Equation (2.1) becomes:
MYq + KYq = f (2.8)
Premultiplying (2.8) by YT yields:
YTMYy+YTKYq =YT f (2.9)

Noting that YT MY = |, the modal state equations are:

W =Q (2.10)

where Wis a diagonal matrix of squared eigenval ues:

&g 0 0 u
e u
=0 W 0
W=Y'KY =€ n2 u (2.11)
€ : u
e u
80 0 W0

and Qrepresents the modal force input:

10



Q=Y"f

The modal state equations now become:

where:

and the state matrices become:

The output modal matrix is:

A“_S\N OL]

Us24 324

q, =A,q +B,f

y=C,q +D,f

o =[a df

60 1

éou

B =

m—&,7U
€' Uz

3
=B
o
o C

11

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)



3. Design and Modeling of Active M agnetic Bearings

Levitation and control of the AMB test rig is accomplished using electromagnetic
actuators at each end of therotor. The electromechanical design of these actuatorswas
based on magnetic circuit analysis, and was verified using FEA. Each actuator consists
of two coils, one above and one bel ow the rotor, to apply bi-directional reluctance control
forces. Thesecoilsarewired differentially to reducethe effectsof nonlinearities. This

section outlines the electromechanical design of these actuators.

3.1 Design Objectives

The actuators arerequired to exert high-bandwidth, bi -directional, non-contacting control
forcesto each end of theferromagnetic rotor. Regulation of aperfectly balancedrotorin
the absence of disturbances requires relatively small actuation forces. Tracking
requirements and disturbancerejection requirelarger actuator forces. For thisproject, the
peak force requirement of each actuator was selected to equal the rotor weight:

f . =mg=9.22N (3.1)

peak

where m, represents the rotor’s mass (0.94 kg) and g represents the gravitational

acceleration (9.81m/s?).

The bandwidth of the actuator depends on both the el ectrical and magnetic characteristics

of the actuator. The electrical bandwidth wj, can be approximated as the corner

frequency of thefirst-order electrical dynamics. Theinductancel (H) and resistanceR

(W) of the actuator’s copper coils determine this bandwidth:

12



W, = o (3.2)

The magnetic bandwidth can be limited by eddy currents in the actuator core material
[11], which are generated when the magnetic flux density reverses directionswithin the
core, and are proportional to thefrequency of thesereversals. The actuatorsare designed
using M -19 laminated el ectrical steel to reducethese eddy current |osses, hence magnetic

bandwidth is not considered critical.

Actuator heatingisacritical design criterion. The peak actuator currents and number of
turns must be sel ected appropriately so that the required magnetomotiveforce Ni canbe
generated without overheating the coils. Although increasing the number of turns can
reduce peak currents, space limitations on the wire diameter (and hence the current

ratings) and inductance concerns make this a design tradeoff.

3.2 Actuator Design

The electromechanical actuatorsemploy magnetic fieldsto createreluctanceforcesinthe
ferromagnetic rotor. These actuators require ferromagnetic cores for guiding and
concentrating the magnetic flux. The magnetic permeability of core materials (laminated
electrical steel) istypically 3to 4 orders of magnitude higher than air, hence most of the
magnetic flux is confined to definite paths determined by the core geometry.
Consequently, air gaps constitute the only significant reluctance to the magnetic fluxin

such devices.

Becausereluctanceforcesare attractive only, two actuatorsarerequired for each bearing
to exert bi-directional control forces, as shown in Figure 3.1.

13



Figure 3.1: Bi-directional control forces exerted by the actuator

In the simplest design, two independent actuators are used at each end of the rotor to
generate counteracting positive and negative forces. This scheme resultsin highly
nonlinear force/current and force/displacement relationships, however [5]. If the
actuators are wired in a differential mode, the bearing nonlinearities are significantly
reduced[4]. Indifferential mode, one actuator is powered with the sum of abias current

and control current and the other with the difference of these currents (Figure 3.1).

The actuator design process resulted in the basic AMB geometry shown in Figure 3.2.
Coils above and below the rotor (wired differentially) create the magnetic fluxes that
produce reluctance control forces. The design specifications for this bearing
(dimensions, materials, number of turns, etc.) required extensive analysis, asoutlinedin

the following sections.

14
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Figure 3.2: (a) basic actuator geometry, (b) close-up of magnetic flux lines

3.3 Magnetic Circuit Analysis

Magnetic circuit analysisis a strai ghtforward technique for designing and analyzing

electromechanical devices. The assumptions made during thedesign processare[11]:

No fringing fluxesinthe air gaps
No leakage fluxes around the core
No flux saturation in the core

No eddy currents

VvV V. V V VYV V

L ossless magnetic fields

The electromagnetic actuators were designed using M-19 laminated electrical steel,
which has high permeability, low residual flux density, and reduces eddy currents. Each
coil winding iscomprised of 350 turns (N=350) of AWG 20 magnet wire (solid copper

15

Infinite core permeability (no flux losses in the ferromagnetic core)




conducted coated with insulating varnish). Currentsin these coils create magnetic flux
that passesthrough the actuator core, through the variable air gap g (this gap dependson
rotor position), through the ferromagnetic rotor, and returns similarly to close the path
(Figure 3.2).

Thereluctance of thismagnetic circuit for anominal air gap of 0.002m can be cal cul ated:

29 _ 2>0002m

— 7
R= A~ (a0 Ay ) 318107 AX/\Wb (3.3)

where ) isthe permeability of air and Arepresentsthe core’s cross-sectiona area. The

inductance of each coil is:

_N?mA _ 350t )*
- N MA_

- =3.8mH (3.4)
29  3.18x10" Ax/Wb

2
L= N_
R
The magnetic flux density in the air gap B(g) depends on the gap dimension:

B(g)=——+ (35)

Theresulting flux linkageisequal to the surfaceintegral of the normal component of the
magnetic flux density integrated over any surface spanned by the coil. In this case, the

flux linkageis:

I (g)= N;?Ai (3.6)

Assuming that the magnetic field islossless, the co-energy of thesystemisdefinedto be:

16



o ve . NZmA.
CoE, :Cj(g)d|=-4—r;|2

(3.7)
Theelectromagnetic forceisderived from the derivative of co-energy withrespecttothe

state-dependent air gap:

dCoE 2
F=0m o NTMA, (3.8)
dg 49

The coils selected for this design have a peak current rating of 3.1 A. Hence, the peak
force capability of this actuator is:

2 2 -7 -4
F=- NTWA,_ 35074pl0T X0 50. - g oy (3.9)
4g? 40,0027

The electromagnetic force for each coil is observed to be negative, indicating that the
actuator cannot generate repulsive forces. Note that this forcerelationship is highly

nonlinear, depending on the square of coil current and the inverse square of air gap.

In the differential driving mode (Figure 3.1), the net actuator force Fe is simply the
difference of actuator forcesabove and below therotor. Theseforcesdepend onthesum
(i, +i,) andthedifference (i, - i, ) of biasand control currents. The upper and lower air
gaps depend on the rotor displacement according to (g+x) and (g-x). Equation (3.8)
becomes:

F=F,=F (3. 10)

above I:bel ow

(o +1,)° (-1

(g9- %% (g+x?

F =K (3. 11)

17



where:

k =%n‘3N2A (3.12)

To gain abetter understanding of the force/current and force/displacement rel ationships,

this force can be linearized about a nominal operating point g,,i, [2]:

2
2 X

_ N’mAi, - N*mAi
g° (3.13)

92
F=K,i+K.X

F

where K is the force-current factor and Ks is the force-displacement factor. For a
nominal gap of 0.002 m and a bias current of 0.65 A, the nominal force-current and

force-displacements for this actuator are:

K, =1177 N/A
(3. 14)

K, =-18000N/m

Theresistance of 350 turns of copper wire, based on the actuator dimensions, is1.1W.

Theelectrical bandwidth of thisactuator can be cal cul ated from equations(3.2) and (3.4):

_R_ 11
2oL 2p(3.8x10°°

Wbe

] = 46Hz (3. 15)

Obviously, thisbandwidthisfar below the controller bandwidth of 1000 Hz. Thisvalue
represents a design tradeoff, however, and should not adversely affect control
performance. The inductance could be significantly reduced (and the bandwidth

increased) with fewer turns of larger diameter wire (a preliminary design utilized 100

18



turns of AWG 16 copper wire). However, it was extremely difficultto manually wind
thislarger wire. Sincethe actuator was designed to be operated in current control mode
(meaning a high-bandwidth power amplifier would produce enough voltage to achieve
the desired current), it was decided that bandwidth could be sacrificed for ease of
fabrication, and AWG 20 gage wirewas selected. The current requirementsfor control
are bel ow the maximum current ratingsfor the actuator coils (3.1 A). Hence, the actuator

can be run for extended periods of time without overheating the coils.

3.4 Finite Element Analysis

Magnetic circuit analysis provides quick, accurate, intuitive resultsfor simple machines.
However, it neglectsfringing fluxes, leakage fluxes, and eddy currentsand isdifficult to
usein the nonlinear operating regions. FEA isapowerful tool that overcomes many of

these limitations and can provide accurate validations of the magnetic circuit design.

The actuator was designed using FEMM® 2-D FEA software. Coilswere modeled as
solid copper conductors with appropriate current densities and packing factors. The
materials used to model the actuator and coilsare summarized in Table 3.1. Figure 3.3

shows the nodes and elements generated for this model.

Table3.1: Materialsused in the FEMM actuator model

Model Materials Used Relative Permeability
Actuator Core | Laminated M 19 Steel 4416

Rotor 1018 Steel 529

Coils Copper 1
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Figure 3.3: (@) Nodes and elements generated in FEMM
(b) A close up view

For the FEMM analyses, the actuator was specified to have 1070.5 amp-turns,
corresponding to 350 turns and acurrent of 3.1 A. The magnetic flux generated in the

actuator is shown in Figure 3.4.
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Figure 3.4: Magnetic flux linesthrough the actuator

Magnetic flux linesfrom thetop half of the actuator flow through theiron rotor and back
to thetop half of the actuator. This providesthe attractiveforcerequired to levitate and
control the rotor. Similarly, magnetic flux lines generated in the lower half of the

actuator flow through the iron rotor and return. A closer look at Figure 3.4 (b) shows

these lines of magnetic flux.
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3.5 Actuator Design Summary

The actuator was designed to achieve peak forces of-9.22 N. AsshowninTable3.2, the
peak forces achieved, evaluated using magnetic circuit analysisand FEA, werevery close

this target.

Table 3.2: Comparison of calculated actuator peak forces

Source Peak

Force (N)
Design Requirement -9.22
Magnetic Circuit Analysis -9.20
Finite Element Analysis -9.01

The bandwidth of the actuator (46 Hz) was far below the controller bandwidth of 1000
Hz. However, as explained in the Section 3.3, this bandwidth was a design tradeoff that
should not significantly degrade controller performance. The current requirementsfor
control are below the maximum current ratingsfor the actuator coils (3.1 A). Hence, the
actuator can be run for extended periods of time without overheating the coils. The

actuator was baked in varnish to prevent any short circuits due to kinks in the actuator

windings.
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4. Adaptive Control Development

Self-tuning control is an adaptive control strategy that is well suited for magnetic
levitation of flexible rotorswith uncertain dynamics. Therotor described in Chapter 2
has several lightly damped flexible vibration modes within the controller bandwidth.
Although a rotordynamic model was derived using FEA (Equation 2.1), modeling
uncertainties were expected, especially for higher-order modes [5]. Parametric
uncertaintiesdueto variationsin material propertiesand unmodeled plant dynamicscan
reduce the performance and stability of non-adapting control algorithms. Inthe more
general case of aspinning rotor, the natural frequencies of these uncertain modeswould
vary with rotor speed [12]. Hence, LTI models covering large speed ranges cannot
accurately model the true rotordynamics, and simple control strategies may not provide

adequate stability and performance for the AMB system.

An adaptive controller can accommodate these variations and uncertaintiesin dynamic
behavior by adjusting the controller gains. The development of a self-tuning controller

for the magnetic levitation system is the focus of this chapter.

4.1 Self-Tuning Control

In adaptive control systems, the controller gains successfully adapt to plant changesand
parameter variations such that the overall system performanceimprovesover time. One
adaptive approach uses parameter estimation to update the control law online. Such
controllers are called sdf-tuning, since they continually tunethe controller for improved
performance. The sdf-tuning regulator (STR) separates the estimation of unknown

parameters from the design of the controller, as shown in Figure 4.1.
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Figure 4.1: Block diagram of a salf-tuning regulator

The unknown model parameters are estimated on-line, using recursive least squares or
other estimation techniques. The estimated model parameters are then used to update the
controller gains at each time step (the “Design Calculations” block)... the so-called
underlying design problem [13]. The self-tuning regulator is an example of an indirect
adaptive algorithm. The regulator parameters are not updated directly, but rather
indirectly viathe estimation of the process model. Kalman first described thistype of
adaptive controller based on |east squares estimation and deadbeat control, in 1958 [ 14].

4.2 The Two-Input, Two-Output Process M odel

For system identification, the process model needs to be represented in discrete time
because dataacquisitionisinherently discrete. The continuoustime, multivariable plant
dynamics (2.10) can bediscretized intoan ARMAX (AutoRegressive, Moving Average
with eXogenous inputs) model structure [13]:

AQ) y(t) = B(q)u(t) +&(t) (4.1)
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Here u(t) is the sampled control input and T is the sampling interval:

u(t) =u(kT) (42)

y(t) is the sampled plant output, and e(t) is adiscrete sequence of independent, equally
distributed Gaussian variables. A(q) and B(qg) are polynomials in the forward shift
operator q, the standard MATLAB format for discrete time systems. It is usually

convenient to express the process model using the delay operator g *:

AQ) =a"A(@™) (4.3)
where n = deg A.

The model (4.1) can now be expressed as:

AA)y(t) = B(gu(t- d,)+et) (4.4)

where;

d, =deg A- deg B (4.5)

For atwo-input, two-output case:

4)_6AdT) A,lgT)u

Aa’) gﬁmﬁq'lg AzquJ;H (40
4)_eula?) Bla)

e ) el 0
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A1, A12, Az1, and Ay, are the open-loop polynomials of the process model and their roots
are the open-loop eigenvalues. For the two-input, two-output process model,
A, =A,=A,=A,=A,and A and B, have the following structure:

A7) =1+aq + .t d " (4.8)
B, (@) =b,q ™+ by oy (4.9)

where na = deg Ao and nb = deg B;. In this case, however na = nb and hence d, = 0.
The component of the smallest system puretime delay that isan integer multiple of the

sampling time is modeled by the term ™. The system transfer function matrix is:

%)g%hﬂ %&?3

1:_t:AAbq_l Abql ')

)= gal%q*ﬁ B, [a)g (410
galat) Al

The basic relationship between the inputs and outputs is given by the following two
linear difference equations:

yl(t) =- alyl(t - 1) T - anyl(t - n) +b11(1)u1(t - 1) t.. +b1:b(m)u1(t - m) (4-11)

+ blz(l)uz(t -+ blZ(m)UZ (t- m)

yz(t) =- a1y2(t - 1) T - a, yz(t - n) + bzl(l)ul(t - 1) Tt bzl(m)ul(t - m) (4-12)

+ b22(1)u2(t -+ bzz(m)uz(t - m)

where y, (t) representsthe displacement at thei" sensor and u ; (t) representsthe control

input at thej™ actuator.
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4.3 System I dentification

Inthe* Parameter Estimation” block of Figure4.1, coefficients of a pre-defined model
structure are adjusted to minimize prediction errors between the model and the measured

plant outputs. This system identification processis depicted in Figure 4.2.

y(t)

— Model
del
ParanJ rs Y-
q < a )
e® L
A+
| Plant -

u(t) y(®)

Figure4.2: On-line parameter estimation

Several system identification strategies can be used for on-line parameter estimation.
Some of the traditional approaches are recursive least squares, recursive instrumental
variables, and recursive maximum likelihood [ 15]. A recursiveleast squares method was

selected for this application for the following reasons [16]:

» TheRLSalgorithm in adeterministic case gives convergencein afinite number
of steps, learning quickly under changing conditions

» This algorithm requires less computational effort, which is significant when
estimating the parameters online
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Equations (4.11) and (4.12) are called regresson models and can be described by

regression vectors f 1(t) and f»(t) and parameter vectors g and op:

f.0=[-yt-) . . -yt-n @)
u(t-1) . . ou(-m ut-2) . . u,t-m)
g=la . . oa by . by Bay o Byl (4.14)
Equation (4. 11) can now be expressed:
y, (1) =F, (1) (4.15)
Similarly:
f,0=[- v,(t-D . . - y,(t-n) (4.16)
ut-12 . . ou-m u,t-1) . . u,(t-m)]
g =[a, . . a by .. by buy o . byl (4.17)
Equation (4. 12) can now be expressed:
y(t)=F,"(t)q, (4.18)

Vectors g, and q, are estimates of the parameter vectors given in equations (4.14) and

(4.17), respectively. Theestimation errors or residual errorsare given by:
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e,(t)=y,(t)- f () (4.19)

e,(t)=vy,(t)- f7(t)q, (4.20)

The parametric fit is based on experimental data, where the outputs y, and y, and the

regression vectorsf, andf, areknown. The parameter estimates are then adjusted such

that a quadratic error cost function is minimized with respect to 6|1 and 6|2 :

3= %a (1) (4.21)

t=1

The recursive least squares algorithm is summarized below [15,17]. Given initial

parameter estimates q(t,) and g, (t,):

at)=at- 1)+ R (1) 'f, (e ) (4.22)
Rt)=Rt- 1)+ ik, (06, ) - R(t- 2) (4.23)
similarly,
(t) =cp(t- 1)+ ni (1), (e (t) (4.24)
Rt)=Rt- 1)+, (F.0) - R- 1) (4.25)

P, and P, areinitialized asidentity matrices and are updated at each time step as shown
in equations (4.23) and (4.25). rmrisaconstant that determines the rate of parameter

convergence. The parameters estimated online converge to their true values within a
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finite number of time steps. Theseidentified parameters can then be used to calculatethe

control parameters.

4.4 Pole Placement Control Design

The controller design method i s sel ected based on the specifications of the closed-loop
system. Examples of linear design methods for similar STR problems include pole-
placement controllers[18,19], Linear Quadratic Regulators (LQRs) [ 13], and minimum
variance regulators [16]. More sophisticated linear and nonlinear control approaches
have also been used.

The pole-placement design method places the closed-loop system poles at desirable
locations. Thisisavery attractive method, since the closed-1oop system performanceis
primarily determined by thelocation of these poles. Pole placement isalsowell suited to

implementation on discrete systems.

Consider the systemin Figure 4.3, with transfer functionsdefined in (4.10) and (4.26):

Reguisior e(t)

Process

r(t) 1 () y(
— | KT > H@?) >
cah

DEY)

Figure 4.3: Pole placement controller structure
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Neglecting disturbances at the plant input, the closed loop transfer function from the

reference input r to the output y is:

Y(q-l)Z'l - KT(q-l) B(q_l) (426)
R@™"),, A@)C(a*)+B(q*)D(™")

where:

r(gy= (@) Ta(@

4.27
&, T(ahg (4:27)

11(q ) C,(g")u
=8 ¥ 4. 28
CON=E 4 culgh) (4.29)
D(q )_,\ ll(q ) D12(q )U (4 29)

eDzl(q ) Dzz(q )u

The three control parameters C(qY), D(q}), and T(g}) must be designed to obtain a
suitable regulator. The orders of polynomials C(q') and D(qg?) are nc and nd
respectively, and:

(q ) 1+c ](1)q + """" +C](nc)q
nc=(nk+nb-1)-1 (4.30)
=12 j=12

Dij(q_l):dij(O) +dij(l)q_ " +dij(nd)q_
nd=na-1 (4.31)
i=12 j=12
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Tij(q-l) :1+tij(1)q-1 Fo +himd (4.32)
i=12 j=12

To simplify the problem, the desired closed-loop transfer function matrix can also be

expressed as:

)
ﬁ_|
_
=
[ —
Y
—
O
=
N —
)
B_|
_
=
[N ——
Bw
o]

[y

R
==
S—N S——

A
.|3—|
T T

I
o
o)
R
N—
T
DDy @ D @ D
iR

u

a

u 4.33
-l)u ( )

U

u

—

Where P(q!) defines the desired locations of the closed-loop system poles:

Pg*)= (1 PO )L PG )l 1 PG
np =na+nc

(4.34)

The polynomialsC(q!) and D(q*) are cal cul ated to obtain the desired closed loop poles.
The polynomial identity in (4. 34) hasto be satisfied.

P(a")=A(a")C,;@")+B;(a"),;D;@") (4.35)

From (4.33), it can be seen that the polynomial Tij(q'l) isused to introduce extrazeros, if
needed, into the closed loop system.

The controller gain is chosen such that the low frequency gainisone, i.e. Y(1)=R(1).

(4.36)
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If the order of T(q?) is chosen to be zero, i.e. T(q?}) = 1:

K = %61)) (4.37)

1j
The processisidentified at each sample period. The control parameters are cal culated

using theseidentified process parameters. The control signal u(t) can bedetermined from
Figure 4.3:

u@), , =$(Kra>- D(a)y(®),.) (4.38)

Eliminating u(t) from (4.1) and (4.38) givesthefollowing equationsfor the closed-loop
system [12,15]:

_B@im@) (4.39)
AGQ)C@ )+ B D@ )

Yy, =

AlgJT q'lz (), (4.40)

O TR ela )+ ela ol

Combining (4.39) and (4.40) and solving for u(t):

P(@u(),, =[A@H)T@ ) +B@)T(aH)Irt)- P(a)y(t),, (4.41)
ut),, = %l{ AT+ B )T(aHir)- P(a)y(t),,] (4.42)
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P(ql) is obtained from equation (4.35). The control law (4.42) is similar to the law
developedin (4.38). Anindirect self-tuning regulator can hence be developed using this
knowledge.



5. Simulations

Ultimately, the performance of adaptive AMB control strategiesfor flexiblerotorswas
demonstrated experimentally as part of thisresearch. Computer simulations, however,
were used extensively to devel op and test these algorithms. Adaptive control strategies
were developed and tuned without the additional complexities of real-time

implementations. Some benefits provided by a simulation environment include:

» Controllers can be developed and tested more efficiently in simulations

> Controller performance can be explored without sensor noise, modeling
uncertainties, or real -time constraints

» The rotor can be positioned accurately and measured perfectly in simulations

The details of simulation-based design of adaptive control algorithmsare presentedin

this section.

5.1 Model Reduction

The dynamic models used for simulation-based controller design must accurately
represent the rotor and actuator dynamics so that real -time experimental demonstrations
will be successful. For thisreason, theplant dynamicswere represented using the full-
order rotor model (2.1) augmented with actuator dynamics (3.13). The resulting plant
was a state-space model containing 324 states, and it captured all the dynamics within
and beyond the controller bandwidth. These plant dynamics are summarized in the

augmented state-space formulation:

7, = Az, +Bu (5.1)
y=Cz +Du
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where;

z = gz ZE (5.2)
and the state matrices are:
Ag y (?( O (')‘Luj (53)
B= gM '?K. 3 (5.4)
e I o

The actuators were placed under node 13 and node 69. Hence, Cisanull (2 324)
output matrix, with ones at the (1,25) and (2,137) elements, and Disanull (2 2)

matrix.

The adaptive control structure of Figure 5.1 requires areduced-order model to updatethe
controller based on input-output measurements from the full-order plant. Thismodel
must include frequency components up to the controller bandwidth of 1000 Hz, but
higher-order dynamics may be neglected for tractableimplementation. Consequently, the
plant had to be reduced such that themodel contained only the dynamics summarizedin
Table5.1.
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Figureb5.1: Self-tuning Regulator

Table5.1: Natural frequencies of the plant

MODE FREQUENCY

(Hz)

1 (rotor rigid body) 0.0

2 (actuator electrical) 421

3 (first rotor flexible) 829

4 (second rotor flexible) 1744

5 (third rotor flexible) 484.3

6 (fourth rotor flexible) 624.8

Thesecond modein Table 5.1 correspondsto the actuator electrical modeandisslightly
lessthan the cal culated frequency of 46 Hz shownin (3.15). Theremaining frequencies

correspond to flexible vibration modes of therotor, as shown graphically in Figures 5.2

(@-(e).
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Dizplacerment {m)

(E:I W\

Rotor Length {m)

Figureb5.2 - Flexible rotor mode shapes
(@ Rigid body bode (0HZz)
(b) First bending mode (82.9 Hz)
(c) Second bending mode (174.4 Hz)
(d) Third bending mode (484.3 Hz)
(e) Fourth bending mode (624.8 Hz)

To eliminate the high-frequency dynamics of the plant, a standard modal reduction
technique was applied to thefull-order state equations of equations (5.1-5.4), asoutlined
in Section 2.4[10]. Theresulting reduced-order dynamicsaredescribed by thefollowing

equations:

ql = A0, +B,u (5.5)
y = Cmql + Dmu
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where:

T
o, =[aq d] (5.6)
and the state matrices become:
é0 Iy
A =a a (5.7)
g\/\/ 0Usz4' 324
éou
m = 8~0 (5.8)
Usog 2

where Wis adiagonal matrix of squared eigenval ues:

af 0 0
é a
0 W J
w=¢ 0 n2 0 u (5.9)
¢ .o
é a
80 0 Wi
and Qrepresents the modal force input:
Q=Y'M 'K, (5.10)
The output modal matrix is:
C,=Y'C (5.11)

To demonstrate the effectiveness of this model reduction process, impul se response
simulationswere conducted using thefull-order plant (5.1) and the reduced order modd
(5.5). Impulsivevoltageswere appliedto both actuators, and the undamped response was
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visually compared for both models. Figure 5.3 (a) shows the impulse response of the
full-order plant (324 states). Theimpulse response of the reduced-order modd (10 states)
isshowninFigure5.3 (b). It should be stressed that that these simulations provideonly a
qualitative visualization of dynamics of the rotor system. However, it isclear that the
elimination of 314 high frequency states did not drastically affect the dynamics of the

rotor model.

Displacement (m)

Displacement (rm)

Time (sec) 0 0

0.
Rotor position {m)

Figure5.3: (a) Waterfall plot of the plant
(b) Waterfall plot of the reduced order model

Figure 5.4 compares the frequency responses of the plant and model. Because this
systemismultivariable, the maximum singular values are plotted for comparison. It can
be observed that the frequenciesretained in the reduced order model coincide with the
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first five frequencies of the plant, after which the magnitudes begin to roll off. The

frequencies that coincide are the frequencies required to design the control law.

Singular “alues

— Plant
—— Reduced Crder Model

00 -

ot

=0 -

-200 -

singular Yalues (dBE)

300

~400 -

10 10* i 10 107

Fregquency (radfsec)

Figure 5.4: Maximum singular valuesfor the plant and reduced-order model

5.2 Control Implementation

The self-tuning, pole placement controller described in Section 4.4 wasimplemented for
simulationsin MATLAB and Simulink. Figure5.5 showsthe Simulink implementation
of the self-tuning regulator. This figure reveals one of the assets of graphical

programming: the program correspondsdirectly to the STR structure of Figure5.1. The
pol e-placement controller (4.38) iscontainedinthe“ Controller” subsystem, thefull-order

plant (5.1) is contained in the “Discrete State Space” subsystem, and the system
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identification algorithms (Section 4.3) are contained in the “SysID” subsystem.
Reference inputs and disturbance inputs are included as shown.

SyelD

L lthetakat! ¥ in I

hetahat

thetahat2
2}

Constant ¥
time

thetahat? u_in

/]

Ll

vd P vd

Displacement y1

i

Displacement w2

zet point

Controller

Clockd

Constant L— disturbance

Figure5.5: Smulink implementation of the self-tuning regulator

Thereduced-order model (5.7) wasdiscretized to accommodate dataacquisition using the
C2D command of MATLAB. The sampletime, inthiscase 0.0008 sec, was chosen such
that the natural frequencies of the discretized model were the same as the natural
frequencies of the continuous time reduced-order model.

5.3 Simulation Results

The primary objective of the computer simulations was to demonstrate improving
tracking performance despite alow-order model with significant parametric uncertainties.
For this reason, the model parameters were initialized with +/- 10% random errors

(normally distributed). Thetracking setpoint was asquare wave with amplitude 0.001m
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and a frequency 0.1 Hz. For the first two seconds of each simulation, however, the

setpoint was sel ected to be random noise to ensure persistent excitation for accurate
system identification.

Figure 5.6 showsresultsfor atypical simulationwithout adaptation (fixed-gain control).
Figure 5.6 (a) shows the setpoint and tracking response of y;(t), the measured
displacement at the left optical sensor. Figure 5.6 (b) shows the setpoint and tracking

response of y,(t), the measured displacement at the right optical sensor. The parameter
estimates q(t,) and ,(t,) were initialized with +/-10% random errors (normally

distributed), resulting in slightly asymmetrical responses. Both tracking responses are

good, though obviously the unmodel ed high-frequency modes are not being controlled.

(a)

—— setpoint

Displacement y1 (m)
el o

O
]
=
o
o

10 12 14 15 18 20
2 Time (s)

—— setpoint

Displacement y2 (m)
=

|
10 12 14 16 18 20
Time (s)

K

o
ba
=
m
o

Figure 5.6: Tracking Responsesfor a non-adapting controller
(a) Displacement y(t) at the left optical sensor
(b) Displacement y5(t) at theright optical sensor
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The tracking performance for this non-adapting simulation, evaluated using a sum of

squared tracking errors, is:

T =& (v () w0

t=1
T, = 451e-011 (5.12)
T, =910e-011

whereygi(t) isthe desired trajectory, or setpoint, for thei ™" output and yi(t)isthemeasured
output. Figure 5.7 shows results for atypical simulation with adaptation (self-tuning
control). Figureb5.7(a) showsthe setpoint and tracking response of y;(t), the measured
displacement at the left optical sensor. Figure 5.7(b) shows the setpoint and tracking

response of y(t), the measured displacement at the right optical sensor. The parameter
estimates q(t,) and ,(t,) were initialized with +/-10% random errors (normally

distributed), resulting in slightly asymmetrical responses. Both tracking responses are
significantly better than before, though again the unmodel ed high-frequency modes are
not being controlled.
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Figure5.7: Tracking Responsesfor the adapting controller
(a) Displacement y;(t) at the left optical sensor
(b) Displacement y(t) at theright optical sensor

Thetracking performance for this adaptive simulation, again evaluated using the sum of

squared tracking errors, is:

T =& (v 0)- v 0

t=1
T, = 8956013 (5.13)
T, = 4666013

The actuator control currents were limited to arange of 1.5 A, asshownin Figure 5.8.
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Figure 5.8: Control Currents
(@) Actuator 1
(b) Actuator 2

Atotal of 60 parameterswere estimated “on-line” during the course of each simulation,
and each of these parameters converged rapidly to within 0.0001% of their “true” values.
Figure 5.9 showsthe parameter convergence for two of the 60 model parametersduringa
typical simulation.
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Figure 5.9: Convergence of thefirst two coefficients of polynomial A with time

Another measure of the parameter estimation effectivenessisthe prediction error cost
function shownin Figure5.9. Thiscost functionisdefined asthe sum of squared errors
between the“ true” model parameters and theinstantaneous estimates at each simulation

time:

3, =28 (4(0)- 5,0 (514)
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Figure5.10: Plot of the parameter estimation cost function J

Table 5.2 compares all 60 estimated model parameters to their “true” values after 30
seconds of simulation.

Although the model parametersof Table 5.2 were updated at each time step (0.0008 sec),
the controller gains were updated every 3.0 seconds. Theinitial controller gainswere
based on a model with +/- 10% parametric uncertainties, thus these controller gains
“improved” asthey were updated. Thisimproved the overall performance of the control
system, asindicated in Figure 5.8. Tables 5.3-5.6 show the “true” and final controller
gains from these simulations.
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Table5.2: Comparison of estimated and “true’” model parameters

B11

B13

Parameters

al
a2
a3
a4
a5
a6
a’
a8
a9
alo
bl
b2
b3
b4
b5
b6
b7
b8
b9
b10
b1l
b2
b3
b4
b5
b6
b7
b8
b9
b10

True

Parameters

-1.5125
-1.4275
3.502
0.44975
-3.9427
0.44975
3.502
-1.4275
-1.5125
1
3.52E-05
-2.60E-05
-2.80E-05
6.14E-05
-2.65E-05
-2.65E-05
6.14E-05
-2.80E-05
-2.60E-05
3.52E-05
-5.98E-07
-2.57E-05
3.16E-06
7.37E-05
-6.22E-05
-6.22E-05
7.37E-05
3.16E-06
-2.57E-05
-5.98E-07

Estimated

Parameters

-1.5125
-1.4275
3.502
0.44975
-3.9427
0.44975
3.502
-1.4275
-1.5125
1
3.52E-05
-2.60E-05
-2.80E-05
6.14E-05
-2.65E-05
-2.65E-05
6.14E-05
-2.80E-05
-2.60E-05
3.52E-05
-5.98E-07
-2.57E-05
3.16E-06
7.37E-05
-6.22E-05
-6.22E-05
7.37E-05
3.16E-06
-2.57E-05
-5.98E-07

B12

B14

Parameters

al
a2
a3
a4
a5
a6
a7
a8
a9
alo
bl
b2
b3
b4
b5
b6
b7
b8
b9
b10
bl
b2
b3
b4
b5
b6
b7
b8
b9
b10

True

Parameters

-1.5125
-1.4275
3.502
0.44975
-3.9427
0.44975
3.502
-1.4275
-1.5125
1
-5.98E-07
-2.57E-05
3.16E-06
7.37E-05
-6.22E-05
-6.22E-05
7.37E-05
3.16E-06
-2.57E-05
-5.98E-07
2.80E-05
-1.39E-05
-3.41E-05
3.82E-05
-5.00E-06
-5.00E-06
3.82E-05
-3.41E-05
-1.39E-05
2.80E-05

Estimated

Parameters

-1.5125
-1.4275
3.5021
0.44975
-3.9427
0.44975
3.5021
-1.4275
-1.5125
1
-5.98E-07
-2.57E-05
3.16E-06
7.37E-05
-6.22E-05
-6.22E-05
7.37E-05
3.16E-06
-2.57E-05
-5.98E-07
2.80E-05
-1.39E-05
-3.41E-05
3.82E-05
-5.00E-06
-5.00E-06
3.82E-05
-3.41E-05
-1.39E-05
2.80E-05
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Table5.3: Comparison of controller parametersfor transfer function (1,1)

Polynomial C True Updated Polynomial D B T Updated
Parameters Parameters Parameters
C1 -3.6365 -3.6365 DO 1.2578e+005 1.2578e+005
c2 17.257 17.257 D1 -5.4328e+005 -5.4328e+005
c3 -18.404 -18.404 D2 7.3261e+005 7.3261e+005
(073 -3.8008 -3.8008 D3 2.6959e+005 2.6959¢+005
C5 12534 12534 D4 -1.0067e+006 -1.0067e+006
C6 -18.29 -18.29 D5 -41854 -41855
Cc7 -6.2043 -6.2043 D6 1.019e+006 1.019e+006
C8 14.325 14.325 D7 -2.0882e+005 -2.0882e+005
o -20.325 -20.325 D8 -8.5799e+005 -8.5799e+005
D9 5.7566e+005 5.7566e+005

Table 5.4: Comparison of controller parametersfor transfer function (1,2)

Polynomia C True Updated Polynomial D True Parameters Updated
Parameters Parameters Parameters

C1 0.2504 0.250%4 DO -2.1095e+006 -2.1095e+006
c2 -50.225 -50.225 D1 3.731e+006 3.731e+006
C3 23682 23682 D2 2.4274e+005 2.4274e+005
4 1102 1102 D3 -4.3296e+006 -4.3296e+006
C5 -137.71 -137.71 D4 9.6257e+005 9.6257e+005
C6 13.099 13.099 D5 4,0991e+006 4.0991e+006
C7 48.317 48.317 D6 -1.8504e+006 -1.8504e+006
C8 -15.006 -15.006 D7 -2.9599e+006 -2.9599e+006
o -0.37425 -0.37425 D8 2.7732e+006 2.7732e+006
D9 -6.2581e+005 -6.2581e+005
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Table5.5: Comparison of controller parametersfor transfer function (2,1)

Polynomia C True Updated Polynomial D True Parameters Updated
Parameters Parameters Parameters
C1 0.250%4 0.250%4 DO -2.1095e+006 -2.1095e+006
c2 -50.225 -50.225 D1 3.731e+006 3.731e+006
C3 23682 23682 D2 2.4274e+005 2.4274e+005
(o] 1102 1102 D3 -4.3296e+006 -4.3296e+006
c5 -137.71 -137.71 D4 9.6257e+005 9.6257e+005
C6 13.099 13.099 D5 4,0991e+006 4.0991e+006
c7 48317 48317 D6 -1.8504e+006 -1.8504e+006
C8 -15.006 -15.006 D7 -2.9599e+006 -2.9599e+006
o -0.37425 -0.37425 D8 2.7732e+006 2.7732e+006
D9 -6.2581e+005 -6.2581e+005
Table 5.6: Comparison of controller parametersfor transfer function (2,2)
Polynomial C True Updated Polynomial D Updated
True Parameters
Parameters Parameters Parameters
C1 -8.1025 -8.1022 DO 3.1793e+005 3.1792e+005
c2 28473 28473 D1 -1.2853e+006 -1.2853e+006
c3 -31.034 -31.034 D2 1.881e+006 1.881e+006
c4 -22.353 -22.353 D3 5.2174e+005 5.2173e+005
c5 2742 22742 D4 -2.5401e+006 -2.5401e+006
C6 -311 -31.099 D5 80860 80877
c7 4.8925 4.8927 D6 2.527e+006 2.527e+006
C8 15,559 15.559 D7 -7.209e+005 -7.2091e+005
9 -43.396 -43.396 D8 -2.1379e+006 -2.1379e+006
D9 1.5491e+006 1.5492e+006
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In each case, the controller gains converge to within 0.003% of their “true” values, thus

improving the performance of the rotor bearing system.

5.4 Smulation Conclusons

Computer simulations demonstrated that the self-tuning, pole placement controller was
very effectivein controlling the full-order plant. The parameter estimation algorithms
were highly effective, rapidly converging to within 0.0001% of the “true” model

parameters. Conclusions and lessons |earned from these simulations included:

» The estimated model parameters converged rapidly and stabily to the true
parametersin less than 1.0 second

» The system performance improved each time the controller gains were updated

» Theself-tuning controller demonstrated robustnessto extremevariationsininitial
model parameters and disturbances

> Persistent excitation was critical for accurate system identification; this

necessitated the random setpoint for the first two seconds of each simulation
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6. Experimental Demonstrations

To validatetheresults obtained from computer simulations, an experimental test rigwas
fabricated based on the rotor design work of Section 2.2 and the actuator design work of
Section 3.4. Real -time experimentswere conducted to demonstrate sel f-tuning control of
the flexible structure supported by active magnetic bearings. These experiments
validated the findings of Section 5, especially for cases where mass imbalances were
included.

There were many challenges faced while implementing the control law in real -time,

including:

» The system identification algorithms are extremely taxing on the real -time
hardware; it was unknown if any parameter estimation algorithm could be
implemented successfully in real -time

» Heating and eddy current |osses were expected to reduce the performance of the
actuator

» Sensor noise and disturbances were expected to reduce the performance of the

controller

The details of these experimental validations are presented in this section.

6.1 Flexible Rotor AMB Test Rig

Theflexiblerotor described in Section 6.1 was machined from 1040 mild steel, and the
test rig base and fixtureswere machined from aluminum 6061 T6. Slotswere machined
into therotor to accommodate mass imbal ances at different |locations. Thereconfigurable

base was designed to mount the rotor and actuators (AMBS) at various locations. The
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completetest rigisshownin Figure6.1. Figure 6.2 shows adimensioned schematic of

the base and test fixtures.

Figure 6.1: Flexible Rotor AMB Test Rig
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Figure 6.2: Base and Fixture Geometry



Each actuator was constructed of M-19 laminated steel to reduce eddy currents and
hysteresislosses, asdescribed in Section 3.3. AWG 20 copper magnet wirewasused to
wind the actuators. The actuatorswere baked in aprotective varnish to prevent any short

circuitsdueto kinksin the actuator windings. Figure 6.3 shows adimensioned schematic
of the actuator.
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Figure 6.3: Actuator Geometry

Phil Tec RC-89 reflectance-compensated optical transducerswere used to measure the

rotor displacements. These sensors were selected so that the 3mm of total travel was
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approximately within the linear measurement range. Figure 6.4 showscdibration curves

for each sensor.
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Figure 6.4: Calibration Curvesfor the Optical Displacement Sensors

6.2 Real-Time Control Platform

Real -time, “hardware-in-the-loop” testing providesthe greatest insight into how well a
control design will perform under “real world” conditions (with noisy sensors, heating
actuators and realistic test conditions). A dSPACE (digital Signal Processing And
Control Engineering) 1102 ACE kit was used for embedded real-time system

identification and control. This hardware platform was programmed using Simulink?
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and the Real Time Workshop?, which interfaces with dSPACE’ s real time system to

form an integrated development and testing environment.

The pole-placement control law (4.42) derived in Section 4.4, along with system
identification algorithmsfor areduced-order model (4.13- 4.25), were programmed in
Simulink and implemented into dSPACE. Figure 6.5 showsthe highest-level Simulink

diagram used to implement data acquisition, system identification, and control.
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Figure 6.5: Smulink diagram for real-time system identification and control
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6.3 Adaptive Control Evaluations

Real -time experiments were conducted to demonstrate sel f-tuning control of theflexible
structure supported by AMBSs. The setpoint for these tests was a series of square waves
with frequenciesranging from 10 rad/sec to 100 rad/sec and afixed amplitude of 0.2 mm.
A fixed sampletime of 0.0015 secondswas used for these tests, resulting in acontroller
bandwidth of 666.67 Hz.

Although 2™ through 10'"-order models were eval uated in the computer simul ations of
Section 5.2, limitationsin thereal -time control hardwarerestricted the experimental tests
to 2"%-order modelsonly. The parameters of asecond-order model wereestimatedinthe
system identification block of Figure 6.5. However, these parameterswere not used to
update the controller online. The controller parameters were updated offline and the

performances were compared.

Case 1 - 10 rad/s, 0.2 mm setpoint, no mass imbal ance

Theoutput responsesto a 10 rad/sec, 0.2mm amplitude square wave setpoint, using initial
controller parameters and updated control parameters, are showninFigure6.6. Ineach
case, the output tracking is very good. In fact, the controller performance (measured
using asum of squared tracking errors cost function) actually decreased slightly when the

controller parameters were updated:

n

T =a (valt)- y ()

t=1
T, = 4.28e-010 (6.1)
T, = 4.65e-010
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The real -time parameter estimation converged rapidly, stably, and consistently to the
same model parametersfor each experimental test. The predicted rotor displacements
(the green traces in Figure 6.6) are nearly indistinguishable from the measured
displacements (the bluetracesin Figure 6.6). Figure 6.7 showsthe control input currents
for the 10 rad /sec setpoint for both actuators.
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Figure 6.6: Tracking performance with initial controller gains (top) and updated
controller gains (bottom) - setpoint 0.2mm, 10 rad/s
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Figure 6.7: Actuator control currentsfor AMB #1 (top) and AMB #2 (bottom) -
setpoint 0.2mm, 10 rad/s

Case 2 - 10 rad/s, 0.2 mm setpoint, with mass imbal ance

A massimbalance was added to the right side of the rotor to study the effect of offline
adaptive control. This imbalance had a mass of approximately 0.73 kg and was
positioned approximately 4 cm outsidetheright AMB. Theinitial model parametersand

controller gains were obtained from FEA analyses that did not include this mass
imbal ance.

For the sametracking setpoint usedin Case 1, theinitial controller performancewasvery
poor, asshownin Figure 6.8 (a). Thelargetracking offset error (not seenin Figure 6.6
(a)) can be directly attributed to the mass imbalance. Despite the poor tracking
performance, the parameter estimation algorithm was again highly effective. The
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predicted rotor displacements (the green tracesin Figure 6.8) are nearly indistinguishable
from the measured displacements (the blue traces in Figure 6.8).

When the controller gains were updated based on real -time parameter estimation, the
controller performanceincreased significantly, asshown in Figure 6.8 (b) and evidenced
in the tracking cost functions:

T =4 () (0

T, =3.6%-009 (6.2)

T,=174e-011
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Figure 6.8: Tracking performance when the plant has a massimbalance with initial
controller gains (top) and updated control gainsat 10 rad/s
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Case 3 - 50 rad/s, 0.2 mm setpoint, no mass imbal ance

The output responses to a 50 rad/sec, 0.2mm amplitude squarewave setpoint, usng initial
controller parameters and updated control parameters, are showninFigure6.9. Ineach
case, the output tracking is good but clearly inferior to Case 1. The controller

performance did improve when the controller parameters were updated:

T = & (va(t)- w(O)

t=1
1.41e-010 (6.3)
1.40e- 010

Tl
T2

The parameter estimation performance was again very good, as shown in Figure 6.9.
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Figure 6.9: Tracking performance with initial controller gains(top) and updated
controller gains (bottom) - setpoint 0.2mm, 50 rad/s

Case 4 - 50 rad/s, 0.2 mm setpoint, with mass imbal ance

Againthecontroller robustnessto parametric uncertaintieswasinvestigated by adding a
discrete massimbalanceto therotor. For the same tracking setpoint used in Case 3, the
initial controller performance was very poor, as shown in Figure 6.10 (a). The large
tracking offset error can bedirectly attributed to the massimbalance. Despitethe poor
tracking performance, the parameter estimation algorithm was again highly effective.
The predicted rotor displacements (the green traces in Figure 6.8) are nearly

indi stinguishable from the measured displacements (the blue traces in Figure 6.8).
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When the controller gains were updat ed based on real -time parameter estimation, the

controller performanceincreased significantly, asshownin Figure6.10 (b) and evidenced
in the tracking cost functions:

T = & (va(t)- w(0)?

t=1

T, = 4.13e-009 (6.4)
T,=3.77e-011
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Figure 6.10: Tracking performance when the plant has a massimbalance with
initial controller gains (top) and updated control gainsat 50 rad/s



6.4 Experimental Conclusions

Experimental testsusing aflexiblerotor AMB test rig demonstrated that the self-tuning,
pole placement controller was both effective and robust in controlling the full-order plant.
The parameter estimation algorithms were highly effective, rapidly and consistently
converging to the same model parameters. The tracking performance improved
considerably when the controller gainswere updated, particularly when massimbal ances
wereincluded. Table 6.1 comparesthe performance for systemswithinitial controller

parameters and updated controller parameters for all cases.

Table 6.1: Performance cost function at different set point frequencies

Without Mass Imbalance With Mass Imbalance
Setpoint Tracking Tracking Percent Tracking Tracking Percent
Frequency Cost Cost Improve Cost Cost Improve
(rad/sec) (Initid (Updated (Initid (Updated
Controller | Controller Controller | Controller
Parameters) | Parameters) Parameters)| Parameters)
10 4.28¢e-010 | 4.65e-010 -8.66 3.69e-009 | 1.74e-011 +99.53
30 4.05e-010 | 3.92e-010 +3.21 3.72e-009 | 1.47e-011 +99.61
50 1.41e-010 | 1.40e-010 +1.49 4.13e-009 | 3.77e-011 +99.09
100 1.35e-011 | 6.29e-012 +5.33 451e-009 | 1.08e-010 +97.60

For plants with no mass imbalances, there were only marginal performance
improvements associated with updated controller parameters; theinitial controllersand
updated controllersboth exhibited good model following properties (Figure 6.6). When
the plant had an added massimbal ance, system performance increased by almost 100%
when the controller was updated. The initial controller showed very poor model
following properties ( Figures 6.8, 6.10) at all setpoint frequencies. Oncethe controller

parameters were updated, the tracking performance increased significantly.
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Conclusions and lessons learned from these experiments included:

» The estimated model parameters converged rapidly and stabily to the true
parametersin less than 1.0 second

» The system performance improved each time the controller gains were updated

» The self-tuning controller demonstrated robustness to parameter variations

» The system identification algorithms were extremely taxing on the real -time
hardware; although computer simulationsweretested for 2"%-10" order models,

only 2"%-order models could be evaluated in real -time
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7. Conclusions

Thisthesis has demonstrated the benefits that self-tuning, multivariable control provides
for AMB levitation of flexiblerotors. Thesebenefitsincludeareductionintherequireda
priori knowledge of model parameters, and an extension in the range of operating

conditionsthat can be accommodated. The techniques devel oped and demonstrated in

this thesis enable complicated control issues to be resolved in real -time.

The self-tuning, pole-placement controllers devel oped for reduced-order modelswere
novel in both their application and their structure. The self-tuning regul ator wasdesigned
to update the controller parameters online, and the improvementsin system responses
were quite evident when compared to non-adaptive controllers. The controller was
designed to have a 1000 Hz bandwidth and to generate sufficient current to generate

forces to dampen the flexible modes of the rotor within its operating range.

The development of dynamic models of the flexible rotor and actuator enabled various
controllers to be tried and tested in a realistic simulation environment before being
applied experimentally. This provided insights as to how the rotor would react when
forceswere applied on different |ocations and theimplications on position control. The
validation of controller performance and robustness was paramount, and every effort was
made to ensure that there was close correspondence between the simulation and

experimental pole-placement regulators.

The actuators designed and built for real -timeimplementation proved to be efficient in
producing therequired control forces, and enabl ed the adaptive controller to good model
following properties. Though the actuator bandwidth was far below the controller
bandwidth, these actuators performed well within their limitations. The actuatorswere
well designed from a heating standpoint, as they did not heat up even when used for

extended periodsin time.
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The adaptive control algorithms were implemented in real -time to validate the control
law that was developed in Chapter 4. Dueto hardware limitations, the control law was
devel oped for only asecond-order system, and the controller parameters were updated
offline. The system performance improved significantly when the controller parameters
were updated, especially for cases involving mass imbalances. Hence, the adaptive
algorithms devel oped for this thesis showed improved performance in both computer

simulations and real -time implementations.
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