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ABSTRACT

Flywheel energy storage (FES) systems have recently gained momentum in the en-
ergy storage industry as a viable alternative to conventional lithium-ion and lead-acid bat-
teries because they have superior energy density, faster charge rates, lack harmful chem-
icals, and are easy to repair. Contemporary FES research is focused on increasing the
maximum operating speed of the rotor and reducing the power consumed by the active
magnetic bearings. Therefore, the objective of this research was to implement a novel
nonlinear controller called ‘wavelet-based time-frequency control’ (WFXLMS) in a com-
puter simulation of a FES system with five degrees-of-freedom and compare its dynamic
stability and active power consumption with a proportional-integral-derivative (PID) and
fuzzy-logic controller scheme. Specifically, all three controllers were applied to a FES sys-
tem operating at a high rate of speed and the amplitude of vibration, rate of convergence,
and current draw were compared.

The results show that the ideal choice for a FES system is the WFXLMS controller.
While it did draw the largest maximum current of any system, it used significantly less
(half of PID and a quarter of fuzzy-logic’s) steady state current. This would drastically
improve the energy storage duration; one of the main functions of a FES system. The
WEXLMS controller is also the ideal system for higher operating speeds because of the
system’s stability in the frequency domain. Comparing the average displacements shows
that the WFXLMS controller had the largest average displacement (particularly in the z-
axis), but the WFXLMS controller only used a fraction of the available clearance gap.
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If the FES system was used in an environment like space or a wind-farm where external
excitations are limited, the WFXLMS controller is the clear choice. However, if external
excitations are a real concern, the PID and fuzzy-logic controllers demonstrated a much

quicker reaction time and would be the better choice.
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1 INTRODUCTION

1.1 Kinetic Energy Storage Using Flywheel Devices

The use of devices that are capable of storing kinetic energy has been around for
centuries in tools like the pottery wheel and the spinning wheel, but their use in larger
scale systems and their interest in the research community were relatively insignificant
until recently. Contemporary, high-performance flywheel energy storage (FES) research
began to gain momentum in the engineering research community in the 1960s as subse-
quent advances in the material science and controller design fields provided FES systems
with crucial advantages over standard, electrochemical batteries [1, 2]. Applications for
these modern FES systems include: energy storage and attitude control for orbiting satel-
lites [1], stabilizing energy production in wind farms by acting as an uninterrupted power
supply (UPS) [2], batteries in electric automobiles [2], and alternators that deliver pulsed
power to weapons [3].

In contrast to electrochemical batteries — which store energy in the form of chemical
potential — FES relies on the use of kinetic energy. The kinetic energy (7') stored in a FES

system is governed by equation 1.1 below.

15
T=-1w 1.1

This equation demonstrates that angular velocity (@) and the mass moment of inertia



(I) of the flywheel rotor both impact the total energy stored in the FES system. Since
angular velocity is squared, increasing angular velocity has a larger impact on total energy
stored than mass moment of inertia. The maximum angular velocity of a FES system
depends, primarily, on the efficacy of the implemented controller scheme and is covered
in more depth in the next chapter.

Since the kinetic energy of a FES system is proportional to the mass moment of
inertia of the rotor, conventional systems increase the inertia - increasing the total energy
storage capacity for a particular operating speed - by increasing the radius of the flywheel.
Assuming that the flywheel is made of a single material with uniform density (p) and a
constant inner and outer radius (r; and r,, respectively), the kinetic energy of the flywheel

rotor can be rewritten using equation 1.2.

1
T = anh(rg‘ —rHo? (1.2)

This equation shows that while kinetic energy increases quadratically with angular
velocity, the radius of the rotor plays an even more significant role. However, as the rotor
radius increases, the velocity of the rotor at the outer radius experiences greater internal
stresses. Accordingly, only materials with exceptionally high hoop strength can be used in
FES systems with large angular velocities and large outer diameters. Considering a thin-
rim rotor as an approximation, it can be shown that the product of maximum rotor radius
and angular velocity is dependent on the strength of a material in the hoop direction (Sgg)

and the density of the material as shown in equation 1.3 [2].
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Opax =

Because the materials selected for flywheel rotors need to have a high hoop strength
and a low density in order to maximize kinetic energy storage, a flywheel rotor is typically
made of fiber-reinforced polymer composite that is filament-wound in the circumferential
direction. Equation 1.3 also demonstrates that the maximum speed of the rotor is inversely
proportional to the outer radius of the flywheel. Therefore, decreasing the outer radius
of the flywheel increases the maximum possible operating speeds while staying within
the rotor material’s physical limitations. In conclusion, due to the material properties of
available materials, the ideal way to increase the energy storage capacity of a FES system

is to maintain or reduce the outer radius of the rotor and increase the operating speed.

1.2 Contemporary FES Configuration

Current FES systems employ the use of a flywheel rotor to store angular momentum
by rotating at speeds up to 60,000-100,000 rpm depending on size and controller efficacy
[2, 4]. This rotor is accelerated and decelerated by an electrical device (most commonly
a motor/generator hybrid unit) that provides and withdraws the kinetic energy from the
system. A simplified model of a FES system that demonstrates the flow of energy is shown
in Figure 1.1 [2].

Since FES systems target large angular velocities, vacuum chambers and active mag-

netic bearings (AMB) are used to minimize losses from drag and bearing friction, respec-



Energy Motor Flywheel Generator Energy

Figure 1.1: Simplified model of power flow through a FES system.

tively. Consequently, a lack of physical contact between the rotor and the FES housing
means that the AMBs have to be actively controlled. Specifically, each electromagnet
passes current through a coil of wire that generates a flux field that pulls the rotor towards
it. Since the electromagnet surrounds the rotor, this flux can be adapted around the ro-
tor to change the direction and magnitude of the net force applied to the rotor. A typical

configuration for a commercially available FES system is shown in Figure 1.2 [2].

Axial

Electromagnet
Upper Vacuum

Chamber Upper Radial

Electromagnet

Lower Vacuum

Chmealr Patented
Molecular
Vacuum
Carbon Fiber Sleeve
Composite
Flywheel
Synchronous
Motor-Generator
Stator Reluctance
4 pole
M-G Rotor
2" Thick

Steel Housing

Lower Radial
Electromagnet

Figure 1.2: Example of a commercially available FES system [2].

To ensure that the flywheel rotor remains suspended in space, at least 3 magnetic



bearings are required. The radial position is controlled by AMBs (referred to as the upper
and lower radial electromagnet in Figure 1.2) and the vertical position is controlled by a
thrust bearing (referred to as an axial electromagnet in Figure 1.2). Sometimes, the thrust
and radial position is controlled with unique, hybrid bearings, but the layout shown in

Figure 1.2 is the most common.

1.3 Comparison of FES Systems with Existing Electrochemical Batteries

It is important to highlight the advantages and disadvantages for FES systems com-
pared to common lead-acid and lithium-ion electrochemical batteries to show why contin-
ued FES research is propitious for the energy sector. One of the most cited advantages
of FES systems is its excellent energy storage capacity per unit mass (often referred to as
energy density). Most FES systems can achieve specific energies of at least 100 Wh/kg
while current, state-of-the-art FES systems can reach values of 200 Wh/kg. In comparison,
a typical lead-acid battery has a specific energy of 30 Wh/kg, and lithium-ion can reach a
value of 100 Wh/kg [2].

A theoretical double in energy density for FES systems means that companies can
supply similar power while, simultaneously, halving the weight of the existing battery.
This is particularly useful when weight is a major concern. For example, replacing current
electrochemical batteries in satellites with FES systems will reduce the amount of fuel -
thus the cost - required for getting it into orbit. In this particular case, the introduction

of a few FES systems in a satellite provides the added benefit of controlling the attitude



by assembling 5 double-gimbaled systems in ‘planar’ arrangement [1]. Furthermore, the
rapidly growing electric vehicle market is developing vehicles that are hindered by the
relative weight of the chemical battery to the car. This problem is quickly rectified by
replacing the chemical battery with a FES system of similar energy capacity. In fact, there
are places where FES system powered vehicles are already in operation. One such example
is the ‘Gyrobus’ that was developed by the Maschinenfabrik Oerlikon in Switzerland in the
1930s [2].

In addition to the excellent energy density, FES systems have a smaller environmen-
tal impact than electrochemical batteries because they lack any harmful chemicals, they
minimize heat dissipation when charging and discharging, and they can operate over a
much larger temperature range of -250°C to 450°C (subject to system materials and ma-
chining tolerances) [5].

In contrast, one of the primary disadvantages of FES systems is their cost. FES
systems can cost up to 8 times more than the typical cost of a lead-acid battery system.
However, this disadvantage is offset by the much longer service life which can reach up
to 8 times longer than the same lead-acid batteries [2]. FES systems can operate longer
than electro-chemical batteries because they have practically infinite charge and discharge
cycles while electrochemical batteries see a decrease in storage capacity as the number
of charge and discharge cycles increases. Cost consideration for these FES systems must
also include the energy recovery efficiency. FES systems are 90-95% efficient whereas

lead-acid batteries have energy recovery efticiencies in the range of 60-70% [2].



1.4 Literature Review

The goal of any FES system is to maximize the stored energy while minimizing both
the active power consumption and maintenance issues. The important design issues for
AMBs within a FES system include: the bearing load capacity (the attractive forces of
the bearings), the bearing stiffness, the maximum flux density in the air gap, the maxi-
mum bearing (coil) operating temperature, geometric and gyroscopic coupling forces, and
eddy current/hysteresis loss [5, 6]. Additionally, the dynamics of the flywheel rotor are
inherently nonlinear because of force coupling effects along non parallel axis and the non-
linearities of electromagnetic fields.

The motion of the rotor that is generated by an eccentric force creates a geometric
coupling of the magnetic forces acting on the rotor. The geometric coupling force can be
modeled by an equation, but it relies on a parameter that can only be determined experi-
mentally or using a two-dimensional finite element method [6]. For an AMB, this gemotric
coupling force can lead to Hopf bifurcation to periodic solutions as the speed changes
through critical values [6]. This bifurcation behavior can lead to distinctly different so-
lutions between a linear and a nonlinear model. The stability of a system demonstrating
Hopf bifurcation (coexisting solutions) seems to be mainly dependent on the amplitude
of excitation, and the ‘critical” amplitude for bifurcation seems to depend mainly on the
following parameters: stiffness (proportional feedback), damping (derivative feedback),
eccentricity, and the geometric coupling parameter [7].

To demonstrate the nonlinearities in the electromagnetic field generated by an AMB,



consider the simplified configuration shown in Figure 1.3.
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b
Figure 1.3: Simplified front-view of a typical AMB.

In this diagram, a four-pole AMB controls the position of the flywheel rotor along
both the x- and y-axis. Considering the magnetic bearing force (B) induced by the electro-

magnets on the left and right side of the flywheel rotor, results in equation 1.4 [5].

_ HoAN?(ig+u)®  poAgN(io —u)?

5 (cr —x)? (cr+x)?

(1.4)

In this equation, L is the permeability of air, A, is the pole area, N is the winding
number, iy is the bias current, u is the control current, ¢, is the air gap, and x is the position

of the rotor in the x-axis. This equation shows that the electromagnetic force is proportional



to the square of the coil current (ip = «) and inversely proportional to the square of the air
gap (c, £ x). This relationship is highly nonlinear and is coupled with displacement and
current. Furthermore, mass imbalances due to non-uniform material composition, gyro-
scopic effects/coupling, the changes in model characteristics as a function of rotor speed,
and the flywheel rotor flexibility also play a role in accurate system modeling for high
speed FES systems. With the exception of the last decade or so, most AMB controller ap-
proaches were linear. Some of these methods included, linear-quadratic design, eigenstruc-
ture assignment, modal control, and an integral type controller [5]. Thus, the maximum
achievable angular velocity of flywheel rotors implementing these controller schemes was
limited by the accuracy of their model with regards to the nonlinear parameters discussed
above, and varied from experimental setup to setup.

The force generated by electromagnets is dependent on the material composition
of the rotor and has a nonlinear, curved shape. This nonlinear, curved shape is partly a
result of the hysteric behavior of electromagnets where flux lines are dislocated from their
original pinning position to a new one; this effect is most notable when the rotor material is
heterogeneous and anisotropic [8]. Figure 1.4 shows the static characteristics of the AMB
force as a function of coil current () when deflections are small and hysteresis can be
ignored [9]. The only time that the magnetic bearing force is zero is when the current is
also zero. This means that AMBs require power in order to control the flywheel. For real
systems, this causes a problem because all shafts rotate with some degree of eccentricity.

Eccentric forces introduce non-periodic (i.e. highly nonlinear) whirring of the shaft that



becomes more significant with increasing speeds. Therefore, to implement controllers
effectively, it is standard practice to use a small, constant current (called premagnetization
or bias current) in each AMB coil to stabilize the rotor during operation and to reduce
the maximum allowable operating speed [9]. However, this introduces an entirely new
problem for FES systems: they need to be actively powered in order to store energy and

they have a reduced maximum energy storage capacity.

B(u)}

g\’V

Figure 1.4: AMB force as a function of coil current.

Minimizing the total current required to control the shaft during operation will re-
duce the power draw of the system, but will also reduce the impact of apparent bearing
drag (eddy-current loss). The eddy-current loss is produced from the interaction of the
upward induced current density and the external magnetic field. Crucially, this interaction
- confirmed with the right-hand-rule - opposes the motion of the rotor [10]. For laminated
AMBs, eddy currents are generally negligible [11].

Large rotor displacements could lead to another issue with FES systems; flux sat-

uration. Flux saturation of the magnetic material could result in a loss of the bearing’s
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restoring force and subsequently cause the rotor to crash into the AMBs. The flux satu-
ration was first studied in [12] where the authors used an iterative method to estimate the
flux density. An offshore turboexpander using AMBs demonstrated a nonlinear behavior
induced by flux saturation when it experienced erratic, subsyncronous oscillations over a
broad frequency range due to the reduced stiftness [13].

Modern FES systems research also is experimenting with the use of high-Tc super-
conductors. High-Tc superconductors are useful because they introduce strong pinning
forces that hold the flywheel rotor on the central axis (serving the same purpose as premag-
netization) [14]. Use of these superconducting magnetic bearings (SMB) has the ability to
eliminate the requirement for a bias current in other AMB configurations; thus, reducing
the power requirements of the AMBs. For high-Tc superconductors to function properly,
they must be cooled using liquid nitrogen. Constant maintenance is required to ensure that
the SMBs stay below their critical temperature. An example of a hybrid FES system is
shown in Figure 1.5 using both SMB and permanent magnetic bearings (PMB).

In conclusion, the current research effort (geared towards increasing the maximum
operating velocity or reducing required rotor radius for similar energy storage capacity) has
been focused on finding a novel nonlinear controller scheme that requires the least amount
of active control. One nonlinear controller scheme called ‘wavelet-based time-frequency
control” (WFXLMS) was recently introduced and has shown intriguing results for a rotor-
AMB system [15]. For a rigid shaft, controlled in the radial direction, robust numerical

simulation of this nonlinear controller has demonstrated that it is capable of effectively
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Figure 1.5: An example of a hybrid FES system using SMB and AMB [14].

controlling the shaft at speeds up to 187,500 rpm [15]. Thus, the subsequent research
provided by this thesis is the investigation of the robustness of this controller scheme for a
FES system with additional thrust control by comparing it to PID (linear) and fuzzy-logic

(nonlinear) controllers.



2 METHOD

For this thesis, some key assumptions were made. The first is that the rotor is suffi-
ciently stiff as to neglect vibrations due to a flexible shaft. Second, the bounds for accept-
able control were established such that the effects of flux saturation on system dynamics
are negligible. Next, the materials used in the FES system are considered to be homo-
geneous and isotropic; thereby neglecting hysteresis effects. Discrete excitation currents
in the AMBs were represented by a uniform flux density field across the bearing’s cross-

section since variations in practice are relatively small.

2.1 Equations of Motion

For a FES system, it is imperative that the energy transferred to the flywheel is con-
verted to rotational energy only. Consequently, the rotor must remain sufficiently rigid as
to eliminate the transfer of rotational energy to shaft vibration. Based on this assertion, a
five-degree-of-freedom, rigid FES system (depicted in Figure 2.1) was used for this study.

The equations of motion for this system can be described by the following differential

equation

Mgig + ®Gpqg = QB (2.1)

Where Mp and Gp are the mass and gyroscopic damping matrices of the FES system

(respectively), Qp is the force exerted on the rotor, and qg is the displacement vector.
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Figure 2.1: FES system schematic.

Summing the forces and moments generated by the thrust and journal bearings (shown in
Figure 2.2) generates a system of five equations and five unknowns. These equations can

be rewritten in matrix form as shown in equations 2.2 through 2.5

lbm 0 Im 0 O

Mg=-1-J, 0 J, 0 0 (2.2)

0 0 0 0 Im
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Figure 2.2: FBD of the FES system.

0 1 0 —1 0 (2.3)

~~
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—Fyq — Fy + em@? sin(wt)
—Fyy — Fyy + W + em? cos(ot)

QB

Fol,— Foplp + M,y ’ (2.4)

Fyala - Fyblb + My,

gB = Xp (25)

where m is the mass of the rotor, J, and Jy are the transverse moments of inertia,
J; 1s the polar moment of inertia, ® is the angular velocity of the rotor, /, and [, are the
distances to journal bearings a and b from the geometric center of mass (O in Figure 2.2),
Fu . and Fy, ), are the forces generated by both of the journal bearings in the x and y
direction (respectively), F;. is the force generated by the thrust bearing in the z direction,
M, and M, are the moments of inertia generated by the thrust bearing in the x and y
directions (respectively), and W is the weight of the rotor.

The FES system analyzed in this research had the physical parameters listed in Table
2.1 [16]. The parameters for the AMBs are shown in Table 2.2 [16]. These values were

selected based on a real FES system that was controlled with a PID scheme.
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Table 2.1: Rotor parameters.

Parameter Value
I, (mm) 74.3
Iy (mm) 105.7
m (kg) 9.6
Jy (kg/m?) 0.128
Jy (kg/m?) 0.128
J; (kg/m?) 0.01

Table 2.2: Bearing parameters.

AMB type Parameter Value
Radial clearance 0.4 mm

Journal bearings Winding number 57
Width 442 mm
Diameter 60 mm
Axial clearance 0.5 mm
Winding number 143
Diameter 75 mm

Thrust bearing R 33 mm
R; 46.95 mm
R; 67.15 mm
Ry 75 mm

2.2 Electromagnetic Forces: Journal Bearings

For both journal bearings, an eight-pole configuration (Figure 2.3) was selected to
control motion in both the x- and y- axis. Each pole generates a force that can be described

by equations 2.6 through 2.9.

an :fra_fla_axyxa (fta +fba) (2-6)

Cr
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Figure 2.3: Cross-sectional view of an eight-pole journal bearing.

y
Fya :fta_fba - axyc_a(fra +fla>
r

Xp
Fop = fro— Jin — Oéxyc—(fzb + fob)
r

b
Fyp = fio— fob — OnyC—(frb + fiv)
r

where

_ “OerAr (IOr + ixa)2

Jra 4 (crt+xq)?
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2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

2.17)

In these equations, @, is the geometric coupling coefficient which was obtained

experimentally in a previous study to have an average value of 0.16 [16]. Additionally, ¢, is

the radial clearance of the journal bearings, (l is the permeability of air (47 x 10~'N /A?),

N, and A, are the winding number and pole areas of the journal bearings (respectively),

Iy, is the bias current supplied to the journal bearings, and i;; is the current supplied to the
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Figure 2.4: Cross-sectional view of a thrust bearing.

journal bearings from the controller.

2.3 Electromagnetic Forces: Thrust Bearing

A single, two-pole thrust bearing was used to apply a force on the larger disc on the
left side of Figure 2.2. Figure 2.4 shows the cross section of the thrust bearing used in this
research and depicts the flow of magnetic flux through the rotor. The air gaps for the outer

and inner annuli of the thrust bearing (denoted by superscripts) are described as [16]

hl(l) = ¢, +z—sin(¢)r;sin(0) — sin(y)r;cos(0) (2.18)

hY = ¢, +z— sin(¢)r, sin(8) — sin(y)r, cos(6) (2.19)
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h;” =c;—z+sin(@)r;sin(0) + sin(y)r;cos(0) (2.20)

WY = ¢, — z+sin(@)r, sin(8) + sin(y)r,cos(6) (2.21)

where c; is the axial clearance of the thrust bearing, r; and r, are the inner and outer
radius of the thrust bearing (respectively), and ¢ and y describe the tilt of the rotor about

the x- and y- axis and are defined as follows

oL ;x“ (2.22)
S ”’%y“ (2.23)

Assuming flux loss from (r;, 0) to (r,, 0) is minimal, the relationship between r; and

r, can be defined as

ro=Ra+a(ri—Ry) (2.24)
with
Ri—R
=03 (2.25)
R, —R;

The force and moments created by the thrust bearing are expressed as

Fre = z(cl) ‘i‘Fz(cz) (2.26)
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These forces are highly nonlinear and are defined as follows [16].
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/Zyr/Rz outtoN (I + i) X[ To rsin(e)dr'de
2o h(()l) — a(ro/ri)hz(l)
(2.33)
+/27r Rs [N ( IOz+lZ)] X{ Yo 1zsin(9)dr doé
h$Y — a(ry/ri)hM
_/Zn/Rz optoN (I, — i) ) " { To rsin(i‘))dr'd@
y 20 hgz) — a(ro/ri)ht(Z)
(2.34)

B T rsin(e)dr a6
ns —au(ro /iy

Attempting to fully integrate equations 2.29 through 2.34 is impossible, but they
can be solved using numerical integration techniques. For this research, a tiled, double
numerical integration method was used for any section that did not have infinite integration
limits. Integration limits that were infinite were solved using a single integration program

evaluated over X, < x < Xjqr. The inner integral was then evaluated over y,,(x) <y <

Ymax (%)

2.4 Wavelet-Based Time-Frequency Control

The logic of the WFXLMS control scheme (see Figure 2.7) relies on discrete wavelet
transformations (DWT) of Daubechies-3 wavelets (Table 2.3) and filtered-x least-mean-
squared (LMS) algorithms [15]. The Daubechies-3 wavelet coefficients are exact and are
used to create the scaling and wavelet functions in Figures 2.5 and 2.6. As feedback can
perturb a nonlinear system, this controller uses feed-forward control of the FES system by

implementing adaptive filters.
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Figure 2.5: Scaling function for Daubechies-3 wavelet.

_1 5 L L L L L L L 1 L
0 0.5 1 15 2 25 3 35 4 4.5 5
Wavelet Function

Figure 2.6: Wavelet function for Daubechies-3 wavelet.
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Table 2.3: Daubechies-3 wavelet coefficients.

Decomposition low-pass filter Deconstruction high-pass filter

ho 0.035226291882100656 80 -0.3326705529509569
hy -0.08544127388224149 81 0.8068915093133388
hy -0.13501102001039084 g2 -0.4598775021193313

h3 0.4598775021193313 83 -0.13501102001039084
hy 0.8068915093133388 84 0.08544127388224149
hs 0.3326705529509569 85 0.035226291882100656

Simultaneous time and frequency control of the FES system can be achieved by scal-
ing the DWT and the wavelet coefficients. These two parameters describe all of the time
and frequency information related to the signal. In Figure 2.7, there are two loops that help
the controller operate successfully; referred to as the inner and outer loops.

For the outer loop, an adaptive filter W, takes the input signal (x(n)) - after it has been
decomposed into its wavelet coefficients using the N x N DWT matrix T - and generates the
control signal (#(n)) based on the residual error (e(n)) between the output of the FES system
(y(n)) and the desired response (d(n)). The values for the adaptive filters are updated by
attempting to minimize the residual error using the LMS blocks. The inner loop operates in
a similar manner to the outer loop, but it is used as a method of on-line system identification.
In other words, this system characterizes the time and frequency response of the nonlinear
system based on the system identification error (f(n)). Finally, a filter W, is applied to
compensate for the possible disturbances that appear in the propagation of u(n).

The weight vectors of W and W, at time step n are

Wi(n) = [wi1(n),wia(n),--- ,win(n)] (2.35)
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Figure 2.7: WFXLMS controller for a FES system.

Wa(n) = [wa1(n),wa2(n), -+, wan(n)] (2.36)

where N is the length of the weight vector. The N x N DWT filter bank T used for

this research is

Ty T, - T
Iy, T -+ Ton
T= (2.37)
| Tvi vz -+ TN

For this FES system, d(n) is defined for x,, y4, Xp, Y, and z. Thus, for the FES system
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y(n) is the actual, real-time position of the rotor in a single coordinate direction, and

¥(n) = W{ (n)TU(n)

(2.38)

is the estimated position of the shaft based on the calculations done in the inner loop.

The controlled signal array U(n) is defined as

U(n) = [u(n),u(n—1),--- ,u(n—N+ 1)]T

The input control vector to the FES system is defined as

X(n) = [x(n),x(n—1), -+ ,;x(n—N+ 1)]T

and 1s used in the controlled signal equation (shown below)

u(n) = WITX(n)

The estimation (e(n)) and identification error (e(n)) are

and the difference between them is defined as
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f(n) =e(n)—eé(n) (2.44)

The feed-forward, adaptive algorithms used to update the filter coefficients are

Wi(n+1) =Wi(n)+ 1 (n)TU(n) f(n) (2.45)

Wa(n+1) = Wa(n) + ta(n) TX (n)e(n) (2.46)

where u; and u, are step-sizes. The compensated output vector generated by the

filter W is defined as

(n—1),--- ,&n—-N+1)T (2.47)

>=>

X(n) = [#(n),

and

£(n) = WITX(n) (2.48)

2.5 PID Control

The parameters used for PID control of this FES system were optimized in a previous
study and tweaked to improve performance using a trial and error method [16]. The specific
parameters used for the control are listed in Table 2.4

where K), is the proportional gain, K; is the integral gain, K is the derivative gain, and
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Table 2.4: PID simulation parameters.

Parameter Value
K, 38
K; (s1) 100
Kd (S) 0.5
G 7800
Target — PID —-@—»Curren‘c Position

FES System

Figure 2.8: PID controller logic.

G is the gain multiplied to the output of the controller. The schematic for the PID controller
is depicted in Figure 2.8. A discrete-time method was employed using the forward Forward

Euler setting in the SIMULINK control toolbox.

2.6 Fuzzy-Logic Control

The fuzzy logic control (FLC) scheme used to control the FES system is shown in
Figure 2.9. This figure shows that the FLC controller requires both position error and rate
of change of the position error as inputs to calculate the desired current.

For this controller, trapezoidal and triangular membership functions (MF) were se-

Target @ \‘ FLC Current Position
Differencej FES System

Figure 2.9: Fuzzy logic controller.

A
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Figure 2.10: Membership function for error input.

Table 2.5: FLC rule base.

AError/At
NB NM z PM PB
NB NB NB NM NM yA
NM NB NB NM yA YA
Error Z NM NM yA PM PM
PM Z z PM PB PB
PB Z PM PM PB PB

lected for simplicity, faster rise and settling times, and a higher computational efficiency
[17]. Specifically, 5 MFs were selected for both of the inputs and the output of the con-

troller with the trapezoidal covering the extreme values and the triangular covering the

middle. The specific values for each MF were established by trial and error and are shown
in Figures 2.10, through 2.12.

The rule base that was used by the inference engine in the FLC is in Table 2.5 [17].
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The membership functions were implemented in the Fuzzy-Logic toolbox provided

by MATLAB to obtain the numerical solutions in this thesis.
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3 RESULTS AND DISCUSSION

The flywheel model was configured in a SIMULINK environment (see Appendix
A for details) using an ordinary differential equation (ODE) solver called ‘ode45.” The
results of the PID, fuzzy-logic, and wavelet-based time-frequency controller are presented

in the following sections.

3.1 PID Results

The PID controller was tested over a limited range but demonstrated effective control
of the flywheel system. The PID parameters used for this test were presented in Table 2.4
but are included in Table 3.1 for convenience. The following subsections show the results

of some of the simulations.

Table 3.1: PID parameters.

Parameter Value
K, 38

K; (s‘l) 100
Kd (S) 0.5

G 7800

3.1.1 Test1

The flywheel parameters used for this test are listed in Table 3.2. The step size for
the ODE solver was 1 x 107 seconds. The average and maximum values for the current

and position based on this simulation are shown in Table 3.3.
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Table 3.2: PID test 1 conditions.

Term Value Units

© 100000 rpm
1667 Hz

e 1 Um

Io, 4 A

Iy, 4 A

Table 3.3: PID test 1 results.

Term Axis Average Maximum
X 6.79 x 10! 1.80 x 10°
Current (A) y 6.89 x 107! 1.63 x 10°
z 2.54 x107° 1.41 x 1078
X 9.89 x 10~ 2.75%x 107
Magnitude (m) y 9.95x 1077 2.51x 1076
z 370 x 10°13 2.07x 10714

The time domain response of the FES system for all three bearings are shown in
Figures 3.1 through 3.3.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.4 through 3.8.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

While this data looks like it converged, a linear trend line from 1.5 seconds to the end
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Figure 3.1: PID test 1: independent bearing A temporal responses.
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Figure 3.2: PID test 1: independent bearing B temporal responses.
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Figure 3.3: PID test 1: thrust bearing.
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Figure 3.4: PID test 1: bearing A IF response for y-axis.
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Figure 3.5: PID test 1: bearing A IF response for x-axis.
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Figure 3.6: PID test 1: bearing B IF response for y-axis.
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Figure 3.8: PID test 1: thrust bearing IF response.
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of the simulation was created for the y-axis at bearing A and B to verify the y-axis stability

(Figures 3.9 and 3.10).

v =-0.0084%x + 0.021

y [pem]

1.5 2 2.5
Time [s]

Figure 3.9: PID test 1: linear trend line for y-axis at bearing A.

The temporal and IF plots of this test in the x-axis (Figures 3.1 3.2, 3.5, and 3.7) all
show near instant convergence and stability. Where the controller struggles a little more
noticeably is in the y-axis of the temporal and frequency response. Clearly, the effect of
gravity on this axis has an impact on stability. However, around 0.5 seconds into the simu-
lation, the controller seems to achieve a similar level of stability as the x-axis in the tempo-
ral domain (Figures 3.1 and 3.2) and it completely eliminates the gravity’s low-frequency
impact in the frequency domain (Figures 3.4 and 3.6).

The z-axis stability is slightly different. The average amplitude of motion in the
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y [pm]

2 1
1.5 2 2.5
Time [s]

Figure 3.10: PID test 1: linear trend line for y-axis at bearing B.
temporal domain (Figure 3.3) is far less than in the x- or y-axis, but it still demonstrates a
stable oscillation about zero after one second of the simulation. Looking at the IF of the
thrust bearing in Figure 3.8 reveals that the high frequency oscillation matches the x- and y-
axis at 100,000 rpm (1,667 Hz) despite its independence from the eccentric excitation force.
In contrast, the low-frequency behavior is notably different than the x- and y-axis. There
are two peaks that emerge from zero a after the start of the simulation. This behavior is
likely indicative of a low frequency overshoot of the control target. Therefore, even though
it may not be obvious in the temporal response, the z-axis controller probably overshoots

the target slightly before correcting and reaching stability in the time domain.
Finally, Figures 3.9 and 3.10 show a maximum slope of about —0.0084um /s in the

y-axis for the final second of the simulation. This can be considered a slope of 0 and that
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the controller has reached stability in the time domain.

3.1.2 Test2

The flywheel parameters used for this test are listed in Table 3.6. The step size for
the ODE solver was 1 x 107 seconds. From these testing conditions, the average and
maximum values for the current and position in Table 3.5 were determined.

Table 3.4: PID test 2 conditions.

Term Value Units

© 150000 rpm
2500 Hz

e 1 um

Io, 4 A

Iy, 4 A

Table 3.5: PID test 2 results.

Term Axis Average Maximum
x 5.19x 107! 1.22 x 10°
Current (A) y 5.31x 107! 1.22 x 109
z 9.08 x 107! 1.68 x 10~°
x 7.56x 1077 1.78 x 107°
Magnitude (m) y 7.64x 1077 1.91x10°°
z 1.83x 10716 2.57x 1071

The time domain response of the FES system at the three bearings are shown in
Figures 3.11 through 3.13.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.14 through 3.18.

The raw data generated for each bearing had significant signal processing noise due to the
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Figure 3.11: PID test 2: independent bearing A temporal responses
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Figure 3.12: PID test 2: independent bearing B temporal responses
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Figure 3.13: PID test 2: thrust bearing.

nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

This test used the identical PID parameters as test 1, but increased the operating
speed to 150,000 rpm. The first notable difference between this test and the last one is the
magnitude of the z-axis displacement in the time domain (Table 3.3 vs. Table 3.5). It seems
that the gyroscopic behavior of the flywheel was magnified because it was operating 50,000
rpm faster than for test 1, and the increased resistance to rotation allowed the controller to

limit the tilting about the x- and y-axis. Additionally, the observed decrease in mean and
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Figure 3.15: PID test 2: bearing A IF response for x-axis.
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Figure 3.16: PID test 2: bearing B IF response for y-axis.
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Figure 3.17: PID test 2: bearing B IF response for x-axis.
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Figure 3.18: PID test 2: thrust bearing IF response.

maximum displacement was also observed in the x- and y-axis. Reduction in the magnitude
of oscillation in the time domain also resulted in a noticeable reduction in required control
current. The maximum control current was applied at the beginning of the simulation and
was similar to test 1, but the average control current was one order of magnitude smaller
for the x- and y-axis and two orders of magnitude smaller in the z axis.

The time domain responses in Figures 3.11 through 3.13 match the shape of test 1, but
all the overshoot - particularly in the z-axis (Figure 3.13) is more exaggerated and appears
to take a longer time to settle. Again, this is likely due to the increase in the gyroscopic
effect; all actions that the controller takes are resisted with a greater force.

In the frequency domain, the response is less stable. This indicates that the exact

position of the shaft is difficult to predict since the frequencies are changing in an unpre-
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dictable manner. While the y-axis IF plots (Figures 3.14 and 3.16) show a similar response
to test 1, newer low-frequency modes appear in the x-axis plots that did not exist before
(Figures 3.15 and 3.17); particularly for bearing B. While the controller does handle - and
eventually eliminate - the controller overshoot, this is a new phenomenon that was not
observed before.

Finally, the IF response of the z-axis (Figure 3.18) is drastically different than in test 1.
First, a new low-frequency mode was added at about 1,500 Hz for the first 1.5 seconds. The
frequency peak at about 1.3 seconds is again likely due to the presence of target overshoot

and matches up with when the controller begins to slow its approach towards the target.

3.1.3 Test3

The flywheel parameters used for this test are listed in Table 3.6. The step size for
the ODE solver was 1 x 107 seconds. From these testing conditions, the average and
maximum values for the current and position in Table 3.7 were determined.

Table 3.6: PID test 3 conditions.

Term Value Units

® 200000 rpm
3333 Hz

e 1 um

Io, 4 A

Io; 4 A

The time domain response of the FES system at the three bearings are shown in
Figures 3.19 through 3.21.

An instantaneous frequency (IF) plot of each temporal response was generated to
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Table 3.7: PID test 3 results.

Term Axis Average Maximum
X 4.80x 107! 1.01 x 10°
Current (A) y 4.93x 107! 1.10 x 10°
z 6.79 x 10711 8.17 x 10710
X 6.99 x 1077 1.48 x 107
Magnitude (m) y 7.07 x 1077 1.77 x 107°
z 1.65x 10716 1.42x 10715

y [um]

Time [s]

X [um]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.19: PID test 3: independent bearing A temporal responses.

evaluate the stability in the frequency domain and is shown in Figures 3.22 through 3.26.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general

trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
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Figure 3.20: PID test 3: independent bearing B temporal responses.
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Figure 3.21: PID test 3: thrust bearing.
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depicting the controller’s stability in the frequency domain.
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Figure 3.22: PID test 3: bearing A IF response for y-axis.

This is the last test for the PID controller. This test used the same controller parame-
ters but increased the operating speed to 200,000 rpm. Spinning the rotor even faster seems
to continue the trend observed from test 1 to 2. A reduction of average and maximum time
domain amplitude and control current was observed. The z-axis response in the time do-
main (Figure3.21) looks the most different because the magnitude of the high-frequency
oscillation is much smaller. Thus, making small changes in average amplitude appear more
obvious.

In the IF plots (Figures 3.22 through 3.26), a low frequency noise (1,000 Hz) is now

apparent in both the x- and y-axis but is reduced to zero after about one second. This new
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Figure 3.23: PID test 3: bearing A IF response for x-axis.
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Figure 3.24: PID test 3: bearing B IF response for y-axis.
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Figure 3.25: PID test 3: bearing B IF response for x-axis.
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Figure 3.26: PID test 3: thrust bearing IF response.
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phenomenon does not seem to challenge the controller as it quickly removes this frequency
and achieves steady state in the frequency domain. Where the frequency response looks
much less controlled is in the z-axis (Figure 3.26). Clearly, increasing the rotating speed
has the biggest impact in the frequency domain. The rotor is highly unstable in the z-axis
with time-varying spectral bandwidth and time-varying frequency components. While this
model was still considered well-controlled in the time domain, these new low-frequency
modes could excite natural vibration modes in the FES rotor and cause failure. However,
the point of these simulations with the PID controller was to demonstrate that this system
could be controlled and to give a point of reference when observing the results from the

WEXLMS controller.

3.2 Fuzzy Logic Results

The next controller used to verify that the system is controllable and to provide an-
other point of reference is the fuzzy logic controller. Since the PID controller appeared
to stabilize the system from 100,000 rpm to 200,000 rpm. The fuzzy logic controller was

tested at the extrema of that range.

3.2.1 Test1

The flywheel parameters used for this test are listed in Table 3.8. The step size for
the ODE solver was 1 x 107% seconds. From these testing conditions, the average and
maximum values for the current and position in Table 3.9 were determined.

The time domain response of the FES system at the three bearings are shown in
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Table 3.8: Fuzzy logic test 1 conditions.

Term Value Units

© 100000 rpm
1667 Hz

e 1 Um

Io, 4 A

Iy, 4 A

Table 3.9: Fuzzy logic test 1 results.

Term Axis Average Maximum
X 8.41 x 107! 1.92 x 10°

Current (A) y 8.37x 107! 2.32x 10°
z 2.16x 1073 6.41 x 1072
X 4.13x 1077 1.07 x 107

Magnitude (m) y 4.15%x 1077 1.49 x 107°
Z 2.68x 1077 2.68 x 1077

Figures 3.27 through 3.29.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.30 through 3.34.

The raw data generated for each bearing had significant signal processing noise due to the

nature of the IF calculations process. Therefore, a smoothing function was applied to this

data to reveal the frequency trends and omit unnecessary data outliers. When comparing

the raw plot with the smoothed plot, there was not a noticeable difference in the general

trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.

Clearly, in the time domain, this controller performs with a much better tolerance

and stability than the PID controller. When compared directly with the PID controller at
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Figure 3.27: Fuzzy logic test 1: independent bearing A temporal responses.
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Figure 3.28: Fuzzy logic test 1: independent bearing B temporal responses.
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Figure 3.29: Fuzzy logic test 1: thrust bearing.
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Figure 3.30: Fuzzy logic test 1: bearing A IF response for y-axis.
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Figure 3.31: Fuzzy logic test 1: bearing A IF response for x-axis.
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Figure 3.32: Fuzzy logic test 1: bearing B IF response for y-axis.
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Figure 3.33: Fuzzy logic test 1: bearing B IF response for x-axis.
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Figure 3.34: Fuzzy logic test 1: thrust bearing IF response.

58



the same speed, the fuzzy-logic controller used about 0.2 Amps more average current than
the PID and about 0.7 Amps more maximum current in the y-axis to achieve that improved
stability. Even more unique is the time domain behavior of the controller in the z-axis.
Due to the nature of membership functions, the relatively small error that was achieved
with the PID controller was treated as zero error by the fuzzy-logic membership functions.
Therefore, the fuzzy-logic controller did not supply adequate current to the thrust bearing
until it had reached an error of similar magnitude to that of the x- and y-axis, and, once it
did detect an error, it was six orders of magnitude larger than the PID.

Where the controller really suffers is in the frequency domain. This is shown in
the IF plots (Figures 3.30 through 3.34). The first mode is the only stable frequency at
1,667 Hz which is the operating speed of the rotor. The lower modes are erratic and unpre-
dictable; primarily for the x- and y-axis. While the z-axis looks stable in the time domain,
there are clearly multiple vibration modes with a maximum frequency of about 750 Hz.
Based on this results, it can be concluded that the dynamic behavior of the rotor would
be completely different for a flexible rotor model as these frequencies could likely induce

resonance within the rotor.

3.2.2 Test2

The flywheel parameters used for this test are listed in Table 3.10. The step size for
the ODE solver was 1 x 107 seconds. From these testing conditions, the average and
maximum values for the current and position in Table 3.11 were determined.

The time domain response of the FES system at the three bearings are shown in
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Table 3.10: Fuzzy logic test 2 conditions.

Term Value Units

© 200000 rpm
3333 Hz

e 1 Um

Io, 4 A

Iy, 4 A

Table 3.11: Fuzzy logic test 2 results.

Term Axis Average Maximum
X 1.77 x 10° 2.55 x 10°

Current (A) y 1.84 x 10° 3.05 x 10°
z 2.16x 1073 6.41 x 1072
X 6.61 x 1077 1.39x 107

Magnitude (m) y 1.14x 107° 2.63x107°
Z 2.68x 1077 2.69x 1077

Figures 3.35 through 3.37.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.38 through 3.42.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

This simulation does the best job at demonstrating the effect that gyroscopics has on

system stability for the rigid rotor model. While the time domain response was a little less
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Figure 3.35: Fuzzy logic test 2: independent bearing A temporal responses.
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Figure 3.36: Fuzzy logic test 2: independent bearing B temporal responses.
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Figure 3.37: Fuzzy logic test 2: thrust bearing.
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Figure 3.38: Fuzzy logic test 2: bearing A IF response for y-axis.
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Figure 3.39: Fuzzy logic test 2: bearing A IF response for x-axis.

5000 T
4500 - il
4000 b
3500 - b
3000 - b
N
T 2500 -
w2
2000 - b
1500 - b
1000 - b
B0 o e e N e e N i o]
—— T e e T e e ]
o= g = e = .
0 0.5 1 1.5 2 2.5
Time [s]

Figure 3.40: Fuzzy logic test 2: bearing B IF response for y-axis.
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Figure 3.41: Fuzzy logic test 2: bearing B IF response for x-axis.
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Figure 3.42: Fuzzy logic test 2: thrust bearing IF response.
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solid (the outer edges of the time domain response were more jagged) than the previous
test, the frequency response is vastly different. Instead of random low frequency mode
shifting the lower modes all seems stable and no greater than 1,500 Hz. Clearly, spinning
this system at higher rates increases stability instead of decreasing it. However, the IF
response from the 0-500 Hz range show frequencies with a temporal-modal structure that
is characteristic of a bifurcated, unstable response. The time-domain displacements may
seem contained, but the dynamics are technically still unstable.

The average current required to control at 200,000 rpm increased about 1 Amp for
the x- and y-axis but stayed the exact same for the z-axis. Similarly, a 0.2 pum increase in
average amplitude oscillation was observed but the peak displacement actually decreased

slightly.
3.2.3 Test3

The flywheel parameters used for this test are listed in Table 3.12. The step size for
the ODE solver was 1 x 107> seconds. From these testing conditions, the average and
maximum values for the current and position in Table 3.13 were determined.

Table 3.12: Fuzzy logic test 3 conditions.

Term Value Units

© 100000 rpm
1667 Hz

e 1 um

Iy, 4 A

Iy, 4 A

The time domain response of the FES system at the three bearings are shown in
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Table 3.13: Fuzzy logic test 3 results.

Term Axis Average Maximum
X 1.50 x 10° 3.71 x 10°
Current (A) y 1.51 x 10° 4.23 x 10°
z 7.66 x 107! 1.83 x 10°
x 2.11x 1076 5.81x 1076
Magnitude (m) y 2.95x 1076 1.05x 1073
z 1.71 x 1077 1.77 x 1077
Figures 3.43 through 3.45.

y [pm]
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X [pem]
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Figure 3.43: Fuzzy logic test 3: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.46 through 3.50.
The raw data generated for each bearing had significant signal processing noise due to the

nature of the IF calculations process. Therefore, a smoothing function was applied to this
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Figure 3.44: Fuzzy logic test 3: independent bearing B temporal responses.
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Figure 3.45: Fuzzy logic test 3: thrust bearing.
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data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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f
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Figure 3.46: Fuzzy logic test 3: bearing A IF response for y-axis.

The only difference between this test and test 1 is the differential equation step solver.
The dynamic and frequency response of this test is drastically different. This is due to the
change-in-error membership function. Because the step size is larger, the calculated rate-
of-change of the error is much larger that causes the controller to use much larger currents.
On average this controller used double the amount of current as test 1. This is one of the

biggest drawbacks to a fuzzy-logic controller; its control efficacy is dependent on the rate
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Figure 3.47: Fuzzy logic test 3: bearing A IF response for x-axis.
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Figure 3.48: Fuzzy logic test 3: bearing B IF response for y-axis.
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Figure 3.49: Fuzzy logic test 3: bearing B IF response for x-axis.
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Figure 3.50: Fuzzy logic test 3: thrust bearing IF response.
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that data is provided to the controller. This is a bigger problem for real systems. Consider
the case where a position sensor provides data to the controller at an inconsistent rate or that
the sensor periodically skips a measurement. Those instances could cause the controller
to use much larger currents and lead to less dynamic stability. The same test - using a
differential equation solver step size of 1 x 107 - was also tested with the PID controller

and that system performed exactly the same regardless of step size.

3.3 WFXLMS Results

Since this controller is brand new, there is not a validated method of determining the
ideal control parameters. Therefore, the following tests demonstrate a range of values that
were tested. The exact range of all the tested parameters are listed in Table 3.15 below.

Table 3.14: WFXLMS testing conditions.

Term Minimum Maximum
o (rpm) 100 100000
dt (s) 5x1077 1x107°
Io, 4 10

Io; 4 10
isupply 5 200
isupplyz 5 200

N 128 512

eG -1 1

eGz -1 1

w1 0.5 5

Wiz 0.5 5

Ly 1x 10716 5x1073
15 1x10716 1x1072
Hiz 1x10716 5x1073
U 1 x10716 1x1072

W1 and W1z are the initial filter values for the journal and thrust bearings, respec-
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tively. N is the filter length for the controller. The parameters (i, Uy, Ui;, and Uy, are
the filter step sizes for the journal and thrust bearings, respectively. Parameters eG and
e(Gz are arbitrary values that are multiplied to the error and input to the controller for the
journal and thrust bearings, respectively. Finally, is,,,, and i,y are the currents that
are supplied to a proportional gain that is then used by the controller. In essence, this con-
troller modifies an input signal before it is sent to the FES system and the only method that
worked for longer than 0.0005 seconds was if a proportional gain was supplied to the con-
troller. This proportional controller started at 0 Amps when the rotor was at 0 and linearly
increased to a maximum value equal to i,y OF igppry; When the rotor was equal to the

clearance gap.

3.3.1 Test1

The flywheel parameters used for this test are listed in Table 3.15. From these testing
conditions, the average and maximum values for the current and position in Table 3.16 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.51 through 3.53.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.54 through 3.58.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this

data to reveal the frequency trends and omit unnecessary data outliers. When comparing
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Table 3.15: WFXLMS test 1 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 12 A

isupplyz 12 A

N 512

eG 1

eGz 1

W1 5

W1z 5

Ly 5x1073

U 5x1073

Uiz 5% 1073

Moz 5x1073

tond 1.248

0 0.2 0.4 0.6 0.8 1 1.2 14
Time [s]

X [uum]

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time [s]

Figure 3.51: WFXLMS test 1: independent bearing A temporal responses.

73



Table 3.16: WEFXLMS test 1 results.

Term Axis Average Maximum
X 1.51x 107! 443 x 107!
Current (A) y 2.03x 107! 6.29 x 107!
z 2.39%x 1078 1.25x 1077
X 7.22 %1077 2.09%x 107
Magnitude (m) y 9.98 x 1077 2.98 x 1076
z 1.41x 10713 7.39x 10713

y [um]

3 1 L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 14

Time [s]

X [um]
o

_4 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14

Time [s]

Figure 3.52: WFXLMS test 1: independent bearing B temporal responses.

the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

The only outside information that was used in the first test was the values for current
used in the PID and fuzzy-logic tests. Essentially, the parameters iy, 1, and igppry, Were

selected to try and get the current used by the WFXLMS controller to resemble that of the
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Figure 3.53: WFXLMS test 1: thrust bearing.
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Figure 3.54: WFXLMS test 1: bearing A IF response for y-axis.
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Figure 3.55: WFXLMS test 1: bearing A IF response for x-axis.
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Figure 3.56: WFXLMS test 1: bearing B IF response for y-axis.
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Figure 3.57: WFXLMS test 1: bearing B IF response for x-axis.
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Figure 3.58: WFXLMS test 1: thrust bearing IF response.
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previous controllers. Recalling that the fuzzy-logic controller used as much as 2.32 Amps
and the PID controller used as much as 1.8 Amps at 100,000 rpm, the maximum current
draw of 0.63 Amps was much less than the other controllers. Clearly, the current supplied
to the proportional controller needed to be increased for the next test.

This first test reveals the effective control that WFXLMS has in the frequency do-
main. All of the IF plots, including the z-axis (Figure 3.58), are relatively steady for the
duration of the test. However, despite this control in the frequency domain, it seems that
the controller is failing in the time domain. Notice the y-axis plots in Figures 3.51 and 3.52
are slowing drifting away from 0 as the influences of gravity take effect. Also, even though
the z-axis amplitude of vibration is still pretty small, the thrust bearing is clearly diverging,
and, at the very least, is performing much worse than either the PID or the fuzzy-logic
controller over the same duration of time. By one second in both the PID and fuzzy-logic

results, the z-axis has already reached some form of steady state in the time domain.

3.3.2 Test2

The flywheel parameters used for this test are listed in Table 3.17. From these testing
conditions, the average and maximum values for the current and position in Table 3.18 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.59 through 3.61.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.62 through 3.66.
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Table 3.17: WFXLMS test 2 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 16 A

isupplyz 16 A

N 512

eG -1

eGz -1

W1 5

W1z 5

U 1x1078

U 1x1078

Uiz 1x10°8

U, 1x1078

tond 1.282

10 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time [s]

X [m]

10 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14

Time [s]

Figure 3.59: WFXLMS test 2: independent bearing A temporal responses.
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Table 3.18: WEFXLMS test 2 results.

Term Axis Average Maximum
X 3.47 x 1071 1.68 x 10°
Current (A) y 3.79 x 107! 1.75 x 10°
z 1.02x 1078 8.38 x 1078
X 1.23x 107 5.94%x 107
Magnitude (m) y 1.34 x 107° 6.19 x 1076
z 4.49 x 10~14 3.70x 10713
-10 T
5 4
T
2 0 7
5 |- -
10 1 Il Il Il Il
0 0.2 0.4 0.6 0.8 1.2 1.4
Time [s]
10 T
5 | -
=
= 0 7
x
5+ -
-10 1 L L L L
0 0.2 0.4 0.6 0.8 1.2 1.4
Time [s]

Figure 3.60: WFXLMS test 2: independent bearing B temporal responses.

The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.61: WFXLMS test 2: thrust bearing.
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Figure 3.62: WFXLMS test 2: bearing A IF response for y-axis.
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Figure 3.63: WFXLMS test 2: bearing A IF response for x-axis.
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Figure 3.64: WFXLMS test 2: bearing B IF response for y-axis.
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Figure 3.65: WFXLMS test 2: bearing B IF response for x-axis.
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Figure 3.66: WFXLMS test 2: thrust bearing IF response.
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The ideas for this test included: to make the filter step size smaller (from 5 x 1073
to 1 x 1078) and see if it was possible that the controller was overstepping some high-
frequency component. To see if reversing the error input to the controller (eG) had any
impact on performance, and if increasing the supply current would prevent the drifting
seen in the previous test (and possibly match either PID or fuzzy-logic current draw). The
frequency results for this test seem to demonstrate even more stable results than the previ-
ous test. However, the increase in supply current (i, 7y and ig,piy;) did not seem to impact
the average displacement from 0 in the y-axis compared to the first test (9.98 x 10~ in test
1 compared to 1.34 x 1079 in test 2), but did increase the maximum average current draw
from 0.2 to 0.38 Amps (still much smaller than PID or fuzzy-logic controllers). Changing
all of these parameters did improve the stability of the frequency response, but the response
in the x- and y-axis are still diverging one second into the simulation; much worse than last

time.

3.3.3 Test3

The flywheel parameters used for this test are listed in Table 3.19. From these testing
conditions, the average and maximum values for the current and position in Table 3.20 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.67 through 3.69.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.70 through 3.74.
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Table 3.19: WFXLMS test 3 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 16 A

isupplyz 16 A

N 512

eG 1

eGz 1

W1 5

W1z 5

U 1x1078

U 1x1078

Uiz 1x10°8

U, 1x1078

tond 1.278

10 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time [s]

X [m]

10 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14

Time [s]

Figure 3.67: WFXLMS test 3: independent bearing A temporal responses.
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Table 3.20: WEFXLMS test 3 results.

Term Axis Average Maximum
X 3.47 x 1071 1.68 x 10°
Current (A) y 3.77 x 107! 1.74 x 10°
z 1.01 x 1078 8.09x 1078
X 1.22x 107 5.94%x 107
Magnitude (m) y 1.33x 107° 6.15x 1076
z 4.45x 1014 3.58x 10713
-10 T
5 4
T
20 1
5 |- -
10 1 Il Il Il Il
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Time [s]
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5 | -
=
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0 0.2 0.4 0.6 0.8 1.2 1.4
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Figure 3.68: WFXLMS test 3: independent bearing B temporal responses.

The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.69: WFXLMS test 3: thrust bearing.
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Figure 3.70: WFXLMS test 3: bearing A IF response for y-axis.
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Figure 3.71: WFXLMS test 3: bearing A IF response for x-axis.
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Figure 3.72: WFXLMS test 3: bearing B IF response for y-axis.
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Figure 3.73: WFXLMS test 3: bearing B IF response for x-axis.
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Figure 3.74: WFXLMS test 3: thrust bearing IF response.
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This test was run to isolate the impact that the error gain parameters (eG and eGz)
have on the dynamic stability of the FES system. After running the test, the temporal and
frequency responses looked very similar to the last test’s results. Looking at the actual
displacement numbers in Table 3.20 and comparing them with Table 3.18 confirms this
suspicion with a maximum relative error of about 1% between them. The lower-frequency
modes in Figures 3.62 through 3.66 also match those from the last test (Figures 3.70 through

3.74). Apparently, the controller is impervious to the error gain parameters.

3.3.4 Test4

The flywheel parameters used for this test are listed in Table 3.21. From these testing
conditions, the average and maximum values for the current and position in Table 3.22 were

determined.

Table 3.21: WEXLMS test 4 conditions.

Term Value Units

o 100000 rpm
1667 Hz

dt 1x10°6 s

Ior 4 A

Iy, 4 A

Lsupply 16 A

isupplyz 16 A

N 512

eG 1

eGz 1

W1 5

W1z 5

U 1x10716

U 1x10716

Uiz 1x10716

U2, 1 x10716

tond 1.515
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Table 3.22: WFXLMS test 4 results.

Term Axis Average Maximum
x 437 x 107! 2.45 % 10°
Current (A) y 4.65x 107! 2.55x 10°
4 2.16 x 1078 2.04 x 1077
x 1.54 x 1076 8.65x 107°
Magnitude (m) y 1.65x 107° 9.03 x 1076
z 9.56 x 10~ 14 9.02x 10713

The time domain response of the FES system at the three bearings are shown in

Figures 3.75 through 3.77.
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Figure 3.75: WFXLMS test 4: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.78 through 3.82.
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Figure 3.76: WFXLMS test 4: independent bearing B temporal responses.
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Figure 3.77: WFXLMS test 4: thrust bearing.
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The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.78: WFXLMS test 4: bearing A IF response for y-axis.

Again, only one change was made to this system since the last test. This time the
filter steps (U1, U2, Ui, and Up,) were made much smaller. Take caution when comparing
the current draw and deflections in Table 3.22 with the previous tests because this test ran

for about 0.23 seconds longer and continued to diverge. However, this test does show that
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Figure 3.79: WFXLMS test 4: bearing A IF response for x-axis.
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Figure 3.80: WFXLMS test 4: bearing B IF response for y-axis.
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Figure 3.81: WFXLMS test 4: bearing B IF response for x-axis.
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Figure 3.82: WFXLMS test 4: thrust bearing IF response.
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drastically decreasing the filter step sizes does not significantly alter the dynamics of the
system in the time or frequency domain. At this point, it is important to remember that
the IF plots do not accurately represent the real dynamics of the system at the beginning
or end of the plot as the process for obtaining these plots requires a reasonable sample size
to extract the frequencies from the time domain plot. This is why there are large spikes in

the IF plots at the end of the data.

3.3.5 Test5

The flywheel parameters used for this test are listed in Table 3.23. From these testing
conditions, the average and maximum values for the current and position in Table 3.24 were

determined.

Table 3.23: WEFXLMS test 5 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 16 A

isupplyz 16 A
512

eG 1

eGz 1

W1 5

W1z 5

I 1x1078

Lo 1x1072

Uiz 1x1078

U 1 x1072

tend 2.5
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Table 3.24: WEFXLMS test 5 results.

Term Axis Average Maximum
X 2.10x 1071 591 x 107!
Current (A) y 2.42x 107! 7.75x 107!
z 2.19x 1077 2.96 x 107°
X 7.53x 1077 2.09%x 107
Magnitude (m) y 8.92x 1077 2.76 x 1076
z 9.66x 1013 1.31 x 101

The time domain response of the FES system at the three bearings are shown in

Figures 3.83 through 3.85.

Time [s]

X [um]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.83: WFXLMS test 5: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.86 through 3.90.

The raw data generated for each bearing had significant signal processing noise due to the

97



y [pm]

Time [s]

X [uum]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.84: WFXLMS test 5: independent bearing B temporal responses.
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Figure 3.85: WFXLMS test 5: thrust bearing.
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nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.86: WFXLMS test 5: bearing A IF response for y-axis.

This test examined the impact that drastically different filter step sizes for the inner
and outer loops of the WFXLMS controller had on the dynamics of the FES system. The
inner loop, which is governed by p; and u;,, was set to a small number to allow it to try
and capture any high frequency noise in the system while the outer loop step sizes, (1, and

W2,), were made much bigger to allow the controller to make more drastic filter coefficient
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Figure 3.87: WFXLMS test 5: bearing A IF response for x-axis.
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Figure 3.88: WFXLMS test 5: bearing B IF response for y-axis.
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Figure 3.89: WFXLMS test 5: bearing B IF response for x-axis.
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Figure 3.90: WFXLMS test 5: thrust bearing IF response.
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changes from step to step.

As the time plots show in Figures 3.83 through 3.85, the x- and y-axis converged in
about one second just like in the first test, but it still demonstrated a slight drift away from 0
due to the effects of gravity. Again, the z-axis temporal response shows a diverging behav-
ior. While the IF plots still show stability through the duration of the test, it is impossible to
say that the controller achieved full dynamic stability as all of the axes demonstrate some
trend that, if projected into the future, would eventually collide with the bearing housing.

Notably, this controller is working almost exactly as required in the x- and y-axis
(beside the small drift away from 0) but is only drawing about 0.24 Amps on average
compared to PID’s 0.69 Amps and fuzzy-logic’s 0.84 Ams at 100,000 rpm. Therefore,
it is possible that increasing the supply current to try and match the PID and fuzzy-logic

controller will reduce the drifting behavior of the controller.

3.3.6 Test6

The flywheel parameters used for this test are listed in Table 3.25. From these testing
conditions, the average and maximum values for the current and position in Table 3.26 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.91 through 3.93.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.94 through 3.98.

The raw data generated for each bearing had significant signal processing noise due to the
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Table 3.25: WFXLMS test 6 conditions.

Term Value Units

o 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 20 A

isupplyz 20 A

N 512

eG 1

eGz 1

W1 5

W1z 5

Ly 5x1073

U 5x1073

Uiz 1x10°8

Lo, 1x1078

tond 2.5

Time [s]

X [um]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.91: WFXLMS test 6: independent bearing A temporal responses.
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Table 3.26: WEFXLMS test 6 results.

Term Axis Average Maximum
X 2.59x 1071 6.95x 107!
Current (A) y 2.80x 107! 8.33x 107!
z 3.81x 10713 1.48 x 10712
X 7.70 x 1077 1.97 x 107
Magnitude (m) y 8.58 x 1077 2.37x 1076
z 6.74x 10718 2.62x 10717

Time [s]

X [um]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.92: WFXLMS test 6: independent bearing B temporal responses.

nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

This time, the step size for the journal bearing controllers (u; and uy) and the thrust
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Figure 3.93: WFXLMS test 6: thrust bearing.
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Figure 3.94: WFXLMS test 6: bearing A IF response for y-axis.
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Figure 3.95: WFXLMS test 6: bearing A IF response for x-axis.
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Figure 3.96: WFXLMS test 6: bearing B IF response for y-axis.
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Figure 3.97: WFXLMS test 6: bearing B IF response for x-axis.
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Figure 3.98: WFXLMS test 6: thrust bearing IF response.
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bearing (U1, and Uy,) were set to different values. These parameters were set to different
values because the dynamics of the journal bearings and the thrust bearing are unique and,
therefore, possibly need to be treated differently by the controller. Based on the previous
tests, a relatively big value for the journal bearings filter step size was used because it
showed the best results, the ideal filter step values for the thrust bearing was still unknown;
thus, an arbitrarily smaller value was used. A smaller value for mu;, and u,, was selected
because using a value larger than p; and ) caused the simulation to crash immediately.
Figure 3.98 shows that the main IF mode of the thrust bearing settled at a little under
500 Hz while all the other, lower modes essentially disappeared. Despite operating at a
stead frequency in the z-axis, the amplitude again showed diverging behavior in the time
domain (Figure 3.93) for the first 2.5 seconds of operation; which, at the very least, is
far worse behavior than either the PID or fuzzy-logic controllers. IF plots for the journal
bearings (Figures 3.94 through 3.97) show that the main mode is steady at the operating
speed while the lower modes all eventually head towards 0. This indicates that the system
is predictable and steady in the frequency domain. However, the system still shows a tiny
divergence away from 0 due to the effects of gravity in the time domain (see the y-axis
is Figures 3.91 and 3.92). Also, increasing the supply current from 16 Amps to 20 Amps
barely changed the average current draw from the previous test (0.28 Amps vs. 0.24 Amps

in test 5).
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3.3.7 Test7

The flywheel parameters used for this test are listed in Table 3.27. From these testing
conditions, the average and maximum values for the current and position in Table 3.28 were

determined.

Table 3.27: WEFXLMS test 7 conditions.

Term Value Units

o 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 20 A

isupplyz 20 A

N 512

eG 1

eGz 1

W1 5

W1z 5

LUy 5x107%

U 5% 107

Uiz 1x1078

U, 1x1078

tond 2.03

Table 3.28: WFXLMS test 7 results.

Term Axis Average Maximum
x 2.60x 107! 7.99 x 107!
Current (A) y 3.53x 107! 1.11 x 10°
z 7.03 x 107° 2.01 x 1078
x 7.40 x 1077 2.26 x 107°
Magnitude (m) y 1.01 x 107° 3.15x107°
z 1.24 x 10713 3.56 x 1013
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The time domain response of the FES system at the three bearings are shown in

Figures 3.99 through 3.101.

y [pm]

25

X [pzm]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.99: WFXLMS test 7: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.102 through 3.106.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.100: WFXLMS test 7: independent bearing B temporal responses.
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Figure 3.101: WFXLMS test 7: thrust bearing.
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Figure 3.102: WFXLMS test 7: bearing A IF response for y-axis.
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Figure 3.103: WFXLMS test 7: bearing A IF response for x-axis.
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Figure 3.104: WFXLMS test 7: bearing B IF response for y-axis.
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Figure 3.105: WFXLMS test 7: bearing B IF response for x-axis.
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Figure 3.106: WFXLMS test 7: thrust bearing IF response.

In this test, the only change was a reduction of the filter step sizes for the journal
bearings (i1 and ) from 5 x 1073 to 5 x 10~*. This was done primarily to see if it changed
how changing only the journal bearing dynamics changed the entire system dynamics. As
it turns out, a reduction by an order of magnitude did not change much. The average and
maximum current and displacement values were nearly identical for the x-axis, but saw
notable increases in the y- and z-axis; confirming that a larger filter step size for the journal
bearings improves the level of control.

The time domain shapes look nearly identical when comparing this test to the last,
but the IF responses look unique (Figures 3.102 through 3.106). In this test, all fundamen-
tal modes in every plot seem to hold steady for the duration of the test while in the last

test (Figures 3.94 through 3.98), all modes except for the operating frequency seem to be
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eliminated after one second.

3.3.8 Test8
The flywheel parameters used for this test are listed in Table 3.29. From these testing
conditions, the average and maximum values for the current and position in Table 3.30 were

determined.

Table 3.29: WFXLMS test 8 conditions.

Term Value Units

® 100000 rpm
1667 Hz

dt 5x1077 s

Iy, 4 A

1o, 4 A

Lsupply 20 A

isupplyz 20 A

N 512

eG 1

eGz 1

W1 5

W1z 5

Hi 5x 107

Lo 5x107%

Uiz 1x1078

o, 1x10°8

tend 2.03

Table 3.30: WEFXLMS test 8 results.

Term Axis Average Maximum
x 2.52x 107! 7.34x 107!
Current (A) y 3.43x 107! 1.06 x 10°
z 7.53x107° 2.04 x 1078
x 7.23x 1077 2.08 x 1076
Magnitude (m) y 1.00 x 107° 3.01 x 1076
z 1.33x 10713 3.60 x 10713
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The time domain response of the FES system at the three bearings are shown in

Figures 3.107 through 3.109.
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Figure 3.107: WFXLMS test 8: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.110 through 3.114.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.108: WFXLMS test 8: independent bearing B temporal responses.
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Figure 3.109: WFXLMS test 8: thrust bearing.
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Figure 3.110: WFXLMS test 8: bearing A IF response for y-axis.
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Figure 3.111: WEXLMS test 8: bearing A IF response for x-axis.
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Figure 3.112: WFXLMS test 8: bearing B IF response for y-axis.
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Figure 3.113: WFXLMS test 8: bearing B IF response for x-axis.
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Figure 3.114: WFXLMS test 8: thrust bearing IF response.

The only difference between this test and the last is the simulation step size; it was
halved to 5 x 1077 seconds. As was revealed in the fuzzy-logic controller, simulation
step size could play a big role in how effective the controller is. Comparing the average
and maximum displacement and current from the last test shows no significant changes.
Looking at the time domain responses from Figures 3.107 through 3.109 possibly shows
a small change in the manner that the controller converges. In the previous test (Figures
3.99 through 3.101), there was a small swell in the peak displacements up until about 0.5
seconds before it trended towards its final steady state value. In contrast, this test showed
an almost continuous decline towards its steady state value. The IF plots (Figures 3.110
through 3.114) show similar values compared to the last test; including the downward

trend of the low-frequency modes. Therefore, decreasing simulation step size improves
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WEXLMS controller rate of convergence, but does not change the overall stability of the

system like the fuzzy-logic controller.

3.3.9 Test9

The flywheel parameters used for this test are listed in Table 3.31. From these testing

conditions, the average and maximum values for the current and position in Table 3.32 were

determined.

Table 3.31: WEXLMS test 9 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 5x107° s

Iy, 4 A

Iy, 4 A

isupply 20 A

l.supplyz 20 A

N 512

eG 1

eGz 1

W1 5

W1z 5

o 5x107%

15 5x 1074

iz 1x1078

Moz 1x10°8

tend 1.25

The time domain response of the FES system at the three bearings are shown in

Figures 3.115 through 3.117.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.118 through 3.122.
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Table 3.32: WEFXLMS test 9 results.

Term Axis Average Maximum
X 4.67x 107! 3.08 x 10°
Current (A) y 5.39x 107! 3.54 x 10°
z 3.35x 1077 2.82x10°°
X 1.32x 107 8.72x 107
Magnitude (m) y 1.53x 107° 1.00 x 1073
z 5.93x 10712 498 x 101
-10 T
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10 1 Il Il Il Il
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Figure 3.115: WFXLMS test 9: independent bearing A temporal responses.

The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.116: WFXLMS test 9: independent bearing B temporal responses.
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Figure 3.117: WEXLMS test 9: thrust bearing.
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Figure 3.118: WFXLMS test 9: bearing A IF response for y-axis.
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Figure 3.119: WEXLMS test 9: bearing A IF response for x-axis.
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Figure 3.120: WFXLMS test 9: bearing B IF response for y-axis.
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Figure 3.121: WFXLMS test 9: bearing B IF response for x-axis.
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Figure 3.122: WFXLMS test 9: thrust bearing IF response.

This test increased the step size by an order of magnitude from the last test to 5 x 1076
seconds. This test was not run to completion because, again, divergence was observed in
the z-axis, and this time it happened much quicker. Interestingly, this simulation drew over
three times more maximum current than the previous test. This is likely caused by the
controller reacting quickly to less data; causing it to overshoot the necessary value. The
IF plots for this test (Figures 3.118 through 3.122) seem to match up with the previous test
except the low-frequency modes seem smoother and went away completely in the z-axis.
Therefore, it is reasonable to assume that larger simulation step sizes will result in similar
dynamic behavior in the time and frequency domains, but will have larger peak and average

current and displacements values.
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3.3.10 Test10

The flywheel parameters used for this test are listed in Table 3.33. From these testing
conditions, the average and maximum values for the current and position in Table 3.34 were

determined.

Table 3.33: WFXLMS test 10 conditions.

Term Value Units

© 100 rpm
1.67 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 20 A

isupplyz 20 A

N 512

eG 1

eGz 1

W1 5

W1z 5

LUy 5x107%

U 5% 107

Uiz 1x1078

U, 1x1078

tond 2.5

Table 3.34: WFXLMS test 10 results.

Term Axis Average Maximum
X 3.10 x 1072 1.80 x 107!
Current (A) y 3.41x 107! 1.24 x 10°
Z 1.29 x 1077 490 x 1077
X 8.76 x 1078 5.10%x 1077
Magnitude (m) y 9.78 x 1077 3.51x107°
z 229 % 10712 8.66 x 10712

127



The time domain response of the FES system at the three bearings are shown in

Figures 3.123 through 3.125.
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Figure 3.123: WFXLMS test 10: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.126 through 3.130.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.124: WFXLMS test 10: independent bearing B temporal responses.
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Figure 3.125: WFXLMS test 10: thrust bearing.
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Figure 3.126: WFXLMS test 10: bearing A IF response for y-axis.
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Figure 3.127: WFXLMS test 10: bearing A IF response for x-axis.
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Figure 3.128: WFXLMS test 10: bearing B IF response for y-axis.
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Figure 3.129: WFXLMS test 10: bearing B IF response for x-axis.
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Figure 3.130: WFXLMS test 10: thrust bearing IF response.

This test used the same parameters as test 7 except this time the rotor was slowed
down to 100 rpm to see if the system was spinning too fast to control. While the new
operating speed did dramatically alter the dynamic behavior of the FES system, it still
did not converge. In fact, a new diverging behavior can be observed in the x-axis for
bearing A and B (Figures 3.123 and 3.124). The most likely cause for this new behavior
has to do with the geometric coupling effects. Because the controller brings the y-axis
to a tighter level of control (a more consistent displacement), the force applied by the
coupling effect becomes more constant in the x-axis with time. As the previous tests have
shown, this controller takes nearly 0.5 seconds to learn the system and adapt its coefficients
appropriately. Therefore, applying a force that becomes more constant with time would

have a diverging effect in the x-axis until the coupling effect reached steady state.
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Despite the instability in the time domain, the controller again demonstrates effective
control in the frequency domain. Figures 3.126 through 3.130 depict steady state frequency
modes throughout the simulation. This indicates both the strength and weakness of this
controller. It is good at controlling in the frequency domain, but is slow to react in the
time domain. Perhaps this suggests that it should be combined with a PID or fuzzy-logic

controller for best results.

3.3.11 Test 11

The flywheel parameters used for this test are listed in Table 3.35. From these testing
conditions, the average and maximum values for the current and position in Table 3.36 were

determined.

Table 3.35: WFXLMS test 11 conditions.

Term Value Units

© 100000 rpm
1667 Hz

dt 1x107° s

Io, 4 A

Iy, 4 A

Lsupply 100 A

isupplyz 100 A
128

eG 1

eGz 1

W1 0.5

W1z 0.5

I I1x107*

Lo 1x107%

Uiz 1x107*

U 1x107*

tend 2.5
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Table 3.36: WFXLMS test 11 results.

Term Axis Average Maximum
X 2.56 x 107! 2.29 x 10°

Current (A) y 4.12x 107! 2.69 x 10°
z 1.47 x 107! 4.00 x 10°
X 1.46 x 107° 1.32x 1077

Magnitude (m) y 2.39x 1076 1.54 x 1073
z 1.05x10°° 2.87x 1073

The time domain response of the FES system at the three bearings are shown in

Figures 3.131 through 3.133.

y [pm]

Time [s]

X [pm]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.131: WFXLMS test 11: independent bearing A temporal responses.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.134 through 3.138.

The raw data generated for each bearing had significant signal processing noise due to the
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Figure 3.132: WFXLMS test 11: independent bearing B temporal responses.
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Figure 3.133: WFXLMS test 11: thrust bearing.
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nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.134: WFXLMS test 11: bearing A IF response for y-axis.

Since it is reasonable to run this simulation with a bigger step size - as verified in the
previous test - the remaining tests were run with a bigger step size. The major change that
this simulation had over others was a significant change in filter length (N) from 512 to
128. Many trials with this filter length created interested results. It seems that now, the z-

axis does converge provided the oscillations get large enough first. Many simulations have
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Figure 3.135: WFXLMS test 11: bearing A IF response for x-axis.
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Figure 3.136: WFXLMS test 11: bearing B IF response for y-axis.
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Figure 3.137: WFXLMS test 11: bearing B IF response for x-axis.
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Figure 3.138: WFXLMS test 11: thrust bearing IF response.
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revealed that this happens every time. Thus, it is reasonable to assume that this would have
happened in all the previous tests provided enough time was allowed.

Comparing values to the previous tests, the average current draw for this simulation
was much less than the PID and fuzzy-logic tests at 0.03 Amps in the x-axis and 0.3 Amps
in the y-axis. While this data looks like it converged, a linear trend line from 1.5 seconds
to the end of the simulation was created for the y-axis at bearing A and B to check for any

drifting away from 0 (Figures 3.139 and 3.140).
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datal
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y=0023%+22
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Figure 3.139: WFXLMS test 11: linear trend line for y-axis at bearing A.

Both linear trend lines depict a slight positive trend for the last second of the simu-
lation indicating that the controller is still sagging under the weight of gravity. This value

is so small that it could be considered 0. However, since the controller is pulling a small
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Figure 3.140: WFXLMS test 11: linear trend line for y-axis at bearing B.
current relative to the PID and fuzzy-logic controllers, the next step was to provide the
controller with a larger supply current (i, 1y and ig,ppiy-) Or to increase the filter step size

(M1, U, Ui, and Wp,) see if it will achieve stability quicker.

3.3.12 Test 12

The flywheel parameters used for this test are listed in Table 3.37. From these testing
conditions, the average and maximum values for the current and position in Table 3.38 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.141 through 3.143.

An instantaneous frequency (IF) plot of each temporal response was generated to

evaluate the stability in the frequency domain and is shown in Figures 3.144 through 3.148.
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Table 3.37: WEFXLMS test 12 conditions.

Term Value Units

o 100000 rpm
1667 Hz

dt 1x107° s

Iy, 4 A

Io: 4 A

Lsupply 100 A

Lsupplyz 100 A

N 128

eG 1

eGz 1

W1 0.5

W1z 0.5

U 1x1073

U 1x1073

Uiz 1x1073

Lo, 1x1073

tond 2.5

Time [s]

X [uum]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.141: WFXLMS test 12: independent bearing A temporal responses.
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Table 3.38: WFXLMS test 12 results.

Term Axis Average Maximum
X 1.36 x 107! 7.98 x 107!

Current (A) y 3.30 x 107! 1.11 x 10°
z 4.68 x 1072 1.28 x 10°
X 7.71 x 1077 4.54 x10°°

Magnitude (m) y 2.14x 1076 6.38 x 1076
z 3.36 x 1077 9.16 x 107

y [um]

Time [s]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.142: WFXLMS test 12: independent bearing B temporal responses.

The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job

depicting the controller’s stability in the frequency domain.
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Figure 3.143: WFXLMS test 12: thrust bearing.
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Figure 3.144: WFXLMS test 12: bearing A IF response for y-axis.
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Figure 3.145: WFXLMS test 12: bearing A IF response for x-axis.
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Figure 3.146: WFXLMS test 12: bearing B IF response for y-axis.
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Figure 3.147: WFXLMS test 12: bearing B IF response for x-axis.
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Figure 3.148: WFXLMS test 12: thrust bearing IF response.
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A linear trend line from 1.5 seconds to the end of the simulation was created for the

y-axis at bearing A and B to quantify the drift away from 0 (Figures 3.149 and 3.150).

=065 + 1.6

y [pm]

1.5 2 2.5
Time [s]

Figure 3.149: WFXLMS test 12: linear trend line for y-axis at bearing A.

In this case, increasing the filter step size actually decreased the active current draw
from the controller by about 0.1 Amps for the journal bearing and 0.05 Amps for the thrust
bearing. In addition, the mean and maximum displacements for both the journal and thrust
bearings actually decreased as well. However, this new controller was much less stable 2.5
seconds into the simulation than the previous test with a maximum linear slope of about
0.65 um/s. Drifting from 0 after 2.5 seconds is an undesirable trait for this controller as
this indicates that any new load on the controller - such as an impulse force - would have

a long settling time and could lead to a crash.
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Figure 3.150: WFXLMS test 12: linear trend line for y-axis at bearing B.

3.3.13 Test13

The flywheel parameters used for this test are listed in Table 3.39. From these testing
conditions, the average and maximum values for the current and position in Table 3.40 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.151 through 3.153.

An instantaneous frequency (IF) plot of each temporal response was generated to
evaluate the stability in the frequency domain and is shown in Figures 3.154 through 3.158.
The raw data generated for each bearing had significant signal processing noise due to the

nature of the IF calculations process. Therefore, a smoothing function was applied to this
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Table 3.39: WEFXLMS test 13 conditions.

Term Value Units

o 100000 rpm
1667 Hz

dt 1x107° s

Iy, 4 A

Io: 4 A

Lsupply 200 A

Lsupplyz 200 A

N 128

eG 1

eGz 1

W1 0.5

W1z 0.5

U 1x1073

U 1x1073

Uiz 1x1073

Lo, 1x1073

tond 2.5

Time [s]

X [uum]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.151: WFXLMS test 13: independent bearing A temporal responses.
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Table 3.40: WFXLMS test 13 results.

Term Axis Average Maximum
X 2.73 x 107! 1.68 x 10°

Current (A) y 3.63x 107! 2.04 x 10°
z 3.75x 1072 5.07 x 10°
X 7.79 x 1077 4.80 x 107°

Magnitude (m) y 1.08 x 107° 5.85x 1076
z 1.34 x 1077 1.82x 1077

y [um]

10 L L 1 L
0 0.5 1 1.5 2 2.5

Time [s]

1.5 2 25

Time [s]

Figure 3.152: WFXLMS test 13: independent bearing B temporal responses.

data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general
trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
depicting the controller’s stability in the frequency domain.

While this data looks like it converged, a linear trend line from 1.5 seconds to the

end of the simulation was created for the y-axis at bearing A and B to quantify the drift
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Figure 3.153: WFXLMS test 13: thrust bearing.
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Figure 3.154: WFXLMS test 13: bearing A IF response for y-axis.
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Figure 3.155: WFXLMS test 13: bearing A IF response for x-axis.
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Figure 3.156: WFXLMS test 13: bearing B IF response for y-axis.
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Figure 3.157: WFXLMS test 13: bearing B IF response for x-axis.
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Figure 3.158: WFXLMS test 13: thrust bearing IF response.
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away from 0 and is shown in Figures 3.159 and 3.160.

y = 0.079"x + 1

y [pem]
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Figure 3.159: WFXLMS test 13: linear trend line for y-axis at bearing A.

The only thing that changed for this simulation from the last one was the supply
current. It was increased from 100 Amps to 200 Amps. Increasing the supply current
doubled the average and maximum current draw for the x-axis and doubled the maximum
current draw for the y-axis but did not significantly increase the average current draw in
the y-axis. The biggest change was observed in the maximum current draw in the z-axis
which nearly increased by a factor of five.

However, a big change occurred with the average and maximum current and the
magnitude of displacement for the y-axis. In particular, the average displacement of the

y-axis was halved and the maximum displacement decreased by about 0.5 micrometers.
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Figure 3.160: WFXLMS test 13: linear trend line for y-axis at bearing B.
While increasing the supply current did decrease the rate that the rotor drifts away from
the bearing center to about 0.08 pm/s, it is still greater than was achieved with test 11, and
test 11 used significantly less current. This indicates that the parameters used in test 11

could be the optimal configuration for this controller.
3.3.14 Test 14

The flywheel parameters used for this test are listed in Table 3.41. From these testing
conditions, the average and maximum values for the current and position in Table 3.42 were
determined.

The time domain response of the FES system at the three bearings are shown in
Figures 3.161 through 3.163.

An instantaneous frequency (IF) plot of each temporal response was generated to
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Table 3.41: WFXLMS test 14 conditions.

Term Value Units

© 200000 rpm
3333 Hz

dt 1x107° s

Iy, 4 A

Io: 4 A

Lsupply 100 A

Lsupplyz 100 A

N 128

eG 1

eGz 1

W1 0.5

W1z 0.5

U I1x1074

U 1x107*

Uiz 1x107*

U, 1x107*

tond 2.5

-20 T

y [p2m]

Time [s]

X [m]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.161: WFXLMS test 14: independent bearing A temporal responses.
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Table 3.42: WFXLMS test 14 results.

Term Axis Average Maximum
X 2.76 x 107! 2.64 x 10°

Current (A) y 4.31x 107! 2.97 x 10°
z 1.47 x 107! 4.00 x 10°
X 1.58 x10°° 1.51x 1077

Magnitude (m) y 2.50x 1076 1.70 x 1073
z 1.05x10°° 2.87x 1073

-20 T

y [ppm]

Time [s]

X [pm]

0 0.5 1 1.5 2 25
Time [s]

Figure 3.162: WFXLMS test 14: independent bearing B temporal responses.

evaluate the stability in the frequency domain and is shown in Figures 3.164 through 3.168.
The raw data generated for each bearing had significant signal processing noise due to the
nature of the IF calculations process. Therefore, a smoothing function was applied to this
data to reveal the frequency trends and omit unnecessary data outliers. When comparing
the raw plot with the smoothed plot, there was not a noticeable difference in the general

trend of the data. Therefore, it is reasonable to assume that these plots do an adequate job
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Figure 3.163: WFXLMS test 14: thrust bearing.

depicting the controller’s stability in the frequency domain.

While this data looks like it converged, a linear trend line from 1.5 seconds to the
end of the simulation was created for the y-axis at bearing A and B to quantify the drift
away from 0 and is shown in Figures 3.169 and 3.170.

This test is really important because it took the ideal parameters established in test 11
and applied them to an identical system operating at 200,000 rpm. The dynamic behavior
of this system in the time domain (Figures 3.161 through 3.163) follows a similar trend as
seen in test 11. The x- and y-axis diverged for the first half a second before converging, but
this time the low frequency oscillations are more prominent. Again, the z-axis diverged
for the first second before returning to 0. Overall, the maximum displacement increased

by about 2 um and the average displacement increased by about 0.1 um when compared
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Figure 3.164: WFXLMS test 14: bearing A IF response for y-axis.
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Figure 3.165: WFXLMS test 14: bearing A IF response for x-axis.
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Figure 3.166: WFXLMS test 14: bearing B IF response for y-axis.
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Figure 3.167: WFXLMS test 14: bearing B IF response for x-axis.
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Figure 3.168: WFXLMS test 14: thrust bearing IF response.
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Figure 3.169: WFXLMS test 14: linear trend line for y-axis at bearing A.
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Figure 3.170: WFXLMS test 14: linear trend line for y-axis at bearing B.
with test 11. These small increases in amplitude are still well within the clearance gaps. In
addition, the average drift away from 0 is less than in test 11 at 0.017 um/s (Figure 3.169).

In a similar manner, the average current increased from test 11 by about 0.02 Amps
and the maximum current increased by 0.3 Amps. A steady state value of 0.4 Amps is still
less than the fuzzy-logic or PID controllers at 100,000 and 200,000 rpm. This is a notable
advantage for this controller over the others.

The IF plots (Figures 3.164 through 3.168) again depict steady control in the fre-
quency domain. In fact, the frequency domain responses almost match test 11 exactly. This
implies that the controller does not have any difficulty establishing a predictable flywheel
response. Even the z-axis shows a single mode that is eventually reduced to 0. Clearly,

this controller has no problem operating the FES system at 200,000 rpm.
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3.4 Controller Comparison

The preceding WFXLMS optimization method is not necessarily complete but it is,
however, relatively comprehensive. With this in mind, the ideal FES system response was
created in test 11. The maximum drift away from 0 after the controller reached steady state
in the frequency domain was about 0.023 wm/s which can be treated as approximately
0. In addition, the frequency domain is steady throughout the entire simulation and even
manages to completely eliminate oscillation in the z-axis after about 2 seconds. To get
a better feel for how this controller compares to the PID and fuzzy-logic controllers at

100,000 rpm, the key data from the previous sections are compiled in Table 3.43.

Table 3.43: Controller comparison at 100,000 rpm.

Parameter Axis WEXLMS PID Fuzzy-Logic
x 2.56 x 107! 6.79 x 107! 8.41 x 107!
Mean Current (A) y 4.12x 107! 6.89 x 107! 8.37 x 107!
Z 1.47 x 107! 2.54x 107? 2.16x 1073
x 2.29 x 10° 1.80 x 10° 1.92 x 10°
Max Current (A) y 2.69 x 10° 1.63 x 10° 2.32 % 10°
Z 4.00 x 10° 1.41 x 1078 6.41 x 1072
x 1.46 x 107° 9.89 x 1077 4.13x 1077
Mean Magnitude (m) y 2.39x 1076 9.95x 1077 4.15x 1077
z 1.05x10°° 3.70 x 10715 2.68 x 1077
X 1.32x 1073 2.75x 107 1.07 x 107
Max Magnitude (m) y 1.54 x 1073 2.51x1076 1.49 x 107°
z 2.87x 1072 2.07 x 10714 2.68x 1077

While the WFXLMS controller has the largest absolute maximum current draw, it

still manages to run with a significantly smaller average value. In fact, the WFXLMS
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controller runs with about half the average current draw compared to the PID and nearly a
quarter of the fuzzy-logic controller. Comparing the average current draw in the z-axis can
be a little misleading simply because the controller had a much larger absolute maximum
value which increases the average. At the end of the WFXLMS simulation, the controller
was only pulling about 4.13 x 10~% Amps in the z-axis which is much less than the fuzzy-
logic controller but much larger than the PID. This is really important for FES systems
since active power consumption is the limiting factor when considering the length of time
that energy can be stored. Consequently, if the ultimate design goal of a FES system is to
increase energy storage duration, the WFXLMS controller is the best option.

Looking at the displacements for each controller is a different story. The WFXLMS
controller had much larger average displacements than the other two controllers. While this
may be worse for systems where the clearance gap is much smaller, recall that this system
had a clearance gap of 400 um for the journal bearings and 500 um for the thrust bear-
ing; much larger than the average and maximum displacements for all of the controllers.
Therefore, all three of these controllers performed adequately in the time domain, but, if
the maximum allowable displacement of the rotor is the most important design parameter,
the best choice is the fuzzy-logic controller.

The time domain response for each of these controllers is unique. The PID controller
(Figures 3.1 through 3.3) takes from 1 to 1.5 seconds to respond and achieve steady state
in the y- and z-axis but it converges almost immediately in the x-aixs. The fuzzy-logic

controller (Figures 3.27 through 3.29) reached steady state in all axis immediately, or at the
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very least, the maximum amplitude of vibration never exceeded the initial values. Finally,
the WFXLMS controller (Figures 3.131 through 3.133) took about the same time as the
PID controller to reach steady state, but it displayed divergence in the x- and y-axis for the
first 0.5 seconds and for about 1 second in the z-axis before converging. This diverging
behavior subsequently generated the largest magnitude displacement of all the controllers
and, consequently, it requires the largest clearance gap when it is designed. Again, the
controller that did the best job in the time domain was the fuzzy-logic controller, but the PID
controller actually did the best job controlling the thrust bearing by limiting its maximum
displacement to 2 x 10~ % meters.

Finally, looking at the difference between the controllers in the frequency domain
shows that the PID controller (Figures 3.4 through 3.8) completely eliminated all modes
of vibration (besides the eccentric force) after about 0.25 seconds. A little bit of overshoot
is detected in the thrust bearing, but it is well within the acceptable range. The fuzzy-logic
controller (Figures 3.30 through 3.34) did not display any control for the duration of the test.
This is where the fuzzy-logic controller could become a problem. If the frequency domain
is not stable then it is possible that any number of natural vibration modes of a flexible rotor
could be excited at any time and lead to sudden system failure. The WFXLMS controller
(Figures 3.134 through 3.138) was very stable in the frequency domain. In fact, looking
at all of the tests done in this chapter shows that this controller is capable of achieving
steady and robust control of the system in the frequency domain regardless of controller

or simulation parameters. This is definitely a strength of this controller. The ultimate
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comparison, however, is at 200,000 rpm in Table 3.44.

Table 3.44: Controller comparison at 200,000 rpm.

Parameter Axis WEXLMS PID Fuzzy-Logic
X 2.76 x 1071 4.8x 107! 1.77 x 10°
Mean Current (A) y 4.31x 107! 4.93x 107! 1.84 x 10°
z 1.47 x 1071 6.79 x 101! 2.16x 1073
X 2.64 x 10° 1.01 x 10° 2.55 % 10°
Max Current (A) y 2.97 x 10° 1.10 x 10° 3.05 x 10°
z 4.00 x 10° 8.17 x 10710 6.41 x 1072
X 1.58x 107°° 6.99 x 107 6.61 x 1077
Mean Magnitude (m) y 2.50 x 107° 7.07 x 1077 1.14 x 107°
z 1.05x 107°° 1.65x 10716 2.68x 1077
X 1.51 x 1073 1.48 x 107 1.39x 10°°
Max Magnitude (m) y 1.70 x 1073 1.77 x 1076 2.63x 1076
Z 2.87x 1073 1.42 x 10713 2.69x 1077

All three controllers had a similar dynamic response in the time domain for both
the 100,000 and 200,000 rpm tests, but all of the magnitudes were exaggerated slightly.
Again, the WFXLMS controller used less current than the other controllers except for the
z-axis, but by the end of the simulation, the WFXLMS controller was only using an aver-
age of 7.31 x 10~® Amps for the last second of the simulation and 2.02 x 10~° Amps for
the last 0.5 seconds; indicating that the average current draw is decreasing with time and
approaching the same level as the PID controller.

Where the WFXLMS controller really shines again is in the IF response of the z-
axis. The WFXLMS controller shows a singular frequency for a majority of the test, but

eventually even reduces that mode to 0. This means that the controller stopped the z-
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axis from moving. Both the fuzzy-logic and the PID controllers showed instability in the
frequency domain. The fuzzy-logic had many modes that changed randomly between 0
and 500 Hz while the PID was worse. The PID controller did manage to eliminate some of
the modes, but one mode drifted from 0 to 4,250 Hz for the entire simulation and seemed
to have no periodicity. Simply comparing these responses demonstrates the more robust
control created by the WFXLMS controller.

Considering the previous discussion, the WFXLMS controller is the best choice for
a FES system if it needs to maintain its charge for a long duration. Clearly, the WFXLMS
creates an environment where the dynamics are predictable since the frequency domain
response is well controlled, but where the WFXLMS struggles when compared to the other
controllers is in the time domain; specifically the amplitude of vibration. If the amplitude of
vibration is a major design concern, the best solution is the PID controller, but for all other

cases, the WFXLMS controller provides the ideal, low-power control for a FES system.
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4 CONCLUSIONS AND FUTURE WORK

It appears that the PID and fuzzy-logic controllers both successfully controlled the
FES system when operating at 100,000 rpm. However, since an important criteria for
dynamic stability is fixed or predictable modes in the frequency domain, both of these
controller should be considered unstable. This unstable frequency response requires erratic
current from the controller with power spikes that could damage a real system. In contrast,
the WFXLMS controller demonstrated stability and adaptability in the frequency domain;
regardless of controller parameters. Parameter tuning to improve the response in the time
domain revealed how complicated the relationships between controller parameters are. In
other words, changing system parameters could result in drastically different converging
and steady state behavior.

A lack of any mathematical model to determine the ideal controller parameters was
a major issue because the only way to see if the controller works was to guess using a trial-
and-error method with a little bit of intuition. Knowing how this controller worked did help
with honing in on parameters, but finding the ideal combination relied almost entirely on
luck. Changing certain parameters lead to results that conflicted with intuition and is likely
due to system bifurcation. More research needs to be conducted to investigate the impact
that these controller parameters have on system dynamics including how filter length, filter
weights, the level of wavelet decomposition, and the selection of the reference signal all

impact the performance of the controller. An ideal result from this research would be a
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method for tuning the controller parameters.

Despite the lack of a controller tuning methodology, an ideal set of controller pa-
rameters was identified for 100,000 rpm in test 11 where the rate of drifting in the y-axis
was limited to about 0.02 pum/s. This drifting primarily indicates the slow reaction that
this controller has to a continuous force when it is simultaneously tuned to control a high-
frequency input such as eccentricity. The contrast between the steady force of gravity
and the periodic eccentric force play vastly different roles in the frequency domain and it
is likely that this controller would eventually return the rotor to the origin and achieve 0
drifting provided a longer simulation time.

Comparing all of the results shows that the ideal controller for a FES system is
WEXLMS; especially at 200,000 rpm. While it did draw the largest maximum current
of any system, it used significantly less (half of PID and a quarter of fuzzy-logic’s) steady
state current, while also maintaining stability in the frequency domain. This would drasti-
cally improve the time that the controller could store energy; one of the main functions of
a FES system. Comparing the average displacements shows that the WFXLMS controller
had the loosest bounds (particularly in the z-axis), but the WFXLMS controller only used
a fraction of the available clearance gap, and was still converging at the end of the sim-
ulation. If the FES system was used in an environment like space or a wind-farm where
external excitations are limited, the WFXLMS controller is the clear choice. However, if
external excitations are a real concern, the PID and fuzzy-logic controller demonstrated a

much quicker reaction time and could be a better option; provided they ran at lower speeds.

168



In the future, research should be conducted where the FES system is controlled with
a combination of a fuzzy-logic and WFXLMS controller. The fuzzy-logic controller had
the best reaction time in the time domain, but demonstrated poor stability in the frequency
domain. The frequency domain stability that the WFXLMS controller demonstrated could
make the time domain response more predictable without sacrificing the fast reaction time
of the fuzzy-logic controller.

This research should also be extended by conducting long-term simulations of the
FES system. Simulations for a couple of minutes should include periodic impulse forces
and examine the stability and power-draw over time. In particular, one of the major causes
of FES system failure is Hopf bifurcation when the operating speed is variable. In essence,
the behavior of the FES system is far less predictable when the frequency of the rotor
changes and would challenge each of these controllers much more than they already have

been.
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APPENDIX A

SIMULINK MODELS

The figures in this chapter show the SIMULINK model configuration for the

WEFXLMS, PID, and fuzzy-logic controllers.
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Figure A.1: SIMULINK layout for WFXLMS controller.
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