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Multi-Input—Multi-Output Control
of a Utility-Scale, Shaftless
Energy Storage Flywheel With

a Five-Degrees-of-Freedom
Combination Magnetic Bearing
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1 Introduction design power electronics and controllers such that the FESS has

increased power output. The primary target was to increase the
discharge power up to four times to the nominal rating of the
PMSM. Sung et al. [3] developed a 300 Wh flywheel supported by
two super-conducting Magnetic Bearing. The superconducting
magnetic bearing does not need active control and was capable of
achieving 20,000 rpm spin speed. Jinji et al. [4] proposed a novel
integrated radial hybrid magnetic bearing for small-sized magneti-
cally suspended control moment gyroscope, The magnetic bearing
can control four degrees-of-freedom of motions. Magnetic bearing
control is instrumental and often directly related to flywheel appli-
cations. Park et al. [5] studied the multi-input-multi-output
(MIMO) control of a magnetically levitated FESS and showed its
benefit comparing to a single-input—single output (SISO) control
scheme. Lei and Palazzolo [6] studied the control of AMBs for a
large order, flexible shaft which is modeled by finite element
model (FEM). As discussed in Ref. [7], an optimal state feedback
controller is used for stabilizing an AMB-supported flexible rotor.
Lei et al. [8] also designed a nonlinear fuzzy logic-based control-
ler for an AMB supported flexible shaft. Wang [9,10] presented
the initial design and use of shaftless flywheel for railroad applica-
tions, to reduce trains’ NO, emissions and fuel consumptions. A
flux-weakening control scheme is also proposed to improve the
regenerating efficiency.

Flywheel energy storage systems (FESS) provide solutions for
both energy storage and distribution. Compared to electrochemi-
cal batteries, they have high power ratings, superior depth of dis-
charge and lifetime charge cycles [1]. FESSs are ideal for power
grid regulations since they can improve the distribution efficiency,
as well as smooth power output from renewable energy sources
such as wind or solar farms. Through a motor/generator, energy is
stored in a flywheel in the form of rotating kinetics. The same
electrical machine allows the stored energy to be discharged back
to electricity. Apart from frequency regulation and renewable
energy, typical applications of a FESS also include uninterruptible
power service, hybrid locomotives, and so on. For a FESS, the fly-
wheel is usually supported by an active magnetic bearing (AMB)
system to avoid any friction loss or wear caused by conventional
bearings. Also, its performance can be conveniently adjusted by
tuning the feedback control parameters. Conventional AMB sys-
tems often require three different actuators, which would be in the
form of two radial and one axial device, to provide a five-degrees-
of-freedom (5DOF) levitation control.

The research on energy storage flywheel has focused on differ-
ent aspects. Talebi and coworkers [2] discussed the schemes to
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Fig. 1 The SHFES flywheel with rated energy and power of
100Kwh/100 KW: (a) three-dimensional drawing of the SHFES
with system components illustrated and (b) the newly built, full-
scale SHFES

steel flywheel energy storage system (SHFES) in the remainder
of this paper. The shaftless flywheel is an extension and physical
realization of the concept presented in Refs. [11] and [13].
Novel designs give the SHFES a potential of doubled energy
density. Along with the use of low-cost materials, it provides a
competitive alternative to lion-batteries regarding both costs and
availability. Nevertheless, the use of new technologies, such as
the large-scale and high-inertia flywheel, combination magnetic
bearing (CAMB) with solid cores, poses challenges for the levi-
tation control, flywheel stability, and disturbance rejection at full
speed. The magnetic bearing control is also made complicated
by the presence of precession and nutation poles that result from
gyroscopic moments of the spinning flywheel [5]. The object of
this research is to formulate and synthesize a detailed model
that includes a flexible support structure, frequency-dependent
magnetic bearing responses, sensory disturbances, and nonlinear-
ity effects. Based on the model, a feedback control, which fea-
tures MIMO cross-feedback terms, are designed to cancel the
gyroscopic moments and to provide stable flywheel levitation
control during the initial lift-up and high-speed spinning. It is
critical that the power amplifiers that drive the CAMB are not
working under high saturations. Small voltage and current varia-
tions of the coils are also desirable for minimizing AMB power
loss. The controller employed also includes direct proportional
and derivative (PD) gains, lead/lag compensators and notch fil-
ters for suppressing sensor runout, imbalance, and mechanical
resonances.

2 Overview of Shaftless, Hubless, High Strength Steel
Flywheel Energy Storage System

The SHFES, which includes the shaftless flywheel, CAMB, and
motor/generator is depicted in Fig. 1. Unlike many existing fly-

wheel technologies that use composite materials, it adopts high
strength steel (AISI 4340) as the building material. High strength
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Table 1 Flywheel specifications

Parameter name Quantity Unit
Flywheel outer diameter 2133 (mm)
Flywheel height 20 (mm)
Flywheel mass 5443 (kg)
Moment of inertia 3087 (kg:m?)
Rotational speed 5000 (rpm)
Tip speed 558 (m/s)
Energy/power capacity 100/100 (kWh/kW)
Materials 4340 AISI
Material tensile strength 1500 (MPa)
Flywheel relative magnetic permeability 200 —

steel cost much lower than composite per material strength.' The
manufacture and fabrications, as well as recycling, are also made
easy with the composite components being replaced. Moreover,
SHEFES has predictable fatigue life cycles and are designed to last
for 30 years of operation. As shown in the core component of the
SHEES is a shaftless, hubless high strength steel flywheel weigh-
ing 5443 kg. The design is entirely different from a conventional
flywheel, which has a shaft and hole through its center.

The specific energy E of a flywheel is proportional to its yield
strength ¢ and shape factor K. The SHFES is in the form of a solid
disk and has a shape factor that is almost two times higher than an
annulus flywheel [12,14]

E =Ko
K ~ 0.6 for the SHFES (€))
K ~ 0.3 for annulus flywheels

On top of the flywheel lies a single combination CAMB, which is
supported by a housing structure. The nominal air gap between
the CAMB and the flywheel is between 1.02mm and 1.14mm. A
touch-down bearing system is installed underneath the flywheel
for drop protection in case of AMB failures. Coreless Permanent-
magnets motor/generators are designed for the SHFES. The tor-
que, power, current, and speed of the electrical machine are deter-
mined by finite element electromagnetic analysis to meet the
design requirement [15]. The flywheel is also designed to work in
a vacuum chamber to eliminate windage losses. Table 1 summa-
ries the main specifications of the SHFES.

3 Modeling of the Shaftless, Hubless, High Strength
Steel Flywheel Energy Storage System

The entire electromechanical system includes following
components:

Magnetic bearing with eddy current effects.

Flywheel with gyroscopic effects.

Flexible Housing structure.

Sensor dynamics.

Power amplifiers with saturation effects and coil inductance/
resistance.

e Feedback controller with SISO and MIMO control algorithms.

3.1 Modeling of the Combo-Active Magnetic Bearing. To
include the CAMB into system dynamic simulation. It is charac-
terized by static and frequency-dependent coefficients. Static
characteristics of the CAMB include position and current stiffness
(shown in Table 2). Studies are carried out near the equilibrium
position where the flywheel is horizontally centered and placed
1.016 mm (40 mils) below the CAMB vertically. At the equilib-
rium position, current stiffness is acquired by giving current exci-
tations at different amperages to the radial, axial, and tilting coils,
respectively. Similarly, position stiffness is obtained by measuring
the magnetic forces when different position/attitude is applied to
the flywheel, with the current electromagnetic force excluded.

'http://www.energy.ca.gov/
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Table 2 The measured current and position stiffness of the
CAMB

Axial Radial Tilting
K, ~2.599 x 10’ —1.858 x 10° —2.737 x 10°

(N/m) (N/m) (N-m/rads)
K; 3714 (N/A) 320 (N/A) 546 (N-m/A)
Coil turns 200 100 100

Because that there are both radial and axial flux paths (Fig. 2)
in the CAMB, the conventional laminated design is difficult to
apply. It is not cost-effective either. For nonlaminated design,
eddy current effect is ineligible. This phenomenon causes ampli-
tude attenuation and phase lag in electromagnetic force as the
excitation frequency increases. Since the magnetic bearing affects
system dynamics considerably, accurate modeling is beneficial for
both design and simulation. The magnetic attraction force can be
derived from the virtual work principle

1

_ 32
f= Zﬁoi;(Bpm + B;)"dA 2)

Since the AMB is also designed to work in a linear range, the line-
arized magnetic force with respect to the flux density B; is

§=Bm %BidA 3)

Ho

The frequency response of force to current can be then approxi-
mated by the frequency response of flux (¢;(w)) to current /()
or the average flux density (B;(w)) to current [16]

i) (oo,
B;

f(0

For the CAMB, the axial and tilt AMB flux to current responses,
which are essential for controlling the gyroscopic effects and cru-
cial to the flywheel’s stability, are accessible for measurement
with the present instrument (depicted in Fig. 3).

)

B (tesla)

1.5608e+008
1.3929e+000
1,2857e+800

1.1786e+000
1.0714e+000
9. 6429e-001
8.5714e-001
7.5600e-AA1
6.4286e-001
5.3571e-001
4,28576-091
3.2143e-001
2.1429e-p01
1.8714e-081
0. 6E00Ee +006

Fig. 3 In-house magnetic field density measurement tool
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Fig.4 Curve fitting for CAMB frequency response: tilt actuator

Fig.2 Section flux plot of three-dimensional electromagnetic static simulation
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Fig.5 Housing structure nodes and beam elements

The frequency response can be described by a fractional-order
model, which is difficult to be included in dynamical simulations.
Therefore, the results are curve-fitted [17] as transfer functions
and incorporated into the later system modeling. As depicted in
Fig. 4, for the tilting actuator of the CAMB, the magnitude attenu-
ation and the phase lag at 60 Hz are close to 40% and 30 deg.

In summary, the magnetic force generated by the CAMB syn-
thesized by position and current-related coefficients are

Fon =Ky (¢ — a) + TFyKL 5)

where qf is the displacement vector of the stator nodes where the
CAMB is installed, ¢, is the displacement vector of the flywheel,
and TFyK;I is the current-induced magnetic force term with K;
being the static current stiffness matrix, TF; being the transfer func-
tion matrix, and I being the excitation current vector. Aforemen-
tioned, the transfer functions are curve-fitted as the below equation:

0.6

N
Z(liSNﬂ.
TF,(j) = - —— (6)

§ b[SM_l
i=0

3.2 Modeling of the Flexible Support Structure. The shaft-
less design eliminates the flexible shaft modes. Nevertheless, the
CAMB is supported by a housing structure which plays a vital role
in system dynamics. A beam-element FEM model is used for model-
ing the support structure and AMB (together will be referred as the
stator). The structure dynamics are given by the following equation:

qu.s- + Cqu + KSq.r = _fem (7)

In which M and K are the stator’s mass and stiffness matrices. ¢
is stator’s displacement vector defined by the equation given
below:

q, = [0.\',17 9y11,X17)’1721» ceey 0)«',717 Qy,naxnvymzn]T (8)
where 7 is the number of free nodes. The C; matrix is the propor-
tional damping based on:

Cs = aM, + DK, ©)

The coefficients are obtained by assuming normalized 2% damping
at 60 Hz and 1% damping at 100 Hz. The finite element model of
the stator includes 28 nodes and 144 DOF. As depicted in Fig. 5,
different types of beam elements are used. The elements shown in
the top view are solid beams arranged in an octagon shape for
approximating the circle thin wall component in the housing struc-
ture. The reaction force from the flywheel is applied to the theses
nodes. The elements shown in the section view are I-beams for
modeling the rest part of the structure. The 28-node-FEM model
gives similar natural frequency results compared to the solid model-
ing but requires much less computation effort. Figure 6 shows the
FEM model (along with an axial mode shape) in matLaB. To
include the AMB, it is modeled by shell elements bounded by the
green nodes. The shell elements bring extra displacements and
bending stiffness in addition to the thin wall elements (Table 3).

The force/moment distribution matrix Dy, which converts the
magnetic forces from the flywheel’s coordinate to the coordinate
of the stator, is defined by the following equations:

* 96.9Hz

-2

Fig. 6 Housing structure model in maTLAB, showing a vertical mode
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where m2f = —1/( (\/E + 1)DS) is the factor that convert the flywheel moment to node magnetic forces. The sensor collection matrices,

which collects the position sensor data in the stator’s coordinate and covert them to the CAMB’s coordinate, is defined by Eqgs. (12) and
(13). Sensitivity measurements are summarized in Table 4

0
0}’
g =| x| =D Dilg) (12)
y
zZ
Table 3 Reaction and sensor allocation on housing nodes
Radial Axial Moment
Fraction X Y V4 My, My,

Reaction force 1/8 N6, N15, N8, N22 N6-8, N14-15, N7 N8 N14 N21 N14 N15 N21,
nodes N7,N14,N21, N28 N21-22,N28 N22 N28 N6 N7 N28
Sensor nodes — N6, N15 N8, N22 N6, N15, N8, N22 N8, N22 N15, N6
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The flywheel’s equation of motion is given by Eq. (14):
quf + Gf(w)qf :fem +fim (14)

in which gy = [0.f, 0,7, X7, yr, Zf]T denotes the flywheel position
vector. The Imbalance force is defined as f;, = [0, 0, mew’

cos t(wr), mew’sin(wr),0]". Gs(w) denotes the speed dependent
gyroscopic matrix

0 Lo 00 0

~Lw 0 0 0 0
G=| 0 0 000 (15)

0 0 000

0 0 000

3.3 Modeling of Power Amplifier and Coil. Power ampli-
fiers are modeled as simple proportional feedback systems that
include coil inductance and resistance. The governing equation of
the power amplifiers is given in the following:

i
V:KPA(GpAv—i):Ld—:+Ri (16)

where Kp4 denotes the feedback gain matrix, and Gp4 denotes the
sensitivity matrix for the power amplifiers, respectively. The
amplifier voltage and current are limited to maximum thresholds

~Vim <V < Viim an

Active magnetic bearing coil inductances have substantial effects
on the power amplifier bandwidth. To accurately estimate the

101008-6 / Vol. 140, OCTOBER 2018
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flywheel’s dynamics, inductances are measured experimentally by
exciting each coil with sinusoidal voltages and recording their
current responses

I 1

V  Ljw+R

(18)

The impedance can be decomposed into the inductance and resist-
ance parts. While more sophisticated models take the frequency
dependence of R and L into account [18]. Here, the measurements
were carried out at the nominal airgaps, and the inductances and
resistance are derived around the operational frequency (5000

rpm).

3.4 Modeling of Sensors Dynamics and Disturbances.
Proximity sensors are typically used in AMB suspension control.
In general, these sensors have a relatively high bandwidth of near
to 10kHz. The sensor dynamics are summarized as follows:

_ Gy,

—m(% — 45 +4q,) (19)

where ¢, and g; are the stator and flywheel position vectors in the
CAMB’s coordinate. Gy, and T, are the sensitivity and filter time

Table 4 Comparison of natural frequency between maTLAB code
and ansys simulation results

Source Axial (Hz) Moment (Hz)
Beam FEMUsed for MATLAB simulation 96.7 192
Solid FEM 102 165

Transactions of the ASME

d'800L0L~ 0L~ 0FL SP/Z¥¥2Z19/800101/01/0% L 4Pd-8oie/swa)sAsojweudp/Bio-swse uonos|jooje)bipawse//:dny wol papeojum

USY0) BSEO; Jp!

)Z 1snbny gQ uo Jasn Aysiaaiun N 8V sexa L Aq 999 TUBIAMSIXAZdYI1-6ME LISBBAMHAL LZAPNHZNIOYISOBIZANOH- L MG! LSIXGON-DOONUMP:YYYYYIVEM /2I-40



=
@

=
'S

—&—Sensor 1

[N
N

—#—Sensor 2

[N
o

——Sensor 3

—<—Sensor 4

Voltage (V)

——Sensor 5

S O

—8—Sensor 6

Sensor 7

0 T T Sensor 8
0 20 40 60 80

Distance (mil)

14

/

12 /
10

6 —o—Average

N4
/

0 20 40 60 80
Distance (mil)

Voltage (V)

——Linear (Average)

Fig. 7 Sensitivity measurements and linear regression of the
proximity sensors

matrices. As depicted in Fig. 7, the average sensitivity is about
7.362 v/mm (178 mv/mil).

The g, vector denotes the sensor runout components. As defined
in Eq. (20), they are modeled as a synthesis of sinusoidal signals
that are dependent of the running speed

N
= ZA,,sin(f,,wt) + B,cos(f, 1) (20)

i=1

Notice that, apart from the surface flatness of the flywheel, verti-
cal or horizontal misalignments between the flywheel and the sta-
tor may also contribute to the runouts. The entire closed-loop
system is illustrated in Fig. 8.

4 Controller Design

4.1 Multiple-Input-Multiple-Output Control. Since the
flywheel is very close to the form of a thin disk, the I, to /; ratio

Support Structure

of it is almost 2, which leads to a strong gyroscopic effect. The
gyroscopic effect generates pairs of forward and backward conical
modes. As the spin speed increases, the rigid body forward mode
converges to a linear slope of the spin speed (wl,/I;) as the back-
ward one converges to zero. Gyroscopic effect alone only pulls
the poles to the imaginary axis, which causes the system to be
marginally stable. However, with certain phase lags from the
AMB, amplifiers, or other parts of the system, these modes will
become unstable. While a SISO control algorithm will levitate the
flywheel, it is not able to stabilize the system when the flywheel is
rotating at high-speed. MIMO algorithm [5,19,20] is applied to
cancel some of the gyroscopic moment effects. The controller
also features a PD stage, multiple lead-lag filters, and multiple
notch filters. The main task of the control algorithm is to stabilize
the flywheel and prevent the power amplifier, digital controller,
and magnetic bearing from being working under saturated condi-
tions. The rotor imbalance and sensor runout signals can be
viewed as running speed-dependent disturbances in the system
with the imbalance being applied to the flywheel and runout sig-
nals applied to the sensors. In particular, high-frequency harmonic
components of the sensor runout signals will be magnified by
derivative feedback, causing a great burden on the power ampli-
fiers. Multiple notch filter stages are designed for each channel to
suppress the sensor runout disturbances.

In summary, the overall control algorithm for SDOF is summar-
ized by the following equation:

_ s T
y= (P+DS+T) [LiLoNAT o, (u — u") @1

The proportional gain matrix is defined as in the equation given
below:

P,
P= Pox Py (22)
—Poc Py
P,

Moreover, the derivative matrix is defined in the below equation:

Gsn
(Tsns+1)

Sensors

D,
Dy
D= Dyx =Dy (23)
Dy, Dgy
D.
s aTs stz
'zw P + D= 7:5+1 Tsj’l1 sip
ADC PD with MIMO  Lead Lag
2+2§aﬂus+(anw)2
Notch
Digital Controller []
DAC
/(Ls + R
n s -
’}
=

Flywheel

Power Amplifier

Fig. 8 Flywheel dynamics simulation schematic
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where Py, and Dy, are the cross-couple proportional and damping
coefficients. In the effort of weakening the gyroscopic effects, the
cross-coupled feedback applies torque in one plane per the angular
position and velocity in its quadrature plane. This strategy reduces
the speed dependency of system dynamics (conical modes) and
lowers the frequency of forward modes so that derivate gains can
be more effective [5].

4.2 Compensators and Filters. In addition to the PD regula-
tors and lag compensators, each feedback channel also includes
various lead compensators and notch filters. The lead compensa-
tors provide finite bandwidth derivatives for a specific range of
frequencies so that the system’s stability and response can be
improved. The transfer function used for the lead compensator is
defined in the following equation:

v [a()T()s+1 a(5)T(5)s + 1
b= ,Hd"“gl( (s + 1 T(3)s 1 1 )
(lead stages)
wereai:man i:;
here 0 = Ting) ™ TV = o vam

(24)
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Fig. 9 Axial target profile
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In which ¢ (i) and @, (i) denote the maximum phase and the center
frequencies, respectively. The notch filters are critical in suppress-
ing vibration resonances. They are also instrumental in canceling
high-frequency structural modes and suppressing sensor runouts,
which would be amplified by derivative feedback. If left attended,
these sensor runouts could lead to amplifier saturations and insta-
bilities. The transfer functions of notches filters are given by the
following equations:

N]_g[diagk< s +ar(l)

e\ 420, (Me() + (B,(Mw(n)
s2 + w*(5) ) (

2+ 20(5)8,(5)0(5) + (B,(5)o(5))”

notch stages) (25)

where (; determines the rejection bandwidth and depth. w;(n) is
the notch frequency, and f3; decides the pole position offset. The
lag compensator’s transfer functions are defined in the following
equation:
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Fig. 11 Flywheel trajectory during lift-up
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s+ z(5)
s+p(5)

) (lag stages)  (26)

5 Simulation

A Simulation platform is developed for the SHFES in MATLAB/
SIMULINK. Motor dynamics are not included in the simulation
model since it has minimal effects on the magnetic levitation, the
flywheel is assumed to be ideally speed controlled by the brush-
less direct current motor.

5.1 Simulation of the Levitation Process. During the levita-
tion process, the axial target is set to be raised slowly to the
equilibrium position to avoid excessive overshoot (Figs. 9—11).
A slower lag filter is given to the axial controller so that the fly-
wheel will achieve the radial target at first. This technique facili-
tates the later axial levitation. One notch per channel is used for
each of the radial controllers during lift-up. Two notches are
used for the remaining channels. The axial control target must be
gradually raised to 1.143mm (40 mils) to prevent delevitation
resulted by overshoot. Because of this approach, the actual rotor
will stay on the catcher bearing for several seconds after the con-
troller is turned on. This increases the demand on the axial
amplifier (illustrated in Fig. 12). However, the demand quickly
diminishes when the rotor loses contact with the catcher bear-
ings. The radial actuator has the least problems during both lift-
up and steady-state due to their lesser inductances. As depicted
in Fig. 13, the axial force generated by current excitation gradu-
ally increases when the lag compensator is engaged. When it
reaches the maximum value, the flywheel leaves the catcher
bearing. In the meantime, the stator was pulled down by
0.13mm (5 mils) as shown in Fig. 14. After the flywheel reaches
the equilibrium position, the current generated magnetic force is
close to zero.

5.2 Simulation of Flywheel at Full Speed. The following
simulation is carried out when the flywheel is operating at the rated

Controlu
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X
5 —9,
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Time/s

Time/s

Fig. 12 Controller output and power amplifier voltage during
lift-up
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Fig. 13 Sensor and magnetic force measurement during lift-up

speed of 5000 rpm. To demonstrate the MIMO controller’s effec-
tiveness, it is not applied at first. Due to the large I, to I ratio, the
gyroscopic effect is very significant, and it caused the system to
become unstable. The large vibrations in the 0, — 0, plane, which
grows exponentially, are illustrated in Figs. 15 and 16. As depicted
in Fig. 17, the gyroscopic effects also caused significant amplifier
voltage saturations in the tilting control coils. The SISO controller
finally failed to compensate the tilt motion and become saturated.
Notice that the catcher bearing system is not included in the
model. Therefore, the tilt motion continues to grow without bound-
ary (Fig. 18). In practice, the rotor will delevitate and converge to
a limit cycle bounded by the catcher bearings.
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Fig. 14 Stator vibrations during lift-up
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Fig. 15 Full-speed flywheel attitudes under gyroscopic and
sensor runout effects (without MIMO control)

5.3 Multi-Input—-Multi-Output Controlled High-Speed
Flywheel Operation. With the MIMO controller applied, the fly-
wheel is stabilized at 5000 rpm. The amplifiers outputs for radial
actuators oscillate in the range of less than 5v pk—pk. The remain-
ing amplifiers will oscillate around 10v pk-pk. At least two

rotor COG trajectory
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Fig. 16 Full-speed flywheel trajectory under gyroscopic and
sensor runout effects (without MIMO control)
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Fig. 17 Full-speed flywheel controller and power amplifier
(without MIMO control)

notches are needed to deal with the runout effects, which will
likely cause excessive burden on the power amplifiers and delevi-
tate the rotor if without given any mitigation. Imbalance forces
are much less harmful than run-out because that they occur at a
lower frequency and only affect the radial actuator which has less
inductance burden (Figs. 19-22).
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Fig. 18 Full-speed stator attitude vibrations (without MIMO
control)
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6 Conclusion

This paper provides a systematic and comprehensive synthesis
for dynamical modeling and control of a utility-scale energy stor-
age flywheel. The uniqueness of the flywheel-AMB system
includes a rotor with significant gyroscopic effects, a solid-core,
combination magnetic bearing, and a flexible supporting structure,
which are often omitted in many existing magnetic bearing con-
trol schemes. We implement detailed dynamic models for each
component of the system based on experimental data. Transient
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Fig. 20 Full-speed flywheel trajectory under gyroscopic and
sensor runout effects (with MIMO control)
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Fig. 21 Full-speed Flywheel control and power amplifier (with
MIMO control)

simulations with an initial error of 20% are conducted based on
the modeling and control algorithm. Results predict a successful
magnetic lift-up for the 5543 kg flywheel. For the flywheel stabil-
ity and disturbance rejection at full speed, we demonstrate the
effectiveness of a MIMO torque canceling control algorithm even
with a high ratio of I, /I, ~ 2. In the case when notch filters are
also applied, the coil voltage variations are reduced to less than
10v pk—pk. The flywheel is stabilized to axially vibrations of less
than 3.8 x 1073 mm, radial vibrations between (—5 x 10_2,
5 % 107%) mm and tilt vibrations of less than 0.5 m deg.

Future work will focus on improving the current software-
based simulation code, which requires parameters and user input
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Fig. 22 Full-speed stator attitude vibrations (with MIMO
control)
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profiles to be predefined. A hardware-in-the-loop simulation in a
real-time operating system will ensure that the controller and the
plant model running at a time-step closer to its physical model.
This allows evaluation of the operational modes for the flywheel
system in details before it is tested under high spinning speed.
More importantly, a gain schedule scheme is needed to stabilize
the flywheel at different speeds over its entire operational range
between 5000 rpm and 2500 rpm, and to suppress resonances
when it passes through critical speeds.
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Nomenclature

B; = flux density associated with control current
Bpn = flux density associated with permanent magnets
C,; = damping matrix of the supporting structure
D = the matrix of the derivative gain
Dy = transformation matrices of structure-to-AMB magnetic
forces
D, = transformation matrices of structure-to-AMB sensory
signal
E = energy capacity of the flywheel
Gy = the matrix of the flywheel rotor gyroscopic
Gpa = the matrix of the PA feedback gain
G, = the matrix of the sensory gain
i = the vector of the PA output current
K = shape factor
K; = current stiffness matrix of the AMB
K, = position stiffness matrix of the AMB
Kpa = the matrix of the PA output gain
K, = stiffness matrix of the supporting structure
L = matrix of the coil inductance
L, = matrix of the lag compensators
L; = matrix of the lead compensators
M = mass/inertia matrix of the flywheel rotor
M = mass/inertia matrix of the supporting structure
Ny = matrix of the low pass filters
P = matrix of the proportional gain
gy = state variable of the flywheel rotor
q, = vector of the runout disturbance
state vector of the supporting structure
q; = state vector of the AMB
matrix of the coil resistance
T, = matrix of the sensory filter constant
TF;; = matrix of AMB eddy current effect dynamics
= vector of the PA output voltage

=
Il

=
Il
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<
I

magnetic flux
1o = the magnetic permeability of free space
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