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Abstract: A characteristic model based all-coefficient adaptive control law was recently implemented on an exper-
imental test rig for high-speed energy storage flywheels suspended on magnetic bearings. Such a control law is an
intelligent control law, as its design does not rely on a pre-established mathematical model of a plant but identifies
its characteristic model while the plant is being controlled. Extensive numerical simulations and experimental re-
sults indicated that this intelligent control law outperforms a p-synthesis control law, originally designed when the
experimental platform was built in terms of their ability to suppress vibration on the high-speed test rig. We further
establish, through an extensive simulation, that this intelligent control law possesses considerable robustness with
respect to plant uncertainties, external disturbances, and time delay.
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1 Introduction

Recent technological advances have drastically
increased renewable energy generations, such as wind
power generation, solar photovoltaic power genera-
Then, the
proportion of renewable energy contributing to the
power grid is rapidly increasing, bringing about an
urgent demand for the energy storage technology
(Zhao et al., 2015). Indeed, energy storage tech-
nologies have been assumed to be a critical role in

tion, and hydraulic power generation.

ensuring safe, stable, and economic operation of the
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power grid by solving the volatility and intermit-
tent problems associated with the renewable energy
that flows into the power grid (Koohi-Kamali et al.,
2013). Among these technologies is the mechanical
energy storage, represented by flywheel energy stor-
age systems. With their advantages of short recharge
time, high energy efficiency, high power density, tol-
erance to extreme temperature, and durability (Heb-
ner et al., 2002; Mousavi G et al., 2017), energy stor-
age flywheels have found many applications both as
energy storage devices in power systems and in si-
multaneous energy storage and attitude control dur-
ing space missions (Reid et al., 2013; Farhadi and
Mohammed, 2016).

A flywheel suspended on active magnetic bear-
ings (AMBs) is a complex system consisting of a ro-
tor, AMBs with control systems, auxiliary bearings,
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flywheel disks, and energy conversion mechanisms.
During the charging phase, the kinetic energy is
stored in flywheel disks and is released to the load in
the discharging phase (Zhao et al., 2015). Their ap-
pealing features of no friction, no lubrication, low
losses, no wear, fast response, and long lifetime
(Schweitzer and Maslen, 2009) make AMBs a ideal
support of flywheel rotors for high-speed operation.
However, AMBs rely on control systems for their
operation. It has been well known that AMB con-
trol systems for high-performance energy storage fly-
wheels are rather sophisticated (Li et al., 2006).

Because of its complexity, the construction of an
AMB suspended flywheel test rig is often costly for
a research laboratory. Recently, we developed, from
an existing flexible rotor-AMB test rig in the ROtat-
ing MAchinery and Controls (ROMAC) laboratory
at the University of Virginia, an experimental plat-
form for AMB suspended energy storage flywheels
(Lyu et al., 2016). This platform served as a high-
speed flywheel AMB test rig to assist in analysis and
design of high-speed flywheel AMB control systems.
A high-fidelity simulation model was simultaneously
developed.

Various control design methods, including the
classical methods (such as proportional-integral-
derivative (PID) control (Dever et al., 2004; Brown
et al., 2005; Peng et al., 2017)) and modern con-
trol theory (such as H., control (Sivrioglu et al.,
2004) and p-synthesis (Mushi et al., 2012)), have
been explored for AMB control systems. PID con-
trol is simple but less effective in dealing with com-
plex rotordynamics. Modern control design meth-
ods are more effective but usually require a model
of plant and a characterization of uncertainties. Di
and Lin (2014) explored the application of charac-
teristic model based all-coefficient adaptive control
(ACAQ), originally proposed by Wu et al. (2007,
2009), to the ROMAC flexible rotor-AMB test rig
mentioned above, and led to lower levels of vibration
than that of a benchmark p-synthesis controller. The
ACAC law is an intelligent control law because its de-
sign does not rely on a pre-established mathematical
model of the plant but identifies its characteristic
model while the plant is being controlled.

Two different control designs have been imple-
mented on the abovementioned experimental plat-
form for AMB suspended energy storage flywheels:
the p-synthesis control originally designed when the

experimental platform was built (Lyu et al., 2016)
and the characteristic model based ACAC (Lyu
et al., 2018a). Extensive numerical simulations and
experimental results indicated that, despite its sim-
plicity, the characteristic model based ACAC law
outperforms the original p-synthesis control law in
terms of their ability to suppress vibration on the
high-speed flywheel AMB test rig.
numerous simulations and experimental results vali-
dated that the simulation model accurately predicts
the experimental results (Lyu et al., 2016). Lyu et al.
(2018b) observed that the characteristic model based
ACAC law possesses considerable ability to resist the
adverse effects of time delay in the measurement of

Furthermore,

control inputs and/or outputs.

We establish a characteristic model based
ACAC law possessing considerable robustness with
respect to plant uncertainties, external disturbances,
and time delay through extensive simulations.

2 Characteristic model based ACAC
design for the flywheel experimental
platform

Lyu et al. (2018a) implemented the characteris-
tic model based ACAC design on the experimental
platform (Lyu et al., 2016) that we previously devel-
oped as a test rig for flywheel AMB system control
designs. In this section, we briefly review some re-
sults in Lyu et al. (2018a).

2.1 AMB suspended flywheel test rig

Based on the finite element method, the rotor-
dynamic model of the flywheel AMB system is de-
rived from the motion equation described as

Mg+ (C+2G)q+ Kq = By Frag + BeFexi, (1)

where M is the symmetric flywheel rotor mass ma-
trix, C the symmetric damping matrix, G the skew-
symmetric gyroscopic effect matrix, K the symmet-
ric stiffness matrix, {2 the rotational speed, By, the
position distribution matrix of the support AMBs,
Fag the forces provided by support AMBs, B, the
position distribution matrix of the external forces,
Fext the external forces acting on the rotor, and q
the generalized displacement vector.

Compared with a usual rotor-AMB system, two
important features of an AMB suspended flywheel
system are the negative stiffness of a generator and
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the gyroscopic effects caused by a flywheel disk (Heb-
ner et al., 2002). Lyu et al. (2016) emulated oper-
ation of an energy storage flywheel on an existing
flexible rotor-AMB test rig and developed an exper-
imental platform to serve as a test rig for high-speed
flywheel AMB control designs. The flexible AMB
suspended rotor in the ROMAC (Mushi et al., 2012)
is shown in Fig. 1. Specifically, we use two support
AMBs at the driven end (DE) and non-driven end
(NDE) of the rotor as control AMBs that stabilize
the system operation. We use the exciter AMB (or
the disturbance AMB) at the quarter span to emu-
late the negative stiffness of the generator and two
exciter AMBs to generate gyroscopic coupling result-
ing from the flywheel disk (Fig. 2).

B: gyroscopic disk 1
D: mid-span disturbance AMB
F: electric motor

A: non-driven end support AMB
C: rotor shaft

E: gyroscopic disk 2

G: quarter-span disturbance AMB H: driven end support AMB
|: control station J: variable frequency drive
K: amplifiers and sensor conditioning station

Fig. 1 A flexible rotor-AMB test rig
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Fig. 2 Schematic of the experimental platform for
AMB suspended flywheels

The main components of the ROMAC flexible
rotor-AMB test rig are described as follows:

1. Rotor. The flexible rotor measures 1.23 m
in length and 44.9 kg in mass. A 3.7-kW mo-
tor with a variable frequency drive (Colombo RS-
90/2) is equipped to spin the rotor to speed up to
18 000 r/min. The drive is connected to a flexible
disk coupling, Rexnord 75CC140140, through a cus-
tom shaft extension.

2. AMBs. A laminated steel journal is mounted

on the rotor for each of the four radial AMBs. An
auxiliary ball bearing is mounted at the location of
each of the two support AMBs to protect them from
damage in case of a rotor drop.

3. Digital controller. The digital controller is im-
plemented on an innovative integration M6713 PCI
board with a TI C6713B 32-bit floating-point DSP
chip. Sixteen input-output analog channels, which
link the 16 sensors to the 16 actuators of the four
AMBs, are simultaneously sampled at a sampling
frequency of 12 kHz.

4. Amplifier. Each AMB is driven by a Copley
control PWM amplifier, which operates from a 150-
V DC power supplying a continuous current rating
of 10 A to provide a maximum static load of 1450 N.

5. Displacement sensors. A Kaman 1-H/15-N
eddy current probe measures the rotor position at the
location of each support AMB, and an anti-alias filter
circuit attenuates the measurement noise. A Bently
Nevada 7200 Series eddy current probe, whose out-
put voltage is changed from —10 to 0 V by a gain
and offset circuit, measures the rotor motion at the
location of each exciter AMB.

2.2 Characteristic model based ACAC

A basic idea of characteristic modeling is that a
higher-order system can be equivalently represented
as a lower-order, often first- and second-order, time-
varying linear system, which, when the sampling pe-
riod is sufficiently small, has the same output as the
original system at the sampling instants. This lower-
order system is called the “characteristic model of
the original system” (Wu et al., 2007, 2009). The
time-varying coefficients of the characteristic model,
referred to as the characteristic parameters, are then
identified online adaptively. Based on the charac-
teristic model, a simple PID control law is designed.
The resulting feedback law is referred to as the char-
acteristic model based ACAC law. A schematic
of the characteristic model based ACAC system is
shown in Fig. 3.

2.2.1 Characteristic modeling

Considering a linear time-invariant plant de-
scribed as

b s™ + bmflsmil + ...+ bis+ by

G(S) = n n—1
s+ an—18 +...+a1s+ag

(2)
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where a; and b; (i =0,1,...,n—1and j=0,1,...,
m) are constant parameters of the plant. If the
control objective is position keeping or reference
tracking, and the sampling period T is sufficiently
small (Wu et al., 2007, 2009), the characteristic
model takes

y(k) =f1(k)y(k — 1) + f2(k)y(k — 2)
+ go(k)u(k — 1) + g1 (k)u(k = 2), (3)

where u(k) is the control input, y(k) the system out-
put, and fi(k), f2(k), go(k), and g1(k) the char-
acteristic parameters which can be identified by a
gradient adaptive law. It has been established that
the characteristic model produces the same output as
the original plant model (2) at each sampling instant
providing that the sampling is fast enough.

Parameter estimation of
a characteristic model

All-coefficient u(k)
ref adaptive controllers

l

Fig. 3 Diagram of the characteristic model based
ACAC system

(k)

Plant

2.2.2 Characteristic model based ACAC

The characteristic model based ACAC law takes
uc(k) = uo(k) +ug(k) +up(k) +ui(k),  (4)

where wup(k) is the maintaining/tracking con-
trol, wug(k) the golden section adaptive con-
trol, up(k) the differential control, and wy(k)
the integral control,

which are given by

uo(k) = yx-(k)—AJﬁ (k)y(k)—.g?((lz)){firl)—§1 (k)uo (k—1) ’
u (k) 11f1(k)y(k)+l2f2-(}(:()g)(f;11}*91(k)UG(kfl) 7

UD(k) =d, ﬂ(k)—g(k_1)7 and Ul(k) = d; ﬂ(k)—g(k—l)7
where y, (k) is the reference output, A; is a positive
constant, g(k) = y. (k) —y(k), Iy = 0.382, I3 = 0.618,
and d; and dy are positive constants.

2.3 Simulations and experimental results

Simulations of the rotor displacements without
and with the generator negative stiffness show that
the effect caused by a generator is minimal and neg-
ligible (Lyu et al., 2016). In the simulations of the

rotor orbits with an actual gyroscopic matrix G and
the emulated gyroscopic forces, the similar patterns
and orbits tilting phenomena indicate the feasibility
of the flywheel emulation approach. All the simula-
tions are verified by the experimental results. There-
fore, we provided an experimental flywheel AMB
platform to study the control design for energy stor-
age flywheels (Lyu et al., 2016).

Because of the complex dynamics and presence
of strong uncertainties, the flywheel AMB system
was first stabilized by the p-synthesis controller.
Then, the characteristic model based ACAC design
was implemented on this flywheel emulation plat-
form to study the flywheel control design. An iden-
tical characteristic model based ACAC law, as a
substitute for the p-synthesis controller, was imple-
mented for each of the four control channels and the
x and y axes of the two support AMBs. Fig. 4 shows
the simulated rotor orbits under the p-synthesis con-
troller compared with the corresponding orbits under
the characteristic model based ACAC, where the po-
lar moment of inertia of the emulated flywheel was
Jp = 0.021kg'm?, the transverse moment of iner-
tia was Jy = 0.5Jp,, and the rorational speed was
2 = 7600r/min. In Fig. 4 and some other fig-
ures, the four plots, dnz-dny, dmz-dmy, dqz-dqy,
and ddz-ddy, are orbits at the locations of the non-
driven end bearing, mid-span bearing, quarter-span
bearing, and driven end bearing, respectively. It is
observed that the displacements in both z and y axes
at the locations of the two support AMBs are small
under the characteristic model based ACAC.
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Fig. 4 Simulated rotor orbits at 2 = 7600r/min
under the p-synthesis controller and characteristic
model based ACAC: (a) dnz-dny; (b) dmz-dmy; (c)
dqaz-dqy; (d) dde-ddy
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Fig. 5 shows a comparison of the experimen-
tal rotor orbits under two controllers with J, =
0.021kg-m? and §2 = 7600 r/min. The thin curves
are the experimental results under the p-synthesis
controller and the thick curves are the rotor or-
bits under the characteristic model based ACAC
law. We can observe that the characteristic model
based ACAC design results in smaller rotor orbits at
all AMB locations than the p-synthesis controller,
which approximately represents a 50% reduction in
the vibration at the location of the NDE AMB, a
60% reduction at the locations of the two exciter
AMBs, and a 25% reduction at the location of the
DE AMB. That is to say, the simulations and experi-
mental results validate that the characteristic model
based ACAC can achieve a better vibration suppres-
sion of the AMB suspended energy storage flywheel
test rig than the p-synthesis controller.
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Fig. 5 Experimental rotor orbits at 2 = 7600 r/min
under the p-synthesis controller and characteristic
model based ACAC: (a) dnz-dny; (b) dmz-dmy; (c)
dqz-dqy; (d) dde-ddy

3 Robustness with respect to plant
uncertainties

Because the characteristic model based ACAC
control law identifies the characteristic model of the
plant when it is being controlled and its design does
not rely on an existing model of the plant, it will
continue to perform when the plant changes; that is
to say, by its design mechanism, the characteristic
model based ACAC law is robust to plant uncertain-
ties. In this section, we provide some simulations to
illustrate this robustness.

In the results we reviewed in Section 2, the
emulated flywheel has a polar moment of inertia

Lyu et al. / Front Inform Technol Electron Eng 2019 20(1):120-130

Jp = 0.021kg'm? and a transverse moment of in-
ertia Jy = 0.5J;, and operates at a rotational speed
of 2 = 7600 r/min. We apply the same character-
istic model based ACAC law to differently emulated
flywheels with polar moments of inertia J, = 0.042,
0.084, and 0.105 kg-m?, respectively. The orbits of
these emulated flywheels are plotted in Figs. 6-8. For
comparison, the orbits of the emulated flywheel with
Jp = 0.021kg:m? are re-plotted in Fig. 9. Orbits
remain similar in size as the plant parameters vary
in a large range, which indicates strong robustness
of the characteristic model based ACAC laws with
respect to plant uncertainties.
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Fig. 6 Rotor orbits at £2 = 7600 r/min of an emulated
flywheel with Jp = 0.042 kg-m? under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy
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Fig. 7 Rotor orbits at £2 = 7600 r/min of an emulated
flywheel with J, = 0.084 kg-m? under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy
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Fig. 8 Rotor orbits at £2 = 7600 r/min of an emulated
flywheel with Jp = 0.105 kg-m? under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy
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Fig. 9 Rotor orbits at £2 = 7600 r/min of an emulated
flywheel with J, = 0.021 kg-m? under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy

4 Robustness with respect to external
disturbances

In the operation of an AMB suspended energy
storage flywheel, disturbances derived from exter-
nal sources often affect the system performance and
even cause instability. External disturbances arise
from machine base motions caused by operating the
flywheel in a moving vehicle or for a tidal power
generation. External disturbances could arise from
the external factors that cause the system to be off
balance. Depending on their sources, disturbances
could be constant or periodic function of time. In
this section, we investigate the capacity of the char-
acteristic model based ACAC laws in resisting these
two forms of disturbances.

4.1 Constant disturbances

In this subsection, we consider constant dis-
turbances that are presented in the inputs to all
four AMBs. In our simulations, we apply the same
characteristic model based ACAC laws to the fly-
wheel AMB system with the polar moment of inertia
Jp = 0.021kg-m? at the rotational speed of 2 =
7600 r/min. In each of the three simulation runs,
constant disturbances in the form of Ai are set to be
0.1, 0.3, and 0.5 A. These currents represent forces
of 10-50 N for the four different bearings in our ex-
perimental platform.

Figs. 10-12 show the rotor displacements at four
AMBs. Table 1 shows the peak rotor displacements
at each AMB under these three constant disturbance
values.
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Fig. 10 Rotor displacements at {2 = 7600 r/min of an
emulated flywheel with Jp = 0.021 kg-m? and Ai=0.1
A, under characteristic model based ACAC laws: (a)
NDE; (b) MID; (c) QTR; (d) DE

Rotor orbits are plotted in Figs. 13-15. As sum-
marized in Table 1, the peak values of rotor displace-
ments increase as the magnitude of the constant
disturbance current increases. However, the maxi-
mum amplitudes of the rotor displacements at the
four AMB locations at the = and y axes under the
three different disturbance currents are 0.45 x 104,
1.24 x 1074, and 2.07 x 10~* m, respectively. All
these maximum displacements are well within the air
gaps of the AMBSs, indicating that the characteristic
model based ACAC laws resist the adverse effects
of the disturbances very well and that the system
robustly performs with constant disturbances.
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emulated flywheel with Jp = 0.021 kg-m? and Ai=0.3
A, under characteristic model based ACAC laws: (a)

Fig. 14 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp, = 0.021 kg-m? and Ai=0.3
A, under characteristic model based ACAC laws: (a)
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Fig. 13 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp, = 0.021 kg-m? and Ai=0.1
A, under characteristic model based ACAC laws: (a)
dnz-dny; (b) dmz-dmy; (¢) dqz-dqy; (d) ddz-ddy
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Fig. 15 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp = 0.021 kg-m? and Ai=0.5
A, under characteristic model based ACAC laws: (a)
dnz-dny; (b) dma-dmy; (c) dgez-dqy; (d) ddz-ddy

Table 1 Peak values of the rotor displacements
at 2 = 7600 r/min of an emulated flywheel with
Jp = 0.021kg-m? and Ai=0.1, 0.3, and 0.5 A, under
characteristic model based ACAC laws

Peak value (um)

Location
Ai=0.1 A Ai=0.3A At =0.5 A
dnz 25 74 122
dny 42 124 207
dmz 41 95 152
dmy 45 110 176
dqz 37 98 159
dqy 31 84 137
ddz 33 98 162
ddy 25 73 121
4.2 Sinusoidal disturbances

We consider the periodic disturbances. In the
simulations, we introduced sinusoidal disturbances
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Ai = 0.5sin(wt) at the inputs of all four AMBs. The
frequency of these disturbances is synchronous with
the rotational speed of 2 =7600 r/min. Figs. 16
and 17 show the rotor displacements and rotor or-
bits at the locations of the four AMBs with polar
moment of inertia .J, = 0.021 kg-m? and at the rota-
tional speed of 2 =7600 r/min, respectively. Also,
the same characteristic model based ACAC laws in
Fig. 9 were applied. Table 2 summarizes the max-
imum amplitudes of the rotor displacements at the
locations of the four AMBs at the z and y axes. It
is observed that the system maintains a stable op-
eration with persistent periodic disturbances at the
four AMBs.
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Fig. 16 Rotor displacements at 2 = 7600 r/min of an
emulated flywheel with J, = 0.021 kg-m? and Ai =
0.5sin(wt), under characteristic model based ACAC
laws: (a) NDE; (b) MID; (c) QTR; (d) DE
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Fig. 17 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp = 0.021 kg-m? and Ai =
0.5sin(wt), under characteristic model based ACAC
laws: (a) dna-dny; (b) dma-dmy; (c) dqz-dqy; (d)
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Table 2 Peak values of the rotor displacements at
£2 = 7600 r/min of an emulated flywheel with J, =
0.021 kg-m? and A4 = 0.5sin(wt), under characteristic
model based ACAC laws

Location Peak value (um)
dnx 29.1
dny 24.2
dmz 63.2
dmy 45.3
dqz 47.2
dqy 28.1
ddz 37.0
ddy 20.5

5 Robustness with respect to time
delays

Because of the limited speed of signal transmis-
sion and information processing, time delay is in-
evitable especially when the electronic components
of the flywheel AMB control system are placed at a
distance from the flywheel; e.g., in some applications
in tidal power generation and wind power generation,
the flywheel AMB systems serve as energy storage
devices. In addition to the presence of external dis-
turbances, as examined in Section 4.1, we introduce
control input delays and sensor output delays to the
flywheel AMB systems.

5.1 Control input delays

We consider the input delays in this subsection.
The rotor displacements and rotor orbits of the fly-
wheel AMB test rig under the characteristic model
based ACAC laws, with a control input delay of
one sampling period of the digital controller 7 = T}
and constant disturbance of Ai=0.1 A, are shown
in Figs. 18 and 19, respectively. Table 3 presents
the peak rotor displacements at the locations of the
four AMBs. It is observed that the characteristic
model based ACAC laws can resist the simultaneous
effects of time delay 7 = T§ in the control input and
constant disturbance Ai=0.1 A.

5.2 Sensor output delays

We consider the effect of sensor output delays.
Rotor displacements and rotor orbits with a sensor
output delay of one sampling period of the digital
controller and the constant disturbance of Ai=0.1 A
are shown in Figs. 20 and 21, respectively. Table 4



128

Lyu et al. / Front Inform Technol Electron Eng 2019 20(1):120-130

=60 —60
g. ——dnx g_ —dmx
Z40 —dny = 40 —dmy.
c c
o Q
qE)20 € 20
8 3
S0 S0
Q. Q.
2 |(a) £ (b)
0_2 0-2
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (s) Time (s)
'§40 —~40
330 g 230 B
£ 20 5 20
€ £
g 10 810
[$]
2o 30
Q
[ C £ d
(G G
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (s) Time (s)

Fig. 18 Rotor displacements at {2 = 7600 r/min of an
emulated flywheel with Jp = 0.021 kg-m?, Ai=0.1 A,
and control input delay 7 = T, under characteristic
model based ACAC laws: (a) NDE; (b) MID; (c)
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Fig. 19 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp, = 0.021 kg-m?, Ai=0.1 A,
and control input delay 7 = T, under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy

Table 3 Peak values of the rotor displacements at 2 =
7600 r/min of an emulated flywheel with J, = 0.021
kg-m2, Ai=0.1 A, and control input delay 7 = T,
under characteristic model based ACAC laws

Location Peak value (um)
dnz 25.2
dny 41.7
dmaz 41.1
dmy 44.5
dqz 36.8
dqy 31.6
ddz 33.7
ddy 24.8

shows the peak rotor displacements at the locations
of the four AMBs. It is observed that the flywheel
AMB systems remain stable with simultaneous sen-
sor output delays and constant disturbances.
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Fig. 20 Rotor displacements at {2 = 7600 r/min of an
emulated flywheel with Jp = 0.021 kg-m?, Ai=0.1 A,
and sensor output delay 7 = Ts, under characteristic
model based ACAC laws: (a) NDE; (b) MID; (c)
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Fig. 21 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp, = 0.021 kg:m?, Ai=0.1 A,
and sensor output delay 7 = Ts, under characteristic
model based ACAC laws: (a) dnz-dny; (b) dmz-dmy;
(c) dgz-dqy; (d) ddz-ddy

Table 4 Peak values of the rotor displacements at 2 =
7600 r/min of an emulated flywheel with J, = 0.021
kg-m?, Ai=0.1 A, and sensor output delay 7 = Tx,
under characteristic model based ACAC laws

Location Peak value (um)
dnzx 25.3
dny 41.8
dmz 41.1
dmy 44.3
dqz 36.8
dqy 31.6
ddz 33.7
ddy 24.8
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5.3 Delays at control
outputs

inputs and sensor

We now consider the simulation with both con-
trol input delay and sensor output delay. Figs. 22
and 23 show the flywheel rotor displacements and
rotor orbits with both control input delay and sensor
output delay equal to Ty and a constant disturbance
Ai=0.1 A. The peak values of the rotor displace-
ments at the locations of the four AMBs are shown
in Table 5. These results clearly show that the char-
acteristic model based ACAC laws can resist the si-
multaneous influence of control input delay, sensor
output delay, and constant disturbances.
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Fig. 22 Rotor displacements at 2 = 7600 r/min of an
emulated flywheel with Jp = 0.021 kg-m?, Ai=0.1 A,
control input delay 7 = Ts, and sensor output delay
7 = Ts, under characteristic model based ACAC laws:
(a) NDE; (b) MID; (c) QTR; (d) DE
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Fig. 23 Rotor orbits at 2 = 7600 r/min of an em-
ulated flywheel with Jp = 0.021 kg-m?, Ai=0.1 A,
control input delay 7 = Ts, and sensor output delay
7 = Ts, under characteristic model based ACAC laws:
(a) dnz-dny; (b) dmz-dmy; (¢) dgz-dqy; (d) ddz-ddy

Table 5 Peak values of the rotor displacements at
£2 = 7600 r/min of an emulated flywheel with J, =
0.021 kg-m?, Ai=0.1 A, control input delay + = T,
and sensor output delay 7 = T;, under characteristic
model based ACAC laws

Location Peak value (um)
dnz 25.3
dny 41.8
dmax 41.4
dmy 44.6
dqz 36.9
dqy 31.8
ddz 34.0
ddy 25.1

6 Conclusions

In this paper, we have investigated the robust-
ness of the characteristic model based all-coefficient
adaptive control (ACAC) on an AMB suspended en-
ergy storage flywheel test rig with respect to plant
uncertainties, external disturbances, and time de-
lay. The experimental platform for AMB suspended
energy storage flywheel, developed from an existing
flexible rotor-AMB test rig in the ROMAC Labora-
tory at the University of Virginia, has been reviewed.
The rotor behaviors of the flywheel emulation plat-
form under the characteristic model based ACAC
have been briefly presented. The performances of
the closed-loop flywheel AMB systems with plant
uncertainties, external disturbances, and time delay
have been tested in the simulations. Extensive and
systematic simulations demonstrated that the char-
acteristic model based ACAC possesses considerable
robustness with respect to plant uncertainties, exter-
nal disturbances, and time delay.
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