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M ti
B Flywheels g
1 2 Electric «— Flywheel rotor
= — supply
E - 2 Jpa) Flywheel
disk

E : stored energy;

J, : polar moment of inertia;

@ : angular speed.

B Literature review

The complexity of AMB suspended flywheel systems

Energy conversion
system

Control
system

Load

The absence of past operational data

i

€«— Generator/motor

Magnetic
bearings

Magnetic
bearings

The implementation of

control designs

Test rigs Too

costly

Too
difficult

We recently developed an experimental platform for AMB suspended
energy storage flywheel in the Rotating Machinery and Controls
(ROMAC) Laboratory, University of Virginia (Lyu, et al., 2016).
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B [iterature review (Cont'd)

Easy to implement but not
effective in handling complex
rotordynamics

The classical PID control design method

Usually requires a plant model
and an accurate characterization
of the uncertainties

Modern control theory (H,, and u-synthesis)

Di and Lin (2014) explored the application of Resulting in lower levels of
characteristic model based all-coefficient vibration than that of a
adaptive control (ACAC), originally proposed by benchmark uy-synthesis
Wu et al. (2007, 2009). controller

We implemented the characteristic model based all-coefficient adaptive
control (ACAC) on the platform mentioned above (Lyu, et al., 2018). Despite
its simplicity, the characteristic model based ACAC can achieve a strong
control performance according to both simulation and experimental results.
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B AMB suspended flywheel test rig

MG+ (C+2G)g+ Kq= By Frag + BeFoxe, (1)

where M is the symmetric flywheel rotor mass ma-
trix, C the symmetric damping matrix, GG the skew-
symmetric gyroscopic effect matrix, K the symmet-
ric stiffness matrix, (2 the rotational speed, B, the
position distribution matrix of the support AMBs,
Fnag the forces provided by support AMBs, B, the
position distribution matrix of the external forces,
Foxt the external forces acting on the rotor, and q
the generalized displacement vector.
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B AMB suspended flywheel test rig (Cont'd)

To emulate the

A: non-driven end support AME;I B: gyroscopic disk 1 operation of an
C: rotor shaft D: micl-s_pan disturbance AMB > energy storage
E: gyroscopic disk 2 F: electric motor flvwheel

G: quarter-span disturbance AMB ~ H: driven end support AMB yw

I: control station J: variable frequency drive

K: amplifiers and sensor conditioning station

Fig. 1 A flexible rotor-AMB test rig
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B AMB suspended flywheel test rig (Cont'd)
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Fig. 2 Schematic of the experimental platform for

AMB suspended flywheels

The exciter AMB at the quarter span To emulate the negative stiffness
induced by the generator

Two exciter AMBs at the mid-span and To generate gyroscopic coupling
the quarter-span resulting from the flywheel disk



Main idea

To examine the robustness of the characteristic
model based ACAC on the AMB suspended energy
storage flywheel platform with respect to:

1. plant uncertainties;
2. external disturbances;

3. time delay.
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B The characteristic model based ACAC

Overview of the closed-loop system:
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Fig. 3 Diagram of the characteristic model based
ACAC system
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B The characteristic model based ACAC (Cont'd)

Characteristic modeling:

Considering a linear time-invariant plant
described as

D™ + by_18™ 7 + .+ bis + by
s"+a, 18" 14+ .. . +ajs+ay

G(s) =

If the control objective is position keeping
or reference tracking, and the sampling
period T is sufficiently small

y(k) =f1(k)y(k — 1) + fa(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), fa(k), go(k), and g;(k) the char-

acteristic parameters
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B The characteristic model based ACAC (Cont'd)

The controller

uc(k) = uo(k) +uc(k) +up(k) + ur(k),

Maintaining/tracking control _ mR=fikRuk)=fr(ky(k=1)=d (k)uo (k=1)

J J uo(k) . = | 5o (F)+X1 =

: , 1 B 11 f1 (k)G (k)+lofo (k)§ (k=181 (k)uc (k—1)
Golden section adaptive control  uq (k) = OESY :
Differential control: up(k) = di ﬁ'ik)_g{k_”,
Integral control: ur(k) = dy LE=gE1)
\ /
|

where y, (k) is the reference output, A is a p_Dsit.ive
constant, y(k) =y (k) —y(k), [; = 0.382, [ = 0.618,
and d; and d» are positive constants.
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B Review of simulation results
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Fig. 4 Simulated rotor orbits at 2 = 7600r/min
under the p-synthesis controller and characteristic

model based ACAC: (a) dnaz-dny; (b) dma-dmy; (c)
dqxz-dqy; (d) ddz-ddy
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B Review of experimental results
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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) dna-dny; (b) dmaz-dmy; (c)
dqz-dqy; (d) dd=-ddy
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B Robustness 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) dna-dny; (b) dmax-dmy;
(c) dga-dqy; (d) dda-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) dna-dny; (b) dmaz-dmy;
(c) dgz-dqy; (d) dda-ddy
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B Robustness with respect to plant uncertainties
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Fig. 8 Rotor orbits at 2 = 7600 r/min of an emulated
flywheel with J, = 0.105 kg-m? under characteristic
model based ACAC laws: (a) dnae-dny; (b) dma-dmy;
(c) dga-dqy; (d) dde-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) dnae-dny; (b) dma-dmy;

(c) dga-dqy; (d) dde-ddy



Major results (5/11)

B Robustness with respect to external disturbances

Constant disturbances:

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

Peak value (pm)

Location
Ai=0.1A Ai=03A Ai=05A
dnzx 25 74 122
dny 42 124 207
dmz 41 a5 152
dmy 45 110 176
dqx 37 08 159
dqy 31 84 137
ddx 33 a8 162

ddy 25 73 121
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B Robustness with respect to

external disturbances
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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) MIID: (c) QTR: (d) DE

Fig. 12 Rotor displacements at £2 = 7600 r /min of an
emulated fywheel with Jp = 0.021 kg-m? and Ai=0.5
A, under characteristic model based ACAC laws: (a)
NDE; (b) MID; (c) QTR; (d) DE
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B Robustness with respect to
external disturbances

Constant disturbances:
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Fig. 14 Rotor orbits at £2 = 7600 r/min of an em-
ulated flywheel with Jp, = 0.021 kgm? and Ai=0.3
A, under characteristic model based ACAC laws: (a)
dnz-dny: (b) dmz-dmy; (c) dgz-dgy; (d) dde-ddy
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Fig. 13 HRotor 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; (c) dgz-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 kgm? and Ai=0.5
A, under characteristic model based ACAC laws: (a)
dnz-dny: (b) dmz-dmy; (c) dgz-dgy; (d) dde-ddy
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B Robustness with respect
to external disturbances

Sinusoidal disturbances:
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Fig. 16 Rotor displacements at £2 = 7600 r /min of an
emulated Hywheel with J, = 0.021 kgm? and Ai =
0.6sin(wt), under characteristic model based ACAC
laws: (a) NDE; (b) MIDy; () QTR; (d) DE

Table 2 Peak values of the rotor displacements at
2 = 7600 r/min of an emulated flywheel with Jp =
0.021 kg m? and Ai = 0.5sin(wt), under characteristic
model based ACAC laws

Location Peak value (pm)
dnz 291
dny 242
dmzr 63.2
dmy 45.3
dgr 47.2
day 28.1
ddz 37.0
ddy 205
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Fig. 17 Hotor orbitz at 12 = 7600 r/min of an em-
ulated Aywheel with J, = 0.021 kgm? and Ai =
0.6sin(wt), under characteristic model based ACAC
laws: (a) dnz-dny; (b) dme-dmy: (c) dgz-dgy: (d)
ddz-ddy



Major results (9/11)

Table 3 Peak values of the rotor displacements at 12 =
T600 r/min of an emulated Aywheel with Jp = 0.021

. RObUStneSS With respeCt kgm?2, Ai=0.1 A, and control input delay T = Ti,

under characteristic model based ACAC laws

to ti me delays Location Peak value (pm)

dnz 25.2
dny 41.7
dmzx 41.1
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Fig. 18 Rotor displacements at 12 = 7600 r /min of an Fig. 19 Rotor orbits at 2 = 7600 r/min of an em-
emulated flywheel with Jp = 0.021 kg-m?, Ai=0.1 A, ulated fAywheel with Jp = 0.021 kgm?, Ai—0.1 A,
and control input delay v = T;, under characteristic and control input delay + = T., under characteristic
model based ACAC laws: (a) NDE; (b} MID; (c) maodel based ACAC laws: (&) dnz-dny: (b) dmz-dmy;

QTR; (d) DE (¢) dgz-dqy; (d) ddz-ddy



Major results (10/11)

. RObustneSS With reSpeCt to Table 4 Peak values of the rotor displacements at £ =

TG00 r/min of an emulated fAywheel with Jp = 0.021

time delays kg-m?, Ai=0.1 A, and sensor output delay v = Tk,

under characteristic model based ACAC laws

Location Peak value [pm)
dnr 283
Sensor output delays: dny R
dmr 41.1
dmy 44.3
dgr 368
dagy 316
dder 33.7
80 _60 .
E —a E ddy 248
240, —ay| 240
E g a0 . 60
20 E 20 {a) &
E 8 30 = 40
7" % o E20 E 20
lﬁ‘?{! [E] I:'—zﬂ = !
[i] 0.2 0.4 0B a 0.2 0.4 0.6 0 =0
Time (5} Time (5}
40 40 R I S VR T T X35 ¢ 75 20 30 @
E E — ddx x (pmj x (pm})
EEEB %30 — 30 25
E20 £ 20 2 () 20/ 19)
Em § 10 £ £1s
o 0 20 = =10
& a |ld) = =
B-10 B4 0 5
0 02z 04 0B 0 02 04 08 o
Time (=) Tima (s) =100 10 20 30 40 D a 10 20 30
Fig. 20 Rotor displacements at 12 = 7600 r/min of an X (um) * (pm)
emulated flywheel with J, = 0.021 kg m?, Ai=0.1 A, Fig. 21 Rotor orbits at £2 = 7600 r/min of an em-
and sensor ocutput delay = T.., under characteristic ulated flywheel with J, = 0.021 kg-m?, Ai=0.1 A,
model based ACAC laws: (a) NDE; (b) MID; (c) and sensor output delay ™ = Tu. under characteristic
QTR; (d) DE model based ACAC laws: (a) dne-dny: (b) dme-dmy;

(c) dgz-dqy; (d) ddz-ddy
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. RObustneSS With reSpeCt ‘to Table & Peak wvalues of the rotor displacements at

2 = 7600 r/min of an emulated flywheel with Jp, =
0.021 kg-m?, Ai=0.1 A, control input delay v = Ts,

tl me d elayS and sensor output delay + = T,. under characteristic

model based ACAC laws

Location Peak value (pm)
. dnr 263
Delays at control inputs and dny 18
dm=e 41.4
sensor outputs: dmy 146
dqr 36.9
daqy 318
ddr 34.0
. - ddy 25.1
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Fig. 22 Rotor displacements at £2 = TG00 r/min of an

emulated Hywheel with J, = 0.021 kg m?, Ai=0.1 A,
control input delay v = T., and sensor output delay

Fig. 23 Rotor orbits at £2 = 7600 r/min of an em-
ulated flywheel with Jp = 0.021 kgm?, Ai=0.1 A,

. control input delay v = Ts, and sensor output delay
T = Ts, under characteristic model based ACAC laws: + = T,, under characteristic model based ACAC laws:

(a) NDE; (b) MID; (c) QTR; (d) DE (a) dnz-dny; (b) dmaz-dmy; (c) dgz-daqy; (d) dd=-ddy



Conclusions

1. The robustness of the characteristic model based all-coefficient
adaptive control (ACAC) on an AMB suspended energy storage flywheel
test rig with respect to plant uncertainties, external disturbances, and time
delay is investigated.

2. The experimental platform for the AMB suspended energy storage
flywheel, developed from an existing flexible rotor-AMB test rig in the
ROMAC Laboratory at the University of Virginia, has been reviewed.

3. The rotor behaviors of the flywheel emulation platform under the
characteristic model based ACAC have been briefly presented.

4. The performances of the closed-loop flywheel AMB systems with plant
uncertainties, external disturbances, and time delay have been tested in
the simulations.

5. Extensive and systematic simulations demonstrated that the
characteristic model based ACAC possesses considerable robustness
with respect to plant uncertainties, external disturbances, and time delay.
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