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Abstract. The active magnetic bearing (AMB) high-speed flywheel rotor system is a
multivariable, nonlinear, and strongly coupled system with significant gyroscopic effect, which
puts a strain on its stability and control performances. It is very difficult for traditional
decentralized controllers, such as proportional-derivative controller (PD controller), to deal with
such complex system. In order to improve the stability, control performances and robustness
against noise of the AMB high-speed flywheel rotor system, a new control strategy was proposed
based on the mathematical model of the AMB high-speed flywheel rotor system in this paper. The
proposed control strategy includes two key subsystems: the modal separation subsystem, which
allows direct control over the rotor rigid modes, and the velocity estimation controller, which
improves the robustness against noise. Integration of modeling results into the final controller was
also described. Its ability and effectiveness to control the AMB high-speed flywheel rotor system
was investigated by simulations and experiments. The results show that proposed control strategy
can separately regulate the stiffness and the damping of conical mode and parallel mode of the
AMB high-speed flywheel rotor system, and obviously improve the stability, dynamic behaviors
and robustness against noise of the AMB high-speed flywheel rotor system in the high rotating
speed region.

Keywords: active magnetic bearing (AMB), flywheel energy storage system, gyroscopic effect,
modal separation, velocity estimation.

1. Introduction

In the flywheel energy storage system, a high-speed flywheel is widely used to store energy.
The flywheel energy storage systems are suitable whenever numerous charge/discharge cycles
(hundreds of thousands) are needed with medium to high power (kW to MW) during the short
period (tens of seconds).

In order to maximize the energy density and storage efficiency, the rotating speed of the
flywheel rotor should be as high as possible and the polar moment of inertia of the flywheel rotor
should be as large as possible. Active magnetic bearing (AMB) is the best choice for the
supporting structure of a high-speed flywheel energy storage system due to its no contact, no wear,
no need of lubrication and dynamic adjustable. Therefore, the high-speed flywheel which is
supported on active magnetic bearings and made by composite materials is considered as a
promising and attracting one.

In the AMB high-speed flywheel rotor system, there is a strong coupling between conical mode
and parallel mode, which would weaken the stability and control performances of the AMB
high-speed flywheel rotor system. Besides, the gyroscopic effect becomes more significant
because of the high ratio of polar to transverse moments of inertia of the flywheel rotor and high
rotating speed. However, the strong gyroscopic effect greatly increases the complexity of the
control system, and may result in rotor instability in some cases [1]. Traditional decentralized
controllers, such as proportional-derivative controller (PD controller), are very difficult to deal
with such complex system due to the strong coupling between different rigid modes and the
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gyroscopic effect [2-4]. In order to improve the stability and control performances, it is necessary
to develop some advanced control methods.

Various control methods have been studied in the past few decades. They are classified into
two kinds, one is based on the modern control theory and intelligent control theory, such as sliding
mode control [5, 6], u synthesis control [7, 8], robust gain-scheduled H,, control [9, 10], LQR
control [11], adaptive control [12], optimal control [13,14], feedback linearization control [15],
fuzzy logic control [16, 17]. These control methods can get a good control performance, but they
are difficult to realize due to the complexity of control algorithm. The other is based on the
traditional decentralized control, such as cross-feedback control [18-20], two-degree-of-freedom
PID control [21, 22], which has a simple structure, but designing a good controller is not so easy
due to the strong coupling between conical mode and parallel mode of the AMB high-speed
flywheel rotor system.

In order to eliminate the coupling between conical mode and parallel mode of the AMB
high-speed flywheel rotor system, modal decoupling control was presented [23, 24], however, this
control strategy has poor robustness against noise. In this paper, a new control strategy based on
modal separation and velocity estimation was proposed for the AMB high-speed flywheel rotor
system. Firstly, the mathematical model of a four-degree-of-freedom vertical AMB high-speed
flywheel rotor system was developed, then, the principle and realization of the proposed control
strategy was introduced based on this model. The modal separation is used to cancel the coupling
between conical mode and parallel mode of the AMB flywheel rotor system, and the velocity
estimation controller is adopted to achieve high robustness against noise. Finally, comparative
simulations and experiments have been developed to evaluate the effectiveness and superiority of
the proposed control strategy.

2. Model of the AMB high-speed flywheel rotor system

In most AMB high-speed flywheel energy storage systems, the bending critical speed of
flywheel rotor system is much higher than the operating speed, so the flywheel rotor system is
often considered as a rigid rotor. The simplified model of a vertical AMB flywheel rotor system
is shown in Fig. 1. The flywheel rotor system is supported axially by a pair of permanent magnetic
(PM) bearings located on the top and bottom sides, and radially by two AMBs.

Top backup bearing

-1 = | O | == Position sensors A Xea Vsa
—a C] :] Radial magnetic bearing A Xya Vpa
z
lsA le
9}’
N Flywheel rotor
0, y
lsB x
C] C] Radial magnetic bearing B Xy5 Vb
‘ e
S o Position sensors B Xs VsB

Bottom backup bearing

Fig. 1. Schematlc of the AMB high-speed flywheel rotor system

In order to describe the motions of the AMB flywheel rotor system, it is assumed that the axial
line of the flywheel rotor is centralized as the geometric center line of the two radial AMBs. Three
coordinate systems are defined, which are sensor coordinate systems 054Xs4Vs4 and 0sgXspYsp,
radial AMB coordinate systems 0p4X,4Vpa and 0ppXpsVpg, and mass center coordinate system
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oxyz, respectively. All original points of the three coordinate systems are in the geometric center
line of the two radial AMBSs. The original point of mass center coordinate system oxyz is fixed to
the mass center of the flywheel rotor system and z axis to the spinning axis of the flywheel rotor
system. The x and y denote translation displacements of mass center of the flywheel rotor along
x and y axes, respectively, while 8, and 0, are angular displacements of the flywheel rotor about
x and y axes. In the sensor coordinate systems, the displacements of the flywheel rotor at the
upper and the lower sensor positions are (Xs4, Ys4) and (Xsg, Ysg), respectively. Similarly, in the
radial AMB coordinate systems, the displacements of the flywheel rotor at the upper and the lower
radial AMB positions are (Xp4, ¥p4) and (xpg, Vpg). The relative positions between the sensors,
the radial AMBs and the mass center of the flywheel rotor system are also shown in Fig. 1. [} 4 is
the distance between the central point 0,4 of the magnetic bearing A and the mass center o, while
lp5 is the distance between the central point 0,5 of the magnetic bearing B and the mass center o.
Similarly, [, refers to the distance between the central point oy, of the position sensors A and the
mass center 0, and Ly is the distance between the central point ogg of the position sensors B and
the mass center o.

In order to simplify theoretical analysis, the following assumptions are made: a) the flywheel
rotor system is a rigid rotor; b) the coupling between the axial PM bearings and radial AMBs is
neglected; c) the radial AMBs are symmetrical in geometry for x and y axes, and there is no
coupling between magnetic poles in the radial AMBs; d) the radial AMBs magnetic forces are
simplified as a linear model.

For the motions of the AMB high-speed flywheel rotor in radial directions, the equation of
motion is:

mi = foa + fxp

my = fyA + fyB;

]yéy —J,06y = fealpa — fxalpes (1)
Jibx + 1,06, = ~fyalpa + fynls,

where m is the total mass of the flywheel rotor, /, and J,, are transverse moments of inertia of the
flywheel rotor around x and y axes, respectively, J, is the polar moment of inertia of the flywheel
rotor around z axis, w is the rotating speed about spinning axis z. fy4, fy4, fxp and fyp are
magnetic forces acting on the flywheel rotor in the upper and lower radial AMB positons.

The matrix form of the equation of motion of the AMB flywheel rotor system is:

Mg + Gq = L/F, o
where:
Jy, 0.0 0 0 0 —J,w O
0 m 0 O 0 0 0 0
= [0,x6 T, M= , G = ,
q = [6,x6,y] 0 0 J, 0 w0 0 0
0 0 0 m 0 O 0 0
lba —lpp 0 0
1 1 0 -
by = 0 0 —la bl F=fn fun fya fyB] .
0 0 1 1

Generally, the magnetic forces produced by radial AMBS (fya, fya, fxs and f,5) can be
simplified as a linear model, which is:
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fxa = ksaXpa + Kialxa,
fxe = kspXpp + kipixp,
fya = KsaVpa + Kialya,
fyB = kspYpp + kiBin:

3)

where kg, and k;, are the force-displacement coefficient and the force-current coefficient of the
upper radial AMB, respectively, while kgp, and k;5 are the force-displacement coefficient and the
force-current coefficient of the lower radial AMB.

The matrix form of Eq. (3) is:

F=K,q, + K], “)
where:

ksa 0O 0 0 ka 0 0 0
=0 % ke o %=lo T e of

0 0 0 kg 0 0 0 kg

are force-displacement matrix and force-current matrix of the AMBs, respectively.
... T . .

I= [le Iy lya lyB] is the control current vector. qp = [Xps Xpg Voa Yppl® is the

displacement vector of the flywheel rotor at the upper and the lower radial AMB positions in the

radial AMB coordinate systems, the coordinate transformations between the radial AMB

coordinates (Xp4, Xpg, Ypa and ypp) and the mass center coordinates (6, x, 8, and y) is:

Xpa lpa 0 07r86

1 y
N £ I e | 4
B =yl 0 o -1, 1|le |79 ®)
Vo 0 o0 1, 1illy

The combination of Eq. (2) with Eq. (4) and Eq. (5) yields:

Mq + Gq — Ky,q = LK1, (6)
where:
[ksAlgA +ksplip Kealpa — ksplyp 0 0 1
K., = L,KT, = [ksalpa — ksplpp ksa + ks 0 0 |
TS l 0 0 ksala + ksplis  —ksalpa + Ksplys
0 0 —ksalpa + ksplpp ksa + ksp

The function block diagram based on the equation of motion of the AMB high-speed flywheel
rotor system is shown in Fig. 2. It is shown that the conical mode (6,, 8,) and the parallel mode

(x, y) of the AMB flywheel rotor system are coupled to each other. Since the conical mode and
the parallel mode have different characteristics and control objectives. In order to get better control
performances, the control strategy of modal separation is needed.

For the decentralized PD control, output control current is:

I = —-Pqs — Dqq, (N

where Qs = [Xs4 Xsg Vsa VsglT is the displacement vector of the flywheel rotor at the upper and
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the lower sensor positions in sensor coordinate systems. P = diag(pya Dxp Dya Dyg) is the
proportional gain coefficient matrix, D = diag(d,4 dyp dya dyp) is the differential gain
coefficient matrix. Generally, the radial AMBs are symmetrical in geometry for x and y axes, i.e.,
Dxa = Pya = Pa>Pxg = Pyg = Pp> Axa = dys = dy, dyg = dyp = dp, thus the proportional gain
coefficient matrix P and differential gain coefficient matrix D can be simplified as
P = diag(ps pp Pa pp) and D = diag(d, dp d, dp).

‘w\»—“ ‘m\.—‘

1
s
Fig. 2. Function block diagram of the AMB flywheel rotor system
Substituting Eq. (7) into Eq. (6) yields:

Mq + Gq — Ks,q = _LfKi(qu + Dq,). (8

The coordinate transformations between the sensor coordinates (x4, Xsg, Vs4 and ysp) and the
mass center coordinates of the AMB flywheel rotor system (6,,, x, 8, and y) is given by:

Xsa g, 1 0 0 (%
fxse| _|-lsp 1 0 Off x| _
qs_ ysA - 0 0 _lsA 1 ex - sq' (9)
YVsB 0 0 Il 1Ly
where:
lia 1 0 0
|-ls 1 0 0
T=lo o -1, 1
0 0 L 1

Submitting Eq. (9) to Eq. (8), one obtained:

Mq + Gq — Kyq + L¢K;PT;q + LK;DT;q = 0. (10)
The Eq. (10) can be rewritten as:

M + (G + L;K;DT,)q + (L;K;PT; — Ki;)q = 0. (11)
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In order to simplify the expression of Eq. (11), we introduce two substitution matrices K. and
D¢, and let K, = L¢K;PT;, D, = L¢K;DT;, then Eq. (11) can be simplified as:

Mg + (G +D.)q + (—Kss + Ko)q =0, (12)
where:
KC = LlePTS
[KiaDalvalsa + kigPploslse KiaDalva — kigPplys 0 0
_ kiapalsa — kigDBlsp kiapa + kigDg 0 0
0 0 kiapalpalse + kigpplyplse —kiabalpa + kigpplps |
L 0 0 —kiapalsa + kippplsp kiapa + kigDp
DC = LfKLDTS
[kiadalpalsa + kigdplpplss kindalpa — kipdplys 0 0
_ kiadalsa — kipdgplsp kiads + kipgdg 0 0
0 0 kiadalpalsg + kigdglyplsp —kiadalpa + kigdplpp |
0 0 —kiadalsy + kipdplsp kiads + kipdg

It is clear that K, and D, can be considered as the stiffness and the damping matrices provided
by the PD controller. The stiffness matrix should be large enough to compensate the negative
bearing stiffness matrix —K¢ in order to yield closed-loop eigenvalues located on the imaginary
axis. The damping matrix D, should be positive in order to make the system be asymptotically
stable, i.e. to achieve closed-loop eigenvalues entirely located in the left half of the complex plane.
From the expressions of K. and D, we can learn that the conical mode and parallel mode are
coupled together, so the decentralized PD controller could not direct control over the rotor rigid
modes.

3. Proposed control strategy
3.1. Modal separation

In this section, the modal separation is achieved by the following three steps. Firstly, the
negative stiffness of AMBs is compensated by adding a compensation current to the bearing
current. Secondly, an input transformation matrix T;, is augmented at the input side of the
controller to convert the sensor displacements (xs4, Xs5, Ysa and ysg) to the mass center
displacements of the AMB flywheel rotor system (6, , x, 6, and y). Finally, an output
transformation matrix T,,; is employed at the output side of the controller to convert the current
command signals about the mass center displacements (6,, x, 6, and y) to the signals about the
AMB displacements (xp,4, Xp5, Vpa and Vpp).

3.1.1. Compensation for the negative stiffness of AMBs

As can been seen from Eq. (6), when ksylp, # ksglyp, the negative stiffness matrix —Kg is
not diagonal, it means that ,,, 6, and x, ¥ are coupled to each other. So it is necessary to
compensate the negative stiffness matrix —Kg;.

For compensating the negative stiffness matrix —Kg, control current I was decomposed into
the modal control current I, and the negative stiffness compensation current I i.e.:

I=1 +1,. (13)

In Eq. (13), the current I, is employed to cancel the effect of negative stiffness matrix —Kgg,
and current I.. is used to generate magnetic forces for the levitation of the flywheel rotor system.
Substituting Eq. (13) into Eq. (6) yields:
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In Eq. (14), the term —K ;4 q represents the moment of force produced by the negative stiffness
matrix —K, while the term L¢K;I, denotes the moment of force generated by the negative
stiffness compensation current I;.. In order to completely eliminate the influence of the negative
stiffness matrix —Kgg, let the moment of force produced by I, equal to the moment of force
produced by —Kg,, i.e.:

Ksq + LeK;I = 0. (15)
Solving Eq. (15), one obtained:

I = —K, 'L 'Kyq = —K, 'L K T; g (16)

3.1.2. Input transformation

The displacement signals from the sensors are Xg4, Xs5, Vs4 and ysp, and the relationship
between the sensor coordinates and the mass center coordinates is:

XsA XsB
fgy ==
X lSB XsA lS_A XsB»
X Ls Ls amn
9. = Vs — Ysa
x Ly ’
lsB lsA

y= L_SySA + L_SYSB'

where Ly = Ly, + Lgp.

From Eq. (17), we can learn that the change of the displacements measured by the sensors,
such as the change of x4, would result in the changes of both translation and angular
displacements of the rotor mass center. It means that the parallel mode and the conical mode are
coupled to each other between the displacements (x4, Xs5, ¥sa and ygp) of the sensor coordinates.
Therefore, the displacements measured by the sensors (x4, Xsg, Vs4 and ysg) should transform
into the displacements of the rotor mass center coordinates. From Eq. (9), we obtained:

q="T"q;. (18)

In order to directly control the conical and the parallel modes of the flywheel rotor, Ts ! is
taken as the input transformation matrix, i.e.:

T, = T; . (19)
After input transformation, the modal control current I, for the PD control, can be written as:
lc =—rnhq- qu' (20)

where Py, = diag (Pcon Ppars Pcons Ppar) 15 the proportional gain coefficient matrix and
D, = diag(dcon, dpar» dcons dpar) 1s the differential gain coefficient matrix in the modal
controller, respectively.
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3.1.3. Output transformation

Since the matrix L¢K; is not a diagonal matrix, there is a coupling between the conical mode
and the parallel mode in the output. For decoupling the conical mode and the parallel mode in the
output, it is necessary to add an output transformation matrix Ty, to make the matrix LgK; T
be a diagonal one. There are many choices for making the matrix L¢K;T,,; be a diagonal matrix,
L¢K;T,,; = E is chosen in this paper, where E is an identity matrix. Then:

— 1 l -
— BB 0
kia  kia
_1 le
— — 0 0
T, =Kt=—— |k K 21
out i Mf le T le 0 0 __1 lb_B '
ia kia
1 1
0 0 -~ kb—A
L iB  Kip

3.1.4. Realization of the modal separation
After input transformation and output transformation, the modal control current I, becomes:
I = —Tout (P TinQs + D Tinds) = —Ki 'Lf (P T g5 + D T 4). (22)
The total control current I is:
I=1c+ 1 = —Toue (P + Ks) Tin@s — Tout D TinQs- (23)

Substituting Eq. (23) into Eq. (6), the equation of motion of the AMB high-speed flywheel
rotor system with the modal separation control can be described as:

M4+ Gq+P,q+D,,q=0, (24)
Pm = diag(pcon' Ppar»Pcons ppar)t (25)
Dm = diag(dcont dpa'r' dcont dpa'r)t (26)

where Peon, deons Ppar> Apar are proportional and differential coefficients of the modal separation
control for conical mode and parallel mode, respectively.

From Eq. (24)-(26), it is clear that the conical mode and the parallel mode are independent, so
the stiffness and damping of the conical mode can be controlled by varying the parameters p.,,
and d,,, while the stiffness and damping of the parallel mode can be controlled by varying the
parameters ppq, and dpq,. On the other hand, the gyroscope matrix of the AMB high-speed
flywheel rotor system only affects the conical mode, so the gyroscopic effect on the flywheel rotor
modes is considerably decreased.

3.2. Velocity estimation controller

In section 3.1, the PD controller uses the derivative of position signal of the flywheel rotor to
generate its damping control signal. However, the noisy nature of derivative results in a noise
plagued damping signal. This impacts flywheel controllability, as the levitated flywheel cannot be
damped adequately without introducing noise. Therefore, the velocity estimator controller is
developed specifically to improve the quality of the damping control effort, mainly to reduce the
noise in the damping signal. The implementation of PD controller and velocity estimation
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controller are shown schematically in Fig. 3, respectively.

Y(s) R(s) T E(s)

S

estimator

a) PD controller b) Velocity estimation controller
Fig. 3. Implementation of PD controller and velocity estimation controller

In Fig. 3, G, (s) represents the control object, and the “estimator” term is the velocity value of
flywheel rotor calculated by the velocity estimator. Note that there is a similarity between the
velocity estimation controller and the PD controller; for the velocity estimation controller, the
derivative is simply replaced by the estimator value. The algorithm of the velocity estimator can
be formulated as:

(1 (0) = x,(0),

x,(t) m (27)
B ,

{ka (t) = R2 _ao(xl(t) - E(t)) — 1Xq (t) —_ e(t))% —ay (

where e(t) is the position signal, x;(t) and x,(t) represent the estimated states, that is,
x1(t) = e(t), x,(t) = é(t). R, ay, a1, @y, m and n are constant coefficients, which R > 0, «,
ay, ay; > 0, and m > n are positive odd numbers. Convergence speed can be improved by
increasing the coefficients R, &, a1, a,, however, the noise would be introduced as the increasing
of the coefficients R, a, ay, 5.

The schematic diagram of the algorithm of the velocity estimator is shown in Fig. 4.

e(t)

Velocity output

Fig. 4. Velocity estimator schematic

As can be seen in Fig. 4, the velocity output (damping control signal) is obtained by numerical
integration, and numerical integration can provide more stable and accurate results than numerical
differentiation in the presence of noise. So, the velocity estimator controller can reduce the noise
in the damping signal.

3.3. Realization of the proposed control strategy

A simplified schematic of the proposed control strategy is shown in Fig. 5. In Fig. 5, AMP
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stands for power amplifier, while AMB represents active magnetic bearing. The proposed control
strategy mainly includes four function modules: the module of negative stiffness compensation,
input transformation module, velocity estimation controller and output transformation module.
The displacements of the flywheel rotor system are measured by eddy current sensors, and these
sensor signals are fed back to the controller. Firstly, the module of negative stiffness compensation
produces the compensation current I, to cancel the effect of the negative stiffness of AMBs. Then,
an input transformation is performed at the input side of the controller to convert the sensor
displacements to mass center displacements of the flywheel rotor system. Subsequently, the
velocity estimation controller processes the mass center displacement signals of the flywheel rotor
system and generates the modal control current. Finally, an output transformation is employed at
the output side of the controller to convert the modal control current about mass center coordinate
system to the current I, about AMB coordinate system. The sum of modal control current I, and
compensation current I, is the total control current I, and the total currents I is converted to drive
current by the AMP. The drive current is fed to the AMB, forces produced by the AMB suspend
the flywheel rotor system.

Negative stiffness
compensation
IK
Output I AMB
transformations I
Velocity Estimation Control Strategy of Modal
controller Separation and Velocity Estimation
6, x Tnput - Y Xsp Sensor - Flywheel
0, v transformations Yia VB rotor system

Fig. 5. Schematic diagram of the proposed control strategy
4. Simulation and experiment results

Comparative simulations and experiments among the decentralized PD controller and the
proposed control strategy have been carried out in this section to evaluate the performances of the
proposed control strategy.

4.1. Experimental setup

Extensive experiments have been performed on an AMB high-speed flywheel energy storage
system shown in Fig. 6.

a) AMB high-speed flywheel energy storage system b) Flywheel rotor
Fig. 6. AMB high-speed flywheel energy storage system and its flywheel rotor
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The AMB flywheel rotor system of this flywheel energy storage system includes a flywheel
rotor, two radial AMBs, four eddy-current sensors, a bearing controller and a switching power
amplifier.

The flywheel rotor system is supported axially by a pair of PM bearings located on the top and
the bottom sides, and radially by two AMBs.

The two radial AMBs have the same geometry, and the structure of radial AMB is the
conventional eight pole arrangements, as shown in Fig. 7. The differential excitation currents are
employed to drive the AMBs. In this case, the force-displacement coefficient and the force-current
coefficient can be calculated as follows:

( UoAN?I2cos?a
ksa = ksp = %'
28
UoAN?Iycosa (28)
tkiA =kip = T R

where p, is the permeability of vacuum, A is the pole area, N is the coil turns of a pair of pole, I,
is the bias current, a is the angle of each pole relative to the centerline between the poles, and C,
is the nominal air gap length. In this setup, the parameters are as follows: Cy = 0.3x107m,
A=0225x103m?, N =100,I, = 1.3 A, @ = 22.5°.

Fig. 7. The structure of radial active magnetic bearing

The rotor positions are measured by four eddy-current displacement sensors, i.e., two sensors
are mounted near the upper radial magnetic bearing, and the other two sensors are placed near the
lower radial magnetic bearing. The two sensors located in the same side (upper side or lower side)
are mounted in mutually perpendicular directions to measure the displacements of the flywheel
rotor along x and y axes, respectively. Fig. 8 shows the four eddy-current displacement sensors
and the input-output characteristic curve.

The input-output characteristic curve of the eddy-current displacement sensor is shown in
Fig. 8(b). D represents the displacement between the sensor probe and the flywheel rotor. U, the
output of the eddy-current displacement sensor, is a voltage signal. The relationship between input
signal D and output signal U is:

U = 4975 x D — 3.397. 29)

In Eq. (29), the units of input D and output U are millimeter and volt, respectively.

DS1103 PPC is adopted as the bearing controller to generate command signals. It is provided
by the dSPACE company in Germany. The DS1103 PPC has the advantages of strong real-time,
high reliability and easy to expansion. It has 20 analog-to-digital converters (ADC) and 8
digital-to-analog converters (DAC). The sampling times of the ADC and DAC are 4 ps and 5 ps,
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respectively. The input voltage of the ADC is £10 V, and the output voltage of the DAC is
also =10 V.

© o

U
- N WA OO N ®

§69 059 109 120 149 169 189 2.00 229 249 269
D (mm)
a) The eddy-current displacement sensors b) Input-output characteristic curve of the
eddy-current displacement sensor
Fig. 8. Eddy current sensors and input-output characteristic curve

The basic parameters of the AMB high-speed flywheel energy storage system are as follows:
rated power Py = 10 kw, rated speed ny = 20000 rpm, efficiency n = 95 %, rated voltage
Uy =400 V. The parameters of the AMB flywheel rotor system are shown in Table 1. In Table 1,
Kia, kig, kss and kgp are calculated by Eq. (28).

Table 1. Basic parameters of the AMB flywheel rotor system

Parameter Symbol Value Unit
Total mass m 25.8 kg
Transverse moment of inertia Jx=Jy 0.2388 kg m?
Polar moment of inertia Iz 0.1151 kg m?
Distance between the central point of AMB and mass center o lpa = lpp 200 mm
Distance between the central point of sensors and mass centero | L, = L 240 mm
Force-current coefficient kig = kip 37.7 NA-!
Force-displacement coefficient koy = ke | 15.08x10* | Nm'!

4.2. Simulation results
4.2.1. Modes analysis

The AMB flywheel rotor system in both no-rotating and rotating cases has two kinds of natural
rigid modes, i.e., the conical mode and the parallel mode. The conical mode describes rotor tilt
around its mass center. The parallel mode describes the translation motions of the rotor mass center
in x, y plane, no tilting around its mass center. When the rotor is spinning, the parallel mode
frequency does not change much with the rotating speed, but the conical mode separates into
nutation mode and precession mode with the increase of rotating speed. The nutation mode rotates
in the same direction as rotor rotation, while the precession mode in the opposite direction as rotor
rotation. The nutation mode frequency increases with the rotating speed, while the precession
mode frequency decreases with rotating speed [1]. The variation of eigenvalues of the AMB
flywheel rotor system with the rotating speed is shown in Fig. 9, where o and jw are real part and
imaginary part of the eigenvalue, respectively. The real part of the eigenvalue stands for the
stability of the AMB flywheel rotor system and the imaginary part for the vibration frequency.
The stiffness of the AMB flywheel rotor system mainly influences the vibration frequency, i.e.
the imaginary part of the eigenvalue jw. The damping of the AMB flywheel rotor system, on the
other hand, moves both eigenvalues into the left half of the complex plane, i.e. influence the real
part of the eigenvalue o. In Fig. 9, the two circles standing for the conical mode and two stars
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standing for the parallel mode are the eigenvalues of the AMB flywheel rotor system without
rotating. The real parts and imaginary parts of eigenvalues of the nutation mode in solid line
increase with the rotating speed, while the real parts and imaginary parts of eigenvalues of the
precession mode in dashed line decrease with rotating speed. The real parts and imaginary parts
of eigenvalues of the parallel mode do not change with the increase of rotating speed.

In the high rotating speed region, the nutation mode with a high frequency is very difficult to
control and may result in system instability due to phase lag in the control system and limited
bandwidths of the power amplifiers and sensors. Besides, both the real parts and imaginary parts
of the precession mode approach to zero, the stability of the AMB flywheel rotor system becomes
very weak, and may also result in rotor instability due to the small damping. Finally, there is even
a third undesired property, as seen in Fig. 9, the damping over the two rigid modes is very unequal
distribution, i.e. the conical mode features a very adequate real parts of their eigenvalues already
at standstill, whereas the parallel mode remains only very weakly damped. The small damping of
the paralle]l mode may also result in rotor instability in the control system. So, it is necessary to
regulate the rigid modes’ stiffness (frequency) and damping independently.

4000 250
3000 1 ___,......———""'
V\(D 200} T
2000 ® 1 T
T r

1000 % ] 1501 i

< === nutation mode frequency

i 0 ?\, ----- precession mode frequency
1000 ——_____..._- * | "100t = parallel mode frequency
-2000 - ®
(0]
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Fig. 9. Variation of eigenvalues of the AMB flywheel Fig. 10. Variation of mode frequency with P for
rotor system with rotating speed decentralized PD control at 20000 rpm
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Fig. 11. Variation of mode frequency with p.,,, for ~Fig. 12. Variation of mode frequency with pjq, for
proposed control strategy at 20000 rpm proposed control strategy at 20000 rpm

Because the methods of regulating the rigid modes’ stiffness and damping are similar to each
other, in this paper, the regulating process of the rigid modes’ stiffness was taken as an example.
The variation of mode frequencies of the AMB flywheel rotor system for the decentralized PD
control with the proportional coefficient P at 20000 rpm is shown in Fig. 10. As seen in the figure,
both the conical mode frequencies, i.e. the nutation mode frequency and the precession mode
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frequency, and the parallel mode frequency increase when the proportional coefficient P rises up.
Therefore, the decentralized PD control could not separately regulate the rigid modes’ frequencies
of the AMB flywheel rotor system.

The variations of mode frequencies of the AMB flywheel rotor system with the proportional
coefficient pcon and ppe, for the proposed control strategy are shown in Fig. 11 and 12,
respectively. It is demonstrated that the conical mode frequencies, i.e., the nutation mode
frequency and the precession mode frequency, increase as the increase of p.,,, wWhereas the
parallel mode frequency always remains a constant. And vice versa, the parallel mode frequency
also increases as the increase of p,q,, while the conical mode frequencies still remain a constant.
Hence, the conical mode control channel and the parallel mode control channel are totally
independent, which allow us to regulate the different rigid modes’ frequencies through changing
the proportional coefficient of the corresponding mode control channel.

4.2.2. Dynamic characteristics and stability

In order to investigate the dynamic characteristics and stability, the decentralized PD controller
and the proposed control strategy were employed to control the flywheel rotor system, respectively.
In this simulation, the initial positions of the flywheel rotor system in the sensor coordinates are
[Xs4 Xs5 Vsa Vsg] =[-0.25 0.2 0.25 —0.2] mm. The orbits and vibrations of the flywheel rotor
system with a suitable decentralized PD controller at 20000 rpm are shown in Fig. 13 and 14,
respectively.

4 -4

JX10 L X10
3 al
2 2l
1t 1
éﬁ or gﬂ 0
! > 1
2 2
3 3l
“ 2 0 2 K 4 2 0 2 4
Xia (m) x10 Xp (m) x10*
a) Orbit of A plane b) Orbit of B plane
Fig. 13. Orbit of the flywheel rotor with decentralized PD controller at 20000 rpm
X 10'4‘

Displacement (m)

0 0‘.1 0‘.2 0‘.3 0‘.4 0‘.5 0‘.6 0‘.7 0‘.8 0‘.9 1
T (s)
Fig. 14. Vibrations of the flywheel rotor with decentralized PD controller at 20000 rpm
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The orbits and vibrations of the flywheel rotor system with proposed control strategy are
shown in Fig. 15 and 16. As seen in these figures, for the decentralized PD controller, the flywheel
rotor system tends to loose stability, the overshoots and vibrations of the flywheel rotor system
are large at this rotational speed. However, the stability, overshoot and vibrations of the flywheel
rotor system can be greatly improved with the proposed control strategy. It also takes a short time
for flywheel rotor to reach the reference positions, i.e., the adjusting time is short with the proposed
control strategy. So, the proposed control strategy has better stability and dynamic characteristics.

4 4
4x10 4X10
3 3t
2 21

Yia (m)
Y (m)
N —_ o

3 -3t
4 : ) ‘ -4 : : :
4 2 0 2 4 -4 -2 0 2 4
Xa (M) x10* Xsp (m) x10*
a) Orbit of A plane b) Orbit of B plane
Fig. 15. Orbit of the flywheel rotor with proposed control strategy at 20000 rpm
-4
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Y
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T (s)
Fig. 16. Vibrations of the flywheel rotor with proposed control strategy at 20000 rpm

4.2.3. Robustness against noise

The main difference between the PD controller and velocity estimation controller is how to get
the velocity signal. The PD controller uses the derivative of position signal of the flywheel rotor
to generate its velocity signal; while the velocity estimation controller obtains it by means of
velocity estimator. Therefore, the difference of robustness against noise of the two controllers
mainly depends on differentiator and velocity estimator. To evaluate the robust against noise of
the proposed control strategy, a sinusoidal signal with white noise was fed to the differentiator
and velocity estimator, respectively, and the outputs (velocity signals) of differentiator and
velocity estimator were stored. The frequency of sinusoidal signal is 50 Hz, this is well within the
bandwidth of the AMB, and so the AMB flywheel rotor system may operate at this speed. The
amplitudes of sinusoidal signal and white noise are 1 and 0.05, respectively. Fig. 17 shows the
outputs of differentiator and velocity estimator with white noise sine wave as the input. Since the
output is the velocity of the input signal, ideally the outputs of differentiator and velocity estimator
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should be sinusoidal. In Fig. 17, output of velocity estimator is clearly sinusoidal in shape.
However, with the differentiator response, the sine wave is almost undetectable due to the effect
of white noise; there is considerably more noise in the output of differentiator. Because the outputs
of differentiator and velocity estimator are damping control signals provided by PD controller and
velocity estimation controller, respectively. So, compared with PD controller, the estimation
controller has stronger robustness against noise.
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a) Output of differentiator b) Output of velocity estimator

Fig. 17. Outputs of differentiator and velocity estimator with white noise sine wave as the input
4.3. Experimental results

In order to validate the control performances of the proposed control strategy, the decentralized
PD control and the proposed control strategy were used for the operation of the AMB high-speed
flywheel energy storage system, respectively. In the process of experiment, ten thousand
displacement data were stored per second for each displacement sensor by means of DS1103 PPC.
Then with the displacements in x direction (x4 or xg5) as x-axis and the displacements in y
direction (y,, or Ysg) as y-axis, we can plot the orbits of the flywheel rotor system by MATLAB.
Orbits of the AMB flywheel rotor system with the decentralized PD control at 20000 rpm are
shown in Fig. 18. The orbits of AMB flywheel rotor system with the proposed control strategy at
the same speed are shown in Fig. 19. As can be seen from the two figures, at this rotational speed,
the vibrations of the flywheel rotor system with the proposed control strategy are much smaller
than that of the flywheel rotor system with the decentralized PD controller, and there are
considerably less noises in the position signals of flywheel rotor system with the proposed control
Strategy.
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Fig. 18. Orbit of the flywheel rotor with the decentralized PD controller at 20000 rpm in experiments
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Fig. 19. Orbit of the flywheel rotor with the proposed control strategy at 20000 rpm in experiments
5. Conclusions

A new control strategy based on modal separation and velocity estimation was presented in
this paper. The principle and realization of the proposed control strategy was introduced based on
the mathematical model of the AMB high-speed flywheel rotor system. Comparative simulation
and experiment results show that, compared with the traditional method, the proposed control
strategy has the following characteristics.

1) It can realize the decoupling between the conical mode and parallel mode of the AMB high
speed flywheel rotor system, and can realize separate control of the stiffness and damping of the
rotor rigid modes.

2) It has better stability, dynamic characteristics and stronger robustness against noise.

3) It has a simple structure and is easy to implement.

In a word, the proposed control strategy can effectively realize excellent stability, dynamic
behaviors and strong-robustness of the AMB high-speed flywheel rotor system without high
control effort.
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