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1. INTRODUCTION

Flywheels seem to be highly appreciated in
the design of HEV, because of they outperform
conventional chemical batteries in many important
areas, such as: shorter recharge time, longer driving
range, higher reliability and practically absence of
the maintenance. Moreover, in the last decade, in the
power quality market the flywheel has regained
consideration as a viable means of supporting a
critical load during mains power interruption.

The main drawback of the flywheel system is
its relatively higher cost, but the technical
development should significantly reduce the costs of
such systems over time.

In [1] and [2] the numeric control of a
magnetic bearing destined to be included in a
flywheel storage system was synthesized. The paper
purpose is to develop the synthesized controller
taking into account the disturbance influences of the
other flywheel system components.

2. THE FLYWHEEL STORAGE
SYSTEM

The electromechanical battery we are studied is
composed by a magnetically suspended flywheel, a
synchronous motor/alternator and an inductive
position transducer (see fig.1). The magnetic
suspension has only one active axis and is composed
by two hybrid magnetic bearings that act as two
electromagnets in opposition. The radial stiffness is
assured by the minimum reluctance effect. In the
case of the absence of any current through the coils,
the radial stability is assured “passive” through the
presence of the permanent magnets. The chosen
drive machine is a disk-type permanent-magnet
synchronous machine [4].

3. SYSTEM MODELING

The equations that describe the working state of a
hybrid axial magnetic bearing are:

- the electric equilibrium equation of the circuitry
constituted by the series connection of the two coils
placed each one on the superior and, respectively,

the inferior stator of the bearing
u(t):R[-i+di(‘Pl+‘P2) @)
t

Where R, - the sum of the coil resistances, ‘¥, ¥, —

the total fluxes in the two bearing components
- the mechanical equilibrium equation:

m-8(t) =—F.

ez + (Fext + m- g) (2)
where F,,, = F;-F, is the resultant force of the
suspension electromagnets, F,, is the disturbing
external force and m.g is the mobile part weight
(including the entire shaft with the rotors of the
motor and transducer).

The disturbing force F,, is composed by an
aleatory part and also by the residual forces from
motor/alternator and transducer. For an accurate
synthesis of the magnetic-suspension control system,
the residual forces must be evaluated.

As concern the permanent magnet disk-rotor
machine, their influence is low because of the
permanent magnets that are much thicker (5 mm) as
the maximum of the air-gap (1 mm). A simulation
program based on the finite element method showed
us that the disturbance forces created by the motor
can not exceed 1 N.

In opposition, the position transducer is a
magnetic-type sensor (see fig. 2.a) and produces
disturbing axial forces as we can see in figure 2.b.

Considering that the air-gap is the same in the
magnetic bearing and in the magnetic position
sensor, the disturbing force due to the position
sensor can be calculated with:

_ Spt.h]%lPt.Jtz
luO[hMPt +2- 51 (t)]z

where J, and hyp, — the magnetization and the
thickness of the permanent magnet, S, - the pole
surface, 0; — the minimum of the two air-gaps from
the transducer magnetic circuit.

We consider a power supply source characterized
by the gain factor &, and a position sensor that have
an one-order transfer function. Considering low
variations of the system variables a linear input-
state-output model is achieved [1]:
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Figure 2. The position sensor geometry and
the produced disturbing force.

xX(t)= A-x(t) +b-u(t) +e- p(t) (4)
T
y(t)=c"x(t) x:[Ae A5 AS Al}
the state-variables being:
x,=4de; x,=40; x; =A5,' x, =A4i ®))

where 490 is the air-gap variation, 4i is the coil
feeding-current variation and Ae is the variation of
the transducer output voltage.

4. EXPERIMENTAL RESULTS

4.1. Controller synthesis

The experimental plant presented in figure 1 is
characterised with the following parameters:

- the mobile mass: m;=1.3Kg (whole system)

- bearing coil resistance: Rz=1.5 Q

- turn number of the coil: N=180

- remanent magnetisation in bearing: J=0.5 T

- remanent magnetis. in transducer: J=1.1 T

- natural frequency @y,=100 rad.sec!

- the air-gap sum: o;+%=1.5 mm

- the pos. sensor time constant: 7; = 0.002 s.

- the initial current: i, = 0.2 A

In [1] a controller synthesis considering only the
axial magnetic bearing is presented. In this paper we
expand the previous controller for the whole
flywheel system and analysed their characteristics
through numeric simulations in Matlab environment.

To insure the flywheel system stability we chose
a polynomial-type control system that is presented in
figure 3, where H(z) is the plant (the flywheel
system including the two converters, numeric-
analogue CNA and analogue-numeric CAN) transfer
function, Hg(z) is the transfer function of the RST-
type controller with two degree-of-freedom and
H,,(z) is the transfer function of the model that
defines the tracking-rating behaviour between the
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Figure 3. The closed-loop system structure.
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reference ref(z) and the plant output y(z) and p(z) is
the external perturbation.

Considering a sampling period 7,=0.005 sec, the
plant discrete transfer-function yields:

_B(z) _ —0.075z° —0.455z> —0.2122-0.008
A(z)  z*-3.7282° +1.0862° —0.384z +0.026
(6)

In the polynom B(z) there can be separate a
stabile part B,(z) and an unstable part B;(z), so that

B(z)=B,(2)-B;(2)

H(z)

)

where B;(z)=k(z-z;)and B,(z2)=(z—z,(z—z3).
Taking into account the structure presented in

figure 3, the close-loop transfer function Hy(z) can

be expressed through

B2 BOTE

Ay(z)  A(2)R(2)+B(2)T(2)

B;(2)B,,;(2)
A4 (2)-(z=pys )n/.

Ho(Z)=

®

~

In the last relation, 4,4(z) is a second-order
polynom built with two dominant poles in order to
have a desired dynamic behaviour. Considering a
second-order element characterised by the natural
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frequency @, = 0.9@, = 90 rad/sec and a damping
factor &; =0.8, its expression yields:

A, (z)=z" —13442+0.487 9)

The supplementary pole p;r = 0.6 having the
order n, =2 was introduced to improve the dynamic
performances of the close-loop system over the high
frequency range.

The transfer function H,,(z) of the reference-
trajectory model correspond also to a second-order
element, which considering the natural frequency @,
=100 rad/sec and a damping factor &, =0.8 results:

~-0.08z+1.53
22 -1.28z+0.449

H,, (z)= (10)

The controller synthesis consists in finding out
the four polynoms R(z), S(z), T(z) and Ky(z), which
must satisfy a specific condition (that is called
Bezout equation) presented in [2].

The expressions we used for these four polynoms
are [2]:

R(z) = (z=1D(z+79)B,(2)
S(2)=z% +5,,2% 4. 45,245,

T(z) = B,,.(2)4y(z)
Ky(2)= z?

(11)

where

Apa (1)'(1—171/‘)2
k(1-z)) '

Bmd (Z) =

The above mentioned condition can be written in
this particular case as follows:

A(2) (z=1)-(z+7y)+ B,(2)-S(2) = 4,,.(2)- K (2) (12)

This equation put in a matrix form is useful to
determine the unknown values for ry, So.p, ..., S1, So.
For the system parameters and chosen form of the
polynoms we found the following numeric
expressions:

R(z)=z*+0.81z* —=1.1192% - 0.663z - 0.028

S(z)=-11.958z* +15.053z> —4.31z% +1.251z - 0.083
T(z) =-0.046z" .

4.2. Simulation results

The following figures present few simulation
results, for the experimental plant—controller
ensemble. For two values of the flotor mass, m; and
my=3m;, and for two variants of the control structure
(with and without reference-trajectory-model), the

system behaviour is studied considering a step-jump
of the reference variable.

The variables having index 1 corresponds to the
mass m; and that having index 2 corresponds to the
mass m,. A supplementary index *, refers to the
case when the reference-trajectory-model is
considered. The output voltages of the controller are
showed in figures 4...7.

First time, we can see that the presence of the
reference-trajectory-model lead just to a low delay in
the controller response, both for the m; (figure 4)
and m; (figure 5) flotor masses.

A comparison between the controller responses
for the two masses is done in figure 6 (controller
without reference-trajectory-model) and figure 7
(controller with reference-trajectory-model).

For the chosen cases, in the figures 8, 9 and 10
the output voltages of the position transducer are
presented. One notes that the system displaces with a
low delay when the reference-trajectory-model is
used and, more, this delay increases corresponding
to the flotor mass.

In the figures 11 is showed a magnitude-
frequency characteristic corresponding to the
perturbation - output variable transfer function,
which is called also perturbation-output variable
sensitivity function.

The obtained characteristics show a good
stability and high dynamic performances for the
synthesised numeric controller.

5. CONCLUSIONS

In the paper the influences of the elements
composing a flywheel system over the magnetic
bearing stability is analysed. In the proposed
structure only the use of a magnetic-type position
sensor lead to supplementary disturbance forces.

A polynomial-type controller for the whole
flywheel system is synthesised. One notice that the
presence of the magnetic-type position sensor lead
only to some small modifications in the controller
structure. This is owed to the identical behaviour of
the bearing active forces and the sensor disturbing
forces.

Considering variations of the constructive
parameters and perturbation, by means of simulation
programs the system behaviour analyses is
performed. The simulation results show us that the
synthesised controller assures, for the proposed
flywheel system structure, a good stability and
higher dynamic performances even for modifications
in the control structure (with and without the
reference-trajectory-model).



80 Controlling the magnetic suspension of a flywheel system
Crutput voltagss of the controllar “—"ul " o™ ulm Ceprst vodtages of the wramsdorer “— ylm, “d" wIm
3 1 = - = =
25
@
- o
z IIQ ~
3 15 Jﬂ' E
= @ =
= N 2,
1
@
035
o
0
=]
a 0.1 0z 03 04 05 0.6 07 tl=]
Figure 4. Figure 8.
- 5 Quiputvoltages of the controller "l , “c"ulm L2 Croprot voltages of fhe srasmderar " 31 “a™ vlm
2 1
15 0s -
E = L
s = |J
‘E.j 1 & ?:. (2K |I| L
= o = I
= -
a4l te
05 —ar ||
o o
o o
a o
a
05
a Q.1 az a3 a4 as a6 07 tl[s] -0
o al oz 03 o4 2 K3 o7 if=
Figure 5.
1 Ohutput voltages of the controllar “—ul o™ ul Flgure 9.
- . Cropnt volages of the tasmdwer = vI o™ vIm
Es——
o = ral
25 f‘r oo
2 o0E
o
Sl =
213 & g os i’
= o oo
i = 5
i 04
.II"
oz =3
]
al >
0.5 -
Q 0.1 0z 03 04 03 0.6 07 tls] L K] [ 5] ! Ot 0% oS 0T 1S
Figure 6. Figure 10.
Orutput voltagss of fhe controllar % ul | “o” ul - Sexsitinvity Fregoency clasactesislics
I
25 s m —
2 ’r 12
ERE ar 3o
= -
1 & -10
=
05 - p
o -3
-05 4
0 01 02 03 04 05 06 07 ts " o L= L i
Figure 7. Figure 11.



On controlling the magnetic suspension of a flywheel system 81

References

1. Livint, Gh., Lucache, D.D., Zamfir, D.
Numerical command of an axial magnetic bearing,
3 European Conference  on  Magnetic
Sensors&Actuators EMSA 2000, Book of Abstracts
pp-205-206, July 19-21, 2000, Dresden, Germany.

2. Livint, Gh., Lucache, D.D., Zamfir, D., The
robust command of an axial magnetic bearing, Bul.
Inst. Polit., lasi, XLVI(L), 5, 2000.

3. Lucache D-D., Serban E. and Patelli D. State
modelling of a PM magnetic bearing, Bul. Inst.
Polit., lasi, XLV(IL), 5, pp. 110-113, 1999.

4. Lucache, D.D., Simion, A., Calugareanu,
S., Horga, V. Design of a disk-type permanent-
magnet synchronous machine for magnetic bearings
applications, 4" International ~Symposium on
Advanced  Electromechanical ~ Motion  Systems
ELECTROMOTION 2001, June 19-20, 2001,
Bologna, Italy.

5. Ahmad, A.K., Saad, Z., Osman, M.K. Control of
Magnetic  Levitation  System,  Computational
Intelligence, Modelling and Simulation,
International Conference on, pp. 51-56, 2010, ISBN:
978-0-7695-4262-1

6. Nong Zhang, H.D., Ji, J.C., Wei G. Robust
Fuzzy Control of an Active Magnetic Bearing
Subject to Voltage Saturation, IEEE Transactions
2010, pg. 164 — 169, ISSN: 1063-6536.

Recommended for publication: 11.04.2014.



