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Abstract

In this paper, we designed Active Magnetic Bearing (AMB) for large scale Superconductor Flywheel Energy Storage
System (SFESS) and PD controller for AMB. And we experimentally evaluated SFESS including hybrid type AMB. The
radial AMB was designed to provide force slew rate that was sufficient for the unbalance disturbances at the maximum
operating speed. The thrust AMB is a hybrid type where a permanent magnet carries the weight of the flywheel and an
electromagnetic actuator generates the dynamic control force. We evaluated the design performance of the manufactured
AMB through comparison of FEM analysis and the results of experimental force measurement. In order to obtain gains of PD
controller and design a notch filter, the system identification was performed through measuring frequency response including
dynamics for the AMBs, a power amp and a sensor using a sine swept test method after levitating the flywheel. Through
measuring the current input of the AMBs and the orbit of a flywheel according to rotational speed, we verified excellent
control performance of the AMBs with small amount current for the large scale SFESS.

Keywords : Active magnetic bearing, Superconductor flywheel energy storage system(SFESS), Notch filter, Sine swept test, PD controller

I. Introduction

In recent, many researches on an energy storage
system have been done since an energy storage
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system is able to cope with varying power demand,
and is efficient countermeasure to improve power
quality. An energy storage system can be used for an
uninterruptible power supply (UPS), power quality
improvement, load leveling, and storage of a
distributed power source such as a solar power and a
wind power. A superconductor flywheel energy
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storage system (SFESS) is more attractive than any
other energy storage system because of various
reasons such as rapid charge/discharge, infinite
charge/discharge  cycle and  environmental
friendliness [1, 2].

Since the SFESS with an AMB can minimize a
mechanical friction loss, the energy efficiency is
higher than that with a mechanical bearing such as a
ball bearing. However, continuous supply of power is
needed to levitate a flywheel and to control position
of a flywheel shaft using an AMB. Therefore the
AMB and the controller must be designed for
minimizing consumption of power.

In this paper, we designed and manufactured the
AMBs which were composed of a radial bearing and
a hybrid thrust bearing to control the large scale
SFESS. The manufactured AMBs were designed for
maximum performance and minimum power
consumption. We  evaluated the designed
performance of the manufactured AMBs through
comparison of the FEM analysis and the results of
force measurement test. In order to obtain gains of a
PD controller and design a notch filter, the system
identification was performed through measuring
frequency response including dynamics for the
AMBs, a power amp and a sensor using a sine swept
test method after levitating the flywheel. To evaluate
vibration suppression ability of the proposed AMBs,
a high speed rotation test was performed through its
application in the large scale SFESS including the
flywheel, the radial AMB, the hybrid thrust AMB
and the motor/generator. The rotating body including
the flywheel was about 425 kg and its inertia moment
was 13.2 kgm®. Through the high speed rotation test
after applying to large SFESS, it was conformed that
vibration suppression ability was very excellent
despite little input current. Vibration magnitude of
wheel axis was 10um at 15,000 RPM.

I1. Design and manufacture of AMB and SFESS

Fig. 1 shows the schematic diagram of the SFESS.
The SFESS is composed of a flywheel for energy

storage, a thrust bearing for levitating flywheel, the
radial AMB for vibration control of axis and a
motor/generator for energy conversion. Since the
AMB is open-loop unstable, the position of the rotor
is measured by a set of sensors located at the bottom
and top of the rotor, and delivered to the controller.
The thrust AMB is a hybrid type where the weight of
the rotor is supported by permanent magnet while an
electromagnetic actuator generates the dynamic
control forces. The axial motion of the rotor is also
measured by a position sensor.
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Fig. 1. Schematic diagram of SFESS with AMB.
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2.1 Design and manufacture of radial AMB

The radial AMB was designed to hetero-polar type
having an eight-pole. Two adjacent poles are wired in
series and two opposing pairs control each axis of the
bearing. We employed the bias linearization method
for the control of the radial AMB [3], where the
current in each pair of coils is the sum of the constant
bias current and the control current. If this method is
used, the static load capacity of the radial AMB can
be written as [4]

A g B szat
Fmax = ( 1 )
Ho

where A, is the pole face area and B, is the
saturation flux density of the bearing stator material.
Since the rotor spins vertically, the static force on the
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bearing would not be large. The current design of the
AMB has the pole face area of 8.8 cm?, which results
in the static load capacity of approximately 1000 N
per AMB, assuming the saturation density of 1.2 T.
Since there are two AMBs in the system, the total
static load capacity in the radial direction is 2000 N.

The dynamic load capacity is related to the force
slew rate of the AMB. Assuming that the main cause
of the dynamic load is the unbalance disturbance, the
maximum force slew rate that the AMB must provide
is

dF|
dt

=F O )

— & sync® “max
max

where F,,. is the synchronous force by unbalance
and Q,,, the maximum running speed. Considering
the measured unbalance of the prototype rotor and
the maximum operating speed of 20,000 rpm, the
required force slew rate is estimated to be 3 N/sec.
When switching power amplifiers are used to drive
the AMB (which is typical for a large-scale system),
the force slew rate of the AMB is approximately
determined by the parameters of the power amplifiers
that drive the bearing coils [4], which can be stated as

dF

dr| 20V
dt

max "~ max (3)
max g 0

In equation (3), gy is the nominal air gap, /., the
maximum current, V., the maximum voltage of the
amplifier. The biasing ratio o determines the bias
current with respect to the maximum current. Using
the force slew rate requirement stated above, we can
calculate the parameters for the power amplifiers.

Fig. 2 shows the analytical result of magnetic flux
density distribution of the designed radial AMB in
case of 10 A of current and 0.6 mm of gap between
the AMB pole and the wheel shaft. In this Fig, it was
shown that the manufactured AMB was well
designed without saturation. Through this result, we
manufactured the radial AMB. Fig. 3(a) shows the
manufactured radial AMB.
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Fig. 3. The photograph of (A) the radial AMB and (B) the
thrust bearing.

2.2 Manufacture of thrust bearing

In order to decrease the power consumption of the
thrust actuator, the permanent magnets were used to
carry the weight of the rotor. The design of the thrust
bearing depends on the force and axial stiffness of
this magnet pair, which can be calculated by the
equivalent current sheet method [5]. The total axial
force is the sum of the force by the actuator, the force
by the permanent magnets and the weight of the
rotor.

/u014g]\[2122 ng;m
— + —
4(g0+z)2 (gpm+z)2

z

(4)

where g,, is the nominal air gap between the
permanent magnets, W the weight of the rotor, z the
axial displacement from the nominal gap, I, the
control current to the thrust actuator. The axial
stiffness can be obtained by differentiating equation
(4) with respect to the axial displacement and
evaluating it at zero displacement.
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Assuming that the maximum static loading on the
thrust actuator is 1 G, we can determine the size of
the actuator using equation (1). Fig. 3(b) shows the
manufactured thrust AMB.

2.3 Control system design

Since the AMB is open-loop unstable, we need a
feedback controller for stable operation. With the
dynamic model, we can design the controller. We
designed a proportional-derivative (PD) type
controller. The controller was embodied using the
xPC which was a real time digital control system.
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Fig. 4. Block diagram of control system.

Fig. 4 shows the block diagram of control system.
The controller was embodied using the MATLAB/
Simulink in the Host PC. The target PC obtains a
sensor signal through the A/D, and after calculating
the appropriate command value, the value is transfer
to the current amplifier through the D/A. The current
amplifier generates the current which is proportional
to the controller command and transmits its current to
the coil of the AMB.

2.4 Manufacture of SFESS

To assess vibration suppression ability of the AMB,
a high speed rotation test is performed through its
application in the large scale SFESS.

Fig. 5 shows the completed SFESS including the
flywheel, the radial AMB, the thrust bearing and the
motor/generator. The rotating body including the
flywheel was about 425 kg and its inertia moment
was 13.2 kgem®. The wheel shaft made of SUS304.

Total length was 1,119 mm and diameter of the
wheel was 580 mm.

Fig. 5. The photograph of (A) completed SFESS (B)
rotating body with flywheel.

II1. Test results and discussion

To prove validity of the design results of radial
AMB, the magnetic force by the FEM analysis in
design stage was compared with that by the
experimental measurement after manufactured.
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Fig. 6. The simulation results of (a) force measurement (b)
variation of force for the different.

Fig. 6 shows the simulation results using the FEM
analysis for magnetic force according to input current
change (0~10 A) and gap change (0.3~0.6 mm)
between the actuator and the flywheel shaft. 120 kgf
of force was shown in case of 10 A in 0.6 mm of gap.
To measure magnetic force of the manufactured
radial AMB according to input current and gap
change, we made the test rig like Fig. 7. After putting
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the measured pole down, flowing the current in the
coil of measured pole. Then the pole pull the shaft in
Fig. 7 and load cell in Fig. 7 measure the magnetic
force.

Fig. 8 shows the experimental measurement results
using the test rig in Fig. 7 for measuring magnetic
force according to input current change and gap
change. 95 kgf of force was shown in case of 10 A in
0.6 mm of gap. This difference of both results is due
to manufacture errors, measurement error and
difference between a property value of the Si-steel
used in the FEM analysis and used in manufacture.
But the trend of magnetic saturation by simulation
results was similar to that by the experimental results.
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Fig. 8. The experimental test results of (a) force
measurement (b) variation of force for the different current
and different gap.

As the AMB system is fundamentally unstable,
feedback controller is needed for stable operation. To
select gain of PD controller and to design proper
filter, we must know the dynamics of the system.
Initial PD gain can be selected using state space
model of magnetic bearing. If the flywheel can be
levitated using initially selected PD gains, frequency
response of AMB can be measured. The controller
was structured using xPC system of Mathworks. The
sampling rate was 10 kHz. We measured frequency
response using sine swept method to 5 kHz. Fig. 9
shows the block diagram for measuring frequency
response.

Fig. 10, Fig. 11 and Fig. 12 show the measured
frequency responses for thrust AMB, radial upper
and lower AMB respectively. The measured
frequency responses include dynamics for the AMB,
the power amp and the sensor. The frequency
responses were measured in stationary state after
levitating the flywheel. The result for thrust AMB
frequency response in Fig. 10 had no critical mode.
Thus any filter design does not need.

Swept
Sine

Fig. 9. Block diagram for sine swept method.
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Fig. 10. Open loop bode plot of the measured frequency
response for thrust AMB.
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Fig. 11. Open loop bode plot of the measured frequency
response for upper radial AMB without notch filter.

As shown in Fig. 11, the upper radial AMB
without a notch filter has Ist bending mode having
magnitude of 3.4 dB around 610 Hz. And lower
radial AMB without notch filter in Fig. 12 has 1st
bending mode having magnitude of -9.6 dB around
610 Hz and magnitude of 0.15 dB around 750 Hz.
We tuned the PD gain using initial gain obtained
using state space model of magnetic bearing. We
obtained P-gain 16.7 and D gain 0.02. The notch
filters were designed that magnitude of 1st bending
mode of open loop system becomes under -15 dB.
The designed digital notch filter was as following
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Fig. 12. Open loop bode plot of the measured frequency
response for upper radial AMB without notch filter.
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Fig. 13. Open loop bode plot of the measured frequency
response for upper radial AMB with notch filter and PD
controller.
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Fig. 14. Open loop bode plot of the measured frequency
response for upper radial AMB with notch filter and PD
controller.

Fig. 13 and 14 show the upper and lower open
loop bode plot after applying the obtained PD gain
and the designed notch filter. In the open loop bode
plot of Fig. 13, the magnitude in 1st bending around
610 Hz of the upper radial AMB was -20.4 dB. And
In the open loop bode plot of Fig. 14, the magnitude
in Ist bending around 610 Hz of lower radial AMB
was -27 dB and the magnitude in 2st bending around
750 Hz of lower radial AMB was -18 dB. We were
confirmed that the notch filters for upper and lower
AMB well designed. Fig. 15, and Fig. 16 show the
nyquist plot to confirm the stability of the system.
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Nyquist Diagram
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Fig. 15. Nyquist plot of upper radial AMB.
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Fig. 16. Nyquist plot of lower radial AMB.
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Fig. 17. SISO block diagram of AMB system.
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Fig. 18 show current input and the orbits in the
cylindrical mode (1,200 rpm), the conical mode
(3,000 rpm) and the high speed region (10,000 and
15,000 rpm). In all rotation speed region, the input
current did not exceed 3 A £1 A. The 3 A is the bias
current and the +1 A is the control current. It was
shown that the frequency of the input current came to

be high according to increase of rotation speed of the
flywheel. This means that the designed AMB is well
manufactured and the designed controller is well
operated in high speed rotation.
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Fig. 18. Current inputs and orbits according to rotation
speed.

To assess vibration suppression ability of the AMB,
a high speed rotation test was performed through its
application in the large scale SFESS. Fig. 19 and Fig.
20 shows the vibration control results of the flywheel
shaft in low rotational speed region and high
rotational speed region respectively. The proposed
AMB in the large scale SFESS had enough vibration
suppression ability for the cylindrical mode in 1,200
(rpm) and the conical mode in 3,000 (rpm). And the
average vibration value by 15,000 rpm was less than
10 pm. This value will be the world's highest record
in large scale SFESS.
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Fig. 20. Waterfall plot (a) upper part and (b) lower part in
high rotation speed region (6000~15,000 RPM).

IV. Conclusions

In this paper, we designed the AMB and the
controller which have maximum performance and
minimum power consumption for applying large
scale SFESS. Through comparison between the FEM
analysis results for design model and experimental
test results for manufactured AMB, exactness of the
design result was verified. Selection of the PD
controller gains and the filter design using system

identification through sine swept test were performed.

Through the high speed rotation test after applying to

large SFESS, it was confirmed that the PD controller,
the notch filters for upper and lower AMB well
designed and vibration suppression ability was very
excellent despite little input current. The vibration
magnitude of wheel axis was 10 pm at 15,000 RPM.

References

[1] D. J. You, S. M. Jang, J. P. Lee and T. H. Sung,
“Dynamic performance Estimation of high-power
SFESS wusing the operating torque of a PM
synchronous Motor/generator”, IEEE Trans. Magnetics,
Vol. 44, No. 11, pp. 4155-4158, 2008

[2] J. P. Lee, B. J. Park, Y. H. Han, S. Y. Jung and T. H.
Sung, “Energy loss by drag force of superconductor
flywheel energy storage system with permanent
magnet rotor”, IEEE Trans. Magnetics, Vol. 44, No. 11,
pp. 4397-4400, 2008

[3] E. H. Maslen and D. C. Meeker, “Fault Tolerance of
Magnetic Bearings by Generalized Bias Current
Linearization”, IEEE Trans. Magnetics, vol. 31, pp.
2304-2314, May 1995.

[4] E. H. Maslen, P. Hermann, M. Scott, and R. R.
Humphris, “Practical limits to the performance of
magnetic bearing: peak force, slew rate, and
displacement sensitivity”, NASA Conference on
Magnetic Suspension Technology, NASA Langley
Research Center, Hampton, VA, 1988.

[5] C. Chen et al, “A Magnetic Suspension Theory and Its
Application to the Heart Quest Ventricular Assist
Device”, Artif. Organs, vol. 26, pp. 947-951, 2002.

[6] B.C. Park, S. Y. Jung, S. C. Han, J. P. Lee, Y. H. Han,
and B. J. Park, “Simulation and Experimental Analysis
of Magnetic Levitation Relative Stability for the
Flywheel Energy Storage”, Trans. KIEE. Vol. 59. No.
9, pp. 1605-1610, Sep 2010.

[7]1 S.Y. Yoo, C. H. Park, S. K. Choi, J. P. Lee and M. K.
Nho, “Validation of Flexible Rotor Model for a Large
Capacity Flywheel Energy Storage System”, Trans.
KSME. Vol. 32. No. 12, pp. 1096-1101, 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


