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Seifeddine Benelghali, Fatiha Mekri, Mohamed Benbouzid and Jean Frédéric Charpentier

Abstract—Multiphase generators seems to be an interesting
solution for variable-speed drive applications and particularly
attractive for renewable energy generation. In this context, the
performance of a five-phase permanent magnet synchronous
generator are evaluated within a marine current turbine and
compared to a classical three-phase generator. For both
topologies, a robust nonlinear control strategy, namely high-
order sliding mode control, is adopted. Hence, the generators
performances are analyzed, during open-circuit faults, and
conclusions are derived regarding multiphase generators key
features marine applications.

Index Terms—Marine Current Turbine MCT), five-phase
Permanent Magnet Synchronous Generator (PMSG), open-
circuit fault, high-order sliding mode control.

I. INTRODUCTION

Marine energy has become an issue of significant interest
achieving a spectacular increase in the last years. It is
currently the focus of much industrial and academic research
around the world [1-3]. Indeed, the astronomic nature of this
resource makes it predictable, to within 98% accuracy for
decades, and independent of prevailing weather conditions.
This predictability is critical to a successful integration of
renewable energy in the electrical grid.

Nevertheless, several marine energy projects over the
world are facing difficulties delaying their complete
achievement. These difficulties mainly concern installations
high-cost and maintenance [4].

As marine current turbines are similar in many aspects to
wind turbine technologies, their theoretical and experimental
studies are essentially based on wind turbine experiences.
Therefore, critical aspects, as availability and reliability, are
emphasized by the analysis of the collected data from wind
turbine farms.
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In this context, it has been shown that electrical and control
system failures account for the highest percentage of failures
[5]. Such failure high rate is not tolerable for MCTs due to
site intervention and maintenance high-costs. Furthermore,
the marine environment harsh nature requires a long term
planning beforehand to investigate human intervention
periods [4].

In this context, multiphase generators seem to be
interesting alternative to classical three-phase generators [6].
Indeed, multiphase generators offer additional degrees of
freedom that can be used for fault-tolerant operation. In fact,
under fault conditions, their remaining healthy phases can be
used to compensate the faults and continue the MCT
operation [7-8].

This paper deals then with a detailed analysis and a
comparative study of three- and five-phase PMSG within the
context of a marine current turbine application in normal and
faulty conditions (an open-circuit fault). First, a method is
proposed for the determination of the PMSG optimal currents
leading to copper losses minimization under an open-circuit
mode. Then, these currents are associated to a high-order
sliding mode control approach for robustness purposes.

Using a previously developed MCT simulator, the
generators performances are analyzed under an open-circuit
mode for the same hydrodynamic input torque and the same
extracted power [3].

II. MCT MODELING BRIEFLY [3]
A. MCT Simulator

The Matlab/Simulink®-based MCT simulator has adopted
a multiphysics approach to model the whole system,
including the resource, the rotor, the gearbox, and the
generator (Fig. 1). This simulator can evaluate marine current
turbine performances and dynamic loads over different
operating conditions. Currently, it incorporates all types of
horizontal-axis turbines. Due to its modularity, the five-phase
PMSG has been easily incorporated and investigated.

B. Five-Phase PMSG Model
The three-phase PMSG mode is already described in [3].

A five-phase PMSG electric model in a natural base is given
for the &A™ phase by
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Fig. 1. Marine current turbine global scheme.
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where R; is the stator resistance, ¢y is the stator flux, and e is
the emf induced in this phase by the permanent magnets.

Assuming that the k phases are regularly shifted and there
is no saturation and no saliency effects. Therefore, the
following can be obtained [9-10]
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where L is the phase inductance, M, is the mutual inductance
between two adjacent phases (£27/5 electrical shift), and M,
is the mutual inductance between two phases shifted of +4n/5.

Phase magnetic couplings make multiphase generators
control more complex [6]. To achieve a simpler control, it is
possible to work in a base in which the phases are
magnetically decoupled. Using Concordia transform, (1) can
be rewritten in this new base [11]. Hence, the three-phase
generators (zero sequence, primary, and secondary) model is
deduced in the [z,0,B] plane.

L di
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: t
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- di,
— _ Py ap-s —
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As the generator is wye-coupled, the current zero sequence
component is null.

It is possible to control the main and the secondary
generator independently, since both of them are magnetically
decoupled. Indeed, the system behaves as if there are two
different generators mechanically coupled. If the main
generator has p pole pairs and the secondary one has 3p. The
five-phase PMSG control is therefore achieved using the

appropriate Park transform to each generator (3). This
transform leads to define two d-q rotating frames: The first
one corresponds to the first harmonics and rotates at ®, and
the second one corresponds to the third harmonics and rotates
at —3®. An homopolar frame is also obtained. It corresponds
to the fifth order harmonics. In this context, the stator voltage
can be expressed as
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VdszSIdp—coAplqp+Edp+Ap7
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The five-phase PMSG electromagnetic torque is given by

T =2 _Tre i (6)
em Q Q

and its dynamics by

T,=s2e 0ot 4T, 0

where Q is the generator speed, J the inertia, and f'the viscous
friction coefficient
III. PMSG-BASED MCT CONTROL
A. Problem Formulation
High-order sliding mode has been adopted for the control

of the PMSG-based marine current turbine. This robust
control approach has been chosen mainly due to the tidal



resource characteristics such as turbulence and swell effects
and the inevitable uncertainties inherent in PMSG-based
marine current turbines [3]. Indeed, although many modern
techniques can be used for this purpose, sliding mode control
has proved to be especially appropriate for nonlinear systems,
presenting robust features with respect to system parameter
uncertainties and external disturbances [12-13].

Figure 2 illustrates the proposed PMSG-based MCT
control scheme.

B. Reference Current

In normal operation, minimizing copper losses for a
constant given torque 7,, leads to express the optimal
reference current of each phase as [9], [14-15]

fy=AS with 4= 10
s -
Q

If an open-circuit fault occurs, torque ripples appear if the
above classical control remains adopted. Indeed, torque
ripples are due to interactions between the -currents
nonsymmetrical system with the emf symmetrical system. To
avoid these ripples an adaptive control method is proposed to
determine current references.

To ensure the multiphase generator operation continuity
with minimum copper losses when an open-phase fault
occurs, an adaptive control strategy has been previously
proposed in [14]. In this method the faulty phases are firstly
detected. Then a new system is considered. This new system
only comprises the healthy phases. For example, in case of
one or two faulty phases the new emf vector for each healthy
phase (here the first phase) is given by

®)

1 q
g=a—-—> he )
q' =

where ¢’ is the active phase number and /; = 1 for an active
phase and 7, = 0 for a faulty one.
Therefore (8) is rewritten as follows

T;nax
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This strategy remains valid in normal and faulty
operations to achieve a constant and filtered torque at
minimum copper losses.

C. High-Order Sliding Mode Control

The PMSG-based MCT proposed control strategy has
been previously applied and tested in [3].

It is based on a step-by-step procedure:

1) First, the speed reference w,, is generated by a
Maximum Power Point Tracking (MPPT) strategy.

2) Then, an optimal electromagnetic torque, which
ensures the rotor speed convergence to ®,.,is computed using
the following equation.

T,

em _ref

(11

=T, +fo-o(o-0,)+ o,

Where o is a positive constant. Afterwards, current references
are derived to ensure the PMSG torque convergence to the
optimal one and to minimize the error between the current
and its reference Let us define the following sliding surfaces
for the first d-q frames (A similar approach is done for the
second d-g frame).

{Sl[) = ]dp _]dpinf/ (12)
SZp = qu _[qp,re?f
S =i, -1
It follows that ,,I/} bt . (13)
Slp =(P1(t:x)+yl(tax)Vdp
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Fig. 2. The proposed PMSG-based MCT control scheme.



Where o(t,x), @i(¢x), 71(t,x), and y,(¢x) are uncertain
bounded functions that satisfy

¢, >0, |(P1|>(D19 0<T,, <y, <T,,
9, >0, |o,|>®,, 0<T,,<vy,<T,,

The proposed high-order sliding mode control, which is in
fact a second-order one, has been designed using the super
twisting algorithm. The controller contains two parts:

{Vdp =u, +u,

qu =w +w,

(15)
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where and .
= =P, |S,|" sign(S,)

—B, |S1 |p sign(S,)

To ensure the sliding manifolds convergence to zero in
finite time, the gains can be chosen as follows [13].

B~2 > 4q)i FMi(ai +q>i).
l _rmiz Fmi(ai_q)i)’
0<p<05

i=1,2

IV. COMPARATIVE STUDY USING THE MCT SIMULATOR

The three- and five-phase PMSG comparative study has
have been carried-out using the above cited MCT simulator.
In this case, simulations are based on 2-kW PMSG-based
MCT with a constant tidal resource for comparison
simplification in contrary to [7]. Moreover, generator
comparisons were made for the same torque and the same
generated power.

The control strategy, for the five-phase PMSQG, is based on
the second-order sliding mode simultaneous control of the
main and secondary generators in the two d-g frame as above
presented.

A. Healthy Condition Operation

The three- and five-phase PMSG-based MCT control
performances in healthy conditions are shown in Figs. 3 to 7,
respectively illustrating the rotor speed, the generated power,
the mechanical torque, and the PMSG currents. These
simulation results lead to the following main conclusions:

— The five-phase PMSG-based MCT generated power is

very smooth (Fig. 4).
— The peak-to-peak torque ripples are significantly
reduced in the five-phase PMSG (Fig. 5).

It is therefore obvious that a multiphase generator is more
appropriate for MCTs normal operation than a classical three-
phase generator.
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Fig. 3. Marine current turbine generator speed under normal conditions.
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Fig. 4. Marine current turbine power under normal conditions.
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Fig. 5. Marine current turbine mechanical torque under normal conditions.

Currents (A)

Time (sec)

Fig. 6. Five-phase PMGS currents under normal conditions.
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Fig. 7. Three-phase PMSG under normal conditions.

B. Operation under Open-Circuit Fault Conditions

The two generators performances are now evaluated under
an open-circuit in the first phase. In this case, a reference
current is now on-line determined under faulty conditions to
achieve a constant and smooth torque, equals to the one under
normal conditions, and leading to minimum copper losses.

Simulation results are shown in Figs. 8 to 11, the
generated power, the mechanical torque, and the PMSG
currents. These simulation results lead to the following main
conclusions:

— The five-phase PMSG-based MCT generated power is

still quiet smooth even in faulty conditions (Fig. 8).
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Fig. 8. Marine current turbine power under open-circuit fault conditions.
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Fig. 9. Marine current turbine torque under open-circuit fault conditions.
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Fig. 10. Five-phase PMGS currents under open-circuit fault conditions.

Currents (A)

Time (sec)

Fig. 11. Three-phase PMGS currents under open-circuit fault conditions.

— The torque ripples are significantly reduced in the
five-phase PMSG thanks to the proposed procedures
(Fig. 9) [15]. Indeed, the torque remains quiet smooth.
Therefore, no extra stresses are induced in the MCT
torque.
— The three-phase PMSG currents increase is quiet huge
compared to the five-phase one.
The analysis of the above performances under faulty
conditions confirms the fact that a multiphase generator is
clearly a candidate of choice for a marine current turbine.

V. CONCLUSION

This paper dealt with a comparative study of three- and
five-phase PMSG within the context of a marine current
turbine application in normal and faulty conditions. The
PMSG control strategy was based on a high-order sliding
mode approach using a super twisting algorithm. In faulty
conditions, a reference current is on-line determined to
achieve a constant and smooth torque, equals to the one under
normal conditions, and leading to minimum copper losses.

The obtained results clearly show that, even in normal
operation, a multiphase generator is clearly a candidate of
choice for marine current turbine applications, in comparison
to a classical three-phase generator.



(1]

[2]

(3]

(4]

(3]

(6]

(7]

REFERENCES

M.S. Giiney et al., “Hydrokinetic energy conversion systems: A
technology status review,” Renewable and Sustainable Energy Reviews,
vol. 14, n°9, pp. 2996-3004, December 2010.

M.J. Khan et al, “Hydrokinetic energy conversion systems and
assessment of horizontal and vertical axis turbines for river and tidal
applications: A technology status review,” Applied Energy, vol. 86, n°
10, pp. 1823-1835, October 2009.

S. Benelghali et al., “Experimental validation of a marine current
turbine simulator: Application to a PMSG-based system second-order
sliding mode control,” IEEE Trans. Industrial Electronics, vol. 58, n°1,
pp- 118-126, January 2011.

Y. Li et al., “Modeling the operation and maintenance costs of a large
scale tidal current turbine farm,” in Proceedings of the IEEE
OCEANS’ 06, Boston (USA), September 2006.

Amirat et al., “A brief status on condition monitoring and fault
diagnosis in wind energy conversion systems,” Renewable &
Sustainable Energy Reviews, vol. 3, n°9, pp. 2629-2636, December
2009.

E. Levi et al., “Multiphase induction motor drives - a technology status
review,” [ET Electric Power Applications, vol. 1, n°4, pp. 489-516, July
2007.

F. Mekri et al., “A fault-tolerant multiphase permanent magnet
generator for marine current turbine applications,” in Proceedings of the
IEEE ISIE 2011, Gdansk (Poland), June 2011.

[8] S. Dwari et al., “Fault-tolerant control of five-phase permanent-magnet
motors with trapezoidal back EMF,” [EEE Trans. Industrial
Electronics, vol. 58, n°2, pp. 476-485, February 2011.

[9] F. Mekri et al., “High order sliding mode optimal current control of 5-
phase under open circuited phase fault conditions,” in Proceedings of
the IEEE VPPC 2010, Lille (France), September 2011.

[10] F. Locment et al., “Vectorial approach based control of a seven-phase
axial flux machine designed for fault operation,” [EEE Trans.
Industrial Electronics, vol. 55, n°10, pp. 3682-3691, October 2008.

[11] L. Parsa et al., “Five-phase permanent—magnet motor drives,” [EEE
Trans. Industry Applications, vol. 41, n°1, pp. 30-37, January-February
2005.

[12] B. Beltran et al., “Sliding mode power control of variable-speed wind
energy conversion systems,” [EEE Trans. Energy Conversion, vol. 23,
n°2, pp. 551-558, June 2008.

[13] B. Beltran et al., “High-order sliding mode control of variable speed
wind turbines,” [EEE Trans. Industrial Electronics, vol. 56, n°9, pp.
3314-3321, September 2009.

[14] X. Kestelyn et al., “Generation of on line optimal current references for
multi-phase permanent magnet machines with open circuit phases,” in
Proceedings of the IEEE IEMDC’09, Miami (USA), pp 689-694, May
2009.

[15] N.E.A.M Hassanain et al., “steady-state performance assessment of
three- and five-phase permanent magnet generators connected to a diode
bridge rectifier under open-circuit faults,” /ET Renewable Power
Generation, vol.4, n°5, pp 420-427, September 2010.




<<
  /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


