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Guest Editorial
Focused Section on Hysteresis in Smart

Mechatronic Systems: Modeling,
Identification, and Control

I. INTRODUCTION

HYSTERESIS nonlinearity invariably appears in various
smart mechatronic systems, such as smart material-based

actuators, smart material-based sensors, mechatronic systems
with friction, and electromagnetic systems [1]–[5]. This non-
linearity yields undesirable responses, which limit the tracking
performance or introduce oscillations that may compromise the
stability of the closed-loop systems [6], [7]. For example, the
presence of hysteresis in smart material-based actuators, which
are used widely in micro/nanopositioning applications, results in
a considerable tracking error and compromises the positioning
precision [8], [9]. Significant continuing efforts are thus being
made to seek effective compensation of hysteresis nonlinear-
ity in different smart mechatronic systems [10]–[12]. Recently,
advances have been made in various aspects of mechatronic sys-
tems with hysteresis: modeling, inverse compensation or feed-
forward control, feedback control, and stability and performance
analysis. In the meantime, this subject continues to pose research
challenges that invite innovative solutions in modeling, control,
and analysis.

The primary objective of this Focused Section on Hysteresis
in Smart Mechatronic Systems: Modeling, Identification, and
Control is to highlight some recent accomplishments in the mod-
eling and control of smart mechatronic systems with pronounced
hysteresis, and to motivate new ideas from the community to
address outstanding challenges. There were a total of 24 papers
submitted to this Focused Section. After a rigorous peer-review
process, six papers were accepted. The contributions of these
accepted papers are highlighted below.

II. CONTRIBUTIONS OF THE FOCUSED SECTION

The six papers included in this Focused Section comprise
both theoretical and experimental contributions detailing new
advances in modeling, identification, and control of hysteresis
in mechatronics. The variety of mechatronic systems addressed
spans piezoactuated systems, magnetorheological dampers, and
electromagnetic actuators. These papers can be roughly classi-
fied into two groups. The first group focuses on the modeling
and model identification for systems with hysteresis, while the
second group deals with hardware and algorithmic solutions to
the control of hysteretic mechatronic systems.
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A. Modeling and Identification

In this Focused Section, three papers deal with the hys-
teresis modeling and identification. These approaches include
an observer for ferromagnetic hysteresis modeling, describing
function-based investigation of hysteresis in magnetorheologi-
cal dampers, and a modified Maxwell-slip model for character-
izing asymmetric hysteresis loops in piezoceramic actuators.

MacKenzie and Trumper present a method for real-time es-
timation of the hysteresis in an electromagnetic actuator in the
presence of a changing air gap. The actuator is modeled with
a lumped parameter model. This enables to model the ferro-
magnetic hysteresis with the Preisach model separately from
the air gap reluctance. Experiments performed to illustrate the
proposed approach in a real-time system.

Ha et al. consider modeling of the hysteresis of nonlineari-
ties in the magnetorheological (MR) dampers using describing
functions. Such nonlinearities limit the performance of the MR
dampers when used in smart structures. In this study, describ-
ing functions obtained from the experimental measurements of
an MR damper were identified to model the hysteresis nonlin-
earities. Experiments were conducted to illustrate the proposed
approach.

Liu et al. propose a modified Maxwell-slip model to char-
acterize the asymmetric hysteresis loops in piezoceramic actu-
ators. A generalized elastoslide operator (ESO) is constructed
to replace Maxwell-slip elements. Each ESO is characterized
with the spring extension stiffness constant, maximum exten-
sion, compression stiffness constant, and maximum compres-
sion. Simulation and experimental results show that the pro-
posed model is capable of reproducing convex and/or concave
asymmetric hysteresis loops.

B. Control of Systems With Hysteresis

The next three papers contribute to the control of systems
with hysteresis. These studies range from the design of new
charge drives for hysteresis mitigation to the development of an
efficient inverse scheme for hysteresis compensation in piezoac-
tuated mirrors, to nonsmooth model predictive control of Wiener
systems with backlash-like hysteresis.

Rios and Fleming present the design of a charge drive for
reducing the hysteresis exhibited by a piezoelectric bimorph
bender. A new charge drive circuit is implemented to linearize
the input–output relationship of the bender. This circuit consists
of four major components, including a high-voltage amplifier,
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a differential amplifier, a piezoelectric load, and a proportional
integral feedback controller. An isolation amplifier is used to
achieve differential amplification with a high common-mode
rejection ratio. The effectiveness of the proposed charge drive
in hysteresis mitigation is demonstrated experimentally.

Mynderse and Chiu report the development of an efficient
hysteresis control scheme for a piezo-based dynamic mirror
system. The proposed two-degree-of-freedom control strategy
consists of a low-computation inverse model for hysteresis com-
pensation and an LQR feedback controller for mitigating the im-
pact of the inversion error. Experimental results are presented
to support the proposed control approach.

Dong et al. propose a nonsmooth predictive control method
for Wiener systems with backlash-like hysteresis, where the
hysteresis is connected in series with a preceding linear sys-
tem. The proposed control scheme incorporates a nonsmooth
receding horizon strategy that addresses the challenge of gradi-
ent evaluation at nonsmooth points of the objective function. A
simulation study on a mechanical transmission system charac-
terized with a nonsmooth Wiener system is presented to validate
the proposed control approach.
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Besançon 25030, France
mrakoton@femto-st.fr

XIAOBO TAN

Department of Electrical and Computer Engineering
Michigan State University
East Lansing, MI 48824 USA
xbtan@egr.msu.edu

REFERENCES

[1] C. Visone, “Hysteresis modelling and compensation for smart sensors and
actuators,” J. Phys.: Conf. Ser., vol. 138, no. 1, pp. 1–24, 2008.

[2] R. C. Smith, Smart Material System: Model Development. Philadelphia,
PA, USA: SIAM, 2005.

[3] X. Tan and J. Baras, “Modeling and control of hysteresis in magnetostric-
tive actuators,” Automatica, vol. 40, no. 9, pp. 1469–1480, Sep. 2004.

[4] I. D. Mayergoyz, Mathematical Models of Hysteresis. NewYork, NY,
USA: Elsevier, 2003.

[5] M. Brokate and J. Sprekels, Hysteresis and Phase Transitions. New York,
NY, USA: Springer-Verlag, 1996.

[6] A. Cavallo, C. Natale, S. Pirozzi, and C. Visone, “Effects of hysteresis
compensation in feedback control systems,” IEEE Trans. Magn., vol. 39,
no. 3, pp. 1389–1392, May 2003.

[7] G. Tao and P. Kokotovic, “Adaptive control of plants with unknown
hysteresis,” IEEE Trans. Autom. Control, vol. 40, no. 2, pp. 200–212,
Feb. 1995.

[8] M. Rakotondrabe, “Bouc–Wen modeling and inverse multiplicative struc-
ture to compensate hysteresis nonlinearity in piezoelectric actuators,”
IEEE Trans. Autom. Sci. Eng., vol. 8, no. 2, pp. 428–431, Apr. 2011.

[9] K. Leang, Q. Zou, and S. Devasia, “Feedforward control of piezoactuators
in atomic force microscope systems,” IEEE Trans. Control Syst. Technol.,
vol. 29, no. 1, pp. 70–82, Feb. 2009.

[10] M. Al Janaideh, S. Rakheja, and C-Y. Su, “An analytical generalized
Prandtl–Ishlinskii model inversion for hysteresis compensation in mi-
cropositioning control,” IEEE/ASME Trans. Mechatronics, vol. 16, no. 4,
pp. 734–744, Aug. 2011.

[11] M. Edardar, X. Tan, and H. K. Khalil, “Design and analysis of slid-
ing mode controller under approximate hysteresis compensation,” IEEE
Trans. Control Syst. Technol., vol. 23, no. 2, pp. 598–608, Mar. 2015.

[12] M. Al Janaideh, M. Rakotondrabe, and O. Aljanaideh, “Further results
on hysteresis compensation of smart micro-positioning systems with the
inverse Prandtl–Ishlinskii compensator,” IEEE Trans. Control Syst. Tech-
nol., to be published.

Mohammad Al Janaideh (S’07–M’09) received the MASc. and Ph.D. degrees in mechanical
engineering and mechatronics from Concordia University, Montreal, QC, Canada, in 2005 and
2009, respectively.

He held research and teaching positions in various countries, including Canada, Jordan, Italy,
the USA, and Czech Republic. He was with the Department of Aerospace Engineering, University
of Michigan, Ann Arbor, MI, USA, as a Visiting Scholar, from 2013 to 2014. He is currently
an Associate Professor and the Chair of the Department of Mechatronics Engineering at the
University of Jordan, Amman, Jordan, and a Visiting Professor in the Department of Mechanical
Engineering at the University of Toronto, Toronto, ON, Canada. His research interests include
modeling and control of systems with hysteresis, adaptive control for nonlinear systems, modeling
and control of pneumatic artificial muscles, and design of MEMS sensors.



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 21, NO. 1, FEBRUARY 2016 3

Micky Rakotondrabe (S’06–M’07) received the Diplôme D’ingénieur from the Institut
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His research interest includes the development, modeling, control, and signal processing of novel
piezoelectric mechatronic systems for precise positioning, measurement, and energy harvesting
applications.

Xiaobo Tan (S’97–M’02–SM’11) received the B.Eng. and M.Eng. degrees in automatic control
from Tsinghua University, Beijing, China, in 1995 and 1998, respectively, and the Ph.D. degree in
electrical and computer engineering from the University of Maryland, College Park, MD, USA,
in 2002.

From September 2002 to July 2004, he was a Research Associate with the Institute for
Systems Research at the University of Maryland. He joined the faculty of the Department of
Electrical and Computer Engineering at Michigan State University (MSU) in 2004, where he
is currently a Professor. His research interests include modeling and control of systems with
hysteresis, electroactive polymer sensors and actuators, and bioinspired underwater robots and
their application to environmental sensing.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


