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Abstract - To improve the performances of Sawyer motors and to regulate yaw rotation, various feedback control 

methods have been developed. Almost all of these methods require information on the position, velocity or full state of 

the motor. Therefore, in this paper, a nonlinear observer is designed to estimate the full state of the four forcers in a 

Sawyer motor. The proposed method estimates the full state using only positional feedback. Generally, Sawyer motors 

are operated within a yaw magnitude of several degrees; outside of this range, Sawyer motors step out. Therefore, this 

observer design assumes that the yaw is within ±90º. The convergence of the estimation error is proven using the 

Lyapunov method. The proposed observer guarantees that the estimation error globally exponentially converges to zero 

for all arbitrary initial conditions. Furthermore, since the proposed observer does not require any transformation, it may 

result in a reduction in the commutation delay. The simulation results show the performance of the proposed observer.
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1 . Introduction

Sawyer motors are widely used not only in 

semiconductor manufacturing systems and precision 

machine tools but also in automated assembly. A Sawyer 

motor is a dual-axis linear motion motor that consists of 

four forcers symmetrically mounted onto a puck, as 

depicted in Fig. 1. These motors are capable of high 

position resolution (2μm) and high speed motion (1m/sec) 

using open-loop microstepping. However, during this 

open-loop microstepping, Sawyer motors may miss steps, 

have long settle times, or fail to reject disturbances. 

Furthermore, the undesired rotation (yaw) due to 

asynchronous mounted forcers at the center of mass and 

the occurrence of disturbances cannot be regulated during 

open-loop microstepping.
Various feedback control methods have been developed 

to control Sawyer motors [1], [2], [3], [4]. A robust 

adaptive control was developed to achieve good tracking 

performance and to regulate the yaw rotation [1], and 

anadaptive variable structure controller was proposed to 

guarantee global asymptotic tracking of a reference 

trajectory [2]. Robust backstepping was developed to 

Fig. 1  Bottom view of a Sawyer motor

control Sawyer motors without the need for parameter 

information or current measurements [3]. To further 

improve the performance of a Sawyer motor, a feedback 

controller which accounts for the electrical dynamics 

should be used. Therefore, a robust adaptive control 

including the electrical dynamics was proposed to improve 

the performance of a Sawyer motor without any 

knowledge of electromechanical system parameters [4]. 

All of these methods require information on the position 

and the velocity of the motor component, otherwise 

known as the full state. Therefore, the control methods 

require an observer to estimate the full state. Several 

observer designs have been proposed to estimate the 

states of permanent magnet stepper motors (PMSMs) 
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whose principles are similar to those of Sawyer motors 

[5], [6], [7]. A reduced order observer was developed for 

the estimation of the velocity using phase currents and 

position [5]. In [6], a sliding mode observer was studied 

to estimate the velocity using only position feedback, and 

a nonlinear velocity observer was proposed using the 

phase currents and position [7]. In [4], since the robust 

adaptive control requires knowledge of the currents, an 

observer was proposed to estimate the currents of 

Sawyer motors. These methods require state or output 

transformation in order to obtain linear error dynamics; 

however, problems may occur because of the imprecision 

of the commutation due to the time delay between the 

current measurements and the position encoder feedback. 

It was reported that the commutation delay may cause 

striking qualitative changes in the behavior of the motor 

[8], [9]. Furthermore, all of these methods used a reduced 

observer. Recently, a nonlinear observer with no 

coordinate transformation was proposed to estimate the 

full state of a PMSM using the Lyapunov method [10]. 

The nonlinear observer guarantees that the origin of the 

estimation error dynamics is globally exponentially stable.

In this paper, a nonlinear observer is designed to 

estimate the full state of a Sawyer motor. The proposed 

method estimates the full state using only positional 

feedback. Generally, Sawyer motors are operated within a 

limited yaw magnitude of several degrees. If the 

magnitude of the yaw exceeds this limit, Sawyer motors 

step out. Therefore, the yaw in this study is assumed to 

be within ± . The convergence of the estimation error 

is analyzed using the Lyapunov method. The proposed 

observer guarantees that the estimation error 

exponentially converges to zero. Furthermore, since the 

proposed observer does not require any transformation, 

the commutation delay may be reduced. The simulation 

results illustrate the performance of the proposed 

observer.

This paper is organized as follows. In Section II, a 

mathematical model is presented. A nonlinear observer is 

developed in Section III, and the simulation is presented 

in Section IV. Finally conclusions are made in Section V.

2 . Model

 A Sawyer motor consists of four forcers (X1, X2, Y1, and 
Y2) symmetrically mounted onto a puck. All principles of 

each forcer are similar to those of the PMSM. The 

electrical dynamics of forcer X1 is given [3] by


 




 


 


 

 

(1)

  

            

where   is the position of forcer X1,    and    are the 

currents in forcer X1,   and   are the voltage inputs 

in the forcer X1, κ is the force constant, R is the 

winding resistance, L  is the inductance, and    

where p is the toothpitch, respectively. The electrical 

dynamics of the other forcers X2, Y1 and Y2 are the same 

as those of X1. The forces generated by the forcers X1, 

X2, Y1, and Y2 are defined as , , , and , 

respectively. The total forces in the x  and y directions 

and the torque are given by

 
 

 
 


 

 

 
 

 
 


 

 

 

 
 

 


 

 


 

 


 

 

(2)

where   is the distance from the center of the motor to 

the forcer. Therefore, the dynamics of a Sawyer motor 

may be put in the form of



  

  

 

  

  

 

  

 


 


  


 


  


 


  


 


  


 


  


 


  


 


  


 


  

(3)
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where   is the X-axis position of the center of the puck, 

  is the Y-axis position of the center of the puck,   is 

the yaw rotation, and    ,    , 

  , and     are the positions of 

force X1, X2, Y1, and Y2 respectively. , , , and   

are the linear velocities of the forcers,   is the angular 

velocity of the yaw rotation. The 's are the currents in 

the forcers, the  's are the voltage inputs in the forcers, 

and,  ,  , and   are the coefficients of viscous friction, 

respectively. 

3 . Observer D esign

The nonlinear observer is proposed such that

  


  



 


 


 


 

 


  


  



 


 


 


 

 


 


  



 


 


 


 


 


 


 


 

 



 





 




 


 


 




 





 




 


 


 




 





 




 


 


 




 





 




 


 


 



(4)

where   is the estimation of the X position of Sawyer 

motor,   is the estimation of the X position of forcer X1, 

  is the where 
  is the estimation of the X position of 

Sawyer motor,   is the estimation of the X position of 

forcer X1,   is the estimation of the X position of forcer 

X2,   is the estimation of the Y position of Sawyer 

motor,   is the estimation of the Y position of forcer Y1, 

  is the estimation of the Y  position of forcer Y2, and 
  

is the estimation of yaw, respectively. The velocity 

estimations are represented by  , 
 , 
, 
, 
, 
, and 

 . the 
′s are the estimations of the phase currents and 

the  's are the observer gains, respectively. We define 

the estimation errors such that

     ,
   


   

 ,

 


 

 
,


 



 

,
   


   

 .

(5)

Then the error dynamics becomes




 




 


 


 


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(6)

For the proof of the stability of the error dynamics (6), 

the Lyapunov candidate function is defined as
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Fig. 2  Position references of x and y
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We assume that the yaw is within ±  so that V is 

always positive definite. If  ,  ,   are positive,   and 

  are L0/M,   is L0/I, and the other observer gains are 

zeros, the derivative of V becomes the negative definite 

function
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(8)

Therefore, the estimation error exponentially converges to 

zero for all arbitrary initial conditions. In (8) we see that 

the convergence rate of the estimation error depends on 

 ,  ,  ,  ,  ,  , , and .

4 . Simulation Results

Simulations were executed to evaluate the performance 

of the proposed control using Matlab/Simulink. A Sawyer 

motor was operated using open-loop microstepping. In 

simulations, it was assumed that there are no disturbance 

and parameter uncertainties; therefore, the yaw was zero 

due to the synchronization of the forcers. The parameters 

of the Sawyer motor used in simulations are kg, 

  kg/m2,   m,  mm,  ,  

N/A, mH, ,   = 0.4,   = 0.4, and   = 0.4 , 

respectively. And the observer gains are   , 

  ,   ,  
 ×  , 

 ×  , 


 , 

 , 
 , 

 ,  
 , 

 , 
 , 


 , and 

 , respectively. Figure 2 shows the 

references for x and y. The estimation results of the 

positions and velocities are shown in Figs. 3, 4, 5, and 6. 

We see that the estimated states agreed well with the 

actual states. And the current estimation results of x1 are 

depicted in Figs. 7, and 8. Figures 9 and 10 are 

magnified images of the estimation results in order to 

show them in more 
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detail. It is shown that the actual currents and the 

estimates had the same responses. 
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Fig. 7 The estimation of phase A current of Forcer X1

0 0.2 0.4 0.6 0.8 1 1.2

-15

-10

-5

0

5

10

15

Estimation of X
1
 phase B current

Time [second]

C
ur

re
nt

 [
A

]

 

 

Actual x1
b

Estimated x
1

b

Fig. 8  The estimation of phase B current of Forcer X1
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Fig. 9 The zoom plot of estimation of phase A current of 

Forcer X1
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Fig. 1 0 The zoom plot of estimation of phase B current of 

Forcer X1

Figures 11, 12, 13, and 14 are the estimation results 

with the mechanical disturbances;    
  


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Fig. 1 1  The estimation of   with disturbances
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Fig. 1 3 The estimation of phase A current of Forcer X1 

with disturbances
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Forcer X1 with disturbances
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    
,    

. 

Although mechanical disturbances existed in Sawyer 

motors, we see that the estimated states agreed well with 

the actual states. 

4 . C onclusion

In this paper, a nonlinear observer was proposed to 

estimate the phase currents and velocities of four forcers 

in a Sawyer motor. The proposed method estimates the 

full states using only positional feedback. The 

convergence of the estimation error was proven using the 

Lyapunov method. The proposed observer guarantees that 

the estimation error globally exponentially converges to 

zero. Furthermore, since the proposed observer does not 

require any transformation, the commutation delay may 

be reduced. The simulation results showed the estimated 

states agreed well with the actual states although there 

exist the mechanical disturbances.

참  고  문   헌

[1] H. Melkote, F. Khorrami, and J. Ish-Shalom, 

“Closed-loop control of a three degree-of-freedom 

ultra accurate linear stepper motor,” in Proc. IEEE 

Conf. on Control Applications, 1997, pp. 639-644.

[2] H. Melkote and F. Khorrami, “Closed-loop control of 

a base XY stage with rotational degree-of freedom 

for a high-speed ultra-accurate manufacturing 

system,” in Proc. IEEE Int. Conf. Robot. Autom., 

1999,  pp. 1812-1817. 

[3] P. Krishnamurthy, F. Khorrami, T.L. Ng, and I. 

Cherepinsky, “Control design implementation for 

Sawyer motors used in manufacturing systems,” in 

Proc. Amer. Contr. Conf., 2005, pp. 3054-3059.

[4] P. Krishnamurthy and F. Khorrami, “Robust adaptive 

control of Sawyer motors without current 

measurements,” IEEE Trans. Mechatronics, vol. 9, 

no. 4, pp. 689-696, Dec. 2004.

[5] M. Bodson, J. Chiasson, R. Novotnak, and R. 

Rekowski, “High performance nonlinear feedback 

control of a permanent magnet stepper motor,” IEEE 

Trans. Contr. Syst. Technol., vol. 1, no. 1, pp. 5-14, 

Mar. 1993.

[6] M. Defoort, F. Nollet, T. Floquet, and W. Perruquetti, 

“A third-order sliding-mode controller for a stepper 

motor,” IEEE Trans. Ind. Electron., vol. 56, no. 9, pp. 

3337-3336, Sep. 2009.

[7] J. N. Chiasson and R. T. Novotnak, “Nonlinear speed 

observer for the PM stepper motor,” IEEE Trans. 

Autom. Contr., vol. 38, no. 10, pp. 1584-1588, Oct. 1993.

[8] A. J. Blauch, M. Bodson, and J. Chiasson, “High 

speed parameter estimation of stepper motors,” IEEE 

Trans. Contr. Syst. Technol., vol. 1, no. 4, pp. 

270-279, Dec. 1993.

[9] P. Krishnamurthy and F Khorrami, “An analysis of 

the effects of closed-loop commutation delay on 

stepper motor control and application to parameter 

estimation,” IEEE Trans. Contr. Syst. Technol., vol. 

16, no. 1, pp. 70-77, Jan. 2008.

[10] W. Kim, I. Choi, and C. C. Chung, 

“Lyapunov-based control in microstepping with a 

nonlinear observer for permanent magnet stepper 

motors,” in Proc. Amer. Contr. Conf., 2010, pp. 

4313-4318.

저   자   소   개

김 원 희 (金 元 熙)

1979년 3월 20일생. 2003년 한양대학교 

전자전기컴퓨터공학부 졸업. 2005년 동 

대학원 전자통신전파 공학부 석사. 2005

년∼2007년 삼성전자 정보통신총괄 연구

원. 2008년∼현재 한양대학교 전기공학부 

박사과정. 

관심 분야 : 비선형 제어 및 모터 제어

Tel : 02-2220-4307

E-mail : alukard@hanyang.ac.kr

정 정 주 (鄭 正 周)

1958년 9월 5일생. 1981년 서울대학교 전

기공학과 졸업. 1983년 동 대학원 석사. 

1993년 USC 공학 박사. 1983년∼1985년 

LG 중앙 연구소 주임 연구원. 1985년∼

1987년 IBM Korea, IPO Associate 

Engineering. 1993년∼1994년 미국 콜로

라도 주립대 Research Associate. 1994년∼1997년 삼성종

합기술원 수석 연구원 (팀장). 1996년 삼성 21세기 리더 

교육 및 미국 Wharton School, Samsung AMP 수료, 

1997년∼현재 한양대학교 전기제어생체공학부 교수. 2000

년∼2002년 Asian Journal of Control, Associate Editor, 

2001년∼2002년 ICASE, 편집이사, 2003년∼2005년 

IJCAS, Editor. 2003년 IEEE CDC, Associate Editor. 

2008년 CASS 대회장. 2009년 ICASE-SICE Program 

Co-Chair. 2000년∼현재 ICASE 제어이론 연구회 회장. 

관심분야: 비선형제어 및 디지털 제어이론, 로봇시스템, 

자동차, 평판디스플레이 공정장비, 전력계통, 정보저장시

스템 등에 제어이론 적용이다.

Tel : 02-2220-1724, Fax : 02-2291-5307

E-mail : cchung@hanyang.ac.kr



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


