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The hexapod walking robot equipped with a construction plate is considered. The robot
consists of six identical legs. The three-link legs are driven by three servo motors. The servo
motor has a position range from –60 to +60 degrees. The leg construction is similar to the
biological construction of the cockroach leg. Thanks to this fact the analysis of natural gaits
of insects will be used during the control process design [9]. The robot is shown in Figure 1.
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Hitec HS-475HB servo motors are used. The servo motor is controlled by a semi-PWM
signal: it is a square signal and the width of its “high” level corresponds the desired servo
motor position.

Figure 2 shows the control signal with the expected time and voltage values. The
position of the servo motor is measured by the built-in potentiometer. A voltage drop on the
potentiometer gives a direct information about the motor position.



��� ����	
	�	�
��

�������	���	�����	��
��	��

���	�	�
��2	��	3	4��	5�	τ���	3	�6�	��		�	
��	�����	��
��	�
	
��	�	��


���
����	 ��	
	�
�	τ�	�	3	�67	��	 	�	 
��	�����	��
��	�
	 
��	�	�! ��	
	�
�	τ�	
	3	�68	��

	�	 
��	�����	��
��	�
	 
��	 ��"
	���
����	 ��	
	�
�	τ�	3	��	��	 	�	 
��	�9����	 ����	��"����	 
	��

The direct control layer with the pre-set controller in the feedback loop of the servo
motor has been implemented by a manufacturer. The structure and the parameters of the built-
in controller are unknown. The whole system consists of 18 servo motors.

A development environment has been recently prepared for a plant identification and
a control system design purposes [7]. It consists of two layers: an FPGA circuit and a PC
computer with the Xenomai real-time operating system [6]. The FPGA circuit is responsible
for the semi-PWM control signal generation and analogue to digital (AD) converters service.
Desired experiments are executed by the PC with the real-time operating system (see Fig. 3).
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The other PC (the host) is also used for the FPGA logic and the software development,
data preparation and analysis of the results. The system architecture is presented in Figure 3.
Specially for the experiments described in this paper the development environment is
enhanced with an incremental encoder service procedure in the FPGA circuit and in the PC [3].

��������	��
�� ���

At the beginning the static analysis is done. The servo motor is connected to the
constructed system. The following signals are considered:
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During the experiment 49 successive values are set to semi-PWM signal generator and
all the listed values are read. This experiment has been repeated for 4 different servo motors.
Two main functions are analysed for each servo motor. These are relationship between:
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Both of them appear to be linear. Using the linear regression method the linear functions
have been fitted to the measured points [1]. The biggest identified difference between fitted
linear function and measured data relative to the range has been evaluated. The error values
and the list of fitted functions for every tested servo motor are shown in Table 1. The second
servo motor demonstrates the biggest difference. It is slightly bigger then 1%. The collected
experimental points and fitted functions for the first tested servo motor are shown in Figure 4.

The identified relations are going to be used during successive experiments as input and
output scaling functions. These experiments demonstrate that the biggest identified error
resulting from linearization is sufficiently small for the considered application. However, if an
arbitrary set of scaling functions were used for every servo motor the biggest identified error
would be equal to 3.4% of the range that is equivalent to 4.0814o. Therefore every servo motor

 Input relation Max. error Output relation Max. error 

Servo 1 p = 396αs + 24053 0.19% αr  = –0.1647x+120.7564 0.53% 

Servo 2 p = 386αs + 24111 1.02% αr  = –0.1695x+121.8836 0.67% 

Servo 3 p = 395αs + 23983 0.29% αr  = –0.1640x+118.2398 0.7% 

Servo 4 p = 384αs + 23943 0.79% αr  = –0.1703x+122.9180 0.68% 
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scaling functions have to be identified separately. On the other hand thanks to its use the
experimentally detected variation in static behaviour of different servo motors are transparent
to the control system [7].
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The servo motor dynamics analysis is performed. For each servo motor the several
experiments are executed. Three different input sequences are set to the servo motor. Every
sequence lasts 30 seconds. Figure 5 shows the sequence that is used during the dynamics
identification process. A shape of the identification sequence is relevant to planned servo
motor applications.
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Figures 6 and 7 show the verification sequences. The first one contains slow signal
changes like different slopes and the second consists of peaks and steps. Figures 8, 9 and 10
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show the servo motor responses to these sequences. The measured signal contains noise.
As far as the identification is concerned the noise is neglected.

The sample time in all experiments is equal to 1 ms.
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The linear model is identified with MATLAB System Identification Toolbox [2, 5].
A number of different linear models is taken into account. Models have been compared one to
another with performance index:

( )
2

0

( ) ( )
N

m
k

J y k y k
=

= −∑

where N = 30000, y(k) is a plant and ym(k) is a model response for the same control sequence.

The best (as far as the performance index is concerned) result is achieved with fourth-
order discrete linear model given below:
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0.9963 0.0058904 0.0018008 0.029778
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The value of the performance index for the best linear model is equal to: 700.7 for the
identification sequence, 137.2 for the “slow” verification sequence and 377.4 for the “fast”
verification sequence.
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There is some indication that control signal constraints have impact on the servo motor
dynamics. In Figure 11 we can easily observe two phases of the servo motor step

response signal change. At the beginning it is the phase of signal growth with a constant
angular velocity of the DC motor. Next, it is a typical phase of the first-order inertial object [4].
The first phase is a result of the control signal constraint; a constant control signal results in
a constant DC motor velocity. In a neighbourhood of a steady state the control signal value
falls below the constraint and the DC motor behaves like an inertial plant.
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The model of the servo motor equipped with this constraint is built in the Simulink
software.

The following list of the parameters have to be determined:
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The model assumes that DC motor is controlled with a proportional controller in
a feedback loop and its dynamics can be approximated with a first-order inertial model. Fi-
gure 12 presents the structure of the model. The numerical optimisation methods can be used
to identify parameters values [8]. Unfortunately, the model is parametrically redundant and
optimal solution is not unique.
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To avoid this problem one of the parameters: ki is set to 1. Assuming that:

max

min

p i

i

i

k k k

S S k

S S k

=

=

=

the new model (Fig. 13) equivalent to the old one is obtained.
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The parameters of this model are identified with the least squares optimisation method
(trust region method). The Simulink Design Optimization tool is used. The obtained values are
listed in Table 2.
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The values of the performance index defined in 3.1 are equal to: 38.5 for the identification
sequence, 27.35 for the “slow” verification sequence and 38.2 for the “fast” verification
sequence.
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The experiments show that in the case of Hitec HS-475HB servo motor the non-linear
model with the proposed architecture gives better results then a linear one. The values of
performance index in both cases are compared in Table 3. The performance index value for the
non-linear model significantly outperforms the linear one. Figures 14, 15 and 16 show the
linear model, the non-linear model and the plant dynamics. The proposed non-linear model
is a sufficiently good approximation of the servo motor dynamics dedicated to future
experiments.

The servo motor simulation already performed will help a lot in overall hexapod legs
motion simulation and control design.
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However, experiments with the static servo motor behaviour show that the scaling
functions for every single servo motor have to be identified separately. In the case when
eighteen servo motors are used the control becomes a very complex and time consuming task.

Parametr Name Symbol Value 

DC motor inertia Ti 0.0181 

Proportional controller coefficient k 20.8279 

Upper control signal constraint S  220.9851 

Lower control signal constraint S  –220.854 

Sequence Linear model Non-linear model 

Identification 700.7 38.5 

“Slow” verification 137.2 27.35 

“Fast” verification 377.4 38.2 



��� ����	
	�	�
��

������"�	<�� �
��	 
�	 
��	 	��

	"	��
	�
	��9��
��	�	 �	
���	�
�	
�
!�	
���	������

��� ����	 
�	 
��	 ����	 ��

	 ��� �
��

������%�	<�� �
��	 
�	 
��	.���%/	���	"	��
	�
	��9��
��	�	 �	
���	�
�	
�
!�	
���	������

��� ����	 
�	 
��	 ����	 ��

	 ��� �
��

������&�	<�� �
��	 
�	 
��	."��
/	���	"	��
	�
	��9��
��	�	 �	
���	�
�	
�
!�	
���	������

��� ����	 
�	 
��	 ����	 ��

	 ��� �
��



:��

	"	��
	�
	�"	
��	#����	��
��	$���		
	
��	;���	
�	<���
 ���

������
	��

G�H =��
�
�	06�	������%	I6�	;���%��		 J6�	
����������������6	����K�1
	�		������	��	�6	>���
��!


	��6	 :
"����
���6	��������
	���L�6	;���%
	�
%�	 M����%�!����
	�1
��	%��6	 D�	 ���C6

G�H NL�
�	N6�	�������������������������������������������	���

	��!2����	�83C6

G4H ������%��	'6�	�	�
��	�6�	����������� ������ ���!������������� ����������� ��!��������!�"#

�����	&�
���
���	 O PQ���1
	�	&42?�	 ���	 ��	 ���3�	 �7D��CC6

G�H �	
��%��		;6�	 ���!�"����$�� ������ �� �������������	;���%
	�
%�	 M����%�!����
	�1
��	 �88�6

G7H ���1��	 I6�	���1��	06�	
%�&%'� ������"����	�����
	�	�R�
��%
	��6	2��	�
�	%��6	��	����6

GCH �	�
��	�6�	���"#�����%��"�������� ��������������(����������������)*�+&��������"#����������#

���,������������������� ���������"6	 :
	5�� �
��	��
����	�
�	#��
���	���D�	���D�	�D8��3�6

GDH �	�
��	�6�	�	�
��	�6�	-�.�"������� ��.��������� ���� ������"���,� ��!������"��������	 :
	5�� �
��

��
����	 �
�	#��
���	 ���8�	 M��6	 ���8�	 �87��886

G3H ���
��	&6�	
���"�������������������������������������#������"�������"�	:
	�D
�	:=&5	;����	5�
!

������	 J���	 ���3�	 �C77��CC�6

G8H 0	��	S���	�6�	
������������/���	;���%
	�
%�	6���
	���L		 		 T��1
�U�	�	;���1�%�	���76



<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




