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1. Modelling, simulation and analysis of DC-motor with load

The DC-motor with load depicted in figure 1 is the main modelling and control task of 
the exercises. It consist of a DC-motor with an incremental sensor mounted on the left 
hand side of the motor, the output of the motor is via a gearbox connected to a shaft 
which transfers the torque to the load on the right hand side. The load position is meas-
ured with a second incremental encoder. The first exercises will assume that the shaft 
can be modelled as a rigid body, where it later will be modelled as a flexible link 
between motor and load. 

Load 

EncoderEncoder

Gearbox

DC-motor
 Shaft

ϕ2
ϕ1

Bearing

FIGURE 1. DC-motor with a gearbox two flywheels connected by a flexible shaft. Incremental 
encoders are mounted on both the motor (rotor position) and on the second flywheel.

Exercise 1.1  Model including inductance

Build a state space model using motor data from the data sheet in appendix 1 for the 12 
V motor (012 S). The input to the motor is voltage, both position and velocity can be 
used as outputs. Assume that the shaft is stiff and without inertia. 

Data: for load and gearbox and supply voltage and maximum current and friction in 
brushes.

Ratio of gearbox n = 5 
Load inertia Jl = 0.5e-6 kgm2 

Viscuous friction in brushes d = 3.8e-6 Nms/rad 
Supply voltage range Vmax = 12 V, Vmin = -12 V 
Maximum current Imax =  0.5 A

• Write a Matlab script that gives the following:
The state space model, poles & zeros, step response, frequency response.

• Build a Simulink model based on simple blocks, e.g., integrators, gains and summa-
tion blocks. 
-Simulate the state space block in the same Simulink model and verify that the result 
is the same as for the model based on simple blocks.
-Check that a simulation in Simulink gives the same result as a step in Matlab
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Exercise 1.2  Simplified model without inductance

Simplify the model by neglecting the inductance, show both position and velocity as 
outputs. Deliver the following:

• States space and transfer function models both in Matlab and Simulink and a block 
diagram model in Simulink

1.  with voltage as input.

2. with current as input.

3. Compare the results with those from exercise 1.1.

4. Analysis: poles & zeros, step response and frequency response

Exercise 1.3  Include static friction in the motor and gearbox

Include a static friction model in the model from exercise 1.2 in Simulink. Simulate 
both with and without static friction to show the effects of the static friction.  Se appen-
dix B for a dataflow diagram for implementing the algorithm.

Total static friction for motor and gearbox, Fc = 4e-4 Nm

• step response

• sine wave input, u ωt( )asin= , vary amplitude, a  and frequency, ω  and show 
when the static friction has most influence. For which voltage does the motor start?

Exercise 1.4  Sensor simulation 

Include a model of the incremental encoder in Simulink, it should be simple to change 
the number of steps of the sensor. The sensor data sheet is in appendix B.

To simulate the behaviour of the real sensor and how the velocity is calculated on the 
embedded computer should the discrete time derivative of the sensor signal be 
included as shown in the figure below. 

Quantization
Zero order

hold
Discrete time

derivative
y(t) yq(t) y(n) v(n)

When you plot discrete time signals in Matlab you should use the command stairs
instead of plot. Stairs shows the signal level such as it is seen by the embedded compu-
ter whereas plot interpolates between samples.

• Simulate with two different sensor resolutions, 2048 and 8192 pulses per revolution 
and three different sampling intervals, 0.1 s, 10 ms, and 1 ms.

• Zoom in on the velocity and compare the simulated quantization level with the theo-
retical quantization level. Tip, you may have to do a simulation which gives low 
velocities to get the correct simulated quantization. Why?
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Exercise 1.5  Gearbox and flexible shaft

When the stiffness of the shaft between load and motor is low with respect to the closed 
loop bandwidth of the controller it has to be modelled. 

Load 

EncoderEncoder
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DC-motor
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Bearing

FIGURE 2.  DC-motor with a gearbox two flywheels connected by a flexible shaft. Incremental 
encoders are mounted on both the motor (rotor position) and on the second flywheel.

Parameters:

Gearbox ratio n = 5 
Shaft stiffness kf = 0.01  Nm/rad 
Viscous friction (damping) in shaft 0.00001 Nms/rad 
Viscous friction at the bearings of second flywheel 0.0 Nms/rad

Deliver the following material:

1.  The 4:th order state space model with voltage as input. 

2.  Poles and zeros of the model, the zeros should be for both motor position and load 
position. Why are they different?

3. Step and frequency response.  (compare with ex. 1.1)

4. Divide the model into two parts one that is the model from 2.1 and the other part 
that coresponds to the resonance and anti-resonance frequencies. Verify that it is 
correct.

Exercise 1.6  Hydraulic actuator

Derive the nonlinear model for the non symetric valve driven hydraulic cylinder shown 
in the figure. Build a Simulink model which can move the mass in both directions that 
is, so that either the first cylinder chamber is connected to the pump and the second to 
the tank or opposite. In the figure are the flow directions for extracting motion shown 
(to the right). The other direction with opposite flows as in the figure is called retrac-
tion (to the left).
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A1 p1,
A2 p2,

Qv1 Qv2

fem

Data: Cylinder:

Cylinder inner diameter 5.0 [cm]. 
Piston rod diameter 2.0 [cm]. 
Maximum piston stroke 0.7 [m] 
Total moving mass 100 [kg] 
Linear friction coefficient 200 [Ns/m]

Valve:

Flow constant Rv = 1e-4 
Maximum valve openeing 1.0 [cm] 
The valve dynamics can be neglected.

Pump:

Supply pressure 20 [MPa] 
Tank return pressure 0.0 [MPa]

Simulate the nonlinear model for different constant valve openings for both positive 
and negative valve signals. 

Apply a external force of fe 10000=  [N]when the oscilations have stoped.  

Plot both velocity and pressures, explain the difference in steady state pressures p1  and 

p2 .

Linearization:

Derive a linear model of the cylinder, set the crossectional cylinder chamber areas 
equal. Take the mean value of A1  and A2 . Try to linearize around differnt operating 

points, i.e., different external force fe  and different valve openings xv .

Compare the simulation results between the non linear and the linear models, look at 
both velocity and load pressure. Where are the poles and zeros located and what influ-
ences them the most?

The linear model is an approximation of the nonlinear model, what seems to make the 
difference between the models the largest?
23 January 2012 5
 
Q:\md.kth.se\md\mmk\gru\mda\mf2007\arbete\Workshops\Exercises\for2012\Actuator_modelling.fm


	Dynamics and Motion control
	Exercises part II Modelling of actuators and sensors

	1. Modelling, simulation and analysis of DC-motor with load
	FIGURE 1. DC-motor with a gearbox two flywheels connected by a flexible shaft. Incremental encoders are mounted on both the motor (rotor position) and on the second flywheel.
	Exercise 1.1 Model including inductance
	Exercise 1.2 Simplified model without inductance
	1. with voltage as input.
	2. with current as input.
	3. Compare the results with those from exercise 1.1.
	4. Analysis: poles & zeros, step response and frequency response

	Exercise 1.3 Include static friction in the motor and gearbox
	Exercise 1.4 Sensor simulation
	Exercise 1.5 Gearbox and flexible shaft
	FIGURE 2. DC-motor with a gearbox two flywheels connected by a flexible shaft. Incremental encoders are mounted on both the motor (rotor position) and on the second flywheel.
	1. The 4:th order state space model with voltage as input.
	2. Poles and zeros of the model, the zeros should be for both motor position and load position. Why are they different?
	3. Step and frequency response. (compare with ex. 1.1)
	4. Divide the model into two parts one that is the model from 2.1 and the other part that coresponds to the resonance and anti-resonance frequencies. Verify that it is correct.

	Exercise 1.6 Hydraulic actuator



<<
  /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


