16.06 lab report: example Results & Conclusions sections. Note that figures and tables
are all labeled properly, and are referred to in the text. The conclusions are not long, but
clearly state the major points of the lab.

Results

Due to small variations in system parameters, each Quanser is unique. Because of
this uniqueness it is important to note which system was characterized in the first lab, so
that information can be applied in the succeeding labs. We were using Quanser # 3. The
counterweight was at the farthest extended position.

By trial and error we found the input voltage that holds the Quanser in the
horizontal position. We manually adjusted the voltage while eyeing the position of the
Quanser. Our Quanser maintains a horizontal position with an input of 8.6 volts. The
zero of elevation angle corresponds to the Quanser sitting on the table. We called
horizontal 19.9°. Our system was relatively well behaved, after the initial transients
decayed it stayed within +/- 0.1° of the steady state value.

Part 1: DC Gain

Next we found the steady state response of the system to five evenly spaced input
voltages. The minimum voltage corresponded to the Quanser barely lifting off the table.
The maximum voltage was the signal that caused the Quanser to settle to an elevation
angle just below the hard stop at the upper side of the range of motion. Refer to Table 1
below for these results. Data was sampled for 90 seconds after the initial transient
decayed. The steady state elevation angle is taken as the average value over the sample
period.

Input Voltage Mean Elevation Angle
[V] [°]
6.5 1.6
7.4 8.7
8.3 19.2
9.2 31.0
10.1 52.4

Table 1. Steady state elevation angle as a function of input voltage, evenly distributed by
voltage over the full range of motion.

We would like to model the Quanser as a linear system. In reality it is a highly
nonlinear system. To get a handle on how to approximate the system as linear at various
operating points, we could view the data in Table 1 in a more useful way. We can
approximate the derivative of the output with respect to the input, evaluated at each
operating point by using a finite difference approximation for the derivative. We will use
the backward difference method at each point, with (5.6V, 0°) as the zero point to
approximate the linear behavior of the system. See Table 2 below for a summary. For a
DC gain value that is representative of the full range of motion the median value, 11.7,
was selected.



Operating Point DC Gain
[V] [°/V]
6.5 1.8
7.4 7.9
8.3 11.7
9.2 13.1
10.1 23.8

Table 2. Approximate linear behavior of the system at five operating points.

It is evident in Table 2 that the system becomes more sensitive to changes in input
as the elevation increases. If we wanted to approximate the behavior of the system as
linear, we need to be aware that this approximation is only reasonable near the selected
operating point.

Part 2: Step Response and Transfer Function Model

In order to create a second order linear model of the Quanser, we measured the
step response of the system at three operating points. The first step response was
adjusted so that the output would start at a small non zero value and peak at a value just
smaller than the maximum. Unfortunately we did not maximize the amount of useful
data in our 90 second buffer for the first step response, and therefore did not catch the
settling time or the steady state value. A reasonable estimate of the steady state value
was obtained by graphically selecting the center of oscillations for the initial transients.
The steady state value for the first step response was 32°. The damping ratio was found
using the percent overshoot. The percent overshoot for this step response was 81%,
which yielded a damping ratio of 0.067. Since the settling time was not present in the
sample, the peak time was used instead. The peak time was found to be 7 seconds, which
yielded a natural frequency of 0.45 radians/second. Using these values and the median dc
gain of 11.7, the second order linear model is complete.

Using this same procedure and the data from the first step response in part §, a
damping ratio of 0.044 and a natural frequency of 0.47 radians/second were found. This
step response is representative of the system behavior at low angles of elevation. These
results for damping and natural frequency are reasonably close to those found in part 7.
For the second step response measured in part 8, the damping ratio was found to be 0.36,
and the natural frequency was 0.35 radians/second. This step response is a measure of
the system behavior at high angles of elevation. These values for damping and natural
frequency are drastically different than those obtained in part 7. This is an indication that
our second order linear model will be a poor representation of the behavior at high angles
of elevation.

Using simulink the second order linear model was simulated with the damping
ratio and natural frequency from part 7, and the input from the two step responses in part
8. In order to make a meaningful comparison the experimental data was shifted in time
so the start of the step response corresponded to a time of zero. It was also necessary to



shift the model data in elevation, so that the elevation at time zero for the model was
equal to the elevation at time zero for the experiment. Refer to Figure 1 for a summary of

these data.
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Figure 1. Comparison of second order linear model with dynamic response of Quanser at
low elevations and high elevations. From these plots, it is evident that G, is too high for
low elevations and too low for high elevations.

A major discrepancy between the model and experiments is that the steady state
value is predicted to be to large at low elevations and too small at high elevations. This is
due entirely to the DC gain. The gain for the model is too large at low elevations and too
small at high elevations. It is not possible to simultaneously improve the models
accuracy at low elevations and high elevations. The DC gain was selected as the median
value from the experiments, so that it would be as reasonable as possible over the full
range of motion. For this reason I have chosen not to change the values for my model.
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Figure 2. Comparison between real system and second order linear model to a step

response of magnitude 2.7 V. The model parameters are C = 0.067, ®, = 0.45 rad/s,
Gdc =11.7

The model is very accurate for the first 20 seconds of the step response. It is
evident that the natural frequency is slightly too high for the model. I will modify this
value to 0.43 rad/s and repeat the simulation.

Part 7: Final model with decreased natural frequency.
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Figure 3. Comparison with revised model. This is the best agreement I could obtain.
The model parameters are = 0.067, o, = 0.43 rad/s, G4, = 11.7.



Discussion of Results / Sources of Error

The second order linear model developed represents the Quanser reasonably well
for elevations near the horizontal position. As the elevation reaches the extremes of the
range of motion, the model becomes less accurate. This behavior is due to the non-
linearity in the DC gain. Physically this non linearity is due to the ground effect of the
table on the performance of the thrusters and also to a break down in the small angle
approximation at high angles far from the horizontal position.

Maximizing the accuracy of the model at the horizontal position is the most
robust way of modeling the system. If we were to decrease the error at low angles it
would increase the error at high angles, and vice versa. When we eventually implement
this model in a controller, we would expect the system to be well behaved near the
horizontal position, and ill behaved at the extremes.

There are several contributing factors that limit the accuracy of the model. Not all
the physics are included in the model. The major sources of error in the model are:

1. Aerodynamic disturbances due to the flow generated by other Quansers, air
conditioning, people, etc.
2. Ground effects on the performance of the thrusters.
Inaccuracies of the small angle approximation near the extremes in the range of
motion.
Inertia and drag of the connecting rods and wires.
Friction in the pivot.
Noise in the sensors.
Interference from the closed loop travel control on the elevation axis. In reality
the system has three degrees of freedom, not one.

(98]

Nowe

Conclusion

The objective of this lab was to model the elevation dynamics of the Quanser. The
hypothesis was that the dynamics from input voltage to output angle can be modeled as a
second-order, linear, underdamped system. This hypothesis was tested by measuring
several different step responses and then attempting to fit a second-order model to the
data.

Qualitatively, a very lightly damped second-order model appears to be a good
representation of the physical system. The best model parameters were found to be
damping ratio of 0.067, natural frequency of 0.43 rad/s and a DC gain of 11.7°/V.
However, an exact match between the model and experimental data could not be
obtained. This discrepancy is attributed to the nonlinearity of the Quanser dynamics as
well as disturbance sources such as air currents.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


