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Project Summary

The goal of this project is to use Ellis's metloddbserver-based control to
control complex configurations of a robot arm sgsteObserver-based control simulates
the system and fuses any available sensors toastiime state of the system. Ellis's
method is based largely on PID-style controllerakimg it a relatively simple style of
control for someone with experience in PID tunimdgay someone without advanced
control knowledge. Two systems are being usethisrproject. One is a horizontal arm
configuration with two degrees of freedom, withpailsg system associating the second
degree of freedom to the first. The other configion is the pendulum configuration.
This configuration is vertical and thus has to deigh force of gravity.

The systems have both been tested with traditicmatrol schemes, and models
have been developed to approximate the resportbe sfystem. The actual observer and
observer-based controller will be constructed m@ink and run via Quarc from
Quanser Consulting to control the system. Thedystems should quickly and
consistently move to commanded positions, andybkiss should be able to
consistently hand objects between them.

Detailed Project Description

Background Information

Control theory is applied in a vast variety offelient fields including heatin% &
cooling systems, cruise control, assembly line mation, and nuclear reactor conttol
Most applications still use Proportional-Integraf€rential (PID) control because it is
relatively simple to use and{fenerally providedicight results for many applications
while being easy to understafd

PID control consists essentially of three paradkths summed in the forward
path. The first, the proportional path, simplaisonstant times the error. The second is
integral, which is a constant times the integrahef error. The third term is the
derivative term, which consists of a constant titesderivative of the error. The three
paths can be seen in Figure 1-1.
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Figure 1-1 PID Control Diagram.



In practice, the PID controller cannot perfectplicate the theol. The
derivative term is not realizable in practice andrstead it is approximated by a first
order high pass filter with a relatively high corfieequency. The frequency domain
equation for the derivative term is kp*s/s+p1, wehpl is large enough for it to
approximate a differentiator for the specific apgtion.

Observer-based control is one of the newer, mdvareced concepts in control.
Observers simulate a system based on availableideliading sensor readings and
command input and controller output. The methoslimiulating and controlling using
this concept varies from observer to observerpbetof the most common types of
observers used is based on linear algebra.

One method of observer-based control that stands garticular is the Kalman
Filter. This filter uses knowledge of the variarmeal covariance of the noise of different
sensors in order to minimize the mean squared efrille measurement. This method,
while being in some sense 'optimal’, requires kedgé of statistics, linear algebra, and
much time spent studying the sensor outputs.

George Ellis, however, proposes a system thargely based on PID contibl
The general control system set up can be seemgurd-R-1.
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Figure 2-1 Ellis's Method of Observer-based Contrét!

R(s) is the set point input of the system. Efdhe estimated error of the system,
which is then fed into a PID controller Ge(s), ahtbugh the power converter Gpc(s).
This signal is sent both to the actual system Ggufd)to the observer. The system is then
monitored by the sensors, which have a transfestiiom Gs(s). The output is then
compared to the output of the observer, and tHerdiice is sent through a PID controller
Gco(s) and added to the input to help drive theresf the system to zero. The observer
then estimates Gp(s) in Gpest(s), and this signtlan used to control the system. The
observer also estimates the sensors in Gsesigsjlén to provide an output without
significant phase lag.



Functional Description and Block Diagrams

With that background, the motive of the projecatlesar: evaluate the usefulness of Ellis's
Method of observer-based control as a simple ates® for complicated robot arm
systems.

The overall goals of the project are:

Learn the Quanser software package and real timieatwia Simulink.
Obtain a mathematical model for the pendulum archtha horizontal arm.
Design controllers for each system using classioatrol methods.

Design a controller for each system that uses @bseto predict the plant’s
response.

o Evaluate the performance of the two control mettatscompare the result.
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The workstation for each robot arm consists offtilewing components:

PC with Matlab and Simulink

Motor with Quanser Control System

Linear Power Amplifier

Robot arm with Gripper

SRV-02 Rotary Servo Plant

- One robot arm will also contain a SRV-02 Rotalgxible Joint to add
another degree of freedom.

- The pendulum robot arm contains a rotary encadet,the level robot arm
contains a potentiometer to measure position.

o 0O O0O0Oo

One robot arm will be configured vertically in angiellum-like fashion to incorporate the
effects of gravity on the arm shown in Figure 4Ffthe other robot arm will be placed
horizontally and will have a flexible joint to addsecond degree of freedom that is
independent from the base of the system, showiguré&4-2. A closed-loop PID control
system will be implemented in Simulink and will USaeanser software to allow real-time
control of the robot arms through Simulink.

System Inputs:
o Internal Commands (position and velocity)
o Potentiometer Position Feedback (2 DOF arm cordigm)
0 Rotary Encoder (pendulum arm configuration)

System Outputs:
o Position
o0 Velocity



Figure 4-2 2-Degree of Freedom Robot Arm

The high level block diagram for the project iswhan Figure 5-1. The command

signal is set in Simulink, which then sends a digm#he implemented arm controller,
which then sends the signal to the arm. Sensansemted to the arm then send feedback
to the controller allowing closed loop control. eTpower electronics involved with the
robot arm controller, the robot arm itself and skasors all introduce external
disturbances including power supply noise, chamgésad, friction, and quantization
error.
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Figure 5-1 Overall System Block Diagram

Figures 5-2 and 6-1 show detailed views of the talm systems, the sensors, and the
power electronics involved in the control of thenar
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Figure 5-2. Quanser Electromechanical Plant with Pentiometer
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Figure 6-1. Quanser Electromechanical Plant with R@ary Encoder

The first, simple type of controller used is a $nlgop controller shown in Figure 6-2.

Gc represents a controller transfer function, whiahes from simply a gain,

representing a proportional controller, to a PlDtcoller or even more complicated
system with more poles and zeroes. Gp is thefeahmction of the system being
controlled, and H is the transfer function of teasors used. The more complicated final

system is shown in Figure 2-1.
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Figure 6-2 Single Loop Controller



Functional Requirements & Performance Specificatios

The high level block diagram for the project i®@im in Figure 5-1. The
command signal to the system will be a value teaigamed in Simulink. This value will
be limited to plus or minus 90 degrees. The pasitiommand will be passed to the
controller via Simulink. The controller will geneeaa digital control signal, which will
be converted to an analog signal in the range ofatis via a D/A converter. The
position of the arm will be measured two differamtys in the two platforms. The 2-DOF
platform will use a potentiometer to measure positirhe analog position signal will be
fed into an A/D converter. The digital signal vitllen be compared to the reference signal
to generate an error signal. The pendulum armagotativill use a rotary encoder to
measure position, which is fed into the quad encoderface to the computer. The signal
is then compared with the reference signal to gegaen error signal to drive the
controller.

The level 2-DOF configuration shall be controlleging different types of
classical controllers and observer-based contsollEne system shall also perform
disturbance rejection for a load. The specificaitor the performance of this system for
a step command of 90 degrees are as follows:

The overshoot of the arm shall be less than orleéqu®%
The settling time of the arm shall be less thaadqural to2s
The phase margin shall be at |€88tdegress

The gain margin shall be at le&sb

The sample time shall d& ms

The steady state error of the system shall betlhess®2 degrees

The pendulum arm configuration will go through Hame design process as
above. The system shall perform disturbance regjedtr a load. The specifications for
this configuration given a 90 degree step commaeads follows:

The overshoot of the arm shall be less than orleéqu®%
The settling time of the arm shall be less thaadqural to2s
The phase margin shall be at |€88tdegrees

The gain margin shall be at le&sb

The sample time shall d& ms

The steady state error of the system shall bettessl degree

For both of these systems, the specificationd klb&l for loaded conditions. The
controllers will be designed to work with the ekigtrobot arm system, and A/D and D/A
converters.



Completed Work for Pendulum Configuration

The work completed was done by two groups workejpsately on the
pendulum robot arm system and the two degree efltnm robot arm system.

The preliminary research on the pendulum robotsystem was done in this
order: first, the motor system was identified andtoolled; second, the robot arm system
was identified and a linear model constructedgdthroportional control was
implemented,; finally, PID control was implementéten a non-linear model for the
motor was constructed.

The first step taken was to control a relativety@e system: the Quanser station
with the arm not attached. The system was idextifising knowledge of the workings
of motors along with data from the data sheet tsttoct a system block diagram. The
model is shown in Figure 8-1
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Figure 8-1 motor and gear train linear model

This model closely matched the response seen iadtual system. Based on this
model, a proportional controller was construct&étie maximum velocity of the system
appeared to be approximately 450 degrees per sedbiid a 180 degree input, there is a
0.25 degree steady state error, and it took 0.d@wks to reach 90% of the way to 180
degrees. Afeed forward model was then constructée poles for the model are at 0O,
-13000 and -60. Since the pole at -13000 is mudhér than the other poles, it can be
ignored for this design.

A feed forward network attempts to cancel the loggéiency effects of the plant.
In this case at low frequencies the transfer flumciipproaches 102/s. Thus the network
for the feed forward design should be s/102. e pure differentiator which cannot be
implemented in practice, and so a pole is placeckrttan a decade from the relevant
poles. The gain was then tuned for optimum results

For a 180 degree input, the time to reach 90% e¥Hiue was the same, however,
it reached steady state 7% faster and only haddlyfee of error, which is much smaller
than the potential gear backlash and thus canrimeeg.

The proportional and feed forward controller transiresponses can be seen in
Figure 9-1 and 9-2.
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Figure 9-2 Transient Response for Feed Forward Cortuller for Motor System

After completing these controllers for the motostsyn, the arm was attached and
the system including the arm was identified. Thpamary methods were used to help
identify the robot arm system. First, the steadyesvoltage response was measured to
help determine the DC gain over the linear regiSecond, a proportional controller with
high gain was implemented and tH8 @rder transients were measured, then the exact
second order equations were used to estimate #relopp pole locations. Third, the
frequency response was measured to compare tHesresthe model with the results of
the system.
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The voltage response of the arm was measuredsatwn in Figure 10-1. The
next step taken was to divide by the angle tolgeiC gain at each DC value. The
response is shown in Figure 10-2. Small angle@apmration guarantees that the DC
gain due to gravity should be a constant over sarales. Our DC gain as shown in
Figure 10-2 is not constant but appears to belioeer a large portion or the range. This
disparity can be accounted for by Coulomb frictidrhrough trial and error, a 0.13
constant reduction in voltage was found to accéamthe slope of the DC gain. The
modified DC gain graph can be seen in Figure 10-3.
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Figure 10-1 DC Voltage Response of Robot Arm System
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Figure 10-3 Modified DC Gain Response of Robot Arnsystem.
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The second order step response was then genesatedauproportional controller
with a gain of 0.45. This gain provided sufficievershoot so that the second order
specifications of percent overshoot, settling tinme time, and time to first peak could
be accurately measured. The percent overshoot@fs The rise time was 0.06
seconds. The settling time was 0.58 seconds.tiffteeto first peak was 0.14 seconds.
The graph of the transient response can be sdegune 11-1.

The robot arm system was assumed to be a secdadsystem in the form
k/(s/lpl+1)(s/p2+1). Based on the equations foexatt second order system, which
should prove a good approximation, the poles wened to be at 2.6 and 11. The results
of the system with the proportional gain and treuts of the model with the same gain
are shown in Figure 11-1 and 11-2.

Figure 11-1 Transient Response of High Gain  Figur&l-2 Transient Response of
Proportional Controller for Robot Arm System High Gain Proportional Controller
for Robot Arm Linear Model

These responses are very similar, with only sleghtrs in the values at different times.
The next step taken was to compare the systemhantiodel open loop. The results are
shown in Figure 12-1 and Figure 12-2. It is clibat the model and actual systems still
have major differences, but these differenceshelteduced when placing them in
closed loop systems. The model has a much modeigk#&ransition into steady state, but
the actual system stops dead at a certain poimt difference can most likely be
accounted for by static friction effects so that@the robot arm stops, it is much more
difficult to get moving again.
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Figure 12-1 Open Loop Transient Response Figure 220pen Loop Transient Response of
of Robot Arm System Robot Arm Linear Model

Next, the magnitude frequency response of the rabotsystem and the linear model
were measured. The results are shown in Figurg IPhe results were normalized to a
nominal value of the DC gain. The system resp@shown in blue, while the model

response is shown in yellow. The system withghsichange to the DC gain is shown in
pink.
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Figure 12-3 Frequency Response of System and Model

A proportional controller was then constructed wiii% overshoot for a 20 degree input.
The steady state error was 2.5 degrees, the m&ewias 0.12 seconds, and the settling
time was .41 seconds. The transient responseecaadn in Figure 13-1.
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Figure 13-1 Transient Response for Proportional Catnol of Robot Arm

After the proportional controller was working, EDRcontroller was implemented
to create an exact@order system. The poles were cancelled with zeaoel a pole at
the origin and another on the real axis were plad¢¢aving the pole placed further out in
theory makes the system faster, but with the DMveoter limitations the input has to be
rate limited to avoid saturation. The system vessed with no saturation (with a 1
degree input), to see how the system would workaut rate limitation. As expected,
with the pole locations further out the settlingéiis lower for the same percent
overshoot. However, for a 180 degree input the Spent in rate limitation dominates
the actual transients, so the system is fasteravittwer pole location that allows a larger
rate limit. The results of this testing can benseeTable 13-1. The final results of the
PID controller are show in Figure 14-1.

Table 13-1 PID Pole Location Determination Data
Pole Gain overshoot % Settling Rate Rate limited

Location value time limitation settling time
-40 0.75 14.9 0.20 155 1.16
-80 15 15 0.10 148 1.20
-60 11 14.9 0.14 151 1.18

Rad/s S deg/s
1 deg 180 deg input

input
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Figure 14-1 Transient response for PID controller

Completed Work for Level Arm Configuration

The horizontal 2-DOF robot arm underwent similasign stages to the pendulum
configuration robot arm. At this point the progege have completed is system
identification, and sample rate selection. Theawsidentification is broken down into
two steps. First the system was without the efbéthe springs, and then it was modeled
with the effect of the springs. The two results eveombined to build an accurate model
of the system.

First, the DC gain and pole locations of the gysteere determined from the step
response of the system without springs. The stgporese is shown below in Figure 14-2.
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Figure 14-2 Step Response of Horizontal Configuratn Without Springs
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From this graph the pole locations are determindaktO and -10 rad/s. The DC
gain was found in Simulink to be 1500deg/s. Thigegian overall transfer function of
Gp=1500/(s2+10sNext, the springs were modeled with the step respof the system.
The poles associated with the springs were detexhfiom the displacement of the arm
relative to the base. These turned out to be -4+Thé DC gain was found in Simulink
to be .42 giving an overall transfer function of 8D42s/(s2+8s+289). The spring
disturbance was modeled as a minor loop disturbbacause it continually affects the
output until steady state. The block diagram ofd@hre system is shown in Figure 15-1
below
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Figure 15-1 Block Diagram for the Arm with Spring Disturbance Modeling

After getting an accurate model of the plant, theelel was digitized in order to allow
implementation of digital controllers for the plamhe digital model was then analyzed
via root locus and the sample frequency was adjustgive a better response. This
sample period was found to be 0.07s. At this saipeted, the phase margin
specification as well as the %0OS specification mwas$ with only proportional control.
Schedule

A Gantt Chart of the schedule of the project islabée in Figure 14-2.
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Figure 15-2 Schedule of tasks for observer basedlrot arm control project.
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Required Equipment

No additional equipment is required for this pobjeThe stations already in place
including the two computers and the two Quanseonstations are needed. In addition
Matlab, Simulink, and Real-time Workshop are neddedterface and control the
devices.

Conclusion

This project will provide an insight into the uskfess of the Ellis method of
observer-based control to control complex robot eomfigurations. The Ellis method
will provide disturbance rejection and a metho@a§menting degraded sensors or
identifying broken sensors.

Initial investigations have already been perfornmd the systems used and
baselines have been investigated by testing toaditicontrollers. More traditional
controllers will be implemented. Then the obseitvased controller will be designed and
tested. The results will be tested, and basetiesetresults, the value of Ellis' method
can be judged.
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