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I.

Experiment Objectives

The objective of this laboratory was to design a control system that would
control the positioning of an inertial load with a DC motor. The inertial load is
provided by using a torque wrench and applying a torque directly to the drive
motor during the initial design process (this simulates having an additional ‘load’
motor connected to the drive motor by a flexible shaft). However, during the
extended team projects the flexishaft was used to connect the load and drive
motors thereby supplying the inertial load. Several different shafts can be used to
vary the flexibility between the drive motor and the load motor. The initial part of
the lab utilized the “reduced configuration” which has the flexishaft removed and
looked only at the drive motor’s response to an input reference angle. Traditional
PID control structure was used. From there the shaft was put in place and the
control system was designed to position the load utilizing the drive motor, without
exciting the flexible modes when a reference step of one radian was input
(extended project problem E.2).



IL. Experiment Apparatus
The experiment involved the use of the following electronic equipment:

e Mixed-Signal Oscilloscope Agilent 54621 D from Agilent

Technologies

Bipolar Operational Power Supply Kepco Model BOP 36-12M

Bipolar Operational Power Supply Kepco Model BOP 20-10M

HP 35665A Dynamic Signal Analyzer

PC computer with a four-channel quadrature encoder input board

CIO-QUADO04, and a multifunction measurement and control

board CIO-DAS 1602/16 from ComputerBoards, Inc.

e Mathworks software: Simulink, Realtime Workshop and xPC
target

No other electronic parts were used.

The extended laboratory experiment included the use of a removable
aluminum flexishaft. During this part of the lab, the flexishaft was connected to
both the load motor and the drive motor using rigid tri-screw chucks on each end.
The drive motor was connected to the main drive shaft using a timing belt around
two pulleys with a gear ratio of 5 to 1. All of these components are shown below

in Figure 1.
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I
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Figure 1: Flexishaft experimental apparatus schematic.

Each motor was an independent actuating Litton brush-type DC motor.
Additionally, two Kepco power supplies/amplifiers were used to drive these
motors.

For the initial part of the lab the flexishaft was not attached and thus only
one motor and amplifier were used (the drive motor) and disturbance torques were
provided by a torque wrench.



The sensors for the experiment were two optical shaft encoders (one
encoder on each of the motor shafts) and a tachometer (which was disconnected
and not used). The encoders provided a resolution of 1000 pulses per revolution.



I11.

List of Symbols

Table 1: List of symbols and values

Symbol
G(s)
H(s)
P(s)

Kp

Ki

Kp

To

€l

€2

Definition and value
Transfer function between 0, and e;
Transfer function between ®, and e
Transfer function between 0; and Tr

Proportional gain
Integral gain

Derivative gain

Torque applied to motor

Voltage before Kepco amplifier to drive motor
Voltage before Kepco amplifier to load motor

Table 2: List of symbols and values published from gfshaft.m file

Symbol
Ka1

Kaz

Raz

J2

J m2
Dm2
D
Ksl

Value
3.6 VIV

60 nQ
62.0x10-3 V/(rad/sec)
1.8Q

2.1x10-3 H

24.38x10° kg m™2
1.25x10-3 kg m"2
60x10-6 N-m/(rad/sec)
42.35x10-6 N-m/(rad/sec)
20V/V

740 pQ
0.2 V/(rad/sec)

1.8Q
2.1x10-3 H

1.0x10-3 kg m"2
24.38x10-6 kg m"2
60.0x10-6 N-m/(rad/sec)
42.35x10-6 N-m/(rad/sec)
9 N-m/rad

Parameter Definition

Drive power amplifier gain, KEPCO
BOP36-12M

Drive amplifier output resistance
Drive motor constant

Drive motor armature resistance

Drive motor armature inductance

Drive motor inertia

Inertial load on shaft A (Drive)
Drive motor damping constant
Viscous friction on shaft A (Drive)
Load power amplifier gain KEPCO
BOP20-10M

Load amplifier output resistance
Load motor constant for preload 2V
(original value K,62.0x10.3)

Load motor armature resistance
Load motor armature inductance

Inertial load on shaft B (Load)

Load motor inertia

Load motor damping constant
Viscous friction on shaft B (Load)
Stiffness of removable shaft (Hex
aluminium statically determined value
10.73 N-m/rad)




KsZ
Ks3
P1
P2

emax

61.573 N-m/rad
1.75 N-m/rad
5.0

7x10-3 V/rpm
1000

1000

10V

8mm steel shaft (not used)

3 mm steel shaft (not used)

Gear ratio

Tachometer constant

Drive encoder number of lines per
revolution

Load encoder number of lines per
revolution

Maximum input voltage amplitude for
KEPCO amplifiers




IV. System Modeling

The system during this experiment consisted of two DC motors that could
be independently controlled and connected together through a flexible shaft. The
mathematical model of a single motor by itself can be derived using techniques
described in Lab Report II: Modeling and Control of a DC Motor'. As shown
previously, a single motor by itself is a third order system. The state space
representation of a single motor (either drive or load) is a third order system. The
state space representation for the drive motor using in Sections A-D is shown

below,
_ RA] + Rl 0 _I’Z_I<1 KA] 0
b L, L, L L,
d e
—| 6 |= 0 0 1 6 |+ 0 0
dt T,
o, nk, (Dl +n2Dm1) o 0 1
— 2
J+n, J+n, Sy,
(Eq.1)’
Since the output of the motor is 0, the output is given by
il
y=(0 1 0)| g (Eq.2)

For parts A-D of the lab, these equations are sufficient in order to develop
a mathematical model of the system and simulate the response. The Simulink
model used to simulate the response of the drive motor alone is shown in the
section V: Control System Design.

' Lab Report 3: Modeling and Control of a DC Motor. Lum, Christopher. Reisner, Travis. Stephens,
Amanda. Hass, Brian.

’Lab Handout: Lab Experiment III: Modeling and Control of a Flexishaft System pg. 6. Provided by
Professor Uy-Loi Ly. University of Washington. Seattle, WA.



When the two motors are connected through the flexible shaft as in part E,
the system becomes a sixth order system governed by Eq.3 shown below,

L L
s I
e
d| 6 1
E " =4 o +B| e, (Eq.3)
1 1 TL
0, 0,
2 2
where
RytR g 0 K, 0
Ll Ll
0 _Ript Ry 0 0 0 .
LZ L2
0 0 0 1 0 0
nK, o __ Kk _(DD,) K .
J,+n*J J,+n’J Jo+n'J  J+n’d,
0 0 0 0 0 1
K, K 0 K B (D,+D,,)
J2 + Jm2 J2 + Jm2 J2 + JmZ JZ + Jm2
LTI 0
1
0 K 0
L2
B=| 0 0 0
0 0 12
J +n'J,,
0 0
0 0
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Since the tachometer is not available to directly measure angular velocity,
the only outputs of the system are 0, and 6, and the output is given by

;z[o 0100 oj 0 ot
000 01 0)a

0,

w,

The actual values of all of the constants have been previously provided in
Section III: List of Symbols.

Since sections A-D only involved designing a rough PID controller for the
drive motor, only Eq.1 and Eq.2 are needed to derive relationships between inputs
and outputs and model the system. As stated before, all of the techniques needed
to derive the parameters in Eq.1 and Eq.2 are detailed in a previous report.

For part E.2, it is desired to accurately command a 6, using only the drive
motor and feedback of 0,. This requires an accurate transfer function or state
space representation between e; and 0,. This transfer function can be obtained
from Eq.3 and Eq.4 by picking appropriate columns of the B matrix and
appropriate rows of the C matrix. The transfer function G(s) can be found using

G(s)=C(sI-A4)"'B (Eq.5)

Using the published values in the gfshaft.m file, the following transfer
function is obtained (written in bode plot normalized form).

) 2.15><1012(85;18+1j
G(s)=2 = :

2
“ 27.69s( 5 +1)827.60( S +1)835.18( $ +1)14011.61 A RS |
27.69 827.60 835.18 14011.61 = 565.3

(Eq.6)
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The pole zero map of Eq.6 is shown below in Figure 2

Pole Zero Map of G(s) = 6 /e, from Gfshaft
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Figure 2: Pole/zero map of G(s) obtained from gfshaft.m file

The interesting thing to notice in Figure 2 is the location of all of the
poles. There are essentially 6 poles and one zero. This is expected by looking at
Eq.6. However, two of the poles and the zero have extremely high break
frequencies (roughly 800 rad/s). This will become important during least squares
analysis later.

As stated before, in order to design an accurate notch filter using root
locus techniques, it is crucial that the location of all of the roots are accurately
located on the real/imaginary plane. In order to determine the location of these
poles, a DSA analysis is performed between the input e; and ®; which is denoted
as G(s). Eq.6 can easily be modified to represent the transfer function between e;
and o; by simply removing the pole at the origin which represents an integrator.
The output of the DSA can be plotted against the modified Eq.6 in order to
ascertain the accuracy of the published values. This is shown below in Figure 3.

12



Aluminium Flexishaft: G(s) = (dezldt)/e1
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Figure 3: Bode plot of G(s) from DSA and modified Eq.6

As can be seen from Figure 3, the Eq.6 and the DSA output do not match
very well. In particular, the natural frequency and damping ratio of the complex
poles do not match. This means that the published values in the gfshaft.m file may
not be entirely accurate. A transfer function must be derived to match the DSA
output in order to accurately identify the location of the actual complex poles. By
looking at the DSA analysis, the highest frequency that is available to fit is 200
rad/s. Therefore, any terms in Eq.6 with break frequencies higher than 200 rad/s
will not play a role in fitting the DSA data and can be neglected along with the
pole at the origin. This yields a simplified expression for H(s) as shown below.

6
H(s)= 2 - 31110 j Ea?)

2769 —> 11401161 — >+ 5
27.69 14011.61  565.3
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Writing Eq.7 in a general form yields

K

2
a[8+1)a)n2(s2+2gs+lj
a o’ o

n n

H(s)= (Eq.8)

As can be seen, H(s) is comprised of four components

1. A constant gain K
2. A pole at the origin with ®preax = a
3. A pair of complex poles (o, and &)

These four variables can be systematically varied until the bode plot of
H(s) matches up with the bode plot using least squares error analysis. The results
of the analysis is shown below.

a=21.11
£=10.0778

K = 6.0556 x 10°
O, = 62.0 rad/s

These values can now be substituted back into Eq.8. This yields a third
order approximation of the system. The high frequency poles and zeros can be
substituted back into the third order system in order to make the system sixth
order once more. The bode plots of the DSA output, the third order fit, and the
sixth order fit are shown below in Figure 4.

14



Bode Plot of DSA data and Fitted Data
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Figure 4: Bode plot of DSA and fitted data using least squares analysis

As can be seen, the fitted parameters match the output of the DSA very
closely. Also notice that the addition of the high frequency poles did not change
the plot significantly. Therefore it is possible to approximate the 6th order system
with a simpler 3rd order system.
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The pole/zero map of the fitted transfer function and the original transfer
function zoomed in near the origin is shown below Figure 5.

Pole Zero Map of Fitted Transfer Function vs. Original Transfer Function
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Figure 5: Fitted roots and original roots near the origin

As can be seen, the fitted transfer function has poles that are closer to the
imaginary axis. The original transfer function from gfshaft was roughly accurate,
but did not place the poles in their actual locations. The fitted transfer function of
G(s) = 0,/e; is now given by

_ 0.008705s +7.462
G(S)_ —11 6 85 -5 4 3 2
1.783%x107 s +3.019%x10°s” +1.331x107s” +0.0005004s" + 0.05228s“ + s

(Eq.9)
Now that the locations of the poles and zeros of the plant are known, a

compensator (PI controller and notch filter) can now be designed using root locus
techniques. This is discussed later in Section IX: Control System Design.

16



V. Control System Design

The Simulink model used in lab to interface with the xpcTarget computer is
shown below in Figure 2.

To recap, Part A required the development of an open-loop controller, Part
B was a purely proportional position controller, Part C, a proportional-differential
position controller, and Part D a proportional-integral-differential controller.

a. Open-Loop Control
The design goal of the open-loop controller was to provide position
change of approximately one radian to the drive motor. This corresponds to a
five-radian rotation where the position is measured. The scale difference is due to
the encoder being mounted at the output disk. The output disc has a 5:1 gear ratio
to the drive motor as previously discussed.

The desired rotation control was developed empirically by varying the
duration and intensity of the control pulse. A pulse intensity of 2.3V with a
duration 0.177sec was found to yield a position change of 240°, which is
equivalent to 4.19 radians. This result was deemed satisfactory. Figure 7 shows
the results from experiment and simulation with three runs used for repeatability.

One notices that the results shown below only appear to show one run.
However, data from three runs are shown and overlap due to their consistency.
This repeatability was ensured by manually positioning the drive motor in a
consistent direction to a common starting point. This ensured that any non-
symmetry in the drive motor was negligible and that the motor’s hysteresis was
consistent.

One notices that that the simulated results do not closely match the magnitude of
the experimental results. This is largely due to the poor modeling of the drive
motor’s stiction effects. In simulation a dead-zone block of —0.2V to 0.2V was
used to simulate this effect. This block attempts to model the stiction effect by
simply cutting off any signal within it’s dead-zone.

17
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Figure 6 - Simulink model used for Open Loop, Proportional, Proportional-Derivative, and Proportional-Integral-Derivative Control

18



&, (eg)

— Run1-Exp: tp= 0778V, =23V

- Sim )
Run 2 - Exp: tp =0.177s v, =23

- Sim
== Run3-Exp: L= DA77V, =23 |

H H H H _— - Sim
D I
1] 0.s 1 15 2 25

2 mrmmmeee e

Va(VJ

e e T B P RRSSENTS RN s

Elapsed Time (s)

Figure 7 - Open loop pulse control response of 8; and V,.

Development of this controller was done on-line through experimentation with
the physical model. Table 3 lists the system parameters used in the development of this
model



b.  Position Control System: Proportional (P) Controller
In development Kp was varied until the desired results were obtained. A rough

estimate for Kp was developed using the Simulink model shown in Figure 6. The results
of varying Kpled to a final design value of 3.1 being chosen.

Table 3 — Proportional position control runs.

Run Proportional Gain — Kp
1 3.5
2 3.2
3 3.0
4 3.1

Next, the proportional controller was redesigned to provide a steady-state
error of 0.1 radians in response to a constant disturbance torque, T;, of 1 N-m.
Table 4 lists the proportional gains used in developing this controller with Figure
9 showing the error in the system’s response.

Table 4 — Proportional position control runs under constant disturbance torque.

Run Proportional Gain — Kp
6 15
7 16

20
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C.

Proportional-Differential Position Control

Using the same system as was previously used, the controller was
modified to a proportional-differential (PD) controller. Additionally, the design
requirements were tightened to allow for less than 5% overshoot and the ability to
produce a steady-state position error of less than 0.1 radians under a constant
disturbance torque of 1 N-m.

In this development of this controller a constant pseudo-derivative
frequency of 100 rad/s was chosen and kept fixed. The controller was then tuned
by varying Kp and Kp until the desired results were obtained. These effects of
these variations are plotted Figure 10 in with the corresponding parameters for
each run listed in Table 5.

Table 5 — Proportional-Differential position control runs under constant disturbance torque.

Run
1

2
3
4

Proportional Gain Kp Differential Gain Kp Applied Torque Ty,

7 0.1 0 N-m
7 0.1 0 N-m
12 0.2 0 N-m
12 0.2 1 N-m

22
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d. Proportional-Integral-Differential Position Control

In this phase of the experiment, the controller was again modified, this
time to include an integral function to the controller. This change makes the
controller a PID controller. Requirements for the controller’s performance were
left untouched at less than 5% overshoot, and less than 0.1 radians of steady-state
error when given a disturbance torque of 1 N-m.

In designing this controller, the proportional and differential gains used
previously were kept constant. Fortunately, the initial integral gain tested yielded
quite suitable results. These results were deemed desirable enough that further
variation was not explored. This decision was also based on experience with PID
controllers gained in previous experimentation. Table 6 lists the parameters used
in the controller for each of the PID control runs and Figure 11 shows the
resultant system response.

Table 6 — PID position control runs.

Run Ky Kp K TL
1 12 0.2 3 1 N-m
2 12 0.2 3 0 N-m

6, (deg)

1 O U S
— Run ik =12- 1, =02-K=3-T =1
H H H H H RunQ'KF=12-KD=DQ.K‘=3_TI=D
02 i i i i i : ,
i} 1 2 3 4 5 B 7

Elapsed Time (s)

Figure 11 - PID position controller response to step input with and without disturbance torque.
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€.

Notch Filter Design

For part E, the goal was to excite the flexible modes of the shaft with and
without a notch filter and see the effects of adding the filter in an effort to increase
damping. Initially, a simple feedback scheme was used in an effort to excite the
flexible mode. The feedback loop is shown below.

zsimThetaZzCmd

| |

theta_2_cmd

The simulated and actual results for this system are shown below in Figure

13.

numis)
. A |
denis)
Lead Zone
theta_zée_1 thetaz
simThetaZ

25

Figure 12: Simple feedback loop with deadzone of +/- 0.2 volts



6, Vs. Time with Simple Feedback Control
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Figure 13: Simulated and actual response with simple feedback

As can be seen in Figure 13, the response of system is very sluggish with a
steady state error. Both simulation and actual data show that the flexible modes
are not excited since there are very small oscillations. A notch filter could be
designed to damp out the very small oscillations but its effect would not be very
noticeable. In an effort to increase the bandwidth of the system and increase the
amplitude and number of oscillations, a PI controller is designed as a
compensator.

The PI controller used has Kp = 6 and K; = 2. The block diagram of the
system is shown below in Figure 14.
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Figure 14: Block diagram with PI controller and gain

A constant gain of 0.875 is included after the PI controller for reasons that
are detailed in section VII: Modeling Validation. The response of the simulation
and actual lab data are shown below in

€, Vs, Time with P Controller and Gain
35 I T T I I

8, (radians)
o
e
=]
I

1 Y P! N R P S T SO PP PP —
05+ nl
92 cmd
— Actual
: : —— Simulation
0 | 1 I T
0 05 1 1.5 2 25 3

time (sec

Figure 15: Response vs. time with PI controller and gain

As can be seen by comparing Figure 15 with Figure 13, it is seen that the
addition of the PI controller increases the system bandwidth and also excites the
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flexible modes. This is evident from the large amplitude and number of
oscillations. These oscillations are actually desirable for Section E. This will
make the presence of the notch filter more evident when it is incorporated. The
root locus for the block diagram shown above in Figure 14 is shown below in
Figure 16.

Root Locus Editor (C)
1

60 —

| | |
-20 -15 -10
Real Axis

Figure 16: Root locus of system with PI controller and gain

As can be seen above, the flexible modes are the pair of complex poles
which move towards the imaginary axis with increasing gain. These are the
limiting poles which prevent the damping from being increased. The maximum
damping coefficient line is shown as the yellow/orange line. The maximum
damping coefficient possible with this control architecture is

¢ =0.0495

In order to improve the damping and performance of the system, a notch
filter can be added to the system. This is a pair of complex poles and zeros which
serve to locally move the complex poles farther away from the imaginary axis
while leaving the rest of the root locus relatively unchanged. The location of the
complex poles and zeros are placed near the complex poles which represent the
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flexible modes. This is why it was so important to obtain an accurate transfer
function between 0; and e; so that the complex poles could be accurately located
and the notch filter could be effectively designed. The notch filter was designed
using the SISOtool. A pair of complex poles and zeros can be placed near the
flexible mode complex poles. Their location is then varied until a desirable root
locus (improved damping) is achieved. The best simulated notch filter is given by

s =-14.2857 £ 69.98] (zeros)
s = -20.4444 + 63.4545j (poles)

This notch filter can be introduced in parallel with the PI controller. The
final block diagram architecture is shown below.

. .
L3 sime_1

]

notehnumis)
it Peiemor el - ; nums) 1
natchden(z) gain - L
theta_2_cmd noteh filter den(s)

Fl controller theta_Z2 to a_1 thetaz

simThetaz

simThetaCmd

¥

Figure 17: Block diagram of system with PI controller and notch filter

The roots locus for the system with the PI controller and the notch filter is
shown below.
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Figure 18: Root locus of system with PI controller, gain, and notch filter

As can be seen from Figure 18, the damping has greatly increased with the
addition of the notch filter. The maximum damping ratio possible with this
system is given by

£=0.2120

This is a significant improvement simple PI controller, increasing the
damping ratio over 4 times. The constant gain of 0.875 shown in Figure 16 is
required to extract the most performance out of the system. As seen above in
Figure 18, there are actually 4 poles on the line of maximum damping ratio. Two
of these are the complex poles that represent the flexible mode of the shaft. As
the gain K is increased, these poles move farther away from the imaginary axis.
However, there are also a pair of complex poles that originate from the pole on
the real axis and one of the poles at the origin. These poles leave the real axis at
roughly ¢ = -10. As the gain K is increased, these poles move towards the
imaginary axis. Therefore, a gain of K = 0.875 is the best compromise between
the two.
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VL Experimental Procedure

This Lab assignment was split up into 4 separate sections. First was Part
A: Open-Loop control, then Part B: Position Control with a proportional
controller, Part C: Proportional Derivative Controller, and finally, Part D
Proportional Derivative Integral Controller.

The purpose of Part A was to simply model the system’s open-loop
control. This was done by first connecting the load motor encoder to Channel 1
of the encoder board and the motor drive encoder to Channel 2 of the encoder
board. The Kepco amplifier gain was then confirmed to be approximately
Kal=3.6V/V. A Simulink model was then built to interface with the Quadrature
Encoder board. This interface can be seen in Figure 19 below.

o 4

Angle
CIoDAS1602/16 | | CIO QUADO4
— ComputerBoards Comp. Boards Turns |

Analog Output Inc. Encoder

Init
CIO-DAS1602 16 CIO-QUADO4
—

Terminator

Figure 19 — Simulink blocksets for Analog Output and Encoder Input.

We then connected the encoder sensor of the motor drive to Channel 2 and
the Analog output of the Multifunction board for the control voltage, e;(t), to the
Kepco amplifier input. The analog output from the multifunction board was also
connected to the proportional amplifier input of the Kepco power supply.

To produce the transient response of the system, a voltage was sent to the
motor drive, €;(t), in the form of a pulse such that the motor rotated approximately
1 radian. This was done using 2 step inputs applied at different start times. The
response of the encoder was then saved for future use.

For Part B the task was to design a proportional linear feedback control
system to track a position reference command. This was done with by first
creating a Simulink model with a proportional feedback control of position error.
This model can be seen below in Figure 20
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Figure 20 — Simulink blockset for proportional position feedback controller.

To design the proportional gain K, a trial and error approach was used.
The design constraints for the proportional controller were good tracking with less
than 20% overshoot for a step input of 1 radian, fast rise and settling time, and
good disturbance rejection with a small settling time to a disturbance input. To
assure the last design constraint was met, a constant 1 N-m torque was applied to
the rotor disk with a torque wrench. From this, the steady-state position error was
recorded and evaluated to determine how well the controller performed. We then
attempted to find how the steady-state error due to the disturbance torque
depended on K;, To do this we experimentally found the disturbance torque, in
N-m, which caused a 0.1 radian position error. We also decided that adding a
derivative controller would be best suited to reduce overshoot and provide better
disturbance rejection.

For Part C the goals were to design a Proportional/Derivative controller
which could provide less than 5% overshoot, and a steady-state position error of
0.1 radians for a constant disturbance torque of 1 N-m. In order to design this
controller we utilize a pseudo-derivative instead of a pure derivative. This was
due to the fact that a pure derivative with an encoder with a finite resolution
would result in unnecessary noise in the feedback control. The Simulink model of
this controller can be seen below in Figure 21.
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Figure 21 — Proportional and pseudo-Derivative controller for motor position

This controller was then evaluated on is performance in terms of steady-
state error to a step command of 1 radian, rise and settling time to a step
command of 1 radian, and position error due to a step disturbance torque of 2 Nm.

For Part D we designed a Proportional Integral Derivative controller. The
design constraints were the same as in Part C, less than 5% overshoot and 0.1
radian steady-state error for a disturbance torque of 1 N-m. The Simulink model
of the controller can be seen below in Figure 22.

DRIVEMotor Modsl

2z I Disturbance Torque TLE [N ) Thetad{l) (rad)
Disturbance Tarque
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PosChD Prafiter
100
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Position Gommand omega_out
theta_cmd (rad)]
a3
=
- =
thata_ref Peaudoderivativ & Kd
Darivative control
It \l ‘
g Ki
Imb=gral control

Puositian CGontral Loop

Figure 22 — Proportional, Integral, and Derivative Controller for motor position
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VIIL. Modeling Validation

Part A: Open-Loop Control

As stated previously in the Experimental Procedure section, a pulse was
applied to the motor and the output 0, was recorded. The Simulink model used is

shown below in Figure 23.

Disturbance Torque (Nm)

Disturbance Torque TLED (Nm) Theta i) (rad) 1)
Dristurbance Torque theta_out
E i - I | femature Shltage e 1) () Omegatt) (ad/s) | ——{_ 2 ) theta_1
omega_out -

Step1 Dead Zone

simTheta
DRIVE DC Motor
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sime_1_cmd @
: Armature Woltage

hd

e 1000

# = foekBu ] i
>

a_1 ref y= CxtDu

!

Thetatity
frad)

&_1 cmd
DRIVE DC-motor

h 4

D,
Dristurbance Torque

TLE (Hm)

— Omegatt)
Derivative (radis)

DRIVE DC Motor Subsystem

Figure 23: Simulink model used to model open loop control

The DRIVE DC-motor state space model is given by Eq.1 and 2. The
simulated results are shown with the data gathered in lab is shown below in
Figure 24 when a pulse of amplitude = 2.3 V and of duration t = 0.177 seconds is

applied.
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Part A.6: &, vs. Time for Open Loop Control System
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Figure 24: 0, vs. Time for open loop control system

As can be seen, the lab results and the simulation are similar, but not
exactly equal. It appears that the simulation is not as stiff a model. This could be
that the actual motor has more stiction. Increasing the dead zone could possibly
make the simulation match closer to the actual data.
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Part B: Position Control System: Proportional (P) Controller

E

Position Command
theta_cmd (rad)

As stated in the lab handout, a model that does not contain nonlinearities is
constructed and shown below in

PosChDe Prefilter
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.
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theta_2

1)

theta_out

theta_-1

Figure 25: Simulink model with feedback and simple proportional gain

The parameter Kp is varied to find the gain at which 20 percent overshoot
is achieved. In simulation, this critical gain if found to be 3.1. The simulation
and actual lab results with Kp= 3.1 is shown below in Figure 26.
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Part B.2a: Actual and Simulated &, vs. Time for Proportional Feedback Only
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Figure 26: Actual and simulated 0, vs. time for proportional feedback only

As can be seen above, the simulation and the actual data acquired in the
lab with a Kp = 3.1 both produce almost exactly 20 percent overshoot.
Furthermore, the rise time and settling time are acceptable, so the design satisfies
criterion B.2.a and B.2.b from the lab sheet. The only difference between
simulation and reality is the steady state error. In the lab, the presence of stiction
prevented the error from going to zero. However, since the model intentionally
did not include any non-linear effects such as stiction, there is no steady state
error.

The design's ability to reject a disturbance can be simulated and plotted
against lab data as shown below in Figure 27. It was discovered that the motor
was not able to reject a constant disturbance of Ty = -2 Nm, so -1 Nm was used
instead. The sign convention is negative since the torque was applied in a
direction opposing the motor rotation.

37



Part B.2d: Actual Simulated 6, vs. Time for Proportional Feedback Only with TL
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Figure 27: Actual and simulated vs. time for proportional feedback only with constant torque

As can be seen above, at steady state, the simulation agrees very well with
the actual lab data. The simulation accurately predicts the steady state error
under a constant torque. The simulation differs from the actual data initially
simply because it was very difficult to apply a constant torque when the step is
first introduced. The motor initially began to move and the torque-applier's
reaction was not fast enough to respond to the motor. Therefore, initially, the
torque applied in lab is variable. Only at steady state was a constant torque able
to be applied.

As shown above, the steady state error is a function of the disturbance
torque applied. It is also a function of the gain Kp. The transfer function P(s) =
0,/TL can be derived in order to find this relationship. The state space
representation of the motor is given in Eq.1 and Eq.2. Since the prefilter is not in
the command path between 0, and Ty, its state space representation is not needed.
The transfer function P(s) can be calculated using Eq.5. This yields,
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4 Ls+R,+R
P(s)=2t=— LR R (Eq.10)°
L oS ta,sT tasta,

where

a,=L(J,+J,n°)
a, = [DlLl + D, L +(J, +J,n" ) R +(J, +Jmln2)RAl]
o, =| KK yKon+ (KL + DR +D,yn* R + DR, +D,n’R,, ) |

a, = KK, Kn

The steady state error can now be calculated. Since 0;.mq is equal to zero,
then the error is 6; . The error to a constant torque is given by

T,
E(s)zP(s)?L (Eq.11)

The final value theorem can now be applied (assuming all poles are in
LHP) to find the relationship between the steady state error, Kp, and Ty can now
be found.

lim, , E(¢)=1lim_, sE(s) (Eq.12)
Substituting Eq.11 into Eq.12 yields

_(RA1+R1)£

E = Eq.13
steadystate Kl KAln KP ( q )

As can be seen, the steady state error is directly proportional to the applied
torque and inversely proportional to Kp. Holding Ty, constant, the gain Kp can be
varied in simulation in order to illustrate this phenomenon. The results are shown
below in Figure 28.

3 See mathematica file section_b_5.nb for more information and derivation.
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Part B6: Steady State Error vs. Kp with a constant TL
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Figure 28: Steady state error vs. Kp with constant Ty,

As can be seen above, the steady state error is indeed inversely
proportional to Kp,

Assuming a constant torque of -1 Nm, Eq.13 can be solved for the Kp that
results in Egcady state €qual to 0.1 radians. The critical Kp is found to be,

Kp= 16.13
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The model simulation with Kp = 16 is shown below plotted with actual
laboratory data.

Part B.5: Actual Simulated 6, vs. Time for Proportional Feedback Only with TL
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Figure 29: Actual and Simulated 0, vs. time with proportional feedback only with constant Ty,

As can be seen, the simulation and actual data agree remarkably well. The
simulation predicts the steady state error remarkably well. Once again, the
discrepancy initially is due to the fact a human operator is not able to apply a
constant torque initially.

It is known that the worst disturbance torque action on the system is up to
2 Nm. It was already found that the system cannot reject a disturbance of 2 Nm.
In order to reject a 2 Nm constant torque, the Kp must be 32.2. If this gain is
used, the overshoot is very high. The simulated response with this gain is shown
below in Figure 30.
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Part B6: Simulated 6, vs. Time Response with High Gain
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Figure 30: Simulated 0, vs. time response to Kp = 32.2

As can be seen, this high gain yields extremely high overshoot, almost
50%. However, as shown in Eq.13, the steady state error is inversely proportional
to the gain Kp. Therefore, it is desirable to increase the gain as much as possible.
However, from the analysis here, it is shown the percent overshoot increases with
Kp. Therefore it may be necessary to include a derivative term as well. This
would serve to reduce the percent overshoot but at the same time, allow for a high
value of Kp and therefore also reduce steady state error.

For the remainder of the lab, it is assumed that the worst torque the system
will experience is 1 Nm and all parameters with this value in mind.

Another parameter that must be monitored during the design of the control
system is the motor input voltage e;. In practice, this cannot exceed 10 volts since
this is the limitation of the Labview output board. The input voltage e;
corresponding to Kp = 3.1 and Ty, = 0 (Figure 26, section B.2) is shown below.
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Part B.2a: Actual and Simulated €, Vvs. Time for Proportional Feedback Only
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Figure 31: Actual and Simulated e, vs. time for proportional feedback only

As can be seen, the simulation and actual data match up well. The only
difference is with the steady state error. Since the model does not account for
stiction, there is no steady state error and thus, there is no steady state voltage.
However, in the actual lab, the stiction produces a steady state error and since
there is only a proportional controller, there is a steady state input voltage.
During the entire run, the voltage remains between +/- 10 volts.

The voltage with a constant torque of Ty, = -1 Nm and a Kp = 16 (Figure
27) is shown below.
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Part B.5: Actual and Simulated €, Vvs. Time for Proportional Feedback Only with TL
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Figure 32: Actual and simulated e, vs. time for proportional feedback only with constant Ty,

In this situation, the actual and simulated voltage is higher than 10 volts.
This is a problem since this means the system saturates. The actual data appears
higher than 10 volts because the actual voltage out was not measured, but rather
the signal going to the Labview board was recorded. This signal is allowed to be
greater than 10 volts, but in actuality, the voltage supplied to the Kepco amplifier
is only 10 volts.

This is a problem if the voltage exceeds 10 volts. This means that the
Simulink model is no longer accurately predicted the actual lab results. The
model must be made to match the actual system. There are two ways to do this.
One method is to simply introduce a saturation block with limits of +/- 10 volts.
This would exactly model the real system. The input voltage vs. time using a
saturation block is shown below.
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Part B8a: Simulated €, Vvs. Time for Position Control. Using B.6 Parameters with Saturation Block
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Figure 33: e, vs. time with saturation block
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As can be seen here, the maximum voltage that occurs is only 10 volts.
The saturation block serves to limit the voltage to a maximum of 10 volts. It only
needs to work for a small time when the voltage spikes above 10 volts. Since the
addition of the saturation block only changes the input voltage for a very small
period, it is expected that the response of the system will not change very much.
The simulated 0, vs. time is shown below.

Part B8b: Simulated 6, vs. Time using Saturation Block
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Figure 34: 0, vs. time using saturation block
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As can be seen by comparing Figure 34 (simulation with saturation block)
and Figure 29 (simulation without saturation block), the response is not very
different. This makes sense considering that the saturation block did not affect
the signal for some reason. As can be seen, the design still meets the performance
criterion in section B.4.

Another option to fix the saturation issue is to decrease the break
frequency of the prefilter. This will provide a more gentle reference signal. By
lowering the break frequency of the prefilter to 50 rad/s, the following plot of e;
vs. time is shown below in Figure 35

Part B8b: Simulated €, Vvs. Time for Position Control. Using B.6 Parameters with Low-Pass Filter
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Figure 35: e vs. time using a prefilter with @y, = 50 rad/s

As can be seen from Figure 35, the more aggressive prefilter does in fact
reduce the maximum voltage. The voltage does not exceed 10 volts in this
situation. Therefore, the saturation block can be removed if this prefilter was in
place. The actual system response with this control scheme is shown below
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Part B8b: Simulated &, vs. Time using Prefilter
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Figure 36: Simulated 6, vs. time with prefilter

By comparing Figure 36 (system with prefilter of ®preak = 50 rad/s) and
Figure 29 (system with prefilter of ®preasx = 100 rad/s), the response is slightly
different, but not by much. The percent overshoot and rise time remain roughly
the same.

Both of these methods ensure that the voltage remains below 10 volts.
Both of them have advantages and disadvantages. The saturation block is
probably the more accurate in terms of modeling the system. Since the system
cannot physically produce more and +/- 10 volts, the saturation block ensures that
the voltage into the plant never exceeds this. However, this is a non-linear
method. Once the system saturates, the system cannot be analyzed using linear
tools such as linmod, SISOtool, etc. For the small range of values for Ty and
01cmd used in part B, it appears that the prefilter with a break frequency of 50 rad/s
prevents the voltage from exceeding +/- 10 volts. The benefit of the prefilter is
the fact that the system remains linear during the entire simulation. Therefore it is
available to analyze with linear tools. However, as the break frequency is
lowered, so is the system bandwidth. However, in this situation where there are
no dynamic reference signals, the prefilter is the preferred method.
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Part C: Proportional/Derivative (PD) Controller

As stated in the lab sheet, a Simulink model without non-linear behavior is

constructed as shown below in Figure 37.
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Figure 37: Simulink model with proportional and derivative controller

The gains Kp and Kp can be designed such that there is less than 5%
overshoot with good tracking to a step command of 1 radian. The gains were
designed in lab through trial and error. The response of the system with Kp = 12

and Kp = 0.2 is shown below in Figure 38,
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Actual and Simulated &, vs. Time for PD Control System
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Figure 38: Actual and simulated 0, vs. time for PD controller

As can be seen, in lab, the response fits the performance criterion of less
than 5% and a steady state error of less than 0.1 radians. However, the simulation
does not agree with the actual lab data. The simulation model appears to me
much less stiff than the actual system. This was also observed with the model
used in Part A shown in Figure 25. The overshoot is approximately 17.8% in the
simulation. Also, the simulation does not predict any steady state error since it
does not contain any non-linear behavior.

The simulation can now be evaluated to see if the model provides accurate

predictions of steady state error in the presence of a constant torque. The actual
and simulated response is shown below in Figure 39.
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Figure 39: Actual and simulated 0, vs. time for PD control with T =-1 Nm

As can be seen, the simulation models the steady state error quite well.
There is a discrepancy between lab and the simulation for the reasons mentioned
above. In addition, the simulation applies the torque at t = 0 and the step
command at t =1 second. This accounts for the initial negative error.

In lab, a steady state error of roughly 0.1 radians was observed with this
control setup. In simulation, the steady state error is predicted to be 0.134
radians. It appears that this does not meet the design specifications of less than
0.1 radians. However, in actuality, this control scheme meets the criterion. Also,
the simulation predict steady state error it fairly accurately. In order to make the
simulation meet the design specifications, the Kp gain could be increased slightly.

The voltage must be between +/- 10 volts in order to ensure that the

system is not saturating. The simulated and actual e; is shown below in Figure
40.
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Actual and Simulated g, vs. Time for PD Control with Constant Torque
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Figure 40: Actual and simulated e, vs. time for PD control with constant Ty

As can be seen above, the system exceeds 10 volts initially. However, at
steady state, the system is well within the saturation limits. A saturation block
could be introduced to make the model match the actual experiment more closely,
but this would only affect the initial response of the system. It was already shown
that the transient response of the system is difficult to model and since the goal of
this is to evaluate the accuracy of the model at steady state, a saturation block is

not needed.
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Part D: Proportional/Derivative/Integral (PID) Controller

The integral addition serves to reduce the steady state error to zero.
However, when the model does not include non-linear behavior such as a dead
zone, the steady state error is zero by default. Therefore, in order to evaluate the
contribution of an integral controller, a dead zone block is placed in the model as
shown below in Figure 41.

simTL

¥

Disturbance Torque (Nm)

{2} ! i = Dizsturbance Torque TLE) (MmO Thetalit) (rad) 1

Disturbance Torque theta_out

FosChD Frefilter |

100
> ! Bl pelthets 1 emorrad)  e_1) (vottst el | ] emature bltage &_1t) (v) Omegart) fradis) —{_Z ) theta_1
=100 F | -
L. b omega_out
Fosition Command Dead Zone

theta_emd (rad) PID Cantraller
DRIVE DC Motar

theta_ref

¥

simThetaEror zime_1

¥

simThetaCmd

Y

L] simThetaRet 1 b
3

Integrator Ki

PID Controller t ' D { : e:_m;

arrar(rad) Kp 4 (walts)

a.s
L — —>@—
=+a

Preudo derivative  Fd

Figure 41: PID controller

The response of the simulation to a step input with no torque can be
compared with actual lab results. A gain of K;= 3, Kp =12, and Kp = 0.2 is used.
Furthermore, the dead zone of +/- 0.2 volts is used. The response is shown below
in Figure 54.
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Actual and Simulated &, vs. Time for PID Control
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Figure 42: Actual and Simulated 6, vs. time for PID control including dead zone.

As can be seen, the simulation response is close to the actual lab response.
The most concerning discrepancy is the apparent persistence of the steady state
error. In the lab, a K; value of 3 was sufficient to reduce the steady state error to
zero in a sufficient time. However in simulation, it appears that this gain is not
aggressive enough. By observing the simulation for a longer amount of time,
Figure 43 is obtained.
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Actual and Simulated &, vs. Time for PID Control
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Figure 43: Actual and simulated 0, vs. time for PID showing I contribution

As can be seen, in simulation, the integral contribution is indeed working
to reduce the steady state error to zero. However, it takes almost 19 seconds to do
this where as in lab, the steady state error was reduced much quicker. In this
respect, it appears that the model is not very accurate. Further discussion of this
is included in the performance section.

The simulation can also be compared to the lab data in the presence of a
constant torque. The results are shown below in Figure 44.
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Actual and Simulated &, vs. Time for PID Control with Constant TL
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Figure 44: Actual and simulated 0, vs. time for PID control with constant T

Once again, it appears that the simulation produces results that are
somewhat close to the lab results. The integral gain works reduces the steady
state error quicker in this case due to the fact that the error is greater initially,
therefore the integral term is able to accumulate the signal faster and overcome
the dead zone quicker. At steady state, the simulation accurately predicts the
actual response of the system, but the dynamic response is somewhat inaccurate.
One possible way to fix this is to lower the dead zone such that it matches the lab
results better.

While keeping the same controller, the drove motor model and be replaced
with the full configuration model of the flexishaft experiment. The load motor
and input and encoder position output remain unconnected and not used. Since
this was not tested in lab, only the simulated results can be analyzed. The
Simulink model used is shown below in Figure 45.
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Figure 45: Simulink model used to simulate system when flexible shaft is connected

Using the same PID controller designed in the beginning of this section,
the response of the system to a step position command can be plotted as shown
below in Figure 46.
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Simulated e, and €, Vs, Time for Connected System Using 6, for Feedback
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Figure 46: Simulated 0, and 0, vs. time for coupled system using 0, for feedback

As can be seen, due to the flexible modes of the shaft, the response of 6;
and 0, are not exactly equal. The complex poles that represent the flexible mode
shows why there are oscillations present in the system. In addition, the presence
of the load motor actually changes the dynamics of 6;. The simulated response of
0, with and without the coupling is shown below in Figure 47.
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Simulated &, vs. Time with and without Coupling
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Figure 47: Simulated 0, vs. time with and without coupling effects

As can be seen, the presence of the load motor affects the response of 0.
The significance of the flexible shaft can be dramatically noticed if 6, is

used for feedback instead of 6,. The response of the system as it attempts to track
a 1 radian step is shown below in Figure 48.
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Simulated 6, and 6, Using 6, for Feedback
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Figure 48: Simulated 0, and 6, using 6, for feedback

As can be seen above, using 0, as feedback yields and unstable system.
The time delay and flexibility introduced by the flexishaft makes this system
unstable when using the PID controller designed above. Keep in mind that the
simulating makes use of the state space equation shown above in Eq.3 and Eq.4.
These are using the published values given in the gfshaft.m file. However, as
proven above in the system modeling section, this is not a very accurate
representation of the system. Therefore, the simulated results may not be
accurate.
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Part E: Notch Filter

The block diagram showing the Simulink model used to simulate the
response of part E was already shown above in Figure 17. The control structure
of using 0, as feedback was chosen so that direct simulation would be possible.
The transfer function G(s) = 0,/e; was derived using methods described in the
System Modeling Section. In order to validate the accuracy of this transfer
function, the notch filter in Figure 17 can be removed and the response of the
system to a step command of 1.75 radians can be plotted. Although the notch
filter was removed, it is important to leave the constant gain of 0.875 in the model
for simulating the response with no notch filter. This is why in Figure 17, the
gain is included no matter if the notch is switched on or off. The reason for this is
because it was already showed that the amount of overshoot and how much the
complex poles is excited is directly proportional to the proportional gain. For
example, if the notch and the gain were removed, the response of the system with
must the PI controller is shown below in Figure 49.

Simulated 0, vs. Time with and without Gain of 0.875 in Loop and No Notch Filter
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Figure 49: Response of System with no notch filter with and without gain of 0.875 in loop

As can be seen, even without a notch filter, by adding a gain less than 1,
the system becomes more damped. It settles out faster and has less oscillations.
Therefore, if the system is run without the gain, and then with the gain and the
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notch filter, it may appear that the notch filter is damping out the response more
than it actually is. In this situation, the damping effect would come from both the
notch filter and the fact that a gain of less than 1 was introduced. Since the
objective of this section is to evaluate how the notch filter adds damping, it is
important to leave the gain in the system in order to isolate the effect of the notch
filter.

The response of the system with no notch filter and a constant gain of
0.875 is shown below in Figure 50.

Simulated and Actual Response of 6, without Notch Filter
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Figure 50: Response of 6, vs. time to a step command with no filter

As can be seen above, the simulation does a fair job of simulating the
response of the actual system. It predicts that the system will be stable with PI
controller with Kp = 6 and K; = 2. The simulated system once again appears to be
slightly less stiff than the actual system. There could be several reasons for this.
One is that the simulation is highly dependent on the derived transfer function
G(s). This transfer function was derived using least square's analysis. There are
more accurate and sophisticated ways to find a solution for a transfer function that
would match the actual DSA output. Furthermore, the simulation does not
contain any non-linear blocks to model effects such as stiction. This also could
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explain why there is no steady state error and why the simulation is less stiff than
the actual response.

The simulated and actual effect of the notch filter is evaluated next. The
response of the system to step of 1.75 radians with the notch filter on is shown
below in Figure 51.

Simulated and Actual Response of &, with Notch Filter

35 ! T T T T T
: : : e2 cmd
— 8, actual
T O OO 0 TSSOSO OO SO OO UNUOS SOUSUOO RO UUOOOOS NOUPINUPRSOPUSUOOONS ST — 8y simulated | |

25

8, (radians)

05_ ........... .......... ............................................... il

0.8 1 1.2 1.4 16 1.8 2 22 24
Time (sec)

Figure 51: Response of 0, vs. time in response to step of magnitude 1.75 radians

As can be seen, with the notch filter on, the simulation predicts actual
results much better. Furthermore, the simulation predicts that the number of
oscillations will decrease and that the settling time will decrease as well.

Figure 51 yields somewhat mixed results when compared with the
simulation with the notch filter off. Figure 51 appears to show that the transfer
function derived is very accurate since the simulation matches the actual data.
However, Figure 50 shows that the simulation is less stiff than the actual motor.
The only difference between the two plots is the presence of the notch filter. One
possible reason why this occurs is that in lab, the notch filter served to slow down
the oscillations and make the system damp out quicker. This leaves fewer
opportunities for the non-linear behavior of the real system to show up. This is
why the simulation with the notch filter is closer to the actual data.
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0, (radians)

In addition to a simple step, the simulated response of the system to a sin
wave can be compared with laboratory results. A sin wave of magnitude 1 and of
frequency 60 rad/s is used. The actual and simulated response of the system with
and without the filter are shown below in Figure 52 and Figure 53, respectively.

Simulated and Actual €, Vs, Time for Sin Wave Excitation with Filter
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Figure 52: Simulated and actual 0, vs. time for sin wave excitation with notch filter
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0, (radians)

Simulated and Actual 6, Vs. Time for Sin Wave Excitation without Filter
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Figure 53: Simulated and actual 6, vs. time for sin wave excitation without notch filter

As can be seen, the results above agree with the results of the step
response. Without the filter, it appears that the simulation is a more flexible
model. This is evident from Figure 53 where it predicts that the structural mode
will be excited and the amplitude will be larger than the input amplitude.
However, it seems to over predict the actual system response. However, with the
filter on, the simulation lines us exactly with the actual laboratory results. Once
again, in situations where the non-linear behavior of the system is kept to a
minimum, the simulation seems to agree very well with the actual data. However,
it has a somewhat narrow range of accuracy as shown above where it may deviate
from actual results once the non-linear behavior becomes significant.
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VIII. Control Design Performance

The performance of the proportional, proportional-differential,
proportional-integral-differential controllers are evaluated in response to a step
input. Additionally, the performance of the notch filter based controller used to
provide position control of the load motor is analyzed. This analysis focuses on
the response’s overshoot, rise time, settling time, and average steady-state error.
In cases where the system does not attain the commanded position, the response’s
overshoot and rise time are of no meaning.

a. Open Loop Control

Due to the open loop nature of this, the performance is not applicable. All
performance related to this has been previously discussed.

b.  Proportional Position Control

The final design for a proportional controller used a proportional gain of
3.1. Figure 54 and Figure 55 show the response of the proportional position
controller with and without an applied disturbance torque, respectively. Table 7
summarizes the performance of the two systems.
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Figure 54 - Step response of proportional controller without disturbance torque (Run 4).
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Figure 55 - Proportional position controller step response with applied disturbance torque (Run 5).

Table 7 - Summary of proportional position control performance.

Ty PO Rise Time Settling Time Errorg
0 N-m 18.03% 1.12s 1.23s -0.057 rads
1 N-m N/A o N/A 0.531 rads

From the results shown in the above figures the robustness of the
proportional controller is observed to be almost non-existent. This is as expected
and is inherent in the nature of proportional control. Once the disturbance torque
has been applied in a steady manner, the system finds itself in a constant state of
error and is unable to correct itself. A similar effect occurs even in the absence of
the applied torque. This disturbance comes in the form of stiction in the drive
motor. As the position error is decreased the correction applied by the
proportional controller is reduced. Eventually, the system lacks enough
momentum and correction to overcome the motor’s stiction.

68

B




To improve upon these results, a differential or lead controller and an
integral or lag controller would need to be added. The differential controller
would reduce the amount of overshoot while the integral controller would serve
to eliminate the steady-state error introduced by stiction and an applied torque.
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C.

Proportional-Differential Position Control

The final proportional-differential position controller design utilized a
proportional gain of 12, a differential gain if 0.2 in conjunction with a pseudo-
derivative roll-off frequency of 100 rad/s. This controller was then analyzed for
performance using a one radian step command with and without a manually
applied disturbance torque of 1 N-m. Figure 56 and Figure 57 show the system’s
response to the test cases. Additionally, Table 8 summarizes the performance

results.
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Figure 56 - Proportional-differential controller response to step input without Ty (Run 3).
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Figure 57 - Proportional-differential position controller response to step command with Ty (Run 4).

Table 8 - Summary of proportional-differential position control performance.

TL PO Rise Time Settling Time Errorg
0 N-m 0.248% 1.09s 1.15s 0.012rads
1 N-m N/A o0 N/A 0.112rads

Although this system performs better than the simple proportional control
does, it is still lacking in actual disturbance rejection. The apparent disturbance
rejection is simply the effect of a larger proportional gain demanding more
correction in response to the applied torque load.

Despite this shortcoming the proportional-differential controller provides
the expected benefit of damping out the system’s tendency to overshoot. This
allows a greater proportional gain to be used which yields two results: a faster
response time and greater apparent disturbance rejection.
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In cases where a full PID controller would be infeasible due to
implementation restraints or cost, the P-D controller could be utilized if the some
estimate of the magnitude of disturbances could be made. This estimate would
allow the proportional gain to be increased to the point that it would provide an
adequate level of rejection to the expected disturbances. The consequence is still a
limited robustness. If disturbances occurred that were of greater magnitude than
those originally expected, rejection effectiveness would increase with the
magnitude of disturbance.
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d. Proportional-Integral-Differential Position Control

The design of a proportional-integral-differential (PID) controller was
expanded from the previous P-D controller design. Using the same proportional
and differential gains as in the previous section, and integral gain of 3 was
incorporated into the controller. Figure 58 shows the system’s response when
tested with a position step command on one radian. The addition of a 1 N-m
disturbance torque to the same step command is shown Figure 59. Results of both
tests are summarized in Table 9.
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Figure 58 - PID position controller response to step command without disturbance torque (Run 1).
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Figure 59 - PID position controller response to step input in the presence of constant Ty (Run 2).

Table 9 - Summary of PID position control performance.

TL PO Rise Time Settling Time Errorg
0 N-m 0.688% 2.17s 2.05s -0.00165 rads
1 N-m 4.1124% 2.08s 2.64s -0.00711 rads

At last true disturbance rejection is acquired. By inspecting the trend of
the system’s response to a disturbance, one can easily see the integral controller
coming into play. The results shown in Table 9 are slightly misleading. Due to the
manual nature of the applied torque disturbance, the applied load is not consistent.
This effect causes the oscillatory behavior witnessed in the first portion of the
system’s response. Additionally, the steady-state error for both systems is
calculated as an average error from the time the system reaches the commanded

position 2%, to when the run is halted.

This controller does an adequate job of responding to a step command and
rejecting disturbances. However, one drawback that arises due to the introduction
of the integral portion of the controller is the increase in oscillation and overshoot
during the transient response. Even though, if robust disturbance rejection is
desired then the integral component is a must.
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e.  Structural Mode Damping

Control of the load motor position from the drive motor via an aluminum
shaft is accomplished through the flexi-shaft controller. This controller is
evaluated in its step response both with and without the notch filter engaged.
Figure 60 and Figure 61 show the system’s response to the two test cases with the
performance results being summarized in Table 10.
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Figure 60 - Flexible shaft position controller step response using proportional-integral controller only;
notch filter disengaged.
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Figure 61 - Flexible shaft position controller with notch filter and PI control.

Table 10 - Summary of PID position control performance.

OI:,Z;EEI:) ¢ Rise Time Settling Time Stez;lii;s:ate

Notch Filter - Off 33.83% 1.124s 1.580s -0.0313 rads

Notch Filter - On 40.65% 1.128s 1.453s -0.0313 rads
Delta +20.16% 0.35% -8.74% 0.00%

The effect of the notch filter is clearly shown by examining the oscillation
of the two responses. In the case where the notch filter is disengaged, the system
oscillates at a significantly higher frequency for a longer duration. However, with
the filter response one can see a slower frequency of oscillation.

Although the filter only provides an 9% decrease in the system’s settling
time, this is actually a significant change when one considers the fact that the
controller is only a third order controller being applied to a sixth order system.
This results in a reduced number of system states requiring observation and would
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consequently provide a less costly and less complex implementation when
compared to a sixth order controller.

When the system is deliberately excited at the shaft’s natural modes, the
effect of the filter becomes much more apparent. Figure 62 shows the response of
the system with and without the notch filter when driven with a sine wave. The
sine wave used had an amplitude of one radian, and a frequency of 60 rad/s. The
frequency is approximately the first natural frequency of the aluminum shaft.

— Filter - OFF
Filter - ON

1.2 1.4 1.6 1.8 2 22 2.4 26 28
Elapsed Time (s)

Figure 62 - System response to forced excitation of structural modes with a 60rad/s sine wave.

Inspection of the two responses shows that the filter provides a response of
almost 2dB less than the unfiltered response. The major effect of this is that
instead of magnifying the signal as is done without the filter, the signal is in fact
attenuated when the filter is engaged.

Another dramatic indicator of the effect of this filter is visible when
recording the response to a pulse disturbance. This disturbance was generated by
manually moving the load motor and releasing in a rapid motion. Figure 63 shows
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the system’s response to this type of disturbance. Note that since the disturbance
is manually applied the magnitude of the disturbance and response may vary.
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Figure 63 - System response to manual shock disturbance.

By examining these responses the filter’s effect is obvious. In the case
shown, the system was given a greater disturbance with the filter on and still
returned to its steady-state in a shorter time and with fewer oscillations. In fact the
response without the filter oscillates twice as much as the response with the filter
on and takes almost twice as long to settle.

An additional benefit lies in the change of the oscillatory behavior of the
system. Since the system responds with a slower oscillation, the overall intensity
of the oscillation is reduced. This results in less likelihood of damage or excessive
wear being incurred to the physical system. Of key importance is the impact to
aluminum drive shaft. Failure of this component would render the system useless.
Since the shaft’s natural modes are not being excited the internal structure of the
shaft is being subjected to less stress.
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One shortcoming of this controller is that it is designed specifically for an
aluminum drive shaft of a given size. Large changes in length or diameter of the
shaft could shift the natural modes of the shaft out of the effect of the notch filter.
This is almost a certainty if the material the shaft is made of is changed. If the
shaft’s natural modes of vibration were shifted outside the effectiveness of the
notch filter, the system would suffer two effects. First, the additional oscillatory
response due to excitation of the shaft’s natural modes would return. Secondly,
the system would attenuate and lose responsiveness in the band where the notch
filter has effect.

Even with this potential shortfall, the notch filter is still an adequate
control scheme for this situation. If applied to a real-world case, it is highly likely
that the dimensions and composition of the drive shaft could be ensured and
regulated to enough of an extent that the previously described situation would not
occur. This would allow the notch filter design to be a simple, yet eloquent
solution.
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IX.

Conclusions

In general, this lab was a successful and rewarding experience. Although
most of the design was done online and in the laboratory, the results obtained
experimentally could be reproduced and predicted with simulation. The major
discrepancy between the lab results and the simulation was due to the lack of non-
linear blocks to model effects such as stiction. This yields a simulation model
that appears to be less stiff than the actual model.

The results and trends in the lab were repeatable and also agreed with the
simulation even through the simulation neglected non-linear behavior. The notch
filter implemented in part E functioned as designed and was able to increase the
damping of the system. However, its effect was relatively small. There are many
different ways in which the damping could be increased even more. One of these
methods would be to use full state feedback, thus allow the poles of the system to
be placed anywhere on the imaginary/real plane. The problem with this is that
this requires 6 states to be fed back, which requires sensors for the current through
the motor and estimators for the angular velocity. However, considering that the
6th order system could be approximated as a third order system, it may be
possible to use state feedback with the sensors that are already in place on the
model. This would not allow placement of all of the poles, but possibly it would
allow the complex poles which limit damping to be moved to more desirable
locations.
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Appendix

Appendix A: PowerPoint Slides
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Appendix B: MatLab Code

Section A and B

%Chri st opher Lum
99923916

%AA448 Ly

%varch 6, 2003

% ----- Lab 3: Design and Control of a Flexishaft

tic

cl ear
clc
close all

%Cal | matlab script given by Professor Ly to derive
state space nodel s of

% he drive motor, |oad notor, and coupled system
[|Gdrive, Gdoad, Gfshaft, FS] = fshaft;

clc

di sp(' Do you want to display the graphs for
det ermi ni ng paranmeters?')

disp(* 1 =yes')

disp(* 2 =no')

disp('"

disp('"'

graphsel ection = input('Enter selection: ');

YBECTI ON A. 5

% oad data. Loads variables tine, e_1, theta_1_rads,
and theta_2_rads

load run_1_A;

time_run_1 = tine;

theta_1_run_1 = theta_1_rads;

load run_2_A;

time_run_2 = tine

theta_1_run_2 = theta_l_rads;

load run_3_A;
time_run_3 = tine;
theta_1_run_3 = theta 1_rads;

% ind which sinulation ran the | ongest and had the
hi ghest peak.

mextine = max([max(tine_run_1) max(tine_run_2)
mex(time_run_3)]);

maxpeak = max([max(theta 1_run_1) max(theta_1_run_2)
mex(theta_1_run_3)]);

if graphsel ecti on==1
figure

plot(time_run_1,theta_1 run_1,tine_run_2,theta_1_run_2
,time_run_3, theta 1_run _3)

title(" Part A Actual \theta_1 vs. Tine for Open
Loop Control Systeni)

x| abel (* Time (sec)'

ylabel (‘\theta_1 (rads)')

legend(' Run 1','Run 2',' Run 3',4)

axi s([0 maxtime O maxpeak*1.1])

grid
el se
end

%Now t hat we have | ooked at the actual data, enter
paraneters for

%imulation to verify answer.

TL = 0; YNm
negative_dead_zone = -0.2;
posi tive_dead_zone = 0.2;
pul se_anplitude = 2.3;

%olts (used this in

| ab week 2)
pul se_tine = 0.177; %ec (used this is lab
week 2)

sprintf(' Dead zone for %®.2f < e_1 < 9%.2f

vol ts.\ nKPul se AerIltude (before anp) = 9. 2f

vol ts. \nPuI se Length =

seconds. ', negative_dead zone posi tive_dead_zone, pul se_
anplit ude, pul'se_time)

si m(' parta_open_| oop_control ")

simtine_A 6 = sinTheta.tine;

simtheta A 6 = siniTheta. si gnal s. val ues;
sime_1 cnd_A 6 = sine_1_cnd. signals. val ues;
sime_1_A 6 = sinme_1.signals.values;

if graphsel ecti on==1
figure

plot(time_run_1,theta_1_run_1,simtime_A 6,simtheta_A

title('Part A 6: \theta_ 1 vs. Time for Open Loop
Control System)

xIabeI('TirTe (sec)’

ylabel (*\theta_1 (radians)')

| egend("’ \theta 1 data','\theta_1
si mul ation' ,[' Pul se AerIltude (before anp) =
',nusttr(puIse anplitude),' Volts'],[' Pulsetlme:
', nun@str(pul se_tine)," sec'],4)

grid

figure
plot(simtinme_A 6,sime_1 cnd_A 6,'rx',simtinme_A6,si
me_1 A6

“title('Part A6: e 1_ _c_md and e_1 vs. Tine for
Open Loop.*

x| abel (" Time (sec)'

yl abel (' Vol tage before anp (volts)')

| egend(' Conmand Vol tage',' Armature
Voltage','',['Pul se Anplitude (before anp) =
‘', nun@str(pul se_anplitude),' Volts'],['Pulse time =
,nun@str(pul se_time),' sec'])

grid
el se
end

% ----- Part B: Position Control System Proportional
(P) Controller----

Position Control

YSECTION B. 2. a
di sp(' SECTION B. 2. a')

%0o0d tracking reponse with | ess that 20% overshoot
%esign for the sinulated version that achieves this

per f or mance.
%enter parameters

theta_cnd_initial = 0; % adi ans
theta_cnd_final = 1; % adi ans
TL = 0; YNm

Maxi mum PO = 20; Y%per cent

%M\ want to vary Kp to achieve | ess than the maxi num
per cent overshoot

Kp_start = 3.2;

Kp_end = 2.9;

Kp_interval = -0.01;

for Kp=Kp_start:Kp_interval:Kp_end
% un simulation
sim(' partb_position_control"')

%extract sinulated paraneters

simtine_B 2 = sinTheta.tine;

simtheta_B_2 = sinfrheta. signal s. val ues;
simtheta_cnd_B 2 = sinThetaCnd. si gnal s. val ues;

%Cal cul ate percent overshoot
[ max_peak, max_peak_i ndex] = max(simtheta_B 2);
peak_time = simtine_B 2(max_peak_i ndex);

Per cent Over shoot =
Cal cul at ePer cent Over shoot (theta_cnd_initial,theta_cnd_
final, max_peak);

i f Percent Over shoot <Maxi mum PO
br eak
el se
end
end

if graphsel ecti on==1
figure

simtheta B 2,simtine_B_2,simtheta

plot(simtine_B_2,
ak_time, max_peak,'ro')

_cnd_B_2, peal
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title('Part B.2a: Sinulated \theta_1 vs. time for

Proportional Feedback Only.")

x| abel (" Time (sec)')

ylabel (*\theta_1")

legend('\theta_1','\theta_c_md',[' Max Peak. PO
, nunstr (Percent Overshoot,4), ' %],' " ,['K p
,nun2str(Kp)], 4)

grid
el se
end

YNow | ets |oad the lab data
9RUN 1: Kp =
load run_1_B;
time_run_1 =t
theta_1_ru
e 1 run_1
error_run_

h eta_1_rads;
%ol tage before anp
eta_error_rads;

3 ~%

I—'II:

YRUN 2: K]
load run_2_
time_run_2 ;
theta_1 ru heta_1_rads;

“theta_error_rads;

Y%RUN 3: Kp = 3.0

load run_3_B;

time_run_3 = ting;
theta_1_run_3 = theta_1_rads;
e_1 run_3 = e_1;

error_run_3 = theta_error_rads

%UN 4: Kp = 3.1

load run_4_B;

time_run_4 = ting;
theta_1_run_4 = theta_1_rads;
e_1 run_4 = e_1;

error_run_4 = theta_error_rads;

%-ind the steady state error of the lab data with Kp =
3.1

steady_state_error_B 2 =
error_run_4(Tength(error_run_4));

disp(’ ')

di sp(' Actual Conditions')

disp(['Wth Kp = ', nun2str(Kp),' and TL =
‘,nun@str(TL),"', Maxinmum steady state error =
,nunstr(steady_state_error_B_ 2)])

disp(" ")

%un the simulation with the value of Kp used in Lab
Kp = ;

TL = 0;

sin(' partb_position_control"');

simtime_B 2 = sinfTheta.tine;

simtheta_B_2 = sinTheta.signals.val ues;
simtheta_cnmd_B 2 = sinThetaCnd. si gnal s. val ues;
sime_1 B 2 = sine_1.signals.val ues;
simtheta_error = sinThetaError.signals.val ues;

%-ind the sinmul ated steady state error with Kp = 3.1
simsteady_state_error_B 2 =
simtheta_error(Tength(simtheta_error));

if simsteady_state_error_B 2<0.00001
simsteady_state_error_B 2 = 0;

el se
end
disp(" ')
di sp(' Sinul ated Conditions')
disp(['Wth Kp ="', nun2str(Kp),' and TL =
‘,nun@str(TL),"', Maxinmum steady state error =
,nun2str(simsteady_state_error_B 2)])
disp(" ")
if graphsel ection==
figure

plot(simtine_B 2,simtheta_cnd_B 2,tine_run_2,theta_1
_run_2,simtime_B 2,simtheta_B 2)

title('Part B.2a: Actual and Sinulated \theta_1
vs. Tinme for Proportional Feedback Only')

x| abel (" Time (sec)')

ylabel (*\theta_1 (rads)')

legend('\theta_{cnd}'," Actual \theta_1','Sinulated

\theta_1',"',['Actual Error_s_s =
Y, nun2str (st eady_st ate_error_B 2),' rads'],['Sinulated
Error s_s = nuerstr(si m steady_state_error_B 2),"
rads] L =',nurﬁZstr(Kp)],['T_L
nusttr(TL) Nmi ], 4)
grid
figure

plot(tinme_run_2,e_1 run_2,simtine_B 2,sime_1_B 2)
title('Part B.2a: Actual and Sinulated e_1 vs.
Tinme for Proportional Feedback Only')
x| abel (" Time (sec)')
ylabel (‘e_1 (volts)')
Iegend('Data’,'SimJIation [T L =
,nun2str(TL)],['Kp ="' nuerstr( p)])

grid
el se
end

YSECTION B. 2.d

disp(" ')

di sp(' SECTION B. 2.d")
disp(' '

%Jsi ng the Kp gain found above, apply a disturbance
torque and find steady state error

%\é actually applied a torque in the negative
direction since the torque we

%pplied resisted the initial notion.

Kp = Kp;

TL = -1; 9Nm

sin(' partb_position_control"')

simtime_B 2 = sinfTheta.tine;

simtheta_B_2 = sinTheta.signals.val ues;
simtheta_cnmd_B_2 = sinThet aCnd. si gnal s. val ues;
simtheta_error_B 2 = sinfThetaError.signals.val ues;
sime_1 B 2 = sinme_1.signals.val ues;

%Cal cul ate the sinmulated steady state error
simsteady_state_ error B2 =
simtheta_error_B 2(length(simtheta_error_B 2));

disp(" ')

di sp(' Sinul ated Conditions')

disp(['Wth Kp ="', nun2str(Kp),' and TL =

‘,nun@str(TL),"', Maxinmm steady state error =
,nun2str(simsteady_state_error_B 2)])

disp(" ')

%.o0ad the | ab data

load run_5_B;

tinme_run_5 = tineg;
t

i me;
theta_1 run_5 = theta_1_rads;
e 1run5 = e_1;
error_run_5 = theta_error_rads;

%Cal cul ate the steady state error
steady_state_error_B 2 =
error_run_5(Tength(error_run_5));

disp(’

di sp(' Actual Conditions')

disp(['Wth Kp ="', nun2str(Kp),' and TL =

‘,nun@str(TL),"', Maxinmm steady state error =
,nunstr(steady_state_error_B_2)])

disp(' '

if graphsel ection==
figure

plot(simtine_B 2,simtheta_cnd_B 2,tinme_run_5,theta_1
_run_5,simtinme_B 2,simtheta_B_2)

tltle( Part B.2d: Actual S nul ated \theta_1 vs.
Tinme for Proportional Feedback Only with T_L')

x| abel (" Time (sec)')

ylabel (*\theta_1")

legend('\theta_{cnd}'," Actual \theta_1','Sinulated
\theta_1',['Actual Error_s_s =
', nun2str(steady_state_error_B 2),"' rads'],["'Sinmulated
Error_s_s = ',nun@str(simsteady_state_error_B 2),"'
rads'],['K.p = ', nun2str(Kp)],[' T_L =", nun2str(TL),

figure

plot(time_run_5,e_1 run_5,simtine_B 2,
title(" Part B.2d: Actual and Si mul

Tine for Proportional Feedback Only wit
x| abel (' Tirre (sec)'

ylabel (' e_ (volts) )
| egend("' Dat a' Sl rrulatlon LITT.L =
,nun2str(TL)], [' = nuerstr( Kp)1)
grid
el se
end
Y%SECTI ON B. 5

di sp(* SECTI ON B.5')

oEXper i rrentally find the Kp that causes 0.1 radians
with TL = -1.

ORUN 7: Kp = 16

load run_7_B;

time_run_7 = ting;

theta_1 run_7 = theta_1_rads;
e lrun_7 = e_1;

error_run_7 = theta_error_rads;

%un sinulation to verify this
TL = -1;

Kp = 16;

sin(' partb_position_control"')
simtime_B 5 = sinfTheta.tine;
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simtheta_B_5 = sinTheta.signals.val ues;
simtheta_cnmd_B_ 5 = sinThet aCnd. si gnal s. val ues;
simtheta_error_B 5 = sinfThetaError.signals.val ues;
sime_1 B 5 = sinme_1.signals.val ues;

%Cal cul ate the sinmulated steady state error
simsteady_state_ error B 5 =

simtheta_error_B 5(l ength(simtheta_error_B 5));
disp(" ')

di sp(' Sinul ated Conditions')

disp(['Wth Kp ="', nun2str(Kp),' and TL =

‘,nun@str(TL),"', Maxinmum steady state error =
,nun2str(simsteady_state_error_B 5)])

disp(' ")

%Cal cul ate the steady state error
steady_state_error_B 5 =
error_run_7(Tength(error_run_7));

disp(’

di sp(' Actual Conditions')

disp(['Wth Kp ="', nun2str(Kp),' and TL =

‘,nun@str(TL),"', Maxinmm steady state error =
,nunstr(steady_state_error_B_5)])

disp(' '

if graphsel ection==

plot(simtine_B 5,simtheta_cnd_B 5,tine_run_7,theta_1
_run_7,simtime_B 5,simtheta_B 5)

title('Part B.5: Actual Sinulated \theta_ 1 vs.
Tinme for Proportional Feedback Only with T_L')

x| abel (" Time (sec)')

ylabel (*\theta_1")

legend('\theta_{cnd}'," Actual \theta_1','Sinulated

\theta_1',"',['Actual Error_s_s =
, nunstr (st eady_st ate_error_B 5),' rads'],['Sinulated
Error s_s = ,nun2str(simsteady_state_error_B 5),"'
rads] L[ K p=',nurr25tr(Kp)],['T_L
nusttr(TL) Nmi])
grid
figure
plot(tinme_run_7,e_1 run_7,simtine_B 5 sime_1 B 5)
title(' Part B.5: Act ual and S nul at ed e 1 vs.
Tinme for Proportional Feedback Only with T_L")

x| abel (" Time (sec)')
yl abel ('e_l (volts)')

| egend("’ Data','SimJIation [T L =
nusttr(TL)] ["Kp = nuerstr( p)])
grid
el se
end

%ind transfer function b/wtheta_1 and TL.
[a B 5,b_B 5,¢_B 5,d B 5]=linnod(" partb_position_contr
ol '

%\é want between inpu ) and output 1 (theta_1)
b_second_input_B 5 = s

c_first_output_B5 =
d_good_B 5 = d_B_5(1,

[num B 5, den_B_5] =
ss2tf(a_B_5,b_second_input _B 5,c_first_output_B_5,d_go
od_B 5);

sprintf (' Transfer Function (theta_1/TL) without
Modi fication')

% ransfer function w thout nodification

G B 5 bad = tf(numB_5,den_B_5)

%al cul ate the poles and zeros of this transfer
function

zeros_B 5_bad
pol es_B_5_bad

= roots(num B_5)

= roots(den_B_5)

%.ets nodify the transfer function slightly.
tolerance_B 5 = 0.001;

[cl ean_num B_5, cl ean_den_B_5] =

Cl eanUpTr ansf er Functi on(num B_5, den_B_5, t ol erance_B_5)

sprintf (' Removing any pol es/ zeros snaller than
%.. 6f.\n\nhodi fied Transfer Function
(theta_1/TL)',tol erance_B_5)

G B 5_good = tf(clean_numB_5, cl ean_den_B_5)

9%Cal cul ate the step response

[step_response_B 5,tine_B 5] = step(G_B_5_good);

%<eep in mind that this is the response to a unit
step, if we desire to

%pply a torque of TL = 1 Nm then we need to nmultiply
the output by 1.

step_response_B_5 = step_response_B_5*TL;

%Cal cul ate the poles and zeros of this transfer
function
zeros_B_5_good =

pol es_B_5_good

root s(cl ean_num B_5)
root s(cl ean_den_B_5)

% ow conpare with sinmulation

TL = -1;

Kp = 16;

theta_cnd_initial = 0;
theta_cnd_final = 0;

sin(' partb_position_control"')

simtime_B 5 = sinfTheta.tine;
simtheta_B_ 5 = sinTheta.signals.val ues;
sim T TL_B 5 = sinilL. si gnal s. val ues;

%ind the final value
final _value_B 5 =
simtheta_B 5(length(simtheta_B 5));

if graphsel ection==1
figure

plot(tinme_B 5, step_response_B 5,simtine_B 5, simtheta
5

T title('Part B5: Step Response of Systemto T_L')

x| abel (" Time (sec)')
ylabel (*\theta_1 (radians)"')

| egend(' Cal cul ated Step Reponse','Sinul ated

Response' ,['Kp =',nun2str(Kp)],['T_L

=", nun@str(TL)],[' Final Value =
,nun2str(final _value_B 5),'rads'], 4)
grid
el se
end
%SECTI ON B. 6

di sp(* SECTI ON B. 6')

disp('Vary Kp to see how steady state error varies

with a constant TL')

% want to nodify the gain Kp and see how this

changes the

Y%t eady state error.

toc

start_Kp = 1;

end_Kp = 20;

Kp_interval = 0.5;

Kp_array = [start_Kp: Kp_interval : end_Kp];

TL = -1;
theta_cnd_initial

=0;
theta_cnd_final = 1;

Ustart a |loop that varies Kp and records error.

for counter=1:1ength(Kp_array)
Kp = Kp_array(counter);

sin{' partb_position_control")

simtime_B 6 = sinfTheta.tine;

simtheta_B_6 = sinTheta.signals.val ues;

sim T TL_B 6 = siniL. signal s. val ues;
simtheta_error_B 6 =
si niThet aError. si gnal s. val ues;

steady_state_ error B 6 =

simtheta_error_B 6(length(simtheta_error_

data_array_B 6(counter, 1)
data_array_B 6(counter, 2)
steady_state_error_B_6;
end
toc

Kp;

% ind where the the error drops below 0.1 rad.

tolerance_B 6 = 0.1; % adi ans

steady_state_error_B 6 = abs(data_array_B 6(:,2

for counter=1:1engt h(steady state_error_B_6)

if steady_state_error_B_6(counter)<tol erance_B 6

br eak
el se
end
end
Kp_critical = data_array_B 6(counter, 1);

steady_state_error_B 6_critical =

data_array_B 6(counter, 2);
if graphsel ection=
figure

plot(data_array_B 6(:,1),data_array_B 6(:,
al ,steady_state_error_B 6_critical, ")

title('Part B6: Steady State Error vs.

constant T_L')
x| abel (" K_p')

yl abel (' Steady State Error (radians)')

I egend(' Steady State Error',['Critical
Error =
,nunﬂstr(steady state error B 6_ Critical

T L ="',nun@str(TL),' Nmi],["Kp
= nuerstr(Kp Crltlcal)] 4)
grid

2),Kp_critic

Kpwith a

c_a_l
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el se
end

usi nul ate the response with the critical values
Kp Kp critical;

theta Cn’d initial = 0;
theta_cnd_final = 1;

sin{' partb_position_control")

simtime_B 6 = sinfTheta.tine;

simtheta_B 6 = sinfTheta.signals.val ues;
simTL_B 6 = siniL.signals.val ues;
simtheta_error_B 6 = sinfThetaError.signals.val ues;

%-ind the overshoot with this Kp val ue
[Peak_B_6,PO B 6_i ndex] = max(simtheta_B 6);
PO tinme_B 6 = simtinme_B_6(PO B_6_index);
PO B 6 = (Peak B 6 -
theta_cnd_final)/(theta_cnd_final-
theta_cnd_initial)*100;

if graphsel ection=
figure

plot(simtine_B 6,simtheta B 6, PO tine_B 6, Peak_B_6,"

ro')
title('Part B6: Sinulated \theta_1 vs. Tine
Response to Constant Torque Only')
x| abel (" Time (sec)')
yl abel (' \theta_1 (radians)')
legend('\theta_1', [' Max Peak. PO =

nuerstr(POBG) o], ,['T_L ="', nun2str(TL),
Nm],[ Kp = nusttr(Kp)] 0)
grid
el se
end

sprintf("Wth TL = 9%2.2f Nm to obtain steady state
error less than %.2f follow ng paranmeters are
needed: \n\nKp = 9. 2f (yields PO = 9. 2f
percent)', TL,tol erance_B_6, Kp_critical, PO B_6)

%Now see what happens if we try to reject a 2Nm
torque. This requires a Kp
% 32.2. What happens if we use this gain with no

torque
Kp = 32.2;
TL = 0;

theta_cnd_initial 0;

theta_cnd_final = 1;
sin(' partb_position_control"')

simtime_B 6_2 = sinTheta.tine;
simtheta B_6_2 = sinTheta. si gnal s. val ues;
simTL_B_6_2 = sinfL.signals. val ues;
simtheta_error _B_6_2 = sinhetaError.signals.val ues;
sime 1 _B 6_2 = sine_1.signals.val ues;
simtheta_cnmd_B_6_2 = sinThetaCnd. si gnal s. val ues;
if graphsel ection==1

figure

plot(simtine_B 6_2,simtheta_cnd_B 6_2,simtine_B 6_2

,simtheta_B 6_2)

title('Part B6: Sinulated \theta_1 vs. Tine
Response with High Gain')

x| abel (" Time (sec)’

ylabel (*\theta_1 (radians)")
legend('\theta {ref}',"\theta 1',"' ['T_L =

,nun2str(TL)," Nmi],['K p = nuerstr(Kp)])
grid

el se

end

%SECTI ON B. 8

di sp(* SECTI ON B. 8')

%\ want to see if the armature voltage exceeds 10
volts during the
%i mul ati on.

%n part B.2, we found by sinulation that the gain of
Kp = 3.1is the

Y%ecessary gain to create | ess than 20% over shoot

TL = O;

Kp = 3.1;
theta_cnd_initial = 0;
theta_cnd_final = 1;

sin{' partb_position_control")

simtime_B 8 = sinfTheta.tine;

simtheta_B_8 = sinTheta.signals.val ues;

sim T TL_B 8 = siniL. signal s. val ues;
simtheta_error_B 8 = sinfThetaError.signals.val ues;
sime_1 B 8 = sinme_1.signals.val ues;

%-ind the maxi mnum vol t age

disp(*

disp(['Wth B.2 paraneters, nmaximume_1 =
,nun2str(max_e_1_B 8)])

disp(" ")

if graphsel ection==
figure

plot(simtine_B 8,sime_1 B 8 nmax_e_1 tinme_B 8, nax_e_1

_B8,'ro

title('Part B8: Sinulated e_1 vs. Tine f

Position Control. Usi

x| abel (' Time (sec)’

yl abel (' e 1 (vol ts
legend('e_1(t)",["
, nun2str (max_ e_ 1 _)
,nun2str(TL), 1.0
grid
el se
end

%n part B.6, we found
need a gain of Kp = 16
Y%was needed to obtain
TL = -1;

Kp = 16;
theta_cnd_initial = 0;
theta_cnd_final = 1;

di sp(

sin(' partb_position_co
disp(" ')

simtime_B 8 = sinfhet

ng B.2 Paraneters')

)
)')
Max Peak =
vol ts 1.' [ =
Kp = nuerstr(Kp)])

that with the TL = -1

less that 0.1 rads

ntrol ')

a.tine;

simtheta_B_8 = sinTheta.signals.val ues;

simTL_B 8 = sinfL.sig
simtheta_error_B 8 =
sime_1 B8 =sinme_1.s

%ind the maxi num vol t

max_e_1 ti rre_B_S = simtine_B 8(max e 1

nal s. val ues;

or

Nm we

si niThet aError. si gnal s. val ues;

i gnal s. val ues;

age.

disp(['Wth B.6 pa anmeters, maxinmume_1 =
' )

disp(' ')
,nun2str(max_e_1_B 8)]
disp(' ")
if graphsel ection==1
figure

plot(simtine_B 8,sime_1 B 8 nmax_e_1 tinme_B 8, nax_e_1

_B8,'ro

title('Part B8: Sinulated e_1 vs. Tine f

Position Control. Usi

x| abel (" Time (sec)’

yl abel (' e 1 (vol ts

legend('e_1(t)',["
, nun2str (max_ e_ 1 _)
,nun2str(TL), 1.0
grid
el se
end

%hAs can be seen, the voltage exceeds 10 volts (al so

shown in section B5).

ng B.6 Paraneters')
)
)')
Max Peak =
volts ] L
= nuerstr(Kp)])

or

%heref ore we need to explore the use of both a

saturation block and a

% ow-pass filter. First we can use the saturation

bl ock.

disp(" ')

di sp(' Expl ore the use
disp(' '

sin(" partb position_co

of the saturation block."

ntrol _with_saturation')

simtime_B 8sat = sinTheta.ting;
simtheta_B_8sat = sinirheta.signals.val ues;

simTL_B 8sat = siniL.
simtheta_error_B 8sat
sime_1_B 8sat = sine

signal s. val ues;

)

= sinThetaError.signals.val ues;

1.signal s. val ues;

simtheta_cnd_B_8sat = sinThetaOnmd. si gnal s. val ues;

%ind the maxi num vol t

[mex_e_1_B 8sat, max_e_

max(sime_1_B 8sat);

max_e_ 1t ime_B 8sat =

simtine_B 8sat(max_e_

disp(' ')

disp(['Wth

maxi mume_1 , nun@st

disp(" ')

if graphsel ection==1
figure

age
1_B 8 index] =

r(max_e_1_B 8sat)])

B.6 paraneters using a saturation bl ock,

plot(simtine_B 8sat,simtheta_cnd_B 8sat,simtine_B 8

sat,simtheta_B 8sat)
title('Part B8b:

Sinulated \theta_1 vs.

using Saturation Block")

Ti me
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x| abel (" Time (sec)')

ylabel (*\theta_1 (radians)")

| egend(" \theta_{crrd}','\theta [T L =
,nun2str(TL)," Nmi],['K p = nunﬂstr(Kp)])

grid

figure

plot(simtine_B_: SSat sime_1_B 8sat,nmax_e_1_tine_B 8sa
t,max_e_1_B 8sat,

titTe( Part BSa Sinulated e_1 vs. Tine for
Position Control. Using B.6 Paraneters with
Saturation Block')

x| abel (" Time (sec)')

yl abel (' e 1 (vol ts)' )

legend('e_1(t)"',[" Max Peak =

, nun2str ( max_ e_ 1 B_SSat) volts 1, ['T_L =
,nun2str(TL), 1.0 = nunﬂstr(Kp)])
grid
el se
end

%\ow see what happens if we use the |owpass filter
disp(' ")
dlsp( Expl ore the use of the low pass filter block.")

rr(_ partb position_control _with_filter")
m

time_B 8filter = sinfTheta.tine;

simtheta_B 8filter = sinfTheta.signals.val ues;
simTL_B 8filter = sinilL.signals.val ues;
simtheta_error_B 8filter =

si nThet aError. si gnal s. val ues;

sime_1_B 8filter = sinme_1.signals.values;
simtheta_cnmd_B 8filter = sinmThetaCnd. si gnal s. val ues;
simtheta_ref_B 8filter = sinThetaRef.signals.values;

%-ind the maxi mnum vol t age

[mex_e_1 B 8filter,max_e_1_B 8_index] =
max(sime_1_B 8fi Iter)
max_e_ 1_ti rre_B gfilter =
simtime_B 8filter(max_e_1_B 8_index);
disp(' ')
disp([' Wth B. 6 pararreters using a |lowpass filter
with a ="', nunstr(a),', nmaximme_1 =

, nun2st r(rrax_e_l_ _8f| Iter)])
disp(' '
if graphsel ection==

figure

plot(simtine_B 8filter,simtheta_cnd_B 8filter,simti
nme_B 8filter,simtheta_ref_B 8filter,simtine_B 8filte
r,S|mtheta BSflIter)

title('Part B8b: Sinulated \theta_1 vs. Tine
using Prefilter')

x| abel (" Time (sec)')

ylabel (*\theta_1 (radians)")

Iegend( \theta_{cn’d} \theta{ref} ‘\theta 1',"",['T
L = nunﬂstr(TL) Nm] ["Kp =
nunﬂstr(Kp)] [ \orrega_{break} ="', nun@str(a),
rad/ s’
grid
figure

plot(simtine_B 8filter,sime_1 B 8filter,nax_e_1_tine
_B8filter,max_e_1_B 8filter,'ro")

title('Part B8b: Sinulated e_1 vs. Tine for
Position Control. Using B.6 Paraneters with Low Pass
Filter")

x| abel (" Time (sec)')

ylabel (‘e_1 (vol ts)' )

legend('e_1(t)"',[" Max Peak =

nunﬂstr(max_elBSflIter) volts'],"",['T_L =
,nun2str(TL)," Nm][
,nun2str(Kp)],['\onmega_. {break} ', nungstr(a),
rad/s'])
grid
el se
end

toc
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Section C

Part C. P/D Control-----------

cl ear
clc
close all

[|Gdrive, Gdoad, Gfshaft, FS] = fshaft;
clc

di sp(' Do you want to display the graphs for
det ermi ni ng paranmeters?')

disp(' 1 =yes')

disp(* 2 =no")

disp('")

disp('"'

graphsel ection = input('Enter selection: ');

YSECTION C. 1
%.oad the |ab data

load run_3_C

%Ent er parameters
TL = 0;
theta_cnd_initial =
theta_cnd_final = 1;
a = 100;

0;

Kp =1
Kd = .

sim(' partc_position_control _PD)

simtine_C 1 = sinfTheta.tine;
simtheta_C 1 = sinfheta. S|gnals val ues;
simtheta_cmd_C 1 = siniThet aOnd. si gnal s. val ues;

if graphsel ecti on==1
figure

plot(simtime_C1,simtheta cnd_C 1,tine, theta_1_rads,
simtine_C 1, Simtheta C 1
Ttitle(T TActual and Si mul at ed \theta_1 vs. Tinme for
PD Control Systeni)
x| abel (* Time (sec)'
ylabel('\theta_l (radians)')
legend('\theta_{1 cnd}','\theta_1
1
r

actual ', '\thetalsmulated'
["KP= nusttr(Kp) ,['K D=
,nun@str(Kd)], a-' nungstr(a)," rad/s'],
["T L = nusttr(TL) " Nm],4)
axis([0.75 1.75 0 1. 2]
grid
el se
end

di sp(' Section C.3.c')
% oad actual run
load run_4_C

TL = -1,
theta_cnd_initia

I =0;
theta_cnd_final = 1;

a = 100;
Kp = 12;
Kd = .2;

sim(' partc_position_control _PD)

simtine_C 3 = sinfTheta.tine;

simtheta_C 3 = sinfheta.signals.val ues;
simtheta_cnmd_C 3 = siniThet aOnd. si gnal s. val ues;
simerror_C 3 = sinThetaError. signal s. val ues;
sime_1_C 3 = sinme_1.signals.val ues;

simerror = simerror_C 3(length(simerror_C 3));

disp(['Wth constant torque = ', nun@str(TL),' Nm
Steady state error ="'
nusttr(S|merror) radi ans'])

%ind the steady state error

if graphsel ecti on==1
figure

plot(simtinme_C 3,simtheta_cnd_C 3,tine,theta_1_rads,

simtine_C 3,simtheta_C 3)
title(' Actual and Sinul at ed \theta_1 vs. Tinme for
PD Control with Constant Torque')
x| abel (* Time (sec)'
ylabel('\theta_l (radians)')
legend('\theta {1 cnd}',"\theta_1
1
r

actual',"'\theta_ 1 sl rmlated',
["KP= nusttr(Kp) ,['K D=
',nusttr(K)],[ = nungstr(a)," rad/s']
["T_L = nusttr(TL) " Nm],4)
grid
figure

plot(time,e_1,simtime_C3,sime_1_C 3)

Cont

el se
end

title(' Actual and Sinulated e_1 vs.
rol with Constant Torque')

x| abel (" Time (sec)')
ylabel (‘e_1 (volts)')
,'e_1 Sinulated')

legend('e_1 Actual’
grid
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Section D

Part D PID Control-----------

cl ear
clc
close all

[|Gdrive, Gdoad, Gfshaft, FS] = fshaft;
clc

di sp(' Do you want to display the graphs for
det ermi ni ng paranmeters?')

disp(' 1 =yes')

disp(* 2 =no")

disp('")

disp('"'

graphsel ection = input('Enter selection: ');

YSECTION D. 1
%.o0ad the |ab data for step with no torque

load run_3_D

%Ent er parameters
TL = 0;
theta_cnd_initia

I =0;
theta_cnd_final = 1;

a = 100;
Kp = 12;
Kd = .2;
Ki = 3;

sim(' partd_position_control _PID,[0 20])

simtine_D la = sinTheta.tine;
simtheta_D_la = sinfheta.signals.val ues;
simtheta_cnd_D la = sinThet aCnd. si gnal s. val ues;

if graphsel ecti on==1
figure

plot(simtine_D la,simtheta_cnd_D la,tine, theta_1_rad
S, ...
simtine_D la,simtheta_D 1la)

title('Actual and Sinulated \theta_1 vs. Tine for
PID Control "’

x| abel (* Time (sec)'

yl abel (' \theta_1 (radi ans)'

legend('\theta {1 cnd}',"\theta_1

actual',"'\theta_ 1 sl rmlated' v
["KP= nusttr(Kp)] [ KD-
,nun@str(Kd)], .
["KI = ,nusttr(Ki)],['a:',nusttr(a),'
rad/s'],
['T =',nunstr(TL)," Nm],4)
axis([0.9 1.5 0 1.2])
grid
el se
end

%onstant torque
load run_1_D

TL = -1,
theta_cnd_initia

I =0;
theta_cnd_final = 1;

a = 100;
Kp = 12;
Kd = .2;
Ki = 3;

sim(' partd_position_control _PID,[0 20])

simtine_D 1 = sinTheta.tine;
simtheta_D 1 = sinfTheta. signal s. val ues;
simtheta_cnd_D 1 = sinThetaCnd. si gnal s. val ues;

if graphsel ecti on==1
figure

plot(simtinme_D 1,simtheta_cnd_D 1,tine,theta_1_rads,

simtine_D 1,simtheta_D 1)
title(' Actual and Si mul at ed \theta_1 vs. Tine for
PID Control with Constant T_L')
x| abel (* Time (sec)'
yl abel (' \theta_1 (radi ans)
legend('\theta {1 cnud}’, '\theta 1

actual',"'\theta_ 1 si nul at ed’
["KP= nusttr(Kp)] [ KD—
‘,nun@str(Kd)], ..
["KI = ,nusttr(Ki)],['a:',nusttr(a),'
rad/s'],
['T ‘,nun@str(TL),' Nni],4)
axis([0 5 01.2])
grid
el se
end

YMNow sinul ate when the flexishaft is connected
TL = 0;
theta_cnd_initial

= 0;
theta_cnd_final = 1;

a = 100;
Kp = 12;
Kd = .2;
Ki = 3;

sim(' partd_position_control _PID gfshaft")

simtime = sinThetal.ting;

simtheta_1 = sinThetal. signal s.val ues;
simtheta_2 = sinTheta2. signal s. val ues;
simtheta_cnmd = sinThetaCnd. si gnal s. val ues;
sime_1 = sinme_1.signals.val ues;

if graphsel ection=
figure

plot(simtine,simtheta_cnd,simtinme,simtheta_1,simt
Ine, simtheta_2)

title('Sinmulated \theta_1 and \theta_2 vs. Tine
for Connected System Using \theta_1 for Feedback')

x| abel (" Time (sec)')

yl abel ('\theta (radians)"')

| egend( \t het a_{ 1
cmd}',"\theta_1','\theta_2'

[ K_P— nuantr(Kp)] ['K_D=
,nuerstr(Kd)],.
["KI = ',nuantr(Ki)],['a ="', nun@str(a),
rad/s'],
[ T ="' ,nun2str(TL)," Nm], 4)
axis([0.75 2 0 1.5])
grid
figure

plot(simtine,simtheta_cnd,simtinme_D la,simtheta D _
la,simtine, S|mtheta 1)
title(' Si mul'at ed Vtheta_1 vs. Tine with and
wi t hout Coupling')
x| abel (' Time (sec)')
ylabel('\theta_l (radians)')
Iegend( \theta_{cnd}' \theta 1 no
coupling', \theta 1 Coupllng

["KP= nuantr(Kp)] [ KD—
', nun2st r(K)],.
["KI = ',nuerstr(Kl)] ["a =", nun@str(a),
rad/s'],
[T ="', nun2str(TL)," Nnm], 4)
axis([. 2 0 1.25])
grid
el se
end
TL = 0;

theta_cnd_initial
theta_cnd_final =
a = 100;

Kp = 12;
Kd = .2;
Ki = 3;

sin(' partd_position_control _PID gfshaft2')

simtime = sinThetal.ting;

simtheta_1 = sinThetal. signal s.val ues;
simtheta_2 = sinTheta2. signal s. val ues;
simtheta_cnmd = sinThetaCnd. si gnal s. val ues;
sime_1 = sinme_1.signals.val ues;

if graphsel ection==
figure

plot(simtine,simtheta_cnd,simtinme,simtheta_1,simt
Ine, simtheta_2)

title("Sinulated \theta_1 and \theta_2 Using
\theta_2 for Feedback')

x| abel (' Time (sec)')

ylabel (*\theta (radi ans' )

Iegend( \theta_{cn’d} ‘\theta_ 1 ,"\theta_2',

["KP= nuantr(Kp)] ["K D=

[" K. ,nuantr(Ki)],['a:',nuerstr(a),
rad/s'], ...
["'T_L ="', nun@str(TL)," Nm])
axis([0.9 1.5 -13 13])
grid
el se
end
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Least Squares DSA Fitting

%Chri st opher Lum

99923916

%AA448 Ly

o%varch 15, 2003

%

%M\ need to try and match up the DSA response with a
transfer function.

%rhis involves identifying the |ocation of the poles
of the system

%l ready have a nodel of the system fshaft.

cl ear

clc

close all

% oad the DSA data provided by professor Ly.
load Alflexishaft

%Extract the frequencies that the DSA used to generate

its plots
DSA frequencies_Hz = 02i 1x;
DSA frequencies = DSA_frequenci es_Hz*2*pi ; % ad/ s

%Extract the data fromthe DSA (in the formof a
conpl ex number)
DSA _conpl ex_nunber = 02i 1;

9%Cal cul ate the phase of each conpl ex nunber

DSA phase_rads = unw ap(angl e(- DSA_conpl ex_nunber));
% ads

DSA phase_deg = DSA phase_rads*(180/pi);

%legr ees

% need to account for the fact that the constant
gain fact of c. This

%erves to decrease the magnitude by c, but not affect
the phase. Therefore, we

Y%can wite

¢ = 0.016098e3;

% ad/ sec/ V

%Cal cul ate the magnitude of the conplex number from
the DSA

DSA_magni t ude_unnodi fi ed = abs(DSA_conpl ex_ _nunber);
DSA_magni t ude = DSA_nmgni t ude_unnodi fi ed*c
DSA_magni t ude_dB = 20* 0g10( DSA_ magmtude) %B

%G ven the magnitude and the phase, calculate the real
and i magi nary parts.

DSA real = DSA _magni t ude. *cos(DSA _phase_rads);

DSA i maeg = DSA_magni t ude. *si n( DSA_phase_r ads) ;

% want to make sure that the real and inmginary
parts do indeed create

% he correct bode plot.

magni tude = ((DSA real . ~2) +(DSA_i mag. ~2))."0. 5;
magni tude_dB = 20*| og10( negni t ude) ;

phase = atan(DSA imag./DSA real);
phase_deg = phase*(180/pi);

9%l ot the data to make sure that we obtain the correct
DSA bode pl ot

figure

subpl ot (211);

sem | ogx( DSA _frequenci es, DSA_magni t ude_dB, DSA_frequenc
ies, magni tude_dB, ' rx")

x| abel (*\ omega (rad/sec) )

yl abel ( Magni tude (dB)"

title(" Aluminium Fl exi shaft G(s)

(d\theta 2/dt)/e 1);

I egend(' Using '"abs'' and '"angle'' function','Using
Re.al:1 and | magi nary Parts', 3)

gri

subpl ot (212);

sem | ogx(DSA _frequenci es, DSA _phase_deg)
x| abel (*\omega (rad/sec)’

yl agel (' Phase (deg)');

gri

%onpare with professor Ly's code
f1 exi shaf t Bode

%\ see that we have successfully extracted the real
and i magi nary parts of

% he conpl ex nunber that creates this bode plot. W
would like to only

%nal yze the frequencies which give good results.
From i nspection of the

%raph, we see that the highest frequency which still
yiel ds good results

% s about 200 rad/s

w_cutof f = 200; % ad/ s

for counter=1:1engt h(DSA frequenci es)
if DSA frequencies(counter) > w_cutoff
br eak
el se

end
end

w = DSA frequencies(1l:counter);

real _parts = DSA real (1:counter);
imag_parts = DSA i mag(1l:counter);
phase_short = DSA phase_deg(1: counter);

DSA _conpl ex_nunbers = real _parts + inmmag_parts*j;
dB = 20*1 0og10((real _parts.”2 + inmag_parts.”2)."0.5);

%l ot the appended bode pl ot

figure

subpl ot (211)

sem | ogx(w dB)

x| abel (" \ omega (rad/ sec) )

yl abel ( Magni tude (dB)');

title(" Alumi nium Fl exi shaft: GQs) =
(d\theta_2/dt)/e_1")

| egend(' Magni tude (dB)','',['\onega_{cutoff} =
‘,nun@str(w cutoff),' rad/s'],3)

axi s([1 1000 -60 40])

grid

subpl ot (212)

sem | ogx(w, phase_short)

x| abel (" \onega (rad/sec)"')
yl abel (' Phase (deg)')

axi s([1 1000 -400 0])

grid

%Cal | matlab script given by Professor Ly to derive
state space nodel s of

% he drive notor, |oad notor, and coupled system
[&drive, @oad, Gshaft, FS] = fshaft;

clc

%\ would like to obtain the state space nodel of the
entire system This
% s the Gshaft nodel

A = Gshaft. a;
B = (fshaft.b;
C = Fshaft.c;
D = (fshaft.d;

%N can obtain the transfer function between theta_2
and e_1. This is

et ween the first input and the second output.
[dirty_numdirty_den] = ss2tf(A B(:,1),C(2,:),D(1,1));

%! ean up the nunerator

tol erance = 0.0001;

[num den] =

Cl eanUpTransfer Function(dirty_numdirty_den,tol erance)

disp(*

di sp(' Transfer Function from Gshaft')
G = tf(num den)

disp(' '

%l ot the poles and zeros

figure

pzmap( G

title('Pole Zero Map of G(s) = \theta_2/e_1 from
Gshaft')

e would like to find the roots of the transfer
function
all _roots = roots(den);

%N\ know that one of the roots is a pole at the origin
since theta_2 is
%bt ai ned by integrating dtheta_2/dt. W want to set
this pole to zero to
Y%orrect for nunerical roundoff error.
for counter=1:1ength(all _roots)
if abs(all_roots(counter)) < 0.0001
al | _roots(counter) = 0;
br eak
el se
end
end

%Cal cul ate the conplex nunber for this transfer
function

gf shaft _i magi nary_nunber =

Cal cul at ed shaf t | magi nar yNunber (w) ;

gf shaft _nagni tude_dB =

20*| 0g10( abs( gf shaft _i magi nary_nunber));

gf shaft _phase_deg = unwr ap(angl e(-

gf shaf t _i magi nary_nunber)) * 180/ pi ;

figure
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subpl ot (211)

sem | ogx(w, dB, w, gf shaft _nmagni t ude_dB)
x| abel (" \omega (rad/sec)"')

yl abel (' Magni tude (dB)');

title(" Alumi niumFl exi shaft: Gs) =
(d\theta 2/dt)/e_ 1 )

| egend(' DSA Data',' Gishaft', 3)
axis([6 250 -60 40])

grid

subpl ot (212)

sem | ogx(w, phase_short, w, gf shaf t _phase_deg)
x| abel (" \omega (rad/sec)"')

yl abel (' Phase (deg)"')

| egend(' DSA Data',' Gishaft', 3)

axis([6 250 -400 0])

grid

% here are two imaginary poles. W would like to vary
these two pol es

% ocations until we get a bode plot that nmatches the
DSA data. W need to

%ary the gain K and the danping ratio zeta until we
the plot matches.

a = linspace(20,22,10);

zeta = |1 nspace(0.06,0.1,10);

K = linspace(550000, 650000, 10);

wn = linspace(61,63,5); % ad/ s

%N\ have an expression for the transfer function with
s = jwfrom
%rat hematica. W need to iterate through with
different val ues
counter = 1;
tic
for nrl:length(a)
for n=1:1ength(zeta)
for k=1:1ength(K);
for p=1:1ength(wn);
current_a = a(n’)
current_zeta = zeta(n)
current_K = K(k);
current_wn = wn(p);

current_conpl ex_nunbers =
Cal cul at eConpl exNunber (. ..

current_a, current _zeta, current _K, current_wn, w);

%al cul ate the error between this set
of conpl ex nunbers and the

%OSA conpl ex nunbers

error = (abs(current_conpl ex_nunbers)
- abs(DSA _conpl ex_nunbers))."2;

error = sum(error);

data_array(counter, 1) = counter;
data_array(counter,2) = current_a;
data_array(counter,3) = current_zeta;
data_array(counter,4) = current_K;
data_array(counter,5) = current_wn;
data_array(counter,6) = error;

counter = counter + 1;

disp(' Tine to performleast squared anal ysis')
toc

% ind the mninumerror
[mn_error,mn_error_index] = mn(data_array(:,6));
numiterations = max(data_array(:,1));

disp(*

di sp([' Nunber of iterations =
,nun2str(num.iterations)])

disp(['Mn error ="', nunstr(mn_error)])
disp(' ")

%Cal cul ate the conpl ex nunber with these critical
val ues of sigma and wd

mn_error_a = data_array(m n_error_index, 2);
mn_error_zeta = data_array(m n_error_index, 3);
mn_error_K = data_array(m n_error_index, 4);
mn_error_wn = data_array(mn_error_index,5);

m n_error_conpl ex_nunber =
Cal cul at eConpl exNunber (nmin_error_a, ...
mn_error_zeta, min_error_K nin_error_wn, w;

%al cul ate the magnitude

m n_error_nmagni tude = abs(nin_error_conpl ex_nunber);
m n_error_nagni tude_dB =

20*1 0og10(m n_error_nmagni tude) ;

%al cul ate the angle
m n_error_phase_rads =
unw ap(angl e(m n_error_conpl ex_nunber)); % ads

m n_error_phase_deg = min_error_phase_rads*(180/pi);
%legr ees

%l ot the bode pl ot

figure

senm | ogx(w, dB, w, mi n_error_nagni t ude_dB)

title(" Magnitude Pl ot Showi ng DSA Acquired Data and
Least Squared Fit Data')

x| abel (' Frequency (rad/s)"')

yl abel (' Magni t ude (dB)' )

Iegend( DSA Data',' Fitted Data','',['a =
nunﬂstr(mn error _a)],
["\xi = nunﬂstr(mn error _zeta)],['K =
nunﬂstr(mn error K1,
["Vomega_n = nunﬂstr(mn error_wn)])
grid
figure

seni | ogx(w, phase_short,w, mi n_error_phase_deg)

title(' Phase Plot Showi ng DSA Acquired Data and Least
Squared Fit Data')

x| abel (' Frequency (rad/s)"')

yl abel (' Phase (deg)'

Iegend( DSA Data',' Fitted Data','',['a =
nunﬂstr(mn error _a)],
["\xi = nunﬂstr(mn error _zeta)],['K =
nunﬂstr(mn error K1,
["Vomega_n = nunﬂstr(mn error_wn)])
grid

9%\Now the transfer function w thout the high frequency
pol es and zeros is

%i ven by

numfit = [min_error_K/ (mn_error_a*mn_error_wn"2)];

den_fitl = (1/(mn_error_a*mn_error_wn"2));

den_fit2 =

(1/(mn_error_wn"2))+((2*m n_error_zeta)/(mn_error_a*
mn_error_wn));

den_fit3 =
(1/mn_error_a)+((2*min_error_zeta)/mn_error_wn);
den_fit4 = 1;

den_fit = [den_fitl den_fit2 den_fit3 den_fit4];

di sp(

di sp(' Transfer funtion of sinplified G(s) (w thout
hi gh frequency poles and zeros)')

Gnew = tf(numfit,den_fit)

disp(' ")
figure
pzmap( G_new)

title('Pole Zero Map of Fitted Transfer Function
W thout Hi gh Frequency Pol es/ Zeros')

9%Now add back the high frequency poles and zeros
numtotal = [0.00870535 7.46208];

den_total = [1.7828le-11 3. 01925& 8 0.0000133066
0. 000500426 0.0522831 1];

disp(' ')

di sp(' Transfer function of G(s) with high frequency
pol es/ zeros')

Gtotal = tf(numtotal,6den_total)

disp(" ')

figure
pzmep(G_total)
title('Pole Zero Map of Fitted Transfer Funtion')

%Add pole at origin
Plant = tf([1], [1 0])*G total;

figure

pzmap( Pl ant)

title(' Pole Zero Map of Fitted Transfer Function vs.
Oiginal Transfer Function')

hol d on

pzmap(G o

legend('Fitted ,'Original')

% ow we want to plot the bode plot of this function,
so we need to evaluate

% he i magi nary nunber.

G total _imagi nary_nunbers =

Cal cul at eTot al | magi nar yNunber (w) ;

%al cul ate the magnitude and the phase
total _magni tude = abs(G total _i nagi nary_nunbers);
total _magni tude_dB = 20*1 0g10(total _nagnitude);

total _phase =
unw ap(angl e(G_ total _i nagi nary_nunbers));
total _phase_deg = total _phase*(180/pi);

%l ot the bode plot of the original DSA data, the
fitted data wi thout high

% requency pol es/zeros, and the fitted data with the
hi gh frequency

%ol es/ zeros.

figure

sem | ogx(w, dB, w, mi n_error_nagni t ude_dB, w, t ot al _magni tu
de_dB)
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title(' Magnitude of DSA data, Fitted Data (w thout
hi gh frequency pol es/zeros), and Total Fitted Data')
x| abel (' Frequency (rads/s)')

yl abel (' Magni tude (dB)')

I egend(' DSA Data',' Fitted without H gh Frequency

Pol es/ Zeros' ,' Fitted Data with H gh Frequency

Pol es/ Zeros' , 3)

grid

figure

seni | ogx(w, phase_short,w, m n_error_phase_deg,w, total _p
hase_deg)

title(' Phase of DSA data, Fitted Data (w thout high
frequency pol es/zeros), and Total Fitted Data')

x| abel (' Frequency (rad/s)"')

yl abel (' Phase (deg)'

I egend(' DSA Data',' Fitted without H gh Frequency

Pol es/ Zeros' ,' Fitted Data with H gh Frequency

Pol es/ Zeros' , 3)

grid

disp(' ")
disp(' Do you want to create nultiple different graphs
for the previous graphs?')

disp(*

disp(’ 1 = yes')
disp(’ 2 = no')

disp(' '

disp(' Enter selection: ")
graphselection = input(' ")

if graphsel ection==
figure
subpl ot (211)
sem | ogx(w, dB)
title(' Bode Plot of DSA data and Fitted Data')
yl abel (* Magni tude (dB)')
axis([6 200 -25 25])
grid

subpl ot (212)

sem | ogx(w, phase_short)

x| abel (' Frequency (rad/s)"')
yl abel (' Phase (deg)')

axi s([6 200 -300 0])

grid

figure

subpl ot (211)

sem | ogx(w, dB, w, mi n_error _magni t ude_dB)
title('Bode Plot of DSA data and Fitted Data')
yl abel (* Magni tude (dB)')

axis([6 200 -25 25])

grid

subpl ot (212)

sem | ogx(w, phase_short, w, mi n_error_phase_deg)
x| abel (" Frequency (rad/s)"')

yl abel (' Phase (deg)')

axi s([6 200 -300 0])

grid

figure

subpl ot (211)

sem | ogx(w, dB, w, mi n_error_magni t ude_dB, w, t ot al _magni tu
de_dB

title(' Bode Plot of DSA data and Fitted Data')
yl abel (' Magni tude (dB)')

axis([6 200 -25 25])

legend(' DSA', ' 3rd order fit',"'6th order fit',3)
grid

subpl ot (212)

senm | ogx(w, phase_short,w, m n_error_phase_deg,w, total _p
hase_deg)
x| abel (' Frequency (rad/s)"')
yl abel (' Phase (deg)'
axis([6 200 -300 0])
legend(' DSA', ' 3rd order fit',"'6th order fit',3)
grid
el se
end

%-ind the | ocation of the conplex roots

disp(" ')

disp(' Roots of sinplified fitted transfer function
(including high frequency pol es/zeros)')
fitted_roots = roots(den_total)

disp(" ")

%-inally, we can obtain a transfer function between
theta_2 and e_1 sinply

%y adding a pole at the origin

den_total _integrator = [1.78281le-11 3.01925e-8

0. 0000133066 0.000500426 0.0522831 1 0];

disp(*
disp('theta_2 to e_1 transfer function')
theta_2_to_e_1 = tf(numtotal,den_total _integrator)

disp(" ')

disp(*

di sp(' Roots of theta_2 to e_1 transfer function')
theta_2_to_e_1 roots = roots(den_total _integrator)
disp(' ")

%\ow conpare the results with the results that
prof essor Ly obtained.
[-26.84 -30.3602 -4.1184;128 0 0;0 128 0];

[8;0;0];
[0 0 4.0185];
0;

O
<c<<<

[numly,den_ly] = ss2tf(Aly,B_ly,Cly,Dly);

[numly,den_ly] =
Cl eanUpTr ansf er Function(num |y, den_ly, tol erance);

disp(' ')

disp(* Tranfer Function Derived by Professor Ly')
ly_tf = tf(numly,den_ly)

disp(' ")

%ind the roots

disp(’ ')

di sp(' Roots Found by Professor Ly')
roots_ly = eigs(A_ly)

disp(" ")
figure
bode(ly_tf)

title('Bode Plot of Transfer Function Derived by
Prof essor Ly')
grid

%N\ want to incoporate the conpensator used in |ab
Ki ;
Kp 6;

Pl nune[ 6 2];
Plden=[1 0];

disp(' ")
di sp(' Pl Conpensator Used in Lab')
Pl = tf (Pl num Pl den)

disp(' ")

%onbine the Pl and the plant
Pl _and_plant = theta_2_to_e_1*Pl;

%inally, add notch filter that we used
not chnum = [0. 000196 . 0056 1];

not chden = [0. 000225 .0092 1];

gain = 0.875;

not ch = gai n*tf (not chnum not chden);

%ow fornul ate the conpl ex nunber for the plant and
the notch filter to see

%f it hel ped

not ch_and_pl ant _conpl ex_nunbers =

Cal cul at eNot chConpl exNunber (w) ;

notch_dB =

20*1 0g10( abs(not ch_and_pl ant _conpl ex_nunbers));

not ch_phase =

unw ap(angl e(not ch_and_pl ant _conpl ex_nunbers))*180/ pi ;

figure

subpl ot (211)

sem | ogx(w, dB, w, not ch_dB)

title('Bode Plot of DSA data and Filtered Signal')
yl abel (* Magni tude (dB)')

axis([6 200 -25 25])

legend('DSA','Filtered')

grid

subpl ot (212)

sem | ogx(w, phase_short, w, not ch_phase)
x| abel (' Frequency (rad/s)"')

yl abel (' Phase (deg)')

axi s([6 200 -300 0])
legend('DSA','Filtered')

grid
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