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Motivation

The Aeropendulum Apparatus
Real-Time vs. Soft Real Time
Student Design Activities

Plant modeling,

parameter identification, identification of non-linearities
Feedback linearization, steady-state error and system types
parameter identification

Matlab's pem() prediction-error minimization function (time
permitting)

closed-loop control experiments: proportional, phase lag,
phase lead and on/off (bang-bang) control (time permitting)

* Results from implementation at CSUS and Univ. of Arizona

www.aeropendulum.arizona.edu



Motivation

e Develop an portable low-
cost apparatus that
illustrates classical control
systems course with a
hands-on experimentation.

 Eliminate the need for lab
space, teaching assistant.

* Provide a quick pathway
from controller design to
implementation for
mechanical engineering
students.

www.aeropendulum.arizona.edu



Experimental Apparatus

Acrylic stand

Pendulum with angle
sensing potentiometer,
DC-motor and propeller

Target circuit board driving
the propeller with
different PWM ratios in
forward and reverse
direction

MATLAB Simulink Real
Time Windows Target GUI
for controller
implementation

www.aeropendulum.arizona.edu
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Modeling Tasks

mL?0 = —mgLsin@ — cf + TL

I'=Ku

mL%*0 = —mgLsing — cf + K Lu.
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Experiment |: Parameter Extraction

Using the steady-state response, find the parameters
K/mg

—+—Experiment
| —Linear fit to non-zero segment

] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
sin E“
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Challenge |: Dealing with Dead
Zone

Ki(u—mup), ifu>ug i+ ug, if i >
T =410 if u € [—uuﬁuc}] U= if i1 <

—K_(u+ug), ifu<—up.

mL*0) = —mgLsinf — c¢f + K L.
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Challenge ll: Feedback Linearization

mL*0 = —mgLsinf — cf + K L.

. mg N
W= ——sinf + 1.

K

Result Type | System

o) KL

U(s) mL%s? +ecs’
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Experiment |l:Weightless Pendulum
(K=0)
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Experiment lll: Parameter
|dentification (Kp=1)

P.O.

frise

" K

-"..-l.:'ﬂ = @

2w, =
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Challenge lll: Stability and Root
Locus.What is wrong!?

(seco

L ,3. ﬂ Kp>3 (unstable)

Imaginary Axis
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Model Correction: Motor Dynamics

. di

V = Ri+ Kyw+ Ly
dt O(s)  5.327 1

U(s) s2+43.649s(1+Tps)?

n . a P 5__ E Root Locus
me - }-i TT‘ T CQ 411.2 D UJ " gﬁ"ﬁr;:“gnlitledi

i
Pole: 0.0246 + 2.8i :
b Damping: 0.00066 :
Owvershoot (h); 103 :
A- ' .
7 -

Frequency (radsecy: 2.8 - -

/

Imaginary Axis
=

Real Axis

o (s) KL 1

U(s) mL%s% +cs (1+1p1s)(1+ Ipas)’
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Experiment IV: Controller Design

Using Bode Plots

Bods Ciagratmn
TTTTY T ™

Mzcniiude (og)

e L T -

- - OpenLoop |

45 gE CL wethLag |
o -
E -
B
= E
o - -

I B T T L T ol - I N S R R

120 & s

100 i 10 n”* 1 ! o 10

Freguency [radizac]

e(s) 5.327
U(s) 5%+ 3.6495 + 0.0033"

o, _ 0-82575(s +0.4771) _ . _ 0.82575(2 — 0.9952)
lag = el T T 10,0994

5+ 0.05936 :
Clagd=c2d(Clag,0.01, zoh’),
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Evaluation

www.aeropendulum.arizona.edu

STUDENT FEEDBACK

To what extent (how well) did the project illustrate the following
technical concepts?

Not at all |Less than|More Very Well |Rating
expected |than Average
expected

Relationship between physical system and transfer function
10.0% (0) |7.1%(2) |64.3%(18)28.6%(8) |3.21

Second-order system response
|3.6% (1) |10.7%(3) |60.7%(17]25.%(7) |3.07

Relationship between stability and gain
10.0% (0) [10.7%(3) |46.4%(13)]42.9%(12)3.32

Relationship between overshoot and gain
|3.6% (1) |25.0%(7) |35.7%(10)35.7%(10)3.04

Relationship between overshoot and gain
10.0% (0) |30.8%(8) [42.3%(11)26.9%(7) |2.96

Use of root locus
|{}.{l% (M |1?.9%{5} |5?.19‘E:{16}|25.D%(?} |3.D?

Use of Bode plots
|14.3% (4)]39.3%(11)35.7%(10)]10.7%(3) |2.43

System type and steady state error

7.1% (2) |10.7%(3) |50.0%(14)32.1%(9) |3.07

Disturbance rejection and system recovery
|7.4% (2) |11.1%(3) |48.1%(13)33.3%(9) |3.07

Non-linearities and ways to deal with them
10.0% (0) |14.3%(4) |60.7%(17)25.0%(7) |3.11

Effects of time delay
10.0% (0) |17.9%(5) |53.6%(15)28.6%(8) [3.11




Hands-On Activities
* Open Loop Response

1
Real-Time Pacer
Controller Select Speedup =1
100 -
Real-Time Pacer
thetad Cpen Lecp
127 to +127) —
To Workspace q
1 [~ aa7sze P+ Czsirzd Thets — 2
) - .
Degrees Slider P Theta Contral Signal 3 | e Write 52 Thets
Desired Angle P ——
pl Pendulum /T
Proporticnal Controller _l5 {Flant)
g
1 =W 13545 o s
P Ci=zirzd Thats PWM Input
Constant Slider o Control Signal
Kp gain ™ Thets
AeroPendulum Controller
Lag Controller _Phase lead
-FPhase lag
o Decired Theta -Properticnal control
Caontrol Signal
Bl Thets e sane All controllers working!
Lead Controller Enikov
Do Tue Apr 17 20:23:10 2012
1.284
Text P Dizsired Thets
Caontrol Signal
L Thets
Bang-bang

Angle Feedbadk
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Gather Data

u_ss=[0 10 20 30 40 50 60 70 80 90 100
110 120];

theta ss=[0 000 8 16 24 32 40 48 56 68
73];

sine_ss=sind(theta_ss);

plot(sine_ss,u_ss)

ylabel("PVWM Input’)

xlabel('SIN theta_{ss}')
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Steady State Data

120

100+

80+~

PWM Input
(@]
o

40

20

0 | |
0 0.2 0.4

SIN theta
SS
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Fit a Line on Points 3-13

P=polyfit(sine_ss(3:13),u_ss(3:13),1) ;
plot(sine_ss,u_ss,sine_ss(3:13),
polyval(Psine_ss(3:13)))

shg

legend('Experiment’, 'Linear fit')

www.aeropendulum.arizona.edu



Slope and Offset
P=924879 24.1771

120

— Experiment

—— Linear fit

100+
80r
60 -
40+

il
20+

O |

0 0.2 0.4 0.6 0.8
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Project Installment # 2
Update Model

m
s="9 _925 o
K ndulumScftRTBangBang * | =S

Eile Edit Niew Simulation Format Teols Help

U, =24 D|@n@|&a|<:==m|m:|>jil—_l~ml RS RBE®

E Meodel Properties: AeropendulumSoftRTBangBang

Main | Callbacks | History | Description

Model callbacks Model pre-load functj
thetad = —_
PreLoadFcn w0=21; u0_24
. To Werkspace - PostLoadFcn Slope=80;
1 447926 | Desirzd Thets - ’
= - InitFen™ Clag=1; S —
Degrees Slider et - StartFen™ Clead=1; Iope 92'5
Desired Angle [ --PauseFcn clagd=1;
J - ContinueFcn clead=1;
_ > ~-PreSaveFan
Constant Slider
Ko gain - - PostSaveFcn
- CloseFcn
-
DoC
Text -
I L
] [ Cancel ] [ Help
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Test Using Closed Loop with Zero
Gain (Slope needs adjustment, c. a 80)

100 ‘ ‘ JMN\L ‘
T

60+ RWM ,

40+

20

0

20 Ll

-40
0
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Check System Type using Kp=1
Theta=30

2
Real-Time Pacer
Controller Select Speedup = 1
120
Real-Time Pacer
thetad Open Loop
-127 to +127) —
To Workspace: q
1 =M ag P Desired Theta ’ 5
Degrees Slider P Thata Control Signal 3 | ] Wirite % Thets
Diesired Angle e P
: pe Pendulum /0
Proporticonal Controller 5 {Plant)
]
1 1 >
P Diesired Theta FW Input
Constant Slider Control Signal
Kp gain ! Thta
AercPendulum Controller
Lag Controller -Phase lead
-Phase lag

Ciesired Theta -Proportional control

Caontrol Signal
Thets s All controllers working!

Lead Controller Enikow
Tue Apr 17 21:20:25 2012
poc 1284
Text P Decired Theta
Caontrol Signal
L Thets
Bang-bang

Angle Feedback
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plot(t,theta)

4-5 degrees

error

(linearization

Is not perfect)

www.aeropendulum.arizona.edu



|dentify Parameters

e From the response extract approximate values
for and, then calculate and . (Use formulas for
overshoot, peak time, rise time etc. to find and
and then related to the physical parameters).

* The plot achieved for proportional controller
may produce an over-damped relation in which
case you will not be able to find out the

parameters by using the above formulas.

* Just try increasing the proportional gain K to the
point when you start getting an overshoot.

www.aeropendulum.arizona.edu



Step Response

T T
! ' _ L -
m m L 3 3
! : S
m m 8 Foo | g £
; ; 2 Vﬂ M W
: : = ﬂu [ B
: : ey
: ! L
3 , I e e I A
: : e
! : : : L
H : R N A
: : VI R
: : L
' ! e B A
: ! . w ey
_ | Q & i
! : " o~ e
' : - nr = L
_ L] S e R A
| | | e Ty
p o Y L
- = o e B A
ey
pryjduny [ T o
T T T 1T 1T (i R e e i e
T A P S S S (Y N N RO R IS S B
o | [ [ [ ,AWL [
e e e R N I e e e L\\,\,\\,\\\\
e R vy T T Ty
L | | [ [ o AU,, |
O N A R R \\\\,\\,\,\\\\\\,\4\,\\\\,\\,\,\\,\\_\_\,\\,\,\\,\\\\
A P T e (N I 8 [
o | o [ o ﬁﬂf, |
T T e e I I A A R R AN B e N A
O A P T Y ¥
o | | [ o P o
At S et i RSt it i By S M i R B & o | e
P 1L a _Le

— A
iy
=4
| |

T T
| |
|
L
|
=+ -
|
[
|
[
|
|
|
|
1
|
|
|
L__ L
|
Ik
|
1=
|
[
|
|
-
|
1
|
n
|
|
]
—
|
| |
=
“
|
a’w
|
-
|
1=+
|
[
|
|
I

T 17 |
— — I %\W"\M“#MVN,\ﬁE I ,”
r \\J\ANW\\\ B~
L o1 OSSN
[ [ i [ & [
r \\4\44*\\Mﬂﬂ\ﬁﬁﬂ AT T T T
h”vll L \\L\F\FP\JJLﬂmJT*W\p\rL:;
I o N
= \\L\F\QV\EOL\ \r\:L\p\r\T\\
L o L \,hﬂk\,\,\ﬁ\\
”"K““ T <t _TLH ToT
L \\L\k\r?\llhﬂﬁhr\ R T
I T N T TEE i A
RU(AU L1 _L 1 Fgﬁ\\ L\MMP\mmwp\r\F\\
[ [ . T |
- T rfw TN AT TN T T T
— - i
- Bt T Rl el i e A e I A
e O T A B
o m— IR
ﬁ\‘v Lo [ R S
| [
Fo i S e i b
v o o o o o o o
Lo < ™ AN — 1__

sec
fzero(@(x)exp(-pi*x/sqrt(1-x”2))-0.5,0)
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Matlab for Damping > zeta

zeta



System ldentified
» g=tf(10,[| 0.97 0])

40— Kp e

Root Locus
0.4 ‘ ‘

0.3¢

0.2¢

0.1+

_0.1,

-0.2+

Imaginary Axis (seconds’l)

-0.3+

-0.4
-1

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

Real Axis (seconds™)
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Test Stability with Kp=1, 2, 3...

o Kp=2.4 ->stability limit

60

50

40 -

30

20+

10+

0Ok

-10 ! ! ! ! ! ! ! ! !
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
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Modify The Model

——(0>|Kp

10

(s> +0.97s)(1+ 1)

J=tf(|0,conv([| 0.97 0],[1 4.5]))

rlocus(g)




Adjust for Steady State Error

—0-

Kp

10

|

(s> +0.97s)(1+4.55)

A

10

(s> +0.97s+b)(1+4.55)
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Lag Compensator

O

10

2
S+P| |(s*+0.975s+2)1+4.5s
Root Locus 10 Root Locus
15 T H ‘ : i h
/ | i System: untitled1
i System: untitled1 i Gain: 1.34
o |S+9 ! Gain: 0.46 s+0.5  Pole: -0.0834 + 2.05i
— —— i Pole: 0.092 + 1.81i ~ 5 — Damping: 0.0407
K2 S+1 i Damping: -0.0509 ) s+0.1 i Overshoot (%): 88
S 5 i Overshoot (%): 117 S i Frequency (rad/s): 2.0
2 : Frequency (rad/s): 1.81 8 <
& N 23 v
g 0 (S i ‘£ — e :
< <
- 2
£ 5 s
= o)
©
E E -5
_lo,
-15 | | r |
N ~ ~ -10 | | | | |
15 10 5 0 5 10 O 0 8 & 4 =2

Real Axis (seconds'l)
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Step Response of Lag

Compensation

45

25+

20r

15

10
i
0

-5

40+
35+
30 =

X:1539 |

Y:30.8

T
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20

c=tf([1 .S5L[I .1])
clagd=c2d(c,0.01)



Prof. Eke’s Slides on Implementation
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Optional Activities

e Lead Compensator

* Lead-Lag Compensator
e On/Off Controller
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