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ABSTRACT
TITLE OF THESIS: Design and Real-Time Control of a Flexible Arm
Gilbert Haven Frank, Master of Science, 1986

Thesis directed by: Prof. P. S. Krishnaprasad
Associate Professor

Electrical Bngineering Department

As specialized robotic manipulators have been designed to lift and
accurately move small loads, the need for machines with lightweight,
low inertia 1links has been noted. Such designs imply that some
structural rigidity must be sacrificed, shifting the mechanical
resonance spectrum lower in frequency toward the frequencies of
interest to the system controller. These lower resonant frequencies
with equal or lower damping cause larger absolute end-effector

overshoot, in the absence of compensation schemes.

One method employed to regain system performance, the observer-
controller, involves implementation of a control law utilizing feedback
from estimates of all the states of a model of the link (plant)

including those states not directly measurable. A particular example

of the observer-controller based on a reduced order model of a single‘

link flexible arm is developed in this paper.

A plant was designed and built for this experiment consisting of a

thin, 36 inch long, aluminum beam connected fixed-free to a motorized



hub. Hub angular position, hub rate, and beam tip acceleration are
physically measurable. The plant interfaces with an IBM PC AT through '

an electronics chasgsis which also drives the motor.

An observer-controller for the plant resides as a software program
in the PC. The model is developed from a modal identification
experiment using the beam tip accelerometer as a sensor. The
University of Maryland optimization package, DELIGHT.MaryLin, is used
to determine the feedback gains required to place the closed loop poles
of the plant according to performance constraints specified by the

designer.

Test results were recorded using a step input by measuring plant
tip motion vs. time and comparing the results with the DELIGHT.MaryLin

simulation.

We conclude that the resonant modes of the plant can, to a certain
extent, be controlled by this method and that the observer-controller

gscheme is a viable tool in this context.
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I. INTRODUCTION

Recently, as the tasks performed by robotic manipulators have grown
beyond the coarsely controlled welder/assembler, specialized equipment
has been designed to accurately locate, lift, move and place small
loads. Such new designs have no need for the load bearing capability
of previous machines and are designed with lighter links to allow
faster joint acceleration. Robotic links designed for space use are
also lightweight for obvious reasons. These lightweight, low inertia,
designs are inherently less rigid, causing a downward shift of the
resonant frequency spectrum toward the frequencies of interest to the
controller. End-effector time "on the target” is then reduced as the
dominant system time constant increases (for the lower resonant
frequency) given equal or lower damping ratio. This translataes into

lost transition time and a higher control cost.

This thesis explores.one method, thevobserver-controller. that may
be used to regain lost performance due to reduced link stiffness. A
system (plant) was designed and built in order to experiment with a
flexible link and then show that a control may be applied which will,

to a large extent, negate the flexible nature of the link.

With the observer-controller a control law is utilized which

demands that all of the states of the link (plant) are measurable.
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Estimates were developed for all of the plant states and these were

used in a feedback controller for the hub motor.

The milestones of the experiment are now surm:arized.

1. Develop the Mathematical Model

The plant must be characterized mathematically. This was done
by taking the system transfer function followed by a curve fit
operation on the truncated transfer function response.
Intuitive knowledge of the plant then allowed rearrangement of
the transfer function to specify model states as directly
measurable states in the plant. Plant tip acceleration, a

measured quantity, was developed mathematically in the model.

2. DELIGHT.MaryLin Optimization

Attention was then turned to the DELIGHT.MarylLin environment
and objectives and constraints were specified which the plant
must meet for 2 given step input. One is aware that if a
realization [A, b, c] is controllable then one can, with a
suitably selected feedback gain, move the eigenvalues of the
realization [(A-bk), b, c] to any desired eigenvalue (the pole

placement theorem). This fact was used, along with the



optimizatiob performed by DELIGHT.MaryLin, to determine the’
controller gain. The result is a feedback gain matrix which,
if all states are available, produces the desired plant

performance.

Translate to Discrete Time and Develop the Observer-Controller

The open loop plant model and the feedback gain matrix were
translated to a discrete time setting utilizing a six term
matrix exponential series. The resulting system ((0 - TK), T,
c] was then simulated to assure that it would attain the
desired results. At this point the obgerver gain which will
drive the estimated states to the real states was derived.
This was done by the use of DELIGHT.MaryLin with modifications

by a pole placement algorithm.

Implement the Observer-Controller in Software

The Data Acquisition Adapter in the IBM PC allows us to sample
the plant analog sensors and the digital sensor (shaft encoder)
and to output an error signal to the plant motor with simple
subroutine calls. All of the measured plant data is then
available to a FORTRAN routine which recursively calculates the
"future” (next) states of plant model in real time. The

"present” states then drive the féedback gain matrix to



develop the plant arror signal.

5. Testing, Discussion of Results, Conclusions

These follow in sufficient detail.
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IT. MECHANICAL HARDWARE

The plant described in this chapter was specifically designed to
support experimental investigation of the performance of an

observer-controller used with a flexible link.

The flexible link, which is the subject of the investigation, was
specified first. Here, the intent was to select a link which produced
at least two resonant modes well below the Nyquist frequency of the
controller. Beam tip lag (w.r.t. a rigid beam) of at least one inch
under full motor acceleration was also deemed appropriate. These are
not the specifications one would want in i link (in fact higher
frequency modes and less tip motion are desired), but they describe a
system which can be difficult to control and interesting for this

experiment.

To determine the plant's resonant modes, routine calculations using
mechanical engineering beam tables and textbook resonance formulas led
to a choice of a rectangular cross-section aluminum beam with a
fundamental fixed-free resonance of approximately 2.7hz. The lower
frequency fixed-free resonant modes (i.e. those modes where significant
mass decouples from the rigid system) are modified when the fixed end
of the beam is secured by a less than infinite mass. The plant is a

system where the beam is clamped onto the joint shaft and the shaft is
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free to rotate. The joint inertia is somewhat higher than ideal,
because a 10 inch diameter table is built into the joint shaft to be
used as a platform for future experiments. The inertia of the plant
shaft and table (hub) is 10% of the inertia of the rigid system, with
the net result that the first plant resonant frequency is about 9hz.
The lumped model calculation of the first resonance is 10.3hz. The

results follow, and the development is found in appendix A.
Given: Appendix A and

v1 = first fixed-free bending mode frequency of the beam

'2 = first bending mode of the experimental systeam

«.5 = numerator terms

for the fixed-free beam
2 2 2 2
02/01 =8/ ((s /"1) + 1) =a/((s°/7( VK7.81)7) +1)
for the experimental system
2 2 2 2
0,/T, =B/((s7/w,) +1) =f/((s/( vk/.212)7) +1)

Beam measurement shows that w1 a 2.7(27W) rad/sec. The

experimental system resonance is approximated by 2.7 (.81/.212)

= 10.3hz.



Once the beam and hub were chosen, it was important to consider the

torsional stiffness requirement for the joint shaft, so that additional

resonances were not introduced. A reasonable specification is ten times
the frequency of the highest controllable resonance. There are two
stiffnesses to consider, that of the "lower" shaft (kl) connection to

the encoder and the "upper” shaft (kz) to the table and beam.

ENCODER BEAM
=lx10'4 1b-in=-sec’ /rad =l 0 lb-in—sec /rad
MOTOR

(0.25" diameter
shaft)

Figure 1 - Joint Shaft Resonance Modael

To attain a resonant frequency of 200 hz, with the inertial load of
1.0 lb-inésecz/rad. the upper aluminum shaft (with spring constant
Kz) must have a stiffness of 1.5 x 106 pound-inch/radian. This
implies a diameter greater than 0.75 inch. The lower shaft must be
reduced to 0.25 inch diameter to mate with the encoder. This diameter
is adequate to keép the resonant frequency above 200 hz with the

encoder rotor load.
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The motor selected for this experiment is a brush-type dc torque
motor using samarium-cobalt permanent ma.sncts. The peak output torque
is 40 pound-inches and maximum no-load speed is 14 radians/second.
Calculations were performed to insure that full torque applied in step
fashion to the beam would cause an initial beam tip lag (assuming first
mode bending only) of 2 inches w.r.t. the rigid beam. Both the motor
and the tachometer are manufactured by Inland Motors. Specific data is

shown on the manufacturer's data sheets in the appendix.

Colocated on the joint shaft with the motor is a brush type dc
tachometer and an absolute reading optical position encoder. The
tachometer develops 0.12 volts dc/radian/second of joint shaft
rotation. Because the tachometer 1is sensitive to output signal
corruption from the magnetic field produced by the motor, it must be
located at a safe distance. Designing the shaft to be too long will
accentuate its radial runout and, so, compromise must be made. The
generated magnetic field is especially severe in motors utilizing the
high energy rare-earth magnets which narrowly focus the magnetic tooth

(compared to an Alnico magnet design).

The digital encoder rotates with the joint shaft via a bellows
coupling connection. The resolution (and accuracy) of the encoder is
12 bits, allowing one to discern as little as 0.088 degree of shaft

angular motion. The encoder is a fully housed unit with self-contained
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electronics generating a serial digital natural binary output from the
gray code developed by the glass encoder wheel. The encoder shaft is
coupled to the joint shaft with the bellows coupling to forgive small

radial and axial misalignments. The encoder is manufactured by BEI

Motion Systems Company.

The third plant sensor is a Sunstrand Mini-Pal 2180 pendulous
accelerometer which is mounted in a cable clamp at the tip of the
beam. The frequency responge of the accelerometer is essentially flat
from dc to over 1000hz. In order to control tip motion of the beam,
tip motion must be sensed to drive the estimated states of the beam to
the plant states. The accelerometer is the only sensor in the rotating
frame, and its output is responsible for "correcting™ the four beanm
states used in our model of the plant. The sensitive axis of the
accelerometer is adjusted to read only the acceleration component
normal to the tip of the beam in the plane of tip motioﬁ as the hudb is
rotated. Differential tip acceleration (relative to the rotating

frame) is generated in the analog electronics assembly.

An aspect of considerable concern in the design of the joint is the
bearing configuration. An adequate design must virtually eliminate
shaft radial and axial movement while retaining minimum friction and
must allow for shaft expansion from motor heating. This balance was

achieved with a duplex preloaded pair of bearings between the motor
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and beam and a single bearing between the tachometer and encoder
providing only radial support. The preload was adjusted during
assembly by changing the length of a spacer (sanding the surface until
proper fit was achieved). The relatively large spacing between the
bearings allows for the highly unbalanced load inertia and resists the

overturning moment.

Table Shaft

duplex

P/0 housing— i} bearing pair

spacer retention clip

retention clip

bottom

COVEr =y single bearing

———0.25" shaft to encoder

Figure 3 ~ Functional View of Shaft Bearing Daesign
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Clearances are approximately <€ 0.0005 inches bearing outer diametaer
(0.d.) to housing and € 0.001 inch bearing inner diameter (i.d.) to

shaft.

Joint shaft to housing concentricity must be maintained in order to
hold a nominal 0.005 inch motor and tachometer air gap clearancs.
Eccentricity greater than several thousandths of an inch cause the
motor torque gain to be position sengitive and can cause rotor to

stator interference as the rotor heats during operation.

Access to the internal components for assembly and repair must be a
factor in the design. A permanent magnet torque motor of this type
must be installed with the rotor and stator nested to complete the
magnetic circuit and retain the designed magnetization. The rotor fits
over a tightly controlled shaft diameter and the stator fits within a
tight bore. As the motor stack length is two inches this is a
diffi;ult task requiring open access for assembly. For this reason,
the housing is designed in three sections (base, motor with duplex
bearing, tachometer with single bearing). The bolt pattern betweaen the
motor and tachometer sections is symmetrical so that relative rotation
of the sections during assembly can balance any small eccentricity of

the shaft and housing. Refer to figure 2 for details.
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III. ELECTRICAL INTERFACE

The electrical interface chassis is a custom designed assembly
containing the necessary circuits to allow communication between the
IBM PC and the plant. The chassis contains power supplies and has a

fan for cooling. Functional connections to the interface chassis are

shown in Figure 1.

115 vac ——
data .r — parallel G
encoder data
\ clock
Encoder - >{ BISTROBE
read . - BICTS
»4 BIHOLD
Acceler-~ o - spatial i A/D 2
ometer 7 acceleration
7]
=
diff o
| § | _differential oA/D 1
accel. § acceleration
/\ g spare o~ A/D 0
Tach- = <
tachometer <
omatar = @ |—techemeter  _iu/p 3 %
Pt =
=
S z
S error to D/A O =
= ' plant
-
[}
instrumentation
- D/A 1
L —
instrumentation port

Figure 1 - Electronics Interface Chassis Block Diagram
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Three power supplies are included in the chassis. The +5 volt dc¢
supply for the digital logic is a switching regulator with foldback
current limiting capable of 5.0 amperes output and is manufactured by
Lambda. The modular linear +/-15 volt supply delivers up to 150MA to
the load and is manufactured by Technetics. The unregulated supply
used to power the motor amplifier is a discrete design utilizing a
Stancor power transformer, a full-wave diode bridge block and a single
2100 uf. electrolytic filter capacitor. The primaries of all of the
supplies as well as the secondary of the power amplifier are fuse

protected.

The power amplifier for the plant motor is of the "H" bridge
configuration. It is a four-quadrant design allowing acceleration and
braking for either clockwise or counter-clockwise rotation. The output
stage is electronically current limited to avoid motor demagnetization
during high speed rotation reversal (plugging), whe;g the motor's back
emf may add to the amplifier's output voltage and exceed the rated

motor current.

The power amplifier is designed with voltage feedback from the
bridge output to the input summing amplifier to control the forward
voltage gain of the amplifier. The voltage loop bandwidth is
approximately 3 Khz, and the current limit is set for 1.5 amperes.

Current limit is implemented by removing power from the first stage of
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the Darlington output driver. A simple lag corner at the data rate of

the PC is included ahead of the power amplifier to smooth the

transitions produced by the D/A converter.

The plant analog sensors, the shaft tachometer and tip
accelerometer employ analog prefilters to adjust their gain and
frequency characteristics. The accelerometer is scaled to produce 0.38
volta)g with a simple lag at 710hz. The tachometer is scaled to
develop 0.408 volts/radian/second with a simple lag at 2.3khz.
Differential acceleration is also scaled to produce 0.38 volts/g but

with a critically damped quadratic roll off at 110hz.

Since the analog signals are available continuously at the
interface to the IBM PC Data Acquisition Adapter, no special
handshaking is needed. When the program resident in the PC requires an
analog input, the program calls the specific inpuf in the data
acquisition adapter. The analog value at that time is A/D converted
and returned to the calling program as an integer value between 0 and
4095. Negative 10.0 volts at the input is read as integer 0, zero

volts as integer 2048, and positive 9.995 volts as integer 4095.

The outputs, either error to the plant or a value to the
instrumentation port, are scaled similarly. Integer 2048 in the
program produces 0.0 volts at the output at the D/A converter (zaro

order hold).
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The binary interface is complicated by the fact that it must
connect the encoder (synchronous due to its self-contained cloek) to
the PC which is asynchronous because the program execution time iine
varies slightly due to nonconstant execution time and I/0 calls, i.e.,
breathes. A handshaking scheme is employed requiring the following

signals:

1. BISTROBE (binary input strobe) from the electronics chassis to the

PC to signal that valid data is on the bus.
2. BICTS (binary input clear to send) from the PC to the electronics

chassis to signal that the PC will read the bus unless BIHOLD is

set.

3. BIHOLD (binary input hold) from the electronics to the PC to

signal that the bus data is or may be invalid.

4. CONDREAD (conditional read) from the electronics to the encoder to

signal the encoder to send a serial word to the electronics.
5. LATCH (inside electronics) ls‘ys earlier and overlaps CONDREAD.

The BIHOLD is used to stop data transfer in the event that there
is a race condition between BISTROBE and BICTS. If BICTS arrives

before LATCH goes down, the PC has > 16 ps to read the data word. If
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BICTS arrives during the time LATCH is down but before READ goes down,

then serial data transfer from the encoder is inhibited and the PC
reads the last parallel data word. If BICTS somehow arrives while READ
is low, the PC is put into a WAIT STATE with BIHOLD until new valid

parallel data is available (ls‘ys maximum wait time).

The output of the serial to parallel converter (encoder position
word) can be offset bit by bit by the binary addition of "1" from an
open DIP switch or a "0" from a closed switch. This has the effaect of
adjusting the zero of the encoder by varying the DIP switches. The

encoder position may be monitored by an octal LED display.

The binary encoder output is then scaled in the PC by 1/16 to
balance the binary connection to the PC. The binary input is connected
between bit 15 and bit 4 with bits 0-3 grounded. Within the PC, the
output is integer -2048 to +2047 corresponding to -180 degrees to

+179.91 degrees.
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IV MODAL IDENTIFICATION AND MODEL DEVELOPMENT

In this step of the experiment, the plant is mathematically
characterized empirically by measurement of the physical plant. The
results of the mathematical model will be translated to digcrete time

via a matrix exponential expansion to design the controller.

Two plant experiments must be performed to generate transfer
functions from D/A (IBM PC) output to shaft position and to beam tip
acceleration. Both experiments were performed using the random noise
output of a Hewlett-Packard 3582A Spectrum Analyzer (which was used to
generate the transfer function) then, using the continuously swept
(stepless) sinusoidal output of an H-P 3314 and the display of the
3582A. The swept-sine source produced a transfer function with better
low frequency coherence and, so, this data was used. The displayed
transfer functions were then dumped onto an X-Y Plotter to save the

results for the curve fitting process.

To keep the model order as low as possible, the transfer functions
were not curve-fitted blindly by a computer utility. wWhile this
procedure could produce a better gaverage fit, it was felt that
intuitive knowledge of the plant could be used during curve-fitting to
obtain the most efficient, i.e., minimum order representation of the

plant.
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Figure 1 is the D/A output to plant shaft position frequency

response. From this figure, the transfer function (truncated past 10hz) - -

is developed in Equation 1.

2
s . 2(.025)s ,
Oshaft 0'86[(21rx2.7)2 2T 2.7 !

v 2 -
s S 2(.13)s
s [:2le.16 * 1] ((21\':;9)2 tame o T

The adjusted load corner was found from this transfer function to be
7.3 rad/sec (using only shaft and table inertia produces 21 rad/sec).
This can be explained by the increase in load inertia due to the
portion of the beam which is moving rigidly with the motor shaft during

bending modes. This development may be found in the appendix A.

Figure 2 gives the D/A output to beam tip acceleration frequency
response. From this figure, the transfer function (truncated past

20hz) is developed in Equation 2.

2
s s 2(1)s
y 0123 [(21:@.5)2 * Imx9.s T 1]

- 2 2

s S 2(.11)s ] s 2(.02)s
Y E—, — ANAL.PA-]
[_2‘{1’x1.16 IJI-(Z‘ITx9)2 *2mxe T [ (2Tx20.6)> * 2Tx20.6 T !

-

- 19 -



zy-Ldouanbaay
9°07 0'6 9°¢

4
+

-34.6

w ¥ ' B X lﬁl . T H !

o R B I

L 3 [ B SRR .._ﬂﬁ_. -1
. o _,4 R B _:
m 1114
L
Salt!
b
n: [ I S H

Gain-dB

‘e —— .

” v e ——— - r._....

-0.9

T e MHIE |
. AN L m;_
i _ S '
g 4 S
AN ,// ol _:
dseyqg // I
, o 1
frsiﬁl S T St / . oo .T»u -1 %
: N h 4 _

Phase-degrees

JE ISR K- —T

-
¢
-

180

r
L3

D/A Output to Plant Shaft Position Frequency Response
- 2C

Figure 1.



Gain-dB

+1.4

+8.0

zy - Kouanbaay

9°0¢ 0°6

21 -

(0 - 25 hz)

D/A Output to Beam Tip Acceleration Frequency Response

Phase~degrees

! 4
. ; _ . )
” : “.T . ! o
i B S Y P i
,,,,, EoERS b Eae s N = 1l 5 .
L H o e ~ ' ! . |
HOBHHBINN o I o
_ _ra_ n.r.rm ._“h i I} i} ; il __
t um N ERLREl ARSI S TN "
1 i ! A N . ' .
i [ I ) ) . |
”_ I _ e 2 \ . I B __ \
4 1] } P 1 - - [ U - | 5SS N t
i “_ T T \ R M I
S o aselild \ SN R
S M ) i FEE
L 1 T . ~.
P ' _
! \ . '
. A ! . _ .
— H I SO, - -/.r,. \.lu
| N
. ! ' P
4 + S Il
[ - 7T
- / / d
E .
._ . e _ /.\ .. PN e w¢|».—}
/. v
i ; A L |
| i | : "
: i S L R . |
V) TR E . . T
A BRI A SR BRRE _ 3
RN B J/A L ]
i “m 111 ».._. HN - H |
' 1 DR RN 4 i
b . AN LR N
ST . : : P
ot : 1 ]
S Fane BEERE SIS S - i pd &
_:“__f"_”../r“.f N
..wl, i ! .- —_— fl . .F
I i
BUIN i R i .
R .»;:r.m;.Jl...x.L P .o ._ bq
N K HIH : I
vy, . [ | !
: RN FERIY SRR B D !
i N BERSE FE ) BN N EEEE AR E

180

Figure 2,




zYy - Aouanbaayg

B (IS

o

et ——— ——— —

il .".mm._”m 1. ) [
S SRRl ey hees T IR AR t
RSN SR FRONE SRR FE RN A A E
R R RN PR NREY SEERE AR S\
IR0 ARREA EREEE I L] AU
AR I i th : !
. I N AR Py i
: Rl 1RE il

e o e —- e ——— . ——

S ey s e S b
. | N . ]
P . b : ] :
: [N SIS EN - ! 1
B8E HE vin
_ B . IR
SR AN aFeud A B i
N BN RN S NE IS _— R e b .;
e i SRR W
R R R N

Gain-dB

I

-2

}

i

+14.1 +6.5

bl .
; r” .. H N
\\\\‘ i lml-ll“l . //Lfr __Aw .\
] i j — N R HANTY,
' . __._ / .u__ ) x_
AN SN T N / : i !
N N[
4 BRI NS SRR PN DO R B .\}\\ ) o i i
H= T AT SRR
ARSE ERES MBI TR RO |
S ESTSL NLETNIENEY 1SS 1. L
il il / ; H
I L’F‘JIIII 1 o \J-IA—AI.“IH—I i‘l - - T \ m - l. \—!W w
A.._" ’ _ ! ' _

.. I

Lo e i e

F - = g—— — o

Phase-degrees

180

D/A Output to Beam Tip Acceleration Frequency Response

Figure 3.

(0 - 50 hz)

-22 =~



Equation 2 is the transfer function that is used to model the plant.

Figure 3 1is an extended frequency response of D/A output to tip
acceleration. There are no resonant modes betwaeen 20.6 and 49.2hz and

the model was, thus, truncated after the 20.6 hz mode.

An estimate of the PC speed was made using a sample program to
determine the frequency at which the model must be truncated. The
result of this test was a goal of 100hz iteration rate which will alias
any frequency greater than SOhz. The ratio of 100/20.6 & 5 gamples per
cycle (phase shift of (20.6/50) 180° =72 degrees) does not adequately
describe the 20.6hz mode but efforts are being made. to increase the
speed of the data acquisition adaptor. Because the 20.6 hz mode was

very strong it was retained in the mathematical model.

The actual curve fitting was accomplished knowing the asymptotic

nature of the voltage to tip acceleration must be of the form:

2
L 1] S 2
y oK X ] = Ky s
- i=] i
v n s2
s [— +1-] I I :;— 1
1 4 =1

Referring to the exact y/v transfer function in Equation 2, one may put

the trinsfer function in the above form. The intent is to preserve
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the plant states (sensors) as model states. Observing Equation 4.

s + 2s + 1
vy 0.13664 [(59.69)2 5969 -[ 2
- . .38s
v s |s 52 22s s2 04s .
T3t [GEsn? *sess | T Y1 !
MOTOR BEAM ACCELEROMETER

5 4 3 2
bls + bzs + b3s + bas + bSS + b6

6 5 4 3 2
S  + a;8” +a,s +ast +a s +as+ag

A cascade 6bsetver-canonical representation is developed in figure 4.

) -
lLo 15!33 l‘s l/s Xg e

N\

-7.3

Figure 4 - Plant in Canonical Form
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The double differentiation may be replaced by the following:

" 2
y = [(al—az) -al 10 bz 0] x3 (.38)(.15664)

The derivation may be found in appendix B.

The Fortran program to close a low bandwidth position loop around

the plant to hold the beam on position so that the transfer functions

may be taken is found in appendix C.
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V. DELIGHT.MaryLin DESIGN

DELIGHT.MaryLin is an interactive, optimization-based, computer-
aided design system which can be employed to assist in the development
of feedback control systems. Knowledge of the mathmtical
representation of the system and that the system is controllable is
needed in order to use DELIGHT.MaryLin to optimize a set of specified
goals. For this experiment DELIGHT.MaryLin is allowed to adjust a

state feedback gain matrix to optimize the system's closed loop polas,

achieving the specified performancs.

A significant advantage of DELIGHT.MaryLin is the level of
parameter control which a designer may exert by communicating with the
process to fine tune the resulting system. Development of hard

constraints (such as, "the system must be stable"), soft constraints

allowing some flexibility (such as, "overshoot should be < 10%") and

objectives (such as, "minimize tip acceleration”) are allowed. The
advantage is that numerical design requirmtits along with the
designer’'s intuition and experience combine to produce the resultant

system.

As the process runs, progress may be observed by defining any plant
variable to DELIGHT.MaryLin along with the performance goals for that

parameter and then one may view the performancse comb (Pcomb) for that
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variable. The Pcomb shows absolute and relative performance w.r.t.
good and bad limits set with the performance goals. We may specify a
single point or continuous good/bad loci. Specifications may compete
in the optimization process but hard constraints are satisfied first,

soft cons#raints next, and objectives last. If there is more than one
constraint or objective within a class, they are weighted equally
until one is satisfiéd. Simulation design parameters (in our case, the
feedback matrix elements) must be weighted by wuse of variation

statements to insure equal attention from the algorithm.

Information is passed to DELIGHT.MaryLin by files. The only
required file, the Setup File (S) must contain the system matrix sizes
and elements, variable assignments, design parameter declarations, and
similation outputs. Other files are optional. A daeseription of the
files used in this experiment follows. The Design Parameter Fila (P)
lists starting values for the declared design paramoters—(and variation
statements). The functional Multicost File (FM) contains performance
objectives. The Functional Inequalities File (FI) contains the

performance constraints (hard and soft).

‘To use DELIGHT.MaryLin , the system transfer function y/v developed
in chapter IV is expressed in state space form.

x(t) Ax(t) + bu(t), x(0-) =0

(L

]

y(t) cx(t) + du(t), d = 0
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* Figure 1. Flexible Beam System in Continuous Time
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Figure 1 - Exact Representation of Equation (1)

In our A,b,c model above, care has been taken to make the model's
states and plant's states, where possible, the same to provide

measurable feedback for the experiment.

The A,b,c coefficients are developed in the S file and include the
input (a step function with value 0.3 at time O+), the design
parameters (feedback gain constants for each of the six model states),
the desired outputs (tip position, tip acceleration and shaft position)

and the step bounds (constraint on tip position).
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Engineering specifications are now developed to define how the
system is to respond to a step input. The object of this experiment is
to take a system with a flexible link (beam) and control the banding
modes of the link so as to control the tip of the beam as the tip moves
through a step 0.3 radian angular change. To control the tip in the
sense of minimizing overshoot and minimizing slew time, competing goals
must be specified. Control of higher frequency resonant modes (tip
vibration) during bDeam slewing and settling phases is also desired.
This relates to minimizing tip acceleration. To apply these goals to
the DELIGHT.MaryLin environment, the beam tip position in terms of the
maximum and minimum position envelope allowable over a given time is
considered. Thus the good loci (upper and lower limits) is defined by

using the step bounds in the S file.

"Step_bounds” defines the limits shown at the end of this chapter
in the Ytr(l) plots. Slew Time is defined as the time (»1.8 second)
when the beam moves from 0 to 0.3+ radian, overshooting as allowed by
the constraint file (FI); Settle Time is defined as the time (« 1.8
second) when the beam reverses direction and settles into the commanded
angle, undershooting this position as allowed in the FI file. Slew

limits are +/-5% while settle limits are +/-2% of the step amplitude.

For the P file, an initial estimate for the design parameters is

needed. A close estimate is required to enable the DELIGHT.MaryLin
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gain search algorithm to converge, and this was obtained via a solution

of the Algebraic Riccati Equation (ARE) using the program Classical -

Control (CC). The ARE was solved with different estimates for the
state weighting matrix, Q, checking the eigenvalues of the resulting
system (A-bk) in each case, until a sufficiently stable solution was
reached. The CC printed result of the system A matrix, Q matrix, and

initial gain matrix, K is shown in Figure 2.

Through the FI file performance is specified w.r.t. the step bounds
in the S file. A soft constraint is defined to keep the locus within
the bounds, i.e., this is "good"”. Allowing for some inexactness of

solution "bad" is specified as 10% above and below the bounds.

To minimize beam tip acceleration, the FM file is used, allowing
more acceleration during the slew time than during the settle time.
The actual objective limits are somewhat of an educated guess in that
to achieve rapid tip response, more acceleration must be allowed during
slew, but motion must be rapidly damped when slew is completed. Figure

3 depicts the desired tip acceleration profilae.
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Figure 3 - Desired tip acceleration profile.

The DELIGHT.MaryLin environment is then entered and the system ig
initialized (using "solve"). One may then run as many iterations as are
desired. It 1is possible to interact with the process, observing
eigenvalues and using the Pcomb to see how the optimization 1is

progressing.

Included on the following pages of this chapter are the

DELIGHT.MaryLin Files, the Iteration Gain History and the Starting and

Final Iterations of the Assigned Variable Plots and Pcombs.
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# File mhls #

Nimputs =1
Nstatss =6
Noutputs = 2
matrix _sizes

# Parameters in the plant.

Rl = 9#2#PI
R2 = 20.6%2*PT

R3 = 9.5%2+pI

R4 = 0.15664

Al = 0.04*R2+0.22*R1

A2 = R1*R1+0.0088*R2*R1+R2*R2
A3 = 0.22*R2*R2*R1+0.04*R2*R1*R1
A4 = R2*R2*R1*R1

B2 = R1*R2*R1%R2/ (R3*R3)

B3 = 2%B2*R3

B4 = B2*R3*R3 :

Cl = (A1*A1-A2) *0.38*R4

C2 = -Al*0.38*R4

C3 = 0.38*R4

C4 = B2%*0.38*R4

# Systam matrices

readmatrix “expressions A
-Al -
-A2
-A3
~A4

[+ [oX-NoRoNeN
0000 ro

readmatrix “epressions C
R4 0
Cl c2

readmatrix UFORCE
0.3

# Design Parameters

sim_design_parameter Kl_1
sim_design_parameter Ki_2
sim_design_parameter Kl1_3
sim_design_parameter Ki_4
sim_design_parameter K1_5

0 0

0 B2

1 B3

0 B4

0 0

] 0
0 0 0
c3 0 Ca

variation=10
variation=0.1
variation=0.001
variation=0.00001
variation=50
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sim_design_parameter K1_6 variation=2.5

# Simulation Outputs
simulation_output Ytr (1)
simulation_output Ytr (2)
simulation_output Xtr (S)

# Parameters used by algoritm

Nparam = 6

Nfineq = 2

Nfmulticost = 2

step_bounds Y PcOvershoot = 5% \
PcRise = 95% Trise=0.8
PcSettle = 2% Tsettle=1.8 \
FinalValue = 0.3 Tfinal=5

# File mhlP »

set K1_1 = 10.01176

set K1_2 = -0.1517682
set K1_3 = -0.001351518%
set K1_4 = 0.00002304485
set K1_S = 67.1955

set K1_6 = 2.522692
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# file mhlFl ¢
prob_function fineq

constraint 1 'overshootU' Yout <= good=Y_Upper bad=l.10*Y_Upper soft using (
Yout=Ytr (1) /0.15664

}
for_every TIME from 0 to 5.0 initially by 0.2

constraint 2 'overshootl' Yout >= good=Y_Lower badx=.90*Y_Lower soft using {
Yout=Ytr (1) /0.15664

for_every TIME from 0.8 to 4.8 initially by 0.2
end_fineq

# file mhifM 4

prob_function fmulticost
objective 1 'tip accel slew' minimize abs (Ytr(2)) good=2 bad=10
for_every TIME from 0 to 0.8 initially by 0.1
objective 2 'tip accel slew' minimize abs(Ytr(2)) good=0.5 bad=2
for_every TIME from 1.0 to S initially by 0.2

end_fmulticost
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Parameter Value
1Ki_1 0.079
2K1_ 2 -.1534
3K1_3 -1.398e-3
4 K1_4 2.451e-5
5 K1_5 4.388e+1
8 Ki1_6 2.523

Parameter Value
1K1_1 8.858

2K1_2 -.1538
3K1_3 -1.405e-3
4 K1l_4 2.469e-5
5 K1_5 4.008e+-1
6 Ki_8 2.512
Parameter Value
1K1_1 8,927
2K1_2 -.1537
3Ki_3 -1.407e-3
4Kl 4 2.474e-5
S Ki1_5 4.026e+1
8 K1_8 2.508
Parfameter Vaiaiue

1 Ki_1 8.811
2K1_2 -.1537
3K1_3 -1.408e-3
4 K1 4 2.4708e-5
S K1_5 3.990e+1
6 K1_8 2.508

Parameter Value
1 K11 8.478
2K1_2 -.1585
3K1_3 -1.516e-3

4 K1 4  2.422e-5
5 K1_5 4.063e+41
s Kl1_86 1.301
Parameter Value
1Ki1_1 8.275
2K1_2 -.1578
3K1_3 -1.570e-3
4 Kl _4 2.391e-5
5 K1_5 4.083e+1
6 K1 6 8985

Zwrt O Prev [ter=1 Phase2 MxM+SC=8.231

-0% -9%
1% 1%
3% 3%
8% 6%
-35% -35%
0% 0%

%wrt O Prev Iter==2 Phase2 MxM+SC==7.242
-11% -1%

1% 0%

4% 0%

% 1%

-30% -7%

0% 0%

%wrt O Prev Iter==3 Phase2 MxM+SC==68.883
-11% 0%
1% 0%
4% 0%
% 0%
-40% -2%
-1% 0%

Tawrt O Prev Iteram4 Phase? MxM+SCa=6.881
-11% 0%
1% 0%
1% 0%
7% 0%
-41% -1%
-1% 0%

% wrt 0 Prev Iter==5 Phase2 MxM+SC==4.355
-15% -5%

3% 2%

12% 8%

5% -2%

-40% 2%
-48% -48%

%wrt O Prev Iter==6 Phase2 MxM-+SC==.9970
-17% -2%

4% 1%

16% 4%

4% -1%

-30% 1%
-72% -46%

DELIGHT.MaryLin Gain History
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Parameter Valye

1K1 1 8.250
2K1_2 -.1580
3K1_3 -1.577e-3
4 K1_4 2.388e-5
5 Ki1_8 4.080e+1
6 K1 68 .8232
Parameter Value
1K1_1 8.248
2K1_2 -.1580
3K1_3 -1.577e3
4Kl _4 2.388e-5
S5K1_$ 4.085e+1
6 K1_8 .8229
Parameter Value
1K1_1 8.235
2K1_ 2 -.1580
3K1_3 -1.580e-3
4Kl _4 2.386e-5
5 K1 5 4.080e+1
6 Ki_6 5853

%wrt 0 Prev Itera=7 Phase2 MxM+-SC==.3007
-18% 0%

4% 0%

17% 0%

4% 0%

-38% 0%
-75% -11%

Zewrt O Prev [ter==8 Phase2 MxM+SC==.1634
-18% 0%
4% 0%
17% 0%
4% 0%
-30% 0%
-75% 0%

%wrt O Prev Iter==9 Phase2 MxM+SC==2.735e-2
-18% 0%
4% 0%
17% 0%
4% 0%
-39% 0%
-77% -6%

DELIGHT.MarylLin Gain History (Continued)
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VI. OBSERVER-CONTROLLER

The pole placement design algorithm used by DELIGHT.MaryLin assumes
that all of the plant states are available to drive the feedback gain
vector, K. In this experimental system, as well as many other
practical systems, the state vector may be incomplete or the axpense of
making it complete by adding plant sensors is prohibitive. Given a
scheme to augment the known plant states with mathematically correct
estimates of the unknown states, the "designed"” system's stability and

performance may be retained.

The subject of this chapter, the Observer-Controller, is such a
scheme. It utilizes the plant input, plant dynamics, and feedback from
plant sensor outputs to develop a complete state vector theraby
providing full state feedback. Consider the linear, time-invariant,

continuous time system of Figure 1.

x(t) x(t)
v(t) + jr y(t)

Figure 1 Linear, time-invariant system with full-state feedback
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v(t) - system input

u(t) - error signal (v-Kx)

y(t) - gystem output

A,b,c - system matrices

K - DELIGHT.MaryLin optimized gain

The eigenvalues of the system (A,b,c) may be arbitrarily relocated

by state feedback gain X if the realization (A,b,c) is complaetely
controllable, that is, if
C =abe. + o A" 1b) is of rank n
To show this, define
a(s) 4 det (sI-A)
A (1)
ax(s) S det (sI-A+bK)
where K is chosen such that ax(s) =0 (s), o (3) having the desired

eigenvaluas.

a (s) = det (sI-A) [1+(sz-A)’1bx1

-1
ax(s) = det(sI-Az det [I+(s8I-A) bK]
our original system, a(s)
a (s) = a(s) det [I+(SI-A)" TbK]
ax(s) - a(8) = a(s) K(sI-A)-lb

Recall that

det(sI-A) = sn+a1sn°1+azsn-2+ * o o
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and
(s1-0)"Y = 1/s11-A/s17F = (18 + ars? 4 A%ed 4 . o o
and
[I/s + A/s2 + A2/33 S

a(s)(sI-A)"} -

n -1 2
[s + a,s + a.s + o o o]

1

=sn-11+sn.2(A+alI)+sn-3(A2+31A+321)+ o« o o

Equating like powers of s on both sides
-3 1-31 = Kb
qz-az = K(Aﬂll)b
2
x4-3; = K(A +alA+321)b

this result may be arranged using the controllability mti‘ix, c

1 al az a3 ¢ o .
[«-a]:l([bAbAzb---] 1 a a, ¢ ° ¢
1 2
1 aluno
1 o o »
b -

obviously nonsingular

Then if R__ is defined as a lower triangular Toeplitz matrix with first

- 48 -



column (1 a, a, » ° ° ]

[ -a) = K& R_'
solving for K
1

c-1

from which it is seen that to be able to arbitrarily specify [ ® -a]

K = [ -a](RD)™
one must have C full rank.

While it will not always be necessary to have full state faedback
to provide eigenvalue relocation, arbitrary relocation will ugually

require that full state feedback be availablae.

The system of Figure 1 includes the plant realization (A,b,c) and
also the DELIGHT.MaryLin derived feedback gain vector, K. This system,
given that the plant develops a complete state vector, has the same
dynamics as optimized in DELIGHT.MaryLin via system aengineering
specifications. In our physical plant, only two of the six states are
measurable (x6, shaft rate and xs. shaft position) along with tip
acceleration, x. (which may also be expressed as a combination of

1

xl,xz,x3 and xs). One must now develop estimates for the four

states not measurable in the plant.

Returning to the Observer-Cont;oller. Figure 1 is enhanced with a
model of the plant which is dynamically equivalent to the plant. This
plant model 1is the (A,b,c) realization obtained from the modal
identification experiment, but since this model is implemented in raal

time software on the PC, the system is translated to digcrete time via

|}
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a six term matrix exponential series expansion. When the model is running
in software, all of the six states may be measured and may be used as—

estimates of the plant states. This open loop observer-controller is

shown in Figure 2.

x(t+l) — x(t)
v(t + jr L y(e)
R )T c
- +
A
r + !?(k'*'l) 1 2(k) R 9(1()
S 1 - |
U +
(]
|

v(t) -~ System input

u(t) - System error (v-Kx)

x(t) - Plant state vector

Q(k) - Estimated state vector
y(t) - Plant output

Q(R) - Egstimated output

K - Discretized feedback gain

Figure 2 Open Loop Observer-Controllar
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For an open loop observer-controller with model dynamics identical
to plant dynamics, initial conditions in the plant and the model the
same, and no external disturbances, Q approaches x and the obsgserver
will mimic the plant providing the necessary state feedback for
control. Intuition tells us that, in the presence of disturbances,
this too much to hope for and the open loop observer is modified to
use, as feedback, the measured plant outputs. Define the aerror in the
estimate to be

R0 = X(k)-x(k)
then the system representing error dynamics is

R(k+1) = AX(K)
which again depends on the dynamics of A (or § in the discrete time
system). Intuition also tells us that the error can be driven
asymptotically to zero by appropriately chosen feedback. Figure 1 is
further enhanced to obtain Pigure 3, the closed loop Observer-
Controller. Here the plant outputs are sampled to correct the model
inputs, and so the plant must be translated to digcrete time notation.
Now the error dynamics depend on (QJIc), that is,

X(k+1) = (E-TeIxck)

and, if the eigenvalues of ('-Ic) are asymptotically stablae, Q(k) will
approach x(k). Since there is no physical impediment (such as plant
time constant) other than computer speed, the aeigenvalues of (§4Tc) can
be adjusted to be considerably faster than the eigenvalues of the

plant. To show that one needs only an observable system in order to
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N [

x(k+1) x(k)
v(k)+zu(k) . —':/Z\ — Vo
/ \&/ I

-

MNe
T

: S
T 1 [X® - § (1)

z

]

i

T - discretized Observer feedback gain

Figure 3 Closed loop Observer-Controller

arbitrarily place eigenvalues of the <closed 1loop observer by
appropriate choice of 1, refer to Equation 1 on page 47 and daefine

al(z) = det (zI-§-Yc)
Following a similar derivation,

a,(z)-a(z) = a(z) c(zI-ﬁ)-yT

’
Using the transpose of the observability matrix, .4
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' ' [~ 7

[t -a) = & 1 8, a, az- -

1 7
81 82

1 al e o o

1 o o o
) =t

- P
R

Then
[«€-a) =& R 1

a~y
solving for 1

v ' -1 ¢ -1
1 =) &) e -a]

and to arbitrarily specify [o€ -a], & must be full rank. The necessary

tools to implement the observer-controller now exist.

Reconsider the open loop continuous time realization of the plant
shown with the discrete time realization in Figure 4. Translation was
made by use of the Classical Control (CC) Pade Matrix Exponential and
the resulting system was simulated to evaluate the translation. The ¢
matrix has been expanded to develop four outputs; yl = tip

acceleration, y2 = shaft rate, y3 = shaft pogition, and y4 = tip

position.
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“ Fiqure 4. Open Loop Continuous Time Deam System *

PSt Setates = & @0i1nputs @ | Soutputs = 4
A(cole | to S
11-1.7618100+01
21+2,.0013200+04
31+2.2497600+0S
41 -%, 3872100+07
LT
'Y}
A(cols & to & )
11t

21

n

41

-1

&8 -7,
| J

11

23

31

41

S

61 1.3330000+01
C(cols § to S )

11=1,172893D0+03 -1,048686D*00 3. 9923200-02
4} -] ] o

3 o Q ]

a4 1 Q o]
Cicols & to & )

13
21
3t
43
D=0

o
15038 -
1. 795000D+06
S.3372100+07

o]

0

Q0000
Qo000 ~0
000~00

oo

0000+00

Q0000 §POOOO

8.949907D+02
[+

000

COo~C

Fiqure 4, Open Loop Discrete Time Beam System. Tw,01 second "

Fil: Wstates = 4 #inputs = | HSoutputs = 4

A(cols 1 te $
1: 4,2324710-030 &, 2BXT7FRP-03 T LRS00 1.4419270-07 R, 7966 320-01
Ji-1.42%52400e0 1.531314D0-01 5. 987940007 4,2223%20-0% 1.83894190+02
11 -3,.5407400+032 +1.c46T2680+01 9, 873322001 ?, 3739 D-03 1. 7598430«04
41 -3, 36%Q0410=0% -2, 1299110e03  -7,724624D0+00 9.7923310-0¢ 3.31156470+0%
: 5] ) o 0 1
Al Q 0 b} Q ¢}

A(cols 4 to »
ts 2.3337230-03%
I 3049020001
31 2, 8051340e01
41 2. 232901002
I 9,4643752D-03
&3 7. 296008D-01

11 1,075081D-04
2: 4,.%33397D-02
I3 4,7742640+00
41 1.2301110+02
Ss 7.4818400-04
61 1.4783830-01
C(cols 1 to S

11-1,1728930+03 -1.048684D+00 3.9523200-02 Q 8. 9499070402
21 Q [« Q Q [¢]

n ] -] -] ] 1

4 1 -} ] (] ]
Cicols & to & )

1 [}

23 1

=] | -]

41 o

D=0

Figure 4 (A,b,c) and (J, T,c) Realization of the Plant
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' Figure

F40: #statesg = O
(cols 1| to T )

#1nputs =

#outputs = |

¢ CELIGHT.MarylLin Optimiced Feedback Gain., b "

12 2, 23B0000+0O0 -1.S200000-01 -1, 5300000-0z 2, 3@A000D=0% 4, OR000G0+0]
(cols & ko & ) )
1: S.R2020000=-01

" Figure T

Fa4s: #states = O
(cols 1 to § )
1: 1.32414%0+01
(cols & to &)
1: 7.37323072D=-01

k=tilde.

#inputs = 4

#outputs = |

=1.097972D-01 ~2,.29R722D-03

Mog1fied Feedback Gain for Discrete Time

1.4893710-0%

1.9412980+01

» Figure S, Eigenvalues of Closed Loop Observer-Controller (Phi-Gammasxkt:lde)

P1O2:

#states = O #inputs = & #outputs = 45

(cols 1 to 5 )

1: 2,%5697630-01 2,303478D-01 o) 0 0

2: -9,:303478D-01 2.569743D-01 o} 0O (]

3t Q o) 9.752126D-014 2,633%340-02 ¢}

4q: (] [»] ~2,433%34D-02 ®.752126D-01 (&)

5: o O 0 0 7.382287D-01
&2 O o) 0 (0] ~%5.049293D=01
(cols 6 to 6 )

1: O

23 (3]

3 3}

3: (o]

B S.08%2930-01

L3 732327001

Figure 5 Continuous and Discrete Time Controller Gains
Figure 5 is a listing of the DELIGHT .MaryLin optimized gain, K and
The discrete gain is obtained by comparison

o~
the discretized gain, K.

of characteristic equations of:

1. An open loop discrete time system to which feedback is added

and

2. A continuous time closed loop system translated to digcrete

time.

- 55 -



‘Equating like powers of h (through the second order), poles up to

2
and including the second order (h ) are equated. (Reference: Astrom
and Wittenmark, pp. 189-192)

“~
K = K[I+(A-DK)h/2]), h = .01 second

The eigenvalues of the system (§ -T K) are also included in Figure 5.

Note the following:

eigenvalue radius 5 T fn(hz)
1 .965 .027 .28 20.6
2 .975 .68 .39 .6
3 .894 .183 .09 9.0
Table 1

There is no dominant system pole, and the radii are_all large, implying
that the system will be quite sensitive to any gain adjustments and to

non-exactness of the state vector used for feedback.

Figure 6 is a comparison of beam tip step responses for the
DELIGHT.MaryLin optimized system [(A-DK),b,c] with the solid line
plotted against the discrete time observer [(§-T K), T ,C] denoted by

the small circles. Although the system responses are essentially the
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same, the continuous time system settles somewhat faster (1.8 seconds

to zero error) compared with the discrete time system (1.8 seconds to

1.5% error, 2.15 seconds to zero error). This testing confirms that
the controller gain optimized by DELIGHT.MaryLin and digitized will

provide the expected stability and performace.

Figure 7 is the discrete system's beam tip acceleration response to
a step input. Note its similarity to the final iteration of the

DELIGHT.MarylLin optimized (continuous time) system on page 44,

The observer output feedback gain must be developed such that the
estimated state vector approaches the plant state vector asymptotically
and with faster poles than those of the plant. A two step approach was
used to achieve this. First, a new DELIGHT.MaryLin bptimization was
performed using the (A,b,c) realization developed from the voltage to
shaft position modal identification transfer function. This model
includes the shaft inertia and was éruncated to include only the
inertia of beam that 1is carried rigidly (i.e., the first bending
mode) . Here the shaft settling response may be optimized. The
resulting shaft position and shaft rate gains, along with a newly
introduced tip acceleration gain, were then modified by pole placement

to produce asymptotic settling of the three outputs.
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Figure 8 shows the discrete observer output feedback gain, L, where

T=11L

This mechanization was allowed (although limiting feedback pogsibilities
by forcing I to have a factor,T ) to obtain laboratory readjustment of
the tip acceleration feedback gain. As was stated earlier, the
dominant tip mode (20.6 hz) will have a 72° phase shift, inherent in
the digitizing process, between the plant sensor and the ob;ervet. It
was felt that séme gain adjustment might be necessary here. Figure 8
also shows the eigenvalues of the observer with output feedback (§ -T

~ o~
Le) or, referring to Figure 3, (§-lc).

* Figure 8. Observer Feedback Gain, L-tilde *
P61 Sstates = 0 W®inputs = 3 Soutputs = 1
1t 1,000000D-02 7.500000D~01 1.015000D+01
" Figure 8. Eigenvalues of the Observer with Output Feedback (Phi-CammaselLtildesc
y *

P291 #states = 0 #inputs = 6 Soutputs = &6
(cols § to $ )

1t 2.6602110-01 9.449933D-01 o o) V]

23 -9,.449933D-01 2.464602110-01 o o) (o]

31 0 0 7.908480D-01 4,971591D-01 (]

At [+] (o] -4,971391D-01 7 . 908480D-01 o]

S 0 [») 0 o) 9.0614%4D-01
6t o o] Q o) -7.834406D-02
(cols 6 to &6 )

13 o

23 [+]

3: Q

43 Q

S: 7.834406D-02
6: 9.061434D-01

Figure 8 Observer Feedback gain and Closed Loop Eigenvalues.
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From Figure 8 note the following

eigenvalue radius
1 .98
2 .93
3 .91

Figures 9 through 11 depict the closed
Observer with output feedback.
not been adjusted for feedback gain.

a value of .0287 which,

q T
.015 .49
.13 .13
.74 .106
Table 2

f (hz)
n
20.6

9.0

2.0

loop response of the

It should be noted that the plots have
Specifically, Pigure 9 settles to

multiplied by its feedback gain of 10.15,

yields 0.29 which is observed in Figure 6 as the final value of the

step. Pigure 11 must be scaled by 0.01 which shows acceleration at .5

second of less than .0015g peak.
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The final problem before program code is written is to determine

gain scaling for the experiment. There are unavoidable gains in the

system (i.e., Data Acquisiton Adapter A/D and D/A and internal integer
arithmetic) which must be compensated. Refercing to Figure 3 of this

chapter,

X(k+1) = w(k) + Fx(k) T Kx(k) (2)
for the plant, and for the observer
X(ke1) =Tu(k) + PR(K) -TEX(k) - Tex(k) + lex(k)

2Tv(k) + §R0) - R0 -PYekx) +Phex(i) (3)

The unavoidable scaling of our experiment due to connections between
the plant and the data acquisition adapter of the PC, Figure 12, is now

developed. Following the same procedure,

. NA .
x(k+l) = 1/gTvik) + Tx(k) - 1/g TKx(k) (&)
for the plant, and for the observer

x(k+1) = 178 Tv(i) + PR -TPRx(k) -PLex(k) + T Texx) (5)
Comparing (2) with (4) and (3) with (5), the systems do not have the

same eigenvalues due to this scaling and must de scaled to produce

equivalaency.
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Experimental Setup with Unavoidable Scaling
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Figure 13 is developed from Figure 12 by adding the proper scaling

factors (denoted for clarity by triangles) to change equations (4) and .

(5) to be consistent with equations (2) and (3).

k+1) x (k)
1 + 1 K
g e T = . v(k)
+
¢
v
%(k+1) & (K)
+ 1
T B c

]

~

denotes added scaling

Figure 13 Rescaled Experimental System
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Plant sensor offsets are cancelled in the experiement by
repetitively sampling the A/Ds during program startup (no input to the
plant), averaging the result and subtracting this from the sensor

output each time it is read during program execution.

The Fortran Program to implement the Observer-Controller of this
chapter is found in Pigure 14 (3 pages). The functional order of such
a program is critical to accomplish what is desired of the program. A

functional synopsis of Figure 14 is listed bdelow.

1. 1Initialize variables, measure plant offsets and enter main loop.

2. Generate new input; read plant sensors as close together in
time as possible (i.e., read A/Ds and binary input).

3. Compute and generate new output from new input and prasent
gstates (i.e., update D/A).

4, Compute all future states using new inputs and prhsont states.

5. Assign future states to present states.

6. Return to 2.

This program was not written to be run synchronously with an update
interrupt because it is the only code running in the PC at any one
time. Relatively constant computation times produce a 10 msec time
line with about +5% breathing. Calls to the data acquisition adapter
occupy 6 msec of the 10 msec total time line while the iterative

calculations require the remaining time. The IBM PC data acquisition
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adapter macros which produce the 1I/0 operations are somewhat
inefficient for our purposes because at each READ/WRITE call, the PC
register information must be pushed onto the 8086 stack to service the
acquisition adapter, then popped when the operation is complete, only
to be repushed microseconds later at a subsequent call for the next
sensor (tachometer, accelerometer then bdinary encoder). Efforts will

be made in the future to write code in asgsembler and to avoid these

unnecessary delays.
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L LT e 2 g e R L R T

-

[

SEAM2.FOR QBIEFR.ER ZANTROLLER

T RN CRR R RN SRR RPRCSRLRRRSR R RE PR IR ARt R G T LR Pt S IR RN P AT Prettrsoretrs

INTESER+2 ADAFT.ADEYVICE EDE . ICE s TACHOHAN WITRL W MODE ,ETRF . STAT
[MTEGER®#2 1.J4t L. NSTEFS MENzVEL MEAIFCE (L aNTLARN (HND Sy
TMTEGER#*2 IUFORCE (MEASACT - SChmlde INTTVEL S Uiy G INITIRZT Lo
INTEGEF#*2 VELSUM.ACCEUM . MALG TESTEOR T JTEEST "l TEZ T/ As (oG- IM
IMTEGER#2 ADATEGM MACCEGM ./ FORLE JCUMTZONJOUBZS M L OLE sl .
HTESEF#2 FLANTEY .SUMEF

(NTEGER®s TCUN! JRATE

REmL VELDATAFOSDATAALLLDAT S VECUF 2T o /oL OFS 7 o L JMUF

REmL FRESX1 . FRESAZ . FRESAIFRESAG FRES S PR aXsoull
REML FUTX L FLUT X2 FUT L3 FUTXQFUTISFUT s JMNEW R

REAL CGUFCRCE .MODACC.ALCOIV &USDIF VELLIF

COUBLE FRECISIOH LONTFDERY JUFQRCE.COMTIUT

NATEFRS=D

CRESLL=0.0

SRESY2=0,0

FRESX3=0. 0

FRESXw=, 0

FRES2S=0.0

FRESXS=1, 0

1 DVFE =0

MEWWVFE =0,

cQSDATA= .

VELDATR=D

ACCORATAS: O

CONTEDRE =0 .

MODACC=0,0

OLDWF=CLw

TESTFCFRT=1

[IFORCE=20 63

YEPORCE=0

ADAFT=0

~DEVICE=®

GDEVICE=9

FLANTCHAMN=

TACHCHAMN=3

ACCCHAM=1

CTRLL=0

MODE =0

STOR=0)

STAT=0

HMDSHK =0

COUNT=100

RATE=100

VELSUM=O

ACCSUM=0

CALL AQUS(ADAFT .QADEVICE.FPLANTCHAM.CTRL . [UFORCE.STAT

IF (STAT.NE.GOTE SO0

WRITE(L.#) "“INFPUT STEF SIZE (AN [NTECER "ALUE. S Ul LESS) ©
READ(S.») YFORCE

IF (ABS(VFORCE) .GE.S)H)VFORCE=%

WRITE(S. %) "HOW MANMY STEF IMFUTES FOR THIS DEMO
FEAD(S.») NSTEFS

CREXFBEBERERBBERBBRRRBRERRERBEERPRRDPERRERRERRRERE RSP Ro L2 L A X X 2 L

c

CALZULATE THE VELOCITY AND ACCELERATICM QJFFSETS FROM THE

Figure 1l4 Observer-Controller Fortran Program
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o FLANT SENSCRS ~ND THEM SUBTRACT THE CFFIET FR0M THE
2 FETURMS DURING THE REm. TIME ROUTINE CALLS
BEE R Y R I T T2 LSRR LSRR A A S B O LR Sk ¥
ZALL ALMMUADAF T ADEVICE  TRCHOHAMN (ETRL (MCUE . SToF W LOuM T £ 2
SOIMIPVEL (L) W STAT)
[F(ETAT.NE.0HGATO 200
S SR S R SN |
VIZLSUM=VELSUMS- INITVEL - F ) =204E
10 COMT I MUE
VELJIFS T=VELSUM/ 100D
CALL A INM(=DAF T ADEY ICE JACCOHAN (CTRL WMODE L STUR Ll Fm " E,
LOIMITAZCW 1 v3TaT)
[ STaT.NE. D130TC 200

90 20 L=teldeel
AOCEUM=ALCSUM+ INITACC L ~-2043
L CONTIMUE

SCCOFST=mIC3SUM/ 100
OO tuw [=21NETEFRS
CO 200 I=1.300
BEITITIT RS EI LSRR R 2R P E LT R T L IRRY BRI T SV AP e AR SR e
c 2% HIS INFUT FILTER
[_‘QG*&Q"’f"’f.f’f”’QQﬂ-f’%fﬁ’f’”!'f"”’*’*‘“**’Q#Q’#Q‘f”flﬂ..oi
NIEWVF= LS L s UFORCES . 39#0L0VE
LR G ER GRS BB RERCT RS RIRP RPN CR RS RRRR BB et bbb Lt RNt ECH Tt ET RN
c SEFARATE CALLS TJO THE DATA ACOUISITION ADAFTER SCR FLANMT
c HUE RATE. HUB FOSITION AND BEAM TIFP ARCCEZLERATIOM
CHB BBttt bR ENBPCEER R CRBPERBBRRPCCHBERRLLGRB RS CCRPRFFSL S Gt er e
Crbl AINS(ACAFT.ADEVICE . TRCHCHAN .CTRL (MEASVEL (STwT:
IF (STAT.MNE.O) GOTQ 300
CALL AINS ADAFT .ADEVICE .ACCIHAM.CTRL .MEASACC.STAT:
[F (STAT.ME.D» GRTQ 200
CALL SINS(ADAFT .EDEVICE .HNDSHE JMEASFRS.STAT)
TF «STAT.NE.D: GOTQ 400
VELDATA= ' MEASVEL-2043-VELOFST) #2.,45
ACCDARTA=SMEASACLC -2048-ACLOFST
FCEDATA= MEASFOS/145)+,.314
T e TR RRCERI BTN CRERCHRRRRRERRLRERERRRRRRE RSP RECRERP SR CE SR
[ DEVELQF COMNTRULLER 3TATE FEEDEACE AND SURTRACT IHIZ FRUM
2 THE INFUT. CIMIT ONLY IUFORCZ WHICH [Z THE FLAMNT EFRGE.
Lt e b BB bbbl R NRElt Rt R RRRRRtRettRe Rt tel bttt R tRPttrrtrantes
CONTFDBk=(1,.8338B2FEL1#PFESX1~-1.0727356E- L *#FRESx2
L ~2.299116E-3#PRESX3+1.4889T5E-S+FRESXs
% #1.93973E1#PRESXS+7.4217S1E-1#FRESX S,
UFORCE=NEWVF~-CONTFDBK
LIMUF=-UFORCE#204 .8 ’
IF(LIMUF .GE.2000)LIMUF =200
IFILIMUF.LE. (=2000) ) LIMUF=1 -2000)
TUFORCE=L IMUF +2048
CALL AQUS {ADAFPT.ADEVICE .FLANTCHAN.CTRL . IUFORCE .STAT .
IF{(STAT.MNE.:38TQ Sao

CLOVF=NEWYF
CHRERRBRREBREER BB R RS RRBBRBERCBREBBRERRE AR ERCE AR DRSS E TS E T2
c TAKE DIFFERENCES BETWEEM FLANT HUB RATE. HUE FCSITION.
C AND BEAM TIF ACCELERATION AND RESFECTI'WE MCLELED FARAMETZRS
c FROM THE QBSERVER AND SCALE &Y L-t:ilge

Figure 14 Observer-Controller Fortran Program (Continued)
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C PY YT YREPTPTETEEILELEL LT L AL LA S R AL L L 2 2 X PN T R TN P PR R R R AN AP R
FOSDIF=FQSLATA+204 . I3»FFEZ3XS
VELDIF=~VELDATA+204 . 9#FRESXS
MCLACC=204 . 8#{~1 ., 17297 3E3#FRESX L -1 . 0484 3Bs»FRESAE
L +S, FEQ3EE-2FRESX3+2. P4 IFITREZHFRES XS
~CCDIF=2-ACCDATA-MODACC
OUFGFCE=UFDRCE-( (10, 1SeFOEDIF+. "Se ' ELDIF+ LS +aCClIF: 2 .
L'INI'Q CrRPPOR R P TCCR NPT R R e RS RS R R CR AR BEREREPRCTEE PO e ~
C  CDEVELCF FUTURE STWTE RECURZSIONE
';!* (X2 A 2 L AL LIl ALl Al el it Al RS2 L Y 2 X3 2 3 2 L b L T 13 R A R Y
FUTX1=4,.2324 7 1E-Q«FPRESX1+5.283793E-3#FRES 2
+3.758312E-S#FRESXZ+1 . 43 192SE-T#FRES XS
2. TSLEL2BE~ 1 «FREZSXS+2 . 323TS2ZE-IFRET X &
+1 0TS0 GLE~w »QUFORCE
FUTX2=-1 . 92QS39 E2#FRESX1+1.531219E~ 1 #FRESXD
+& PGV PLE-SHFRESK2+4 2223 3E-SeFRESX S
+1.9894 1 FERSFRESXSE +7 . 0RO I30E-1 #PRES L
+4 S3ZEITE~-Z-0QUFIRCE
FUT23=-3 .S THOESFRES (1 -1 .0522WeE ] +FPRESXZ
P ATIVSEE -l «FRESXI+S . 2T 298 1E-2RFFRESX S
+1 PEFCLREG*FPRESAS+T . QLE 1 S4E L #PRESX S
7792 8%E 0 xQUFORCE
FUT a=-2.362001CS#FRESK 1 -2, 12871 1E2#FRESK
=7 TROOTFLE N FRESA3+P . TRE33LE-L #RESK S
+3.21 15 7ESHFRESXG+2.2389 1 E3#FPRES XS
+1.230C1 1 LE2«QUFORCE
FUTXES=FRESXS+2 . 8u2722E~3#FRESX S+ 7. 421 84E~-G#CUFSCE
FUTX&=F ., 298u0BE~L#FRESX &+ . 4783838 -1 #QUFORCE
FRESX1=FLUTX!
FRESX2=FUTX2
FRESX3=FUT(2
FRESX4=FUT X4
SRESXS=FUT«S
FRESX&=FUT IS
200 CONTINUE
C*‘l'*i#ﬁ.i#’&*f”i*i*i’*##bf’ A2 222 2T IS R R RS R T L L2 R R R PR 2R N
c CHANGES SIGM OF WFORCE
g 22T ELLESEL LIS SIS TSI E AL 22 LR R L L L R Y R Y T

v g% <o

]

(o

2

go (¢ (o

(e §® (o

VEFORCE=-FORCE
100 CONT INUE

S0TQ 900
200 WRITE(»,600) STAT
L00 WRITE(#,700) STAT
Q0 WRITE(#,800) STAT
S0 FORMAT(1X,’AINS ERROR ".15/)
700 FORMAT(1X, BINS ERROR ".I1&/)
800 FORMAT (1 X. "RAOUS ERROR ~.1&6/)
00 END

Figure 14 Observer-Controller Fortran Program (Continued)



V1I. EXPERIMENTAL RESULTS AND CONCLUSIONS

Program Beam2 in chapter VI is a simplification of Beaml which has
the capability of calling program variables to appear at the
instrumentation port on the electronics chassis. Program Beaml was
used to access plant and observer variables to plot the results shown
in this chapter. Plotting was performed by connecting the Y-axis of
the X-Y plotter to the instrumentation port and connecting the X-axis

to the plotter's internal time base.

Figure 1 compares the sampled plant encoder (shaft position)
output with the observer state xs for a step input of 0.3 radian.
Figure 2 compares the sampled plant tachometer (shaft rate) output
with the observer state x6 under the same input. The cloge

correlation in each figure' is expected because each of these estimated

states is directly corrected by plant feedback.

Figure 3 is a comparison of the sampled beam tip accelaerometer
output and tip acceleration as developed in the observer. Although the
low frequency correlation is good, there ig sgignificant departure at
higher frequencies. Particularly curious is the 6.5hz oscillation
which is most noticable betwesen 1.0 and 1.5 saeconds. The source of
this mode is not clear at this time but it is expected to be due to
unmodeled or phase-shifted modeled frequencies fed into the obse’rver

through the plant tip accelerometer. These appear as external
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disturbances to the plant and see a radically different transfer

function than does the normal input. Additional simulation has beeni

planned to investigate this hypothesis. It is particularly interesting
to note that the root locus of the transfer function from plant input
to tip acceleration includes a complex pole pair (20.6hz) very close to
the unit circle with angles of departure of 90° and 270°. This system
goes unstable for a feedback gain greater than .03 (the experimental
value is .01). The combination of this low gain and the large sampling
phase shift at 20hz causes poor correction of the estimated beam states
for high frequency inputs. These problems will be addressed in the
future by increasing the sampling rate and by improving the observer

output feedback performance.

Figure 4 compares the simulated step raesponse with the measured
data. Both of the curves are the observer x1 state; the solid curve
has no plant state correction (it is the lowar half of Figure 2 on page
50). The circle curve is the closed loop observerfcontroller of Figure
3 on page 52. 1In Figure 4 of this chapter, the first radical departure
from the system simulation is observed. The experimental system tip
position lags the simulated system by about one second as the tip moves

0.3 radian. The tip overshoot and settling characteristics are

identical for the simulated and experimental systems.

The lag is due to a combination of two factors: low control cost

and high system friction. The DELIGHT.MaryLin optimization for the
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given engineering specifications produced a system with very low torque

requirements, low enough to be roughly what is needed to overcome
friction. The friction acts as a non-linear plant disturbance which

has not been taken into account in the model.

A solution to this problem has been developed. The plant

tachometer can dbe used to close an analog control loop around the motor
yielding a velocity source with a linear scale factor of ¢
(rad/sec)/volt at the motor shaft. A new DELICHT.MaryLin optimization

will be needed to implement this design.
In summary, good control of a system utilizing an observer-
controller can be achieved by observing normal design practice and the

following cautions:

a. Sampling speed must be adequate to uniquely .reproduce each

expected modal frequency.

b. Phase shift between sampled plant sengsors and estimated

observer states must be minimized.

¢. Priction must be "handled” through modeling or through plant

modification, expecially in direct drive systems.
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d. Engineering specifications to DELIGHT.MarylLin, in this
optimization environment, may not be as obvious as they seem,

e.g., modal time constants are important.

e. External disturbances do not affect the observer-controller in
the same way they might affect a classical system. More

attention must be paid to this issue.

The initial experiment of Cannon and Schmitz was used as a basis
" for this experiment. The chief differsence in concept relates to the
use of an absolute position tip sensor in the Cannon and Schmitz work
and a tip accelerometer in this aexperiment. The intent of both
experiments is to control tip position of 36 inch long beam. In
practice, it is difficult to measure the tip position of such a beam
(for obvious reasons) and, while a tip accelerometer is not the
friendliest of sensors, it is easy to implement. Either sensor can be

used to correct the beam state estimates providing effective system

control.

Figure 5 compares an experimental result of Cannon and Schmitz,
the S degree step response, with this experiment (the rcesults in
Figures 1-4 are for a step of 17.5°). Recalling the friction problems
with thié experiment and noting that the engineering specifications

allowed DELIGHT.MaryLin t. overshoot and recover slowly, the responses
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are not drastically different. The University of Maryland Arm response
will be very similar to the arm of Cannon and Schmitz after the
friction problem is fixed and a new DELIGHT.MaryLin optimization is
complete.

The directions pursued by the SRC in the future include:

1. Modify the plant to make friction transparent.

2. Increase the sample rate of the PC.

3. Change the engineering spacifications for a new

DELIGHT.MaryLin optimization.

4, Improve the observer output feedback response.

5. 1Install piezo film on the arm to act as a bending sensor and

also provide beam damping with a similar film.

6. Investigate distributed rate and acceleration sensors for the

arm.
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APPENDIX A

rivation of First Resonant Mode Shift from Lumped Parameter Model

K
MOTOR .
T ®

e,, T

2’ "2
Figure A-1l Lumped Inertia Model of Plant

Calculated inertia of the motor shaft, motor and table.

Inertial portion of the flexible beam which is carried
rigidly, i.e., does not decouple from the shaft, in the

first bending mode.

Ja + Jb. the inertia moving with the motor shaft.

Inertial portion of the beam which is not carried rigidly,

i.e., decouples from the shaft, in the first bending mode

(Jbeam - Jb).

First bending mode beam stiffness.

Tl.Tz = Respective input torques.
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Figure A-2 Signal Flow Graph for Figure A-1

A.1 For fixed-free bending of the beam alone

J, =

1 1
T. 20 —
1
% 1
)
st
-1
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/‘rel-e2
8, ®,

Pigure A.1-1 Fixed-Free Signal Flow Graph

By Mason's rule:

2
02 K/st 1

01 1 + x/st2 (sz /¢ JE/J2)2)+1
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As stated in the text, this mode was calculated and confirmed by
measurement to be 2.7hz. 1In chapter IV, curve fitting of the voltage
to hub position transfer function yields an adjusted motor cormar of
7.3 rad/sec (Ja + Jb). while calculation using just the hub inertia
(Jn) produces a motor corner of 21.0 rad/sec. The difference is the
portion of beam inertia carried "rigidly” by the hub, or:

7.3 /8 (J +J. ) =21 /s (J)
a b a

Jb = (13.7/7.3) J‘ = ,188 lb—in-scczlrad
then, J2 is the total beam inertia (1.0 lb-in—seczlrad, calculated)
2
less Jb or 0.81 lb-in-sec /rad.

A.2 Plant first resonant mode

J1 = .1 + .188 .29 lb-in-seczlrad

] 2
J2 = .81 lb-in-sec /rad

By Mason's rule from figure 2:

4
02 K/JIJZS
—_—
2 2
Tl 1+ K/Jls + K/st

2
1/s (J1 + Jz)

2 2
(s“7¢( ./x(.r1 * I3 NT) + 1
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For K wunchanged, the first resonant mode of the plant
approximately ( JK/Jz)(Jz)/(Jldzl(J1+J2)) or 2.7 (.81/.212)=

10.3hz. The modal identification experiment shows this to be 9.0hz.
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APPENDIX B

Development of Beam Tip Acceleration from Beam States

Referring to Figure 4 on page 24, states x1 through xa

expressed in Kailath's observer cannonical representation to produce

may be

=~ - . -
-al 1 0 0o o
A= -az 0 1 0 , b = b2 ,
;a, 0 0 1 - b,
. 0 0 0 -b‘J
c = (100 0)
f'x 9
1
vy =ex = [100 0] %2
*3
|4

Note that for this system u = x_. Then,

S
} = ci. where X = Ax + bu

and,

Y = cx, where X = Ax + bu = A(Ax + bu) + bu.
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Only the first row of the result is needed

-2 -

al-az -al 1 0
X

L .

ox [az
y 1 a
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APPENDIX C

ENCANG.FOR

C 440 3 2 3 32 3 2 3 A A I IR * N

SO0

c
c

SUBROUT INE ENCANG (RAWVAL )
INTEGER*2 ADAFTER.DEVICE ,HNDSHY .RAWVAL .STAT
ADAF T=u

DEVICE=S

HMNDSHE =0

STAT=0

CALL EINS (ADAFT.DEVICE,HNDSHF .RAWVAL.STAT)
IF (RAWVAL .GE.Z2048) RAWVAL=2043

IF (RAWVAL.LE. (=2068)) RAWVAL=(-2048)
RAWVAL=RAWVAL *# (=11 /2

GOTO S

RETURN

END

IDENTST.FOR
SOFT CLOSED LOOF WITH BINS AND AOUS

C 4 4 38 9 46 30 2 35 2 3 20 0 T2 A2 e A A I A

100

200

800

INTEGEFR*2 RAWDTA.STATO.RAWDAT.,.FDEK

INTEGER#*2 ADAFT.DEVICE ,.CHANLOOC.CHANLO! .CTRL.STOR.STAT!.FLAG
ADAFT=0

DEVICE=%S

CHANLOO=0

CHANLO1=1

CTRL=0

STATO=0

STAT1=0

FLAG=O

CALL ENCANG(RAWDTA)

RAWDAT=(RAWDTA+2048)

FDEE=( (RAWDTA/10)+2048)

CALL AQUS(ADAFT.DEVICE,CHANLOL .CTRL RAWDAT.STATL)
CALL AQUS(ADAPT,DEVICE,.CHANLOO.CTRL .,FDBK .STATO)
FLAG=FLAG + 1

IF (FLAG.EQ.1) WRITE (#,200) RAWDTA

FORMAT (1X,1I6)

IF (FLAG.EQ.100) FLAG=0

GOTO 100

END

Low Bandwidth Closed Loop for Modal Identification
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