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Advanced, Turn-key Systems

Our turn-key systems let you get straight to work Rugged, Multi-use Powertul: intuifive

using a wealth of advanced system features. Whether Mechanisms
you're teaching basic concepts or conducting post doc-
torate research, ECP’s complete packages minimize
the hassle and maximize the empirical experience.
Our versatile mechanisms, intuitive system software,
step-by-step instructions, and detailed solutions, are
proven to save you time.

All systems include a comprehensive set of experi-
ments that bridge the learning gap between theory and
real-world applications. Your students will benefit from
the visually stimulating demonstrations each system
provides. From the distinct oscillation modes of our
torsional plant to the large nonlinear motion of our
magnetic levitator, each system is designed to clearly
show the open loop dynamics, then vividly demon-
strate the effectiveness of closed loop control.

Interface Options For All
Laboratory Environments

ECP Executive™ program provides a
full set of linear controller forms, input
trajectories, plotting and data manage-
ment functions - all in a turn-key system

ECP Executive USR™ program pro-
vides the same easy-to-use features as
the Executive while supporting fully gen-
eral user-written control forms

ECP Executive DYN™ turns our Model
205 and 210 systems into integrated
dynamics and vibrations workstations -
no control system experience required

ECP Extension to Real-time Windows
Target lets you operate ECP turn-key
systems in a real-time Simulink® environ-
ment via standard Mathworks products

“Plant-only” options provide the mech-
m anism, electronics and control interfaces

cHoice | | to operate ECP’s quality apparatuses via
- third party hardware and software

Interface Software

Industrial Grade /O

Electronics

High Speed

Control Hardware

Comprehensive Experiments
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Systems That Perform To Perfection
(And Don't Break!)

ECP’s mechanisms are legendary for their quality, durability and
multi-use utility. From the precision of our high resolution
encoders and laser sensors to our high torque rare earth servo
motors and ultra low friction duplexed bearing supports, we have
cut no corners in providing the highest possible mechanism
quality. This precision provides the truest possible plant
dynamics. Systems of lesser quality can limit the types of
control approaches that may be successfully employed. With
ECP systems, if uncertainty in the plant dynamics is desired for
study purposes, it may be easily introduced in a controlled
manner and control effectiveness studied quantitatively.

The exceptional reliability of our systems pays high dividends in
trouble-free operation. With hundreds of units in the field, we
receive on average fewer than 1 per year returned for repair and
have no reports of nonoperational equipment despite many
being in continuous use for over 12 years! To back up our
commitment to quality, we are the only manufacturer to provide a
full 3 year warranty with all complete systems delivered in
the US or Canada (contact ECP for warranty details). These
handsome systems make visually stimulating controls and
dynamics demonstrations.  Our customers praise them in
showcasing their laboratories to prospective students and visiting
colleagues and during accreditation reviews.




Mechanism Highlights

Model 205 The Torsional apparatus is a proven multi-configurable

5 workhorse that excels in heavy-use teaching laboratories.
Torsional Appu ratus Its precise dynamics provides graphic demonstrations of
rotational system controls and vibrations
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Model 210
-L - Rectilinear Plant
5) More! This classical system is easily transformed into a variety of h
spring/mass/damper configurations commonly found in con-
trols and dynamics text books. It provides a benchmark for

control effectiveness and intuitive demonstration of vibration |
and controls principles.
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Model 220 And More!
Industrial Plant Emulator

~
Adjustable
Inertias -7 | - | - I ‘

The Industrial Emulator pro-
vides a testbed for practical
motion control implementa-
tion. Gear ratios and inertias
are variable and non-ideal

properties are applied and Flaxibiltty
removed to demonstrate the

Molor

effectiveness of mitigating it
control strategies.

Monideal Properties - Typical In Industrial Appli-
cations - Are Easily Introduced And Removed
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<3P Mechanism Highlights

Model 505
ECP Inverted Pendulum

ECP’s inverted pendulum is a dynamically unique
apparatus that is both nonminimum phase and
conditionally stable (unlike a conventional inverted
: pendulum). Variable dynamic
| Config- | Options parameters provide a range

| urations. of simple to highly challeng-
2 ing experiments in this self-

' contained system

Model 730
Magnetic Levitator

The MagLev system employs high flux magnetics and laser feed- ¢} @D
back to provide stimulating high amplitude levitation experiments in

SIS0, SIMO, and MIMO control of open loop stable and unstable Losbyprsmizns
systems.

And
More!
Model 750
Control Moment Gyroscope
The Model 750 system vividly demonstrates gyroscopic dynamics and con- Accessory 51

trol and is reconfigurable to support a range of simple and advanced exper-
iments. It even controls
our A51 pendulum throug’
gyroscopic actuation!

Classical Pendulum

Cost effective
way to add
experiments

Inverted and
non inverted
operation

Four indepen-
dent adjustable
parameters

Step Response on
Muodel 205

[f-invertin
Torsional System SelfHnverting

ECP now offers two pendulum choices. The
Pendulum Accessory (A51) is based on the
classical inverted pendulum model and adds
on to other stand-alone ECP systems using
their actuators, base feedback, and electronics.
Our ECP Inverted pendulum (Model 505, i
Config- above) is a stand-alone system with unique ﬁ
urations dynamic characteristics. This system has prov-

e @I en itself in over 12 years of reliable in-field use

5 A and offers one of the lowest cost solutions for a
stand-alone experiment commercially available.




Plant Features

Feedback Sensor
At Each Disk

(High resolution optical encoder)

Easy Removal Disks
{Rapidly changes to 1, 2, or 3
disk plant)

- Torsional Spring
(Hardenad stesl. Adjustable
k for 2 DOF Plants)

— Adjustable Inertia
(Movable/removable brass weighils)

— Bearing Support

(Precision bearings @ each disk)

== Actuator

(High Torqua brushless
sarvo maotor)

via rigid timing belt
Three disk Modet 205a (View obstructed)
shown. Basic Model 205

has 2 inertia disks

Motor drives lower disk

Model 205
Torsional
Apparatus

The Model 205 apparatus is a highly versatile platform that
is ideal for introductory undergraduate lab use and
intermediate controls study. It has also been used
extensively in advanced research. In its several configura-
tions, this system represents a broad and important class of
practical plants including: rigid bodies, flexibility in drives,
and coupled discrete vibrating systems. It easily transforms
into second, fourth, and sixth (optional) order plants with
collocated or noncollocated sensor / actuator control. An
optional secondary drive may be positioned at any output
(disk) to create a MIMO plant (requires Executive USR™
software) and provides for the study of disturbance rejection.

The ability to readily adjust physical parameters such as
inertia values and spring constants make it ideal for multiple
student work group assignments. This apparatus closely
follows its dynamic model and the theoretical predictions of
open and closed loop behavior provided in the manual. It
has proven to be highly robust and reliable in the field.

Configurations; 6 std, 9 with optional 3rd disk, 18 with second-
ary drive accessory

Dynamics: Adjustable to 2nd, 4th, and 6th (3 disk
option) order, Systems types 0 and 2

110: SISO, SIMO, MIMO (with sec. drive accessory)
Poles and Zeros: Adjustable 0.8-7 Hz

Inertia Adjustiment Ratio: 10:1

Spring Adjustment Ratio: 2:1 {certain configurations)
Feedback: High resolution encoder (16,000 count/rav)
Actuator: High torque brushless motor, 2.0 N-m
Bench-top size: 30x30x96 cm. (12x12x36 in.)

Safety Features: Amplifier over-current protection. In firmware
(complete system only): relative displacement (spring) protec-
tian, over-speed protection, i2t thermal protection

Easily Transforms to 6 Distinct Plants That Include...
(Nine plants with optional third disk*)

B(r
T
Plant
Models
I
Rigid body Free-clamped Free-free, 2 DOF Free-clamped, 2 DOF
Time . 7,0,0 4+ k(0,0-0,0) = TV 116,04k, (0,0-0,0) +k0,0 = T
Domaln 760 =TO J60 4+ kOO = TO ) ,

Equations 126,04 k(0,0-0,0) = 0 120,04k (0,0-0,0) + k20,0 = 0
o Bi(s) _Jos24k  Oa(s) _ i 01(s) _Jos?+ki+ka  €a(s) _ Kk
g;u‘;?:ng AL Qe 1 T6) D) T6s) Dis) | Ts) D) | T(s) DGs)

| ) Js ; 2
I Te) 1874k D(s) =% JJos24( 1 +120k) | D(s) =Tuas* (T (k ko) +I ok ) s2 ke
| |
« Rigid body model. » Classic spring-mass oscillator| = Rigid body plus 1 oscillatory mode.| * 2 oscillatory modes.
Character- | + Type 2 system. + Type 0 systam * Type 2 system. * Type 0 system.
istics ' See page 5. . Single vibration mode = gva: 2 imag zeros, mbﬂ)OOESS= 2| « QUT:2 imag zeros, pole T
= B,/T: no zeros, pole excess = 4 » 02/T; no zeros, pole excess =4

* Three disk Model 205a plant provides sixth dynamic order with third normal mode.

© Educational Gontrol Products. All rights reserved.




5P Plant Features
Model 210
Rectilinear
PIQ ni' Mass Carriages — Feedback Sensors-
(Extremely low friction ball \ (High resolution optical
bearing carriers) \ encoders @ pach mass)
\ Damper
Adjustable Masses \ (A type, adjustable,
(Removable brass weights} : \ movable to any output)
Springs -
(Changable/removable, : \
3 stitfnesses provided)

Servo Actuator

(Brushless DC motor plus
precision rack & pinion)

Three mass Model
210a shown. Basic

This  classical  system
appears commenly in dynamics
and controls text books and serves as a
benchmark for control method evaluation. Its

dynamic properties are generally the rectilinear
equivalent of those of the Torsional Apparatus with
additional parameter adjustment capability.

As with Model 205, this system provides vivid demonstrations of elementary
topics such as rigid body PID control, lead/lag compensators, phase and gain margin,

Mm?géﬁga& 2 trajectory tracking, and regulation - as well as advanced high order collocated and
noncollocated system control. The two apparatuses also clearly demonstrate salient properties of
flexible systems such as mode shapes, natural frequencies, and characteristic transient and frequency
responses. An optional secondary drive may be positioned at any output (mass carriage) to create a MIMO plant
(requires Executive USR™ software) and provide for the study of disturbance rejection.
Configurations: 12 std, 16 with opt. 3rd mass, 18 with second drive accessory Damping Adjustment Ratio: =10:1
Dynamics: 2nd, 4th, and 6th (3 mass option) order, Systems types 0,1, and 2 Feedback: High resolution encoder {160 count/mm)
1fO: SISO, SIMO, MIMO (with sec. drive accessory) High tarque brushless servo motor, precision rack & pinion , 8 N output
Poles and Zeros: Adjustable 1.5-7 Hz Bench-top size: 31x66x15 cm. (12x26x6 in.)
Mass Adjustment Ratio: 5:1 Safety Features: Amplifier over-current protection, motion limit micro-
Spring Adjustment Ratio: 2:1 (certain configurations) o0t arotaciion, Gvar apees praischon, 1 hefMal profecion

Transforms to Twelve Distinct Plants
(Sixteen plants with optional third mass)

() Xi(t) xa(t) Xi(t) Xa(1)

- e * & T —— —= &
Plant Fo ) Fo | 74 — -
— m - m | PAAA] mz2 - m —"\f\f\f\, ma AN
Models LAAN LAAAA §J\{,\;\ i \;
k : k: ks ki k2 ks

Spring / mass / damper Free - constrained, 2 DOF Constrained - constrained, 2 DOF
Additional — — - oo R TR
Configurations - g —[} o I i crvees I RO T =

Time Domain mX® + cx + kx®) = F© my X 4 kax (1) - ko Xo(0 = Fo) X+ (kg + ko) 0-koxot) = Fi)
Equations™ maXa+ cXalt)- kaX 0+ Ko +ka)Xa) = 0 moXolt) + cXa) - KoX @ +( K2+ Ka)X20) = 0
S-Domain Xi(s) _mos’+es+kotks  Xals) _ ko xi(S) _mgs?+cs+kovks  Xa(8) _ ky
X _ 1 F(s) D(s) F(s) D(s) F(s) D(s) F(s) D(s)
Equations™ F(s) ms24cs+k
D(s) =(m;s2+ko ) mys2 + ¢ s +ka+ks) - ko’ D(s) =(m;s2+k+ka) mas? +c s +katks) - ko?
* Classic damped oscillator. * Two damped modes. = Two damped modes.
Characteristics | °* Pole excess = 2. * X1/F: "Damped" zero, pole excess = 2. » x1/F: "Damped" zero, pole excess = 2.
. g%?;%gme totype 0,1,0r | e xs/F: "no zeros, pole excess = 4. = X2/F: "no zeros, pole excess = 4.

* Configurable to type 0,1, or 2 system. = All configurations type 0.

*Three mass Model 210a has dynamic order up to six with three oscillatory modes.

© Educational Control Products. All rights reserved.




Model 220
Industrial Plant
Emulator

s

= Inertia

Adjustable i
backlash device

Brushless DC

drive motor)

/

encoders at drive

High resolution

Plant Features

Sliding brass weights
to adjust inertia

Inertia

Changeable
speed reduction

— Elastic or inelastic

drive belt

Testbed for Practical Control Training

This system is ideal for teaching practical control of modem
industrial equipment such as spindle drives, turntables,
conveyors, machine tools, and automated assembly machines.
Such plants are readily emulated using the many available
configurations of the apparatus. Its adjustable dynamic
parameters, and ability to introduce or remove non-ideal
properties in a controlled manner make it a perfect selection
for industrial servo control training. An optional secondary
drive provides for programmable disturbance inputs and with
the optional Executive USR™ software, the apparatus
becomes a full MIMO testbed.

Actuator Inertia, Ji:
Load Inertia, Ja:

Adjustable, .0004 to .00245 kg-m?
Adjustable, .005 to .025 kg-m?

Gear ratio (GR): 6 speeds from 1.5:1 to 24:1
Backlash: Adjustable, 0 to 80 motor degrees
Drive flexibility: Adjustable, Rigid to 1.0 Hz flex freq.

Coulomb friction brake: Adjustable, 0 to = 10 N-m

IfO: SISO, SIMO, MIMO

Feedback: High resolution encoder, 16,000 counts/rev.

Actuator: High torque brushless DC servo motor, 2.0 N-m
Secondary Drive (optional): High torque brushless , 2.0 N-m
Bench-top size: 30x51x12 cm. (12x20x12 in.)

Safety Features: Plexiglass® cover, amplifier over-current protec-

tion. In firmware (complete system only): relative displacement
protection, over-speed protection, i2t thermal protection

Programmable Disturbance Torques

T, [ l [ . 77 Tl

L =M Rabit
o, s rime
Step Viscous Friction Sinusoidal (t)

: time time
and load Adjustable ; Sinusoidal (02) Random User-defined
et Secondary Drive L i b
friction brake (optional dist{mance
input & MIMO actuator)
Introduce or Remove Non-ideal Properties
M o | 6 04(1)
Plant |10 " Td®) | 1(1) Taft)
Model I Backlash £
Wl1h%‘wilh- Ji With or with- With or with-
aut friction oul friction out friction out friction
Basic Rigid Body Drive / Load with Backlash Drive / Load with Flexibility Drive / Load with Backlash & Flexibility
"Exact" o o+ 262 +fosign (6) B ) , . Ti 01+ 1601 +fisign (61) i
1ime T6+cd = | = £, 000 * no(@ -id) [0 O+ 6tk (nP0onler ) =T +F,, ©-00% (n00-n'0, )=T
Domain where: F,, . () =0 when D<s< backlash Joth+ (.‘292 + k(64- n;l g)=0
=1 otherwise 25, ] ; 3
pressi y g Jang6h 4 cafh + fosign
r;gi.(ﬂol Iné?:;a WhERS Ty - the geat vabio Jais the Conlomb friction coef. 3 29: 2 g-'l g
dgg:g}g‘;ﬂf::)m Friction only at @ sssumed + Fbﬂs.l’r (8.-61) " (8- g 6) =0
S-Domain Oi(s) _ 1 0\(s) _ Jos>+ers+k _9?_(5)_ _ Hﬂ
(Nontinesr Tp(s) s ((r4ndd s + 1) T(s) Dis) T(s) D(s)
terms
linearized) 61 =ngbh D(s) = Jidos*+ (Nicr+dacr)s? + (Nik +Jzng'2k +c162)s? + (cik+cang & )s

© Educational Control Products. All rights reserved.
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Plant Features

Model 505
ECP Inverted
Pendulum

Balance Weights ——

{Removable brass weights to ~ /
turther adjust plant dynamics) /

This unique ECP design vividly demonstrates the
need for and effectiveness of closed loop control.
It is ner the conventional rod-on-cart inverted
pendulum, but rather, it steers a horizontal
balancing rod in the presence of gravity to control
the vertical pendulum rod. As detailed in the
manual, the plant has both right half plane poles

~—— Sliding and zeros as well as kinematic and gravitationally
Balance Rod coupled nonlinearities. By adjusting mass
properties, these roots may be varied to make the
Li Joint control problem range from being relatively simple
i Inear Join et i ible! The system includes
Drive Sprocket (Linear bl Bagings) to theoretically 1m;_10351b e y ;
(Translates motor torgue removable and adjustable moment arm counter-
fetereson balance o) weights on the vertical and horizontal rods for
quick adjustment of the plant dynamics. It features
~— Rod Angle linear and rotary ball bearings at the joints for low
rid Sensor friction and consistent dynamic properties.
// (High resolution encoder)
Pendulum Rod o
(Encloses balance rod
drive shaft)
Dynamics: 4th order, nonminimum phase, open loop
. Servo Motor / unstable, kinematic & gravitationally coupled nonlinearities
Shaft Encoder Parameter Adjustment: Adjustable vertical and
(Molor drives balance rod, horizontal rod mass, inertia, and CG offset,
encoder measures X, View
Pivot Axle obstructed) I/0: 8IS0, SIMO,
(Eggp'ﬁégg Poles: Adjustable 0.4-1.2 Hz
Feedback: High res. encoders (16,000 count/rev, &,
- Counter 44,000 count/r, .\'}
Weights Actuator: High Torque density, rare earth magnet type
(Movable/removable ! -
brass weights) Bench-top size: 30x30x40 cm. (12x12x16 in.)
Safety Features: Travel limit microswitches (horizontal
rod) , fail-safe shutdown, limit cushions (vertical rod),
amplifier over-current protection. In firmware (complete
system only): izt thermal protection
Plant Model Dynamic Equations Characteristics
s 0 I 2 .
Fo) 1 X+ 100 - myXOB - mygsindt) = FO |, yonlinearities in kinematic
T LR+ T 08042 . constraints and coordinate
my1X(E+] (00 + 2m X (OXOHO - dependent mass properties.
\‘x/\ i "Exact” (mile+ male)g sinB - mgx©cosdm = 0
o dilggg O Joix) = Jy+my (13 x2) 43, +mal?

g Linearized

Xt 8- t) = F(
TR Mg = FU) * Linearization about x = 0,

6 = 0 shown to be valid for

j LX)+ J500) - (my1o+ mol)gB) - magX® = 0
Tm'le- Myl 03+ 1,00 - (mile+ molo)g 6 - mag many control schemes.
Domain .
C2 (cg of J9=J0|x:0
_ g} pendulum rod)
\ = One RHP, 2 oscillatory poles.
06 g = Nonmin phase (RHP zero).
S-Domain 2 (s -g)

* Attainable bandwidth
bounded from above and
below by RHP roots.

FO)  (Jo-myl2)s* + (malo-myle)g s2- mog?

© Educational Control Products. All rights reserved.
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Model 730
Maglev
Apparatus

Configurations: 6 (those shown below plus 2 SIMO)

Dynamics: Highly nonlinear magnetic fisld, open loop
stable and unstable

1/O: SISO, SIMO, MIMO

Feedback: High resolution lasers (10 micron
resolution, 6 cm. range)

Actuator: High flux magnetic coil, rare earth (NbFeB)
magnets

Bench-top size: 38x38x30 cm. (15x15x12 in.)

Safety Features: Over-current protection, passive
laser eye protection, magnet travel limit cushions, i%t

Rare Earth '
Magnets

NbFeB, one or two
at a time for SISO \\!

_~ " High Flux
Drive Coils
Top & bottom

or MIMO \
' —— Laser Feedback
/ Sensors
Laser / Top & bottom
Conditioning /
Electronics —
Provides high resolution \\ /
position measurement 7
Magnet
- Storage

Safely stows high
strength magnets

thermal protection (complete system only)

ECP's unique MagLev apparatus dramatically
demonstrates closed loop levitation of ferro-
magnetic elements. The apparatus includes la-
ser feedback and high flux magnetics to effect
large displacements and provide visually stimulat-
ing eperiments in closed loop tracking and
regulation, The system is quickly set up in the open
loop stable and unstable (repulsive and attractive
fields) configurations shown. By adding a second magnet, two SIMO plants may be created, and by driving both actuators with
both magnets, MIMO control is studied. The inherent magnetic field nonlinearities may be inverted via provided real-time algo-
rithms for linear control study or the full system dynamics may be examined. Disturbances may be introduced via the second
drive coil for demonstrating system regulation in SISO operation.

This versatile plant offers far more multi-use flexibility and greater levitation travel range than other educational maglev systems
system and hence provides greater educational utility and visual impact in demonstrations,

Provides A Variety Of SISO & MIMO, Stable & Unstable Plant Configurations

b L, =" Coil#2(c,) I.;-z—-—fg%s
T B =5
vy &S 4y A = v
n h s g £l Yal fill 3
o | el ,
L= gl i@ o

Coil #1 (¢,)

Repulsive Levitatio n
Open Loop Stable

m_‘]:""'Cj;' == Eim' mg

Aftractive Levitation

MIMO Levitation, Locally
Open Loop Unstabl e

Open Loop Stable

m:;.r'-[-CJ} = E,m‘ mg nll:;;]'l“l:‘_}.'l = F i X +F +m1g m1jf‘|+CJJ1=EIn,TF +F +m|g

Equations 2 oy iy HyHy ooy nymy Ceam
("c" is very smell fricti A L S
Mbidkn. | ORISR my2t €Y = Bymit Bt ont 108 | MYyt €¥s= Iy By By mog
Li|I1:earizad myi+cyi+(kitke o)y - koY) = kplov ke 4o, | myyi+ ey (keksky)y'wkyy = ke Lt ke I,
orms Vo oy ey = e - by =koJ S - ' e Wi ' 1
(m::?;n;fml Py Ty Y = ke ‘{; my'+cy'- ky' =kpl. myyo+cyy(kekk )y - ky = kt‘.{ ot krzglc, Yy Yy (Reke ks)yskoy)' = kF.{’ et sz;Ia
squliafum Stable ¥ (k+k,) <k, and (kyq+k;) <k, Stable ¥ k; 2 (ky+ k) and ks = (k+ k,)
Transfer Lres+k+ks k -k i TF )
e | Tk rrguei || kN k) S
i I, ms2+cs +k  stable system -k, mstes+hak k) ||V, (ke ke ||, assumed
K k kepd e
Notation E-‘lui o —L-C—km I 5 E m= 7‘%""” I‘ Fclm] = _lefj lemz: o N F(, m= | ,
(y +d) New ‘ (d- }’) Nem (y| +d,5.| m[) Nem (}sl 'yz+d; ”'z) bt (y;+dc?m ] ]Ncm
t“denotes value relative to some equilibrium pi. _ -kmlcl —kcmfcl Netation similaria diid

BT
hrcﬂ‘]’
(J‘;_ dc'zmz)

ke d, & Ny, are positive constants, (N, = 4) L

()‘2_ (%'IME)NCM fﬂrSISO (Nmmﬂ‘”
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Model 750
Control
Moment
Gyroscope

Configurations: 5 about std. gimbal angles plus
any user selected gimbal angles. Brakes lock
desired gimbals for lower order config's.

Dynamics: linear in neighborhood of nom. gim-
hal angles becoming highly nonlinear with singu-
larities @ large angles.

I/0: SIS0, SIMO, MIMO

Feedback: high res. encoders (16,000
counts/rev, gimbals 3&4; 24,000 counis/rev, gim-
bal 2; 6700 counts/rev gimbal 1)

Actuator: High torque, rare earth magnet motors,
Axis 2: capstan drive, 3 N-m output. Axis 1: tim-
ing belt drive 1 N-m output

Bench-top size: 51x51x53 cm. (20x20x121 in.)

Safety Fealures: Inertial switch rate detection,
fail-safe brakes, fail-safe system power-down,
rotor speed limit, amplifier over-current protection,
micro-limit switches and limit cushions for axis #2.
In firmware: gimbal rate limits, rotor speed limits,

i’t thermal protection (complete system only)

ECP's four axis Control Moment Gyroscope
is a dynamically rich system that provides
superb demonstrations of multi-DOF rigid
body control. Elementary experiments are
readily performed that graphically show the
phenomenon of gyroscopic torque and its
use in precision high authority control. More
advanced topics range from MIMO linear control

Continuous
Motion Slip

All gimbal axes,
precious metal type

Plant Features

Servo
Motors
High torque, rare
earth lype at rotor

and transverse
gimbal axes

Rings

to fully general nonlinear control with singularity avoidance.

Thus the system yields demonstrations that are intriguing to the layman
and post-doctorate alike! In addition, the plant may be used to emulate the control of satellite attitude. The apparatus includes low friction slip
rings at gimbals 2, 3 and 4 for unlimited range of motion, and precision encoders for feedback of all position and velocity states. A host of safety
features such as fail-safe brakes, inertial rate sensing switches, and real-time watch-dog monitoring provide for safe operation of the apparatus.

A Variety Of Simple and Advanced Plant Configurations

Fail-safe Brakes /

For safety shutdown and reducing
dynamic degrees of freedom (Axes 3 &4)

Prn=.=c:isi8]r’1I Capstan
ve

Axis #2 for very low
friction, zero backlash

Axis #1
(rotor spin axis)

Feedback

Sensors
High resolution

encoders @ each axis

Inertial

Switches
ﬁr overspeed detec-
' tion / safety shutdown

-

Brakes are applied

on all axes except

rotor to minimize
system order

Brakes applied at second and
fourth axes - see reverse page

Jy =T+ I I
ForQ >> m;,
r 2
w; =0 msz /ch
Brake applied at third axis

s
VR e SV
Applicable to small motions in
8, & 0, arbitrarily large motions
in®,and 8, v, = (nom. value)

£
\
> 6o
E 0, w,
i g s Reaction / Gyroscopi ¢ Reaction / Gyroscopi ¢
Simple Rigid Body Reaction Wheel Gyroscopic Torquer positioner (Special case) positioner (General Case)
. PO Ry L .
o For small 0, and symmetric W =2 17 y = i
Jé = '};ED - _;T mass properiies: / ' ":t' (jz'i'“l_r?) S [f(ek‘m’ ,J; )-FD
S B o o ! s LQo, l - ;
E (ﬂ} = wlg"’J T(T)‘Ul dr 0;= ('sz""} +{‘]?p)_}}feq W, = ;f+Jf Iy N T _3(9;{=~"',-'I):|T
= A V2 L-T-E) o) Lady o h+d]
@ where J! is the jth diagonal w; = _W 1 where: i=1,234
E element of J; and yhidy J=123
| FQw, k=23
=
i

Other notation as given at lefi

Explicit expressions provided in sys-

tem documenta

tion
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Experiments

A full set of experiments is provided with each system that vividly
demonstrates important control system principals. Where
competing products include only one or two control experiments
with each system, ECP provides a broad range of fully
documented experiments and supplemental exercises. This
enables you to select from the provided topics to tailor
experimental activities to your specific curriculum needs. Qur
experiments typically cover topics ranging from basic low order
plant identification and control design to high order regulation

No Competing Systems Approach ECP's
Breadth & Depth Of Experiments

with nonlinear compensation in MIMO systems, Detailed
instructions for the students and complete solutions for the
instructor greatly reduce your time in class preparation and
assignment grading. Additional features such as summary
review sections, Matlab™ design and analysis scripts, and
instructor optional assignments, let you efficiently utilize the
system's broad functionality. Extensive use of graphical
figures provides a concise depiction of control theory,
experimental procedures, and expected results.

Experiments Common to Models 205 & 210

1. Plant Identification: Identifies the plant inertias, spring constants,
damping, and hardware gains using classical techniques of measuring
natural frequency and damping. These parameters are then used to construct
numerical plant models for control design. (You are of course provided with
numerical models, so that these tests are not necessary for system use).

2. Second Order System Fundamentals: This important intro-
ductory lesson uses rigid body PID control to show students the effect of
proportional, derivative, and integral control gains on the experimental
transient and frequency responses. It shows the physical meaning of

Bode phase and gain plots, correlation of classical time and frequency
domain characteristics, and the effect of control gains on S-plane roots
and stability margin. The experiment is further described in Figure 2.

3. Disturbance Attenuation: This experiment utilizes the sccondary
drive accessary to impart low and high frequency disturbances on the
system. As shown in Figure 3, students implement various controllers and
learn that the effectiveness of the system in regulating against disturbances
can be predicted by the open and closed loop system gain characteristics
and the frequency spectrum of the of the disturbance itself.
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Figure 2. Fundamentals of Second Order Systems

This introductory experiment begins with students implementing, P, D, and I gains individually and physically manipulating the apparatus to actually
"feel" their control actions. Students then design the controller to provide specified  and various _ and obtain the step and frequency responses
shown. The linear sine sweep data best reflects the system motion as physically obs@ved. The samié data plotted with ECP's unique Log( )/ Db
scaling functions graphically relates these observations to the Bode plot format common in the literature. An integrator is added and obs@ved 1o
eliminate steady-state error and cause the characteristic overshoot and frequency response resonance. A comprehensive set of exercises examine the

characteristic S-plane roots, the effect of various system parameters on

and _, classic step response characteristics, phase and gain margins,

sensitivity to parameter changes, and correlation of time and frequency dofuin chdracteristics.
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4. Collocated Control With 2 DOF Plant: This
experiment implements collocated (sensor & actuator at
same location) closed loop control on the "Free-Free, 2-
DOE" plant. It shows that high performance can be
achieved at the collocation, but unacceptable tracking

results at the noncollocation (8, or x,) due to structural

flexibility. Experimental frequency responses show a flat
gain characteristic to the system bandwidth at the colloca-
tion but a sharp resonance appears in the noncollocated
response. (see Figures 6 & 7a,b - Model 220 Experiments).

5. PID Plus Notch Filter Control: Noncellocaied control
is demonstrated using a notch filter to suppress the
oscillatory plant dynamics. Then a simple PD control loop
is closed about the noncollocated output with the student
interactively varying gains and observing the system
response.  The design is analyzed using root locus
techniques and improvement in attainable performance at
the noncollocation over collocated control is clearly shown.

6. Full State Feedback LQR Control: This experiment
designs and implements an LQR controller for
noncollocated control of the SIMO plant.  Experimental
results show the effectiveness of the scheme in dealing with
structural flexibility., In response to a step command (see
Figure 4), the collocated position (x;) moves wildly as the
control minimizes the error at the noncollocation x,. The
sine sweep (frequency response - see Figure 4) of this
system clearly shows the system resonance and zero at x;
with a fairly flat response at the desired output, x;. The
greater high frequency gain slope at x, v. x; due to the
greater pole excess is also clearly seen.

7. Successive Loop / Pole Placement Control:  This
experiment utilizes classical successive loop SIMO high
authority/low authority design where a high gain inner loop
effectively kills model uncertainty and a pole placement
design of the outer loop yields closed loop behavior nearly
identical to those of the desired relatively high bandwidth
system. The success of the design is demonstrated in
experimental  tracking and frequency response
measurements.

8. Robustness To Parameter Variations: The three
flexible structure controllers (notch filter, LQR, successive
loop) are compared for their performance and stability in
the face of changing plant parameters. The mechanisms'
easy parameter change features are used to vary the
noncollocated inertia from the nominal value, Jz4, to /2J20,
then 2 J3,. This real-world scenario, change in inertia at the
payload end of flexible linkages, is representative of many
industrial and aerospace applications. The results show that
all control approaches remain stable but differ greatly in
their ability to perform well in the changing conditions.

9. Practical Control Issues: Important issues that affect
all physical sampled data systems are demonstrated. These
include the effects of sample period on closed loop stability
and transient behavior, sensor quantization and control
effort saturation, and finite wordlength. After demon-
strating these effects on the physical system, the underlying
theory is presented, and effective mitigating approaches are
demonstrated.

10. Any Topic You Choose! The versatility of the
reconfigurable apparatus and interface software support the
study of virtually any topic in control systems. All exper-
imental topics described on page 14 are applicable here.

11> Experiments

Comprehensive Coverage

You receive the following tests and exercises with our
Model 205 & 210 systems.

* Dynamic Modeling, Model Order Reduction
= System |dentification
s Rigid Body PD / PID Control
* Fundamental Open & Closed Loop Properties
- Transient Responses
— Frequency Response o
— Rigid & Flexible Body Characteristics
— Time v. Frequency domain correlation
* Phase & Gain Margin
* Root Locus Design
* Nyquist Stability
= Static Servo Stiffness
* Sensitivity to Parameter Changes
* Control Robustness
* Static Servo Stiffness
* Tracking Control
* Disturbance Rejection®
¢ Flexible Structure Control:
— Motch Filters
— Collocated Sensor / Actuator
— Noncollocated Contro
— Low Authority / High Authority Loops

— Pole Placement
— Linear Quadratic Regulator
* Practical Control Issues:
— Drive Saturation
— Sensor guantization
— Discrete time samplin
— Custom Real-time control execution

* AND MORE! *requires optional equipment

Nominal Controller

Nominal + Integrator

Nominal + Lead/lag

1 £
T e

# Bve 1 P et < prsenen e 7 et P et  Bisapasce ool

Low Freq. Disturbance High Freq. Disturbance

Figure 3. Disturbance Rejection / Control Effectiveness

This experiment shows students the essential role of feedback in attentuating
disturbances. Students design a simple linear controller for a second order plant.
Integral action and a lead/lag filter are then designed separately to augment the
controller. Tesis show that the nominal controller provides only moderate attenuation
of both low and high frequency disturbances. With the added integrator, the low
frequency disturbance is greatly attenuated, bur the high frequency one is actually
amplified. The lead/lag filter has little effect at low frequency but is effective at high
frequency. These characteristics are studied in terms of the open and closed loop Bode
plots and the student learns that the effectiveness of control regulation depends the
controller gain characteristic and the frequency band of the disturbance itself.
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Experiments

Model 220 Industrial Plant
Emulator Experiments

1. Plant Identification. Identifies the plant inertias, spring
constants, damping, gear ratios, and hardware gains.
(similar to test series #1 in the Model 205 § 210
Experiments)

2. Fundamentals Of Second Order Systems. This series of
experiments and exercise is essentially identical to test series
#2 in the Model 205 § 210 Experiments (see also Figure 2).

3. Disturbance Attenuation. These tests are similar to series
#3 in the Model 205 & 210 Experiments (see Figure 3) with the
additional study of the effect of gear ratio in low and high
frequency disturbance attenuation. (utilizes built-in secon-dary
drive, does not require additional drive accessory)

4, Collocated Control With 2 DOF Plant. This experiment
implements collpcated (sensor & actuator at same location)
closed loop control on the "Free-Free, 2-DOF" plant and
shows that acceptable performance is achievable under high
gain control at the collocation (drive), but an oscillatory
response results at the noncollocation (load). The
oscillations may be reduced under lower gain but reduced
collocated performance and increased steady-state error
result. See Figures 6 and 7a,b.

5. PID Plus Notch Filter Control. Nencellecated control is
demonstrated using a notch filter to suppress the oscillatory
plant dynamics. Similar to test series #3 in the Model 2035
& 210 Experiments, See Figure 6¢ for tracking response.

6. Full State Feedback LQR Control. This experiment
designs and implements an LQR controller for
noncollocated control of the SIMO plant.  Experimental
results show the effectiveness of the scheme in dealing with
structural flexibility. Similar to test series #6 in the Model
205 & 210 Experiments (see Figure 4). See Figure 6d for
tracking response.

7. Practical Control Issues. This series of experiments
addresses non-ideal conditions often present in real-world
industrial plants.

a. Gear Ratio & Inertia. Shows by test and analysis the
relationship between gear ratio, drive inertia, and load
inertia and their affects on system gain. Demonstrates why
most modern servo systems employ large gear ratios with
minimal drive inertia.

b. Friction. Studies the effect of friction on steady state
error and shows error reduction (for a given system
bandwidth) with increased gear ratio and with
noncollocated sensing when drive flexibility is present.
Introduces the concept of static serve stiffness, and shows
that this parameter becomes infinite (hence zero steady state
error) when integral action is added.

¢. Drive Saturation: Shows that drive saturation can lead
to significant reduction in rise time, large following errors
and limit cycle instability in extreme cases, (sce Figure 8)
Shows the effect of gear ratio on saturation and that
saturation is increased when the gear ratio is either above or
below some optimal value. The optimal value is obtained
analytically.

d. Discrete Time Sampling: Examines the effect of
sampling period, Ts, on instability and empirically obtains
the maximum Ts before instability onset for low and high
bandwidth systems (see Figure 8). A relationship is
developed between continuous-time phase  margin,
crossover frequency, and sample-and-hold phase loss and is
used to establish guidelines for maximum practical Ts for a
given system.
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Figure 5. Robustness Tests Show Effect of Payload Changes
On The Step Response of Various Control Systems

In the experiments, the frequency responses are also
measured and stability margins studied
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7. Practical Control Issues (contd.).

e. Sensor Quantization: Shows that with high bandwidth
control terms, control effort quantization and hence noise
propensity is inversely proportional to sensor resolution and
Ts. This relationship is demonstrated for several control
gains and sample periods.

f. Drive Flexibility: Studies warious collocated and
noncollocated control schemes, as described in 4 through 6
above to characterize and mitigate the effects of drive
flexibility. A comparison of the various control schemes is
shown in Figures 6 and 7. (see also Figures 4 and 5)

g. Backlash: Examines backlash effects in the context of
collocated control in both tracking and regulation (including
output disturbances). Then, implements a noncollocated
scheme which significantly reduces the effect of backlash.

8. Any Topic You Choose! The versatility of the
reconfigurable apparatus and interface software support the
study of virtually any topic in control systems. The Model
220 apparatus is well suited to study a broad range of
practical control problems.  All experimental topics
described on page 14 are applicable here.

Model 505, ECP Inverted
Pendulum Experiments

1. Plant Identification. Identifies the plant parameters, and
control gains using classical techniques and uses these to
construct numerical plant models for control design.

2. Successive Loop Closure Design: This experiment first
implements a high bandwidth control loop about x(s)/F(s)
so that x(s)/c*(s) is nearly 1 through the control bandwidth.
(Here c'(s) is the control effort in the subsequent outer
loop).  An outer loop is designed to meet certain

performance requirements for the new "plant" 0(s)/x(s).
(Pole placement technique is described in the manual, other
methodologies are readily supported.) Typical test data are
shown in Figure 9 where the characteristic nonminimum
phase undershoot is obvious in both a step and ramp
following closed loop responses.  This approach is
implemented in cases where 8(s)/x(s) is both stable and
unstable. The implications of the open loop instability and
right half plane zero to stability and performance of the
closed loop system are investigated.

3. Dynamic Filter Controller Augmentation: A method
for augmenting control with cascaded dynamic filters is
given. Tt is used to implement a low pass filter for noise
suppression in the controllers described above.

4. LQR Control Design: LQR synthesis is employed
where the states are the pendulum and balance rod positions
and rates and with the error weighting exclusively on the
state of the pendulum rod angle. Controllers are designed
for a spectrum of control effort weights and well-behaved
control of this dynamically complex system is demonstrated
for a range of gains. An optional exercise involves
experimental determination of gain margin.

5. Tracking Control: Various trajectories are executed on
systems using the above controllers.  Reduction of
following error and peak control cffort through use of
higher order input trajectory is demonstrated. The phase
and gain characteristics are studied via sine sweep responses
where the extra phase lag due to the nonminimum phase
zero is apparent.

6. Additional Topics: Many more experiments are
readily performed. In general, those described on page 14
are applicable.

Experiments
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Experiments 414 P>

Model 730, Magnetic
Levitator Experiments

The Maglev apparatus incorporates a variety of features
that let you easily perform SISO, SIMO, and MIMO
experiments, on nonlinear or linearized plants in open loop
stable and unstable forms and apply programmable
disturbances to the SISO and MIMO configurations.

1. Plant Identification. Identifies the plant parameters,
nonlinear magnetic field characteristic, and control gains
and constructs numerical plant models for control design.

2. Nonlinear Plant Control: Demonstrates that the
linearized model of the system is valid for small excursions
about the operating point but yields anomalous behavior for
large excursions. As seen in Figure 10a, the large amplitude
step response is grossly asymmetric, exhibiting high gain (high
damping ratio, low steady-state error) in the negative direction
and low gain in the positive direction. It is shown that large
negative motion can result in instability. These tests are
conducted on both the open loop stable (repulsive levitation)
and unstable (attractive levitation) plant configurations.

3. Nonlinear Plant Compensation: The strong nonlinearity
measured in the plant identification experiments is inverted
in the real-time algorithm, and a linear controller is
designed for the combined linear pseudo-plant. As seen in
Figure 10b, the resulting system exhibits linear response
characteristics and relatively high performance.

4. Fundamentals Of Second Order Systems. These
experiments and exercises utilize the nonlinear compen-
sation routine above to effect a simple second order system.
These experiments parallel those described in test series #2
in the Model 205 $ 210 Experiments (see Figure 2).

5 Disturbance Aftenuation. These tests use the second
actuator coil to apply disturbances to an SISO configuration
with several controllers, These experiments parallel those
described in test series #3 in the Model 205 $ 210
Experiments (see Figure 3).

6. Collocated SIMO Design: This experiment uses two
magnels oriented in an inter-magnet repulsive configuration
and implements collocated control about the first magnet.
The resulting system has relatively well-behaved perfor-
mance characteristics at the collocated (proximal) magnet,
but is highly oscillatory at the noncollocated (distal) one.
These results are similar to those seen in Figure 6.

7. Noncollocated SIMO Design For the same configur-
ation as in #0, a successive loop, pole placement scheme is
employed for noncollocated control of the second magnet.
This is shown to provide tight tracking and improved
disturbance rejection over the collocated approach. Step
and frequency responses are similar to those of Figure 4.

8. MIMO Design These tests use two magnets and two
actuators with force interaction between each magnet and
both actuators and the other magnet. Independent
controllers are first implemented and are shown to have
significant coupling in the outputs as seen in Figure |la.
Full multivariable control synthesis is then employed which
yields effective independent control of the outputs (Figure
11b). The the closed loop system is characterized via
experimental singular value plots as shown in Figure 12.

9. Any Topic You Choose! The versatility of the
reconfigurable apparatus and interface software support the
study of wvirtvally any topic in control systems. All
experimental topics described on page 14 are applicable here.
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Model 750, Conirol Moment
Gyroscope Experiments

The Control Moment Gyroscope is a dynamically rich platform
that you can easily transform into a variety of linear and
nonlinear SISO, SIMO, and MIMO plants. for experiments
ranging from elementary to highly complex. (See Model 750
apparatus description for axis definitions used below.)

1. Plant Identification, Identifies the plant parameters through
physical measurements involving conservation of angular mo-
mentum and the gyroscopic properties of nutation and precession.

2. Gyroscopic Dynamics; Nutation & Precession:
Students measure the nutation frequency and mode shape at
various values of angular momentum (rotor speed). The mode-
shape, seen in the upper plot of Figure 13a, shows Axes 2 and 4
to be 90 deg. out of phase (unlike the more typical 180 deg.),
which leads to complex eigenvectors. The nutation frequency is
shown to vary linearly with angular momentum. The mode is
effectively damped (lower plot in Figure 13a) by applying rate
feedback at Axis 2. Precession (@) is measured by applying a
step torque input (7) transverse to the rotor momentum (H) accord-

ing to the gyroscopic cross product 7 = axH (Figure 13B).

3. Reaction Torque Control: The large inertia of the rotor
is used as a reactive body for control of the inner gimbal
assembly about Axis 3. A typical step response, shown in
Figure 14a, shows the rotor speed is the integral of control
effort according to conservation of angular momentum.

4. Fundamentals Of Second Order Systems. The
configuration studied in #3 behaves as a second order
system about Axis 3 and therefore serves as a testbed for
this important fundamental topic. These experiments
parallel those described in test series #2 in the Model 205 $
210 Experiments (see Figure 2).

5 Gyroscopic Control — Successive Loop SIMO: An inner
loop controls the transverse rotor rate about Axis 2 and an outer
loop controls the position of the assembly about axis 4 using
using torque produced via the gyroscopic cross product. As
seen in Figore 14b, the Axis 2 rate has the same shape as con-
ventional control effort (e.g. torque) does in a rigid body system.

6. Gyroscopic Control — Pole Placement SISO: Control
is implemented using only the Axis 4 sensor signal. The
diophantine equation is solved to place the closed loop poles
in a 5th order Butterworth pattern and the resulting system is
characterized and shown to behave according to its design.

7. Gyroscopic Control — LQR. Full state feedback LQR
methodology is utilized to produce high performance control.
The three gyroscopic control methodologies are compared for
various figures of merit as measured and analyzed in these tests,

8. Combined Reactive & Gyroscopic Control  Axes 3
and 4 are controlled by independent reactive and gyroscopic
loops. As seen in Figure 15a, this approach is shown to be
effective when gimbal angles are zero (no nominal cross-
coupling} but experiences gross output coupling for large
off-nominal gimbal positions (Figure 15b).

9. Multi-variable Control  Full multi-variable control is
developed and implemented and is shown to provide largely
decoupled output for large gimbal angles as seen in Figure
15b. Practical issues such as the large difference in control
authority between gyroscopic and reactive actuation and the
need for balancing the coupled system design are addressed.

10. Any Topic You Choose! The versatility of the
reconfigurable apparatus and interface software support the
study of a broad range of control topics. All experimental
topics described on page 14 are applicable here.

Experiments
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Experiments

Accessory 51 Experiment s

The Accessory 51 Classical pendulum includes the following
detailed experiments and solutions. Matlab™ scripts are provided
for all analysis and control design elements and controller code is
given for implementation via the ECP Executive USR™ program.
The experiments below are included for each base unit type (models
205, 210, 220, and 750).

1. Numerical plant model generation. Generates the plant models
as a function of user adjustable parameters such as rod length and
mass position. Builds the inverted and non inverted plants in transfer
function and state space forms.

2. LQR Inverted Pendulum Control. Designs, implements and
tests full state feedback LOR controllers with wvarious control
weights. The controllers track reference inputs while maintaining
system stability (balancing the pendulum). The sine sweep
(frequency) and transient step responses are obtained.

3. Self-inverting algorithm. Provides algorithm for the plant to
automatically invert the pendulum. The routine pumps energy into
the pendulum at properly phased instants until the it reaches the
inverted neighborhood where the system transitions into inverted
control.

4. Non-inverted control. Performs LQR synthesis for the pendulum in
the non-inverted configuration and obtains the frequency and transient
responses to characterize then system. It is seen that there are limitations
in the ability to provide both high bandwidth base response and damped
pendulum motion.

5. Pole Placement Control. Performs pole placement synthesis and
implements and characterizes the design. The designs generally show
performance limitations relative to the LQR-based ones for the
parameters selected.

6. Control Robustness: The pendulum mass is moved from its
nominal location and the limits of stability for the increased and
decreased positions are found empirically as the onset of unstable
oscillations.

Further Study & Experiments

With ECP's multi-use mechanisms and flexible real-time processing,
you can study virtually any control topic vou wish!  Selected
examples are given below.

1. System Identification. In addition to the classical approaches
provided in ECP manuals, global techniques such as least squares
estimation may be employed.

2. Plant Dynamics, Additional topics in plant dynamics may be
studied such as modeshapes, natural frequencies, free and transient
response, harmonic response, system type, assymptotic properties, etc.
These are facilitated in the Model 205 & 210 systems via the optional
Dynamics & vibrations software & experiments package.

3. Sensitivity & Robustness, While for most of our sysiems, this topic is
studied in the provided experiments in the context of inertia changes,
sensitivity and robustness (0 other parameters (e.g. spring constant, damping
constants, individual sensor gain, efc.) are also readily tested.

4. Advanced Control. Using the ECP Executive™'s library of control
forms virtually any linear controller up to and including up to ninth order may
be implemented and characterized. Examples include Observer/controller
based, LOR/LTR, Hes, |t -synthesis, and OFT.  With the optional ECP
Executive USR™ package, you can implement virtually any control scheme
imaginable including fiizzy logic, nonlinear, adaptive, and variable structure.

5. Feedforward Tracking Control, The ECP Executive™ provides
up to seventh order feed-forward capability for augmentation of any
controller. Thus feedforward tracking control may be studied and
performance optimized.

0. Optimal Trajectory Generation: Use the library of trajectories or
implement your own arbitrary shapes to establish reference input paths
for minimized error, control effort, or execution time.

7. Practical Control Implementation: The majority of the practical
control study topics provided with Models 205, 210, and 220 may he
applied to the remaining systems.

8 And Much More! The only limitation is your imagination!
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Executive Program

The ECP Executive™

The £ECF Executive” program is Background Screen
intuitively easy to use yet powerful Real-ime data, System Status, Salety Shutdown
enough to implement virtually any
linear  controller. Advanced = e W
et Errdion: wnd Hoffig File I . Setup Command 5 Dat | § Plotting i L Utility E
features let you efficiently
i ~Save Settings = Control = Trajectory ~ Setup Data = Setup Plot ~ Configure Aux.
dﬁtﬁ}fl_'l'lll"la Setoen petormice #ivd Saves all working Algoritim Configuration Acquisitia User selects up DACS
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includes a full library of continuous ideal for mullple ot plus user-dafinedt variables for poling
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Figure 16. Executive Program Menu Structure Is Full-Featured & Easy To Use
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Executive Program

Coongrol Loop S

(ECP Executive 4.0
[in' Fewip gfommand Dats Eleitng iy

| Dimrete Te
| Gt aigemm
| Cae
| P AV elacily Fredhack
; P & fotch
) Pyeamic Faward Paih
I Dipeten: Prodibed [foluen Path
& Shats Feahack
© Bl Fom

Background Screen

* Provides real-time display of: reference input command, control
effort, feedback sensor positions, and system health status

= Provides for rapid safety shutdown

Controller Type Selection
= Library of common forms to select from

= All controllers may be entered in continuous or

Sebup Feed Formard.

discrete-time form
= Sample period variable from 0.8 ms to arbitrarily long

= Feedforward may be augmented to any controller

Setup Dynamic Profifter/Roturn Path Algorithm (continuous time) [x] ¥ B
e b Sl o Controller Specification
| - (Typical controller specification window shown)
b gt oo a, [ g oo
. L { o0 |
| £ trgfTt ==ty | . . .
i *Shown is one in library of common forms:
! s,s:i-sga’:i- - By s PID
= LA o « State feedback
L ]
ControlGeins e - — | Faedback Gasca-de forms o
W | 0.000000000 | g0: [ 0. 0oocooeao | Wi [0 | /6 Encoderl. = Selection of AR MNdyrlamm filters
11t [0.cooooo0o0 || e1t] 0. ococooeon || Al o.o:  Encoder 2 = Qver 20 available forms
12; | o.ooooocoon | a2 0. ooocoosoo (= " Encodar 3 " .
A e et =Import control parameters from other applications such as Matlab®
:- - D0000000 | 0000 ol o & . N . . 5
o v «Specify any controller in either continuous or discrete time forms
152 | 0. 000000000 g5 | 0. 000000000 [}
ji8) o-ooocoeweo [ o- cocooooco (i Koo «All forms mapped into the generalized form (Figure 17) for real-
17: | o.oono0onon | s2: | 0.0o0000000 | = s i
T e e time execution via the DSP board
Kot K 2!+ o K27
L4z Haz7
Node D
Node A Node B
DAC
= = 1 : = S : = Y |
Tyt Tt +Trz? IRz - 4R Hqt+H;z! 141,20 Eq+Ejz! —@—- 146G, ¥ > _/_ |—=
Node C
S8y e 48527 I+Lz! F+Fz!
A A A
» Encoder #1 * Encoder #1 * Encoder #1
); = Encoder #2 )j * Encoder #2 = Encoder #2
» Encoder #3 * Encoder #3 * Encaoder #3

Figure 16. General Form Algorithm Supports Virtually All Linear Forms OF Up to 45 Terms
Hardware performs this real-time algorithm at specifiable rates up to 1.1 kHz with 96 bit precision.
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Executive Program

[Trafectory Contleuration ________H
Selechions )
O inpalan |
@ Step! ‘ / o
" Hanp |
" Paraholic | xcm
' Cubic
i)
T
5 O Uses Defined
% Unidirectional moves

Setup Data Aquisition

Sompe Poriad Gorvo cudesy [5 |

Selected ltems: Possible Choices:
Commanded Fosition |#] Encader 3 Position
Control Effort Node A
Encoder 1 Position [ | Node B
Encoder 2 Position Node C

Hode D

[

[T

aa as 1.8

— Commanded Position (counts)
= Encoder 2 Positlon (counts)

1.5

Closed Loop Ramp

Safety

Printing

Save Workspace

Import/Export Data

Analog Output

Input Trajectory Generation

= Library of geometric and sinusoidal inputs:
* Impulse
= Step
* Ramp
» Parabolic
» Cubic
» Sinusoid
= Sine sweep (frequency response input)

= User defined trajectory w/ max of 4000 data points
@ upto1.1 kHz

Data Acquisition

« Select any or all of nine unique dynamic variables
* Up to 4 feedback sensor positions
» Reference input trajectories
= Control effort
= 4 controller-internal states

» Calculates time derivatives & differences of acquired data to
provide up to 20 variables for plotting

» Data acquired at specifiable rates up to 1.1 kHz & up to
16,000 data points per variable.

Plotting

» Choose any acquired or derived data for plotting
* Up to 4 variables plotted simultaneously

* On-screen, real-time plotting

» Two independent y-axis scalings

» Zoom feature for detailed data inspection

» Save plots for subsequent retrieval

* On-screen features: multiple plots, resizing, shink-to-icon
& restore

Utility & Safety

e Save all working parameters to facilitate multiple work
sessions or users (e.g. student work groups)

= Imports or exports data to other applications

= Safety: Travel limit, over-speed, motor/amplifier over -heat
plus hardware & software emergency shutdown.

* Two programmable analog outputs for real-time data
monitoring (optional)

* Prints plots directly to printer

©® Educational Control Products. All rights reserved.
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The ECP Executive USR™

The Executive USR™ allows you to efficiently implement virtually
any control form imaginable from simple low order SISO, to
complex nonlinear MIMO. It provides a built-in editor and auto-
compiler that lets you easily write your algorithm and implement it
— all within the same intuitive environment. |t also incorporates the
many powerful trajectory generation, data acquisition, and plotting
features of the basic Executive program.

With the Executive USK you can . . .

1. Write your own fully general control forms including
advanced schemes such as nonlinear, adaptive, fuzzy logic, and
variable structure.

2. Use the built-in editor and auto-compiler to immediately
generate, compile, download, and implement your real-time design.

3. Utilize a powerful, intuitive language that supports all
common arithmetic, logical, and relational operators, and
exponential and transcendental functions.

4. Exercise more complete system control with all pertinent
variables and /O directly addressable.

5. Employ high performance real-time execution using the
computationally efficient compiler and high-speed DSP. These
combine to provide high throughput performance, allowing you to
implement complex routines with execution rates of up to 1.1kHz.

6. Implement MIMO Control on ECP Models 205, 210, and 220
(MIMQ is standard on models 730 and 750) when combined with
the optional second drive accessory.

7. Enjoy all other useful features of the basic Execufive”
program such as advanced trajectory, data acquisition, plotting,
safety, and utility functions.

The instruction set supported by the Executive USR" is shown
in Table 1. An example routine is shown in Figure 19, which
demonstrates the intuitive program syntax and flow.

1ot
| lwu.m-u.«q._nml
Load tom st |

Ahort Confrol ]

be
11 {r=d_posc-$700
paciegR e xpe esap

Figure 18. The Executive USR™ incorporates a
built-in algorithm editor and autocompiler with the
other advanced features of the standard Executive™

Executive USR Program

Table 1. The Executive USR™ supports a
versatile instruction set

Conditional
Mathematical Arithmetic Statements / Relational
Functions* Operators Logical Operators
Operators
SIN 4 IF = (3
cos 2 ELSE 1= (&)
TAN 4 ENDIF > (3)
<
ASIN / AND 1> (—g
< <
Acos Ok (
ATAN = @)
the usual
SQRT parenthetic
grouping and
TN precedence
EXP rules apply
ABS
INT
F'tw-‘iltt:it*tii DEC].B.I’E variables EEE LR SRS SRS 2
f#idefine Ts g5
fidefine ylstr gé
#define comp efforcl q7
'C'o'nunue Declaring Variables
;ti*ttt**ttt**xtt** lnltiallze AKX ERAAN IR EAA ST AN
Ta=0.001768
ulo=18000 ;gravity/control effort offset
uzo=5800 ;gravity/control effort offset
¥1o=10000
V20=-20000
k11=1.7
kl2=0.064
kl3=0.15
kl4=,003
k21=.15
k22=,003
K12d=0.064/Ts
Continue Initializing
‘.klt**ktt**kt Hegin Real_time hlgorithm ek ko
begin
maghetl poss=sgrt{210000/sensorl)+0.15*sensorl-28000 Sensor
magnet pos=sqre (225000/senscor2) +0. ld*sensorl-24500 Calibration/
ylstr=magnetl pos-ylo Linearization
yastr=magnet2 pos-yio
delta yl=ylstr-ylstr last
delta y2ey2str-y2str last
;LOR ALGORITHM Linear Multivariable Controller

ulstr=kpfl*omdl pos-kll*ylstr-kl2d*delta yl-kl3*y2str-kldd*delta yz
uzstr=kpf2*omd2_pos-k2l*ylstr-k22d*delta_vl-k23*y2str-k24drdelta yz

; OUTPUT

ulsnlstr+ulo

u2eu2str+u2o

ucompl=0., 000165%6, 2+exp (4.1*1n (magnetl pos/10000)) | Meagnetic Field
ucomp2=0. 000165%6, 2+exp (4. 1*1n imagnetl pos/10000) ) Nonlinearity
control sffortl=ucompl*ul Compensation
control_sffort2=ucomp*ul

sUPDATE (for next time)
ylstr last=ylstr

yasbr last=y2str

end

Multivariable Control Routine The user-wrilten routine follows
the USR program flow formai; 1) declare variables, 2) initialize
values, and 3| execute real-time algorithm.  Only the portion
berween "begin" and "end" are executed at the user selected sample
frequency (1 Hz-1KHz). The nonlinear compensation functions and
LOR controller are written in a straightforward language and syntax.

Figure 19. Example real-time routine: Multivariable
MagLev controller with nonlinearity compensation

© Educational Control Products. All rights reserved.




Interface

The ECP Executive™

) Background
A powerful, easy-to-use system interface Display
ECP's Executive interface program provides a rich set of Gives real-time data &
5 features that help you efficiently implement control and sysian status et plance
li characterize the frequency and time domain behavior of your * View real-ime time
? design. It has high fidelity data acquisition and plotting functions data graphically &

to quickly assess system performance and stability. Workspace numerically

and configuration save functions are ideal for multiple student
! study groups. The program is optimized for ECP's high speed Paifoi ikt aghety
it DSP board in performing real-time control and trajectory shutdown
generation within the turn-key ECP architecture.

See system health and
control status at a glance

Setup Conbied Dogeritten

Controller Setup

Efficiently implements a broad
range of control designs

input Trajectory Commanding |
Rapidly tests transient & frequency responses i

= Select from library of

14 shapes plus user- | TT——

defined forms

Characterize tran-
sient response using
geometric inputs

+ Determine frequen-
cy response using
ECP's sinuscidal and
sine sweep functions

s | e | * Apply complete shape
L | ] o control on library forms
or create your own!

Quickly specify your controller
using any of 15 forms

» Select sample rates from O to
1.1 kHz

» Input controfler designs in
discrete or continuous time forms

Construct your own linear
form of up to 35 terms (96 bit
precision)

Apply feedforward filters for study of tracking control

+ Import your control design from other applications
such as Matiab™

)é?b)\‘f

Workspace, Safety,
& Utility Functions

Assure efficient, trouble-free operation

Data Acquisition & Plotting

Helps quickly visualize system behavior

+ Acquire up to 10 system states simultaneously at
upto 1.1 KHz

= View on-screen real-time plotting

- Save all working parameters to efficiently
resume at later time - ideal for multiple
student work groups

« Plot any of up to 21 variables and derived values

Rest assured with built-in safety limits for
mechanism over-speed, over-travel, and
motor / amplifier overheat protection

+ Use ECP's unique Bode magnitude function to
view experimental frequency responses

« Export data for off-line manipulation and analysis = Perform utility functions such as resetting
controller, commanding system to fixed

position, and setting engineering data units

Which Solution is Best For Me?

Environment | ntegration ' Availability

Intuitive controller libraries, trajec- Turn-key Standard on Models 205, 210,
tories, data acquisition, & plotting 220, and 505 (Complete systems)
Intuitive menu-driven program for Tumn-key Optional for models 205 and 210

study of dynamics & vibrations -
no conftrols experience necessary

Same as basic Executive except Turn-key Standard on system Models 730

implement virtually any controller and 750, optional on all other

via user-written algorithms models

Simulink block diagrams ECP turn-key system plus Mathworks Optional for all models (complete y
all RTWT, RT Workshop, MATLAB, and systems only) Sa
Simulink m

User selected Third party control hardware and software Optional for all mechanism models

(e.g. via LabView, D-Space or other user
choice)
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ECP Executive USR™

For User-Written control structures

+ Efficiently implements virtually any control form

* Provides all other features of the basic Executive™ program plus multi input
functionality

= Supports Intuitive C-like language with all common arithmetic and logical
operators, exponential and transcendental functions

* Provides built-in auto-compiler to immediately compile, download, and
implement your real-time design

* Gives you more complete control of the system with all system /O and nec-
essary internal data directly addressable

ECP Executive DYN™

Dynamics and vibrations experiments made simple

* Provides an intuitive graphic interface for study of dynamics and vibrations
+ ldeal for undergraduate courses with no prerequisite controls course work

» Demonstrates, fundamentals of second order systems, forced harmonic
response, transient response, convolution, superposition, higher order
mode shapes and frequencies, base motion excitation, and much more

+ Easy-to-use library of input forcing functions plus all the plotting and data
management functions of the ECP Executive program

+ Includes a complete set of dynamics experiments and instructor solutions

ECP Extension to RTWT™

For operation in a real-time Simulink® environment

* Lets you operate any ECP system in a Simulink block diagram environment

* Integrates fully with ECP turn-key systems - no additional hardware
required

* Lets you analyze, design, and simulate the system, and implement real-
time control from the same host using Matlab / Simulink

* Requires from Mathworks: Real-time Windows Target, Real-time Work-
shop, MATLAB, and Simulink.

« Provides dual use: quick start using turn-key ECP Executive or Executive
USR, than add real-time Simulink functionality for specialized study

“Plant Only” Configurations
Complete flexibility for user integration

* Allows you to control the plant with the hardware and software of your
choice (e.g. D-Space, Delta Tau, ServoToGo, other DSPF or data acquisition/PC
solutions)

* Includes mechanism, drive box with servo amplifier(s) and power supply(s),
same experiments as with complete systems (some may not apply)

+ Interfaces: Control effort 0-10V analog, Encoder feedback A-quad-B (0-5 V
TTL), analog feedback (model 730) 0-10V bipolar, Limit switch signals
(where applicable)

+ Does not include DSP board, interface software, DSP interface electronics
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Thought-provoking Experiments
... that bridge the gap between theory and real-world applications

Afull set of experiments are provided with each system. Detailed instructions for the students and complete solutions for the instructor
greatly reduce your time in class preparation, laboratory supervision, and assignment grading. Additional features such as summary re-
view sections, Matlab® design and analysis scripts, and instructor-optional assignments let you tailor the course to your curriculum needs.

Criticall
s pad 0 L Revealing Demonstration Of
Linear System Properties

Step Response

Frequency Response

PID Experiments Examine Fundamental Properties

Here students literally get a "feel” for the distinct proportional, derivative, and inte-
gral actions by implementing them and physically manipulating the plant. They
then design and test, the under-, critical-, and overdamped systems and obtain
the step and sine sweep (frequency) responses. The sine sweep data are plotted
above using linear scaling and then ECP’s dB amplitude / log-frequency to provide
an intuitive interpretation of classical Bode magnitude. Further tests examine the
characteristic S- plane roots, effect of various parameters on @, & {and phase &
gain margins, and correlation of ime and frequency domain bahavior,

Log(o)/dB Response

PD + Integrator PD + Lead/lag
i Ny sy e

5 £
E m
£
38
-0
@
- O

E: This unique ECP experimeni demon-

e .g strates the linear system properties of

=3 proportionality, superposition, & conve-

Dw lution. The system impulse signature is

To first measured, then an arbitrary contin-

uous input function is approximated by

a series of discrete impulses. As the

. ) series resolution becomes fing, the out-

Disturbance Attenuation  The student designs a simple PD controller for a sacond order plant with put approaches that from the continu-

ting int | acti d a lead/lag filter, Test F-Dp 1 ous input. Thus the experiment paral

i augmenting integral action and a lead/lag filter, Tests show the controller . hus the I aral-

& Control Effectiveness provides moderate attenuation of both low and high frequency disturbances, lels the classical theoretical

bisturbance Foree  WVith the added integrator, the Jow frequency disturbance is highly attenuated, but the high development of the convolution integral

Sut i frequency one is amplified. The lead/lag filter has litle effect at low frequency but is (included in manual) Experiments on

utput Position .. tive at high frequency. The student learns that the effectiveness of control regulation proportionality and superposition are

Reference Input  depends on the controller gain characteristic and the frequency of the disturbance itself. included in the series.
Closed Loop Step Response

Practical Approaches To Control of Open Loop Frequency Response
Flexible Structures g

These experiments study effective approaches for control of
plants with structural flexibility. Shown are the empirical Bode
magnitudes of the open and closed loop systems where the pri-
mary confrol output is distant from the actuater (noncollocated).
As seen in the middle plot, the output (green) is well flatiened by
the control. Important properties of high order systems are seen
in the poles, zeros, and gain slopes in these graphs. In the
closed loop step response, the collocated inertia moves "wildly" to
provide a well-behaved response al the noncollocation




Satisfied Customers ...

ECP has refined its systems through years of technology develop-
ment and feedback from our customers. Here's what just a few are
saying:

Dr. Robert H. Bishop, University of Texas at Austin

“We have used ECP's Torsion/Disk and Inverted Pendulum Plants as
classroom demonstration tools for several years. This pear we will offer
Jor the first time a new control laboratory course. We selected ECP%
models 205 and 210 because they have proven to be very reliable teach-
ing platforms with clean dynamie properties. This has allowed us to effi-
cienily build the laboratory course in a short time.”

Dr. Randy Freeman, Northwestern University

“After 10 years of steady use of our 5 ECP Torsion/Disk Model 205 sys-
tems, we had their power electronic boxes upgraded by ECP last year to
work with our new real-time controllers. These systems have yet to give
us any problems in 11 years of operation. Their dynamic behavior rela-
tive to the equivalent theoretical models has been impressive. This year
we decided to purchase 5 more ECP Magnetic Levitation (Model 730)
systems as examples of MIMO nonlinear control plants. So far, we have
JSound the Model 730 to be interesting and up to our expectations.”

Dr. Ron Hirschorn, Queen’s University, Ontario

“We have been impressed with the durability and dynamic quality of the
ECP system. This has enabled efficient implementation of a range of con-
trol experiments such as system identification, LOR, LQG, and sliding
mode control. Agreement with analytical predictions has been excellent.”

Dr. Gregory Plett, University of Colorado, Colorado Springs

" . . this device provides dramatic and interesting demonstrations, The
actuators and sensors are clean, high-quality devices, and the entire sys-
tem is ruggedly constructed, This device is especially well-suited to dem-
onstrate analysis and design techniques taught in classical , . . and
modern analog and digital control.” (reference to ECP Model 730 MagLev system

Turn-key Systems*
That Setup in Minutes

+ Executive "intarface
software

= Multi-use, reconfigur-
able apparatus

= High speed DSP board » Realtime firmware

+1/O electronics
(servo amplifiers,
power supplies)

* Student manual with
detailed experiments

= Instructor manual with

: + Quick-connect cabling
complete solutions

* And more!

With our user-friendly interface software, plug-in hardware
connections and quick start control examples, you can perform
meaningful experiments within minutes of opening the box!

*“Plant Only” options also available. See descriptions in this catalog

From Leading Institutions World-wide

Since delivery of our first products in 1991, ECP's equipment
has received broad acceptance in the academic and industrial
training markets. We have now supplied equipment and servic-
es to over 400 colleges, universities and industrial sites. Our
satisfied customers hail from a variety of world class institutions
such as those listed below. Won't you join them in enjoying the
many benefits that our systems provide?

Brigham Young University

Case Western University

Clemson University

Johns Hopkins University

Naval Postgraduate School

North Carolina State University

Northwestern University

Purdue University

Rice University

Stanford University

State University of New York - Stonybrook, New Paltz

Texas A&M University

University of Arizona

University of California - Berkely, Los Angeles, Irvine,
San Diego, Davis, Riverside

University of Colorado

University of Florida - Northern Florida, Central Florida

University of lllinois - Urbana, Chicago

University of Massachusetts

University of Michigan - Ann Arbor, Dearborn

University of Miami

University of Southern California

University of Texas - Austin, San Antonio

Washington University

Mitsubishi Electric Corporation

Hitachi Control

Oak Ridge National Laboratory

The Canadian National Research Council
The Walt Disney Corporation

Canterbury Christ Church University - New Zealand
Concordia University - Canada

Hong Kong Polytechnic - Hong Kong

ICAM - France

Indian Institute of Technology - India

Lund Institute of Technology - Sweden

Moscow State University - Russia

Nanjing Univ. of Science & Technology - P.R. China
National University - Taiwan

National Australian University - Australia
Oensingen University - Switzerland

Royal Institute of Technology - Sweden

Seoul National University - Korea

Simon Fraser University - Canada

UNICAMP - Brazil

University of Bahrain - Persian Gulf

University of Tokyo - Japan

University of Singapore - Singapore

University of Stuttgart - Germany

University of Singapore - Singapore

Contact Us For More Information

www.ecpsystems.com
(800) 486-0840

Educational Control Products
1Buckskin Court
Bell Canyon, California 81307

E-mail: info@ecpsystems.com
Ph: (818) 703-0802
Fax:(818) 703-6040




