Biomechatronics

Delft University of Technology
Course 2006-2007
(Wb 2432)

Frans van der Helm

Lecture 13
Artificial motion control




Contents

Introduction

Definitions from control engineering
— dynamical systems

— stability

— Phase-margin and gain margin

Model of human controller

— stability analyis

— limitations and adaptation
Supervisory control situations

— supervisor over automated control loops




The human as controller

Marine vessels
Vehicles
Airplanes

+ Human

LA | SR
"} controller | vehicle |

Visual

system

Closed-loop systeem

MW"



Why modeling a human
controller?







Block diagram of a control loop
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Block diagram of a control loop
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Examples in biomechatronics
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Examples in biomechatronics
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Stability of a control loop
o Stability: Analyze loop gain function
H. = H,. H,. H;. H,

e H(w) is complex:
mod H.(w) = gain, arg H.(®w) = phase
e Phase-margin:
If mod H(w) = 1 then arg H.(®) > - 180°

e Gain-margin:
If arg H.(w) = -180° then mod H (®) < 1

SN



Phase-margin & gain-margin
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Gain-margin
Bode-plot mod H, Bode-plot arg H,

";,\ (Or———
1073 Q
Q
| -
8 -45
O
1072 N’
= D 50
& £
10M Q. .35
-180 AN NEN] | HHHE SR EBERERERHHHEHERENERRNEEHE] -
1OAO= 1[...”.’.... X H | aEEEN L E X HN BN HH A .
Gain-
margin
107-1
-270
10A-2 -315

1070 10M 1072 10"3 1071 1070 10M

frequency (rad) frequency (rad) EME



Input- & output signals

e Input: u(t) = sin(wt)
e Qutput: y(t) = Asin (ot + @)
Gain A en phase ¢




Stability of a control loop
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Stability of a control loop

U(w) E(w) Y(w)

Phase shift = -180 degrees
gain = 0.75

Positive gain margin
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Model human controller
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Model human controller 1
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McRuer:

e Human shows different behaviour when
controlling different systems

e Human tries to simulate servo-behaviour:

H(0) = H()l o) = 1o TR\

Y(w)




Optimal servo behaviour: H(®) = 1/j®
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Optimal servo behaviour: H(®) = 1/j®

o] — _..1..‘

Nyquist
plot

H

r

Always

stable

-0.5 0 0.5 1 1.5

Re (H,) gMi



Transfer Y (o) P 1
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Transfer E (o) | o
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Model human controller 2
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McRuer:
e Human tries to approximate optimal servo-

behaviour: H(®w) = H(0).H(®) = 1/jo
BW

Y(w)

But is not perfect!



Limitations & adaptability
human controller

e Limitations:
— Human needs processing time
— Inertia neuromuscular system arm with control organ
— Human has limited accuracy
— Human can estimate speed reasonably
but cannot estimate acceleration

e Adaptability:
— Human can adapt well to system dynamics
— Human tries to develop optimal control strategy

(effort versus result) g =



Cross-over model
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Hm(a)) = K X J Ot . 1 .e—jmv
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For low frequencies (® < 3 rad/s = 0.5 Hz):
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Cross-over model
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For frequencies around o = . human tries to:
a)C e—ja)Te

Hn(w).Hs (@) = —
j@

Loop gain is then equal to 1
Loop gain function approximates integrator
®. roughly between 2 & 6 rad/s (= 0.3 & 1 Hz)

1, equal to 200 till 300 ms ng



gain

H (@)= Hy(0).Hs(0)= o / j(w) . elor
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Examples of adaptation

e , e 1

Hm(®). Hs(w) = —.e™ " — Hm(w)=—. el
(). Hs(w) P e ™ — Hmn(w) o Ho(o) e
1+ j .
Hon() = Kom AL oo
1+ jort2
1+ jot:r @ 1 Wc. T2
Hs(®) = Ks — Km'1+jum =o' K —12>>1, 11=0, Km= K.
Ks 1+ jotr @ jo qar
Hs(O))— _/(D —> Km.l—l—j(x)’tz = j(DKs %’CZ—O, ’C1—O, Km = K.
.\ 2
Ks 1+ | c | J® c
Hs(®) = ——7 — Km. /.Om=0.).(j) ST Sy e
(/03) 1+ jot2  jo Ks Ks. T
)
Ks 1+ | c | J®
Ho() = —— —5 KLt _ O B droliatis
( joo) I+ jot2  jo Ks

BW




Transfer
input-output
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Effect bandwidth input
& order system on ®. & T,
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Conclusions

« Humans can adapt to the system to be controlled:
- K., T and 7,: Adaptation parameters
— ,: Determines bandwidth of controlled system

« Still some limitations apply:

— Only zero, first order and second order systems can be
controlled!!

— Human controller properties known for systems with visual
and vestibulary feedback, not for tactile feedback, etc.

* Design of biomechatronic systems:
— Be aware that humans must be able to control the system

B\Wr-



Supervisory control situations

« System with automated control loops
— FES system with artificial sensors, controller and stimulator
— Above-knee prosthesis with automatic knee locking

« Humans should be in control of whole system
— Monitoring:
« Feedback of result
« Feedback of performance controller

— Actions:
« Setpoint generation for controller
« Qverruling of controller

<"y



verstoringen

gewenste )
waarde werkelijke
informatie nselijke hedienend ; wadrds
presentatiel+regelaar [—w{element [—w systeem -
systeem
OPNEMET [

@ handregeling

binnenkomende vitgaande

RN e Bl

. lijke |regelaclie
gewenste 't?;"'::?" rege - i verstoringen
waarde sl g laar [ingestelde

systeem# waarden werkelijke

egelaar edienend LIi_ls Jteem waarcde
element "'l L fﬂ
ophemer F

@ supervisieregeling

g'é'



Manual control

Uw) El®) Control Y(w)

4;‘_.' display {— human [— interface [ "|_Plant_[——

I Sensor |<




Supervisory control
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Model Rasmussen
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Model Rasmussen

« Knowledge-based behaviour:
— Difficult tasks
— performance based on reasoning
— Requires much attention: High mental loading
— Examples: control room, FES walking?

« Rule-based behaviour:
— Tasks with intermediate difficulty
— Performance based on applying standard rules
— Examples: Control of helping robots

 Skill-based behaviour:
— Easy tasks, incorporated in normal behaviour
— Performance based on well-trained skills
— Requires little mental effort
— Examples: Body-powered prosthesis, Bladder contr

Cochlear implants EM




Model Rasmussen

Decrease mental load: From knowledge-based
behaviour to skill-based behaviour

Humans generate internal model of system

‘Ecological’ interface displays system output
resembling internal model

‘Ecological’ interfaces allow for an intuitive control
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