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Describe a single joint of an otherwise complex robot
Describe a controller for the single joint
Describe how to deal with the math of multiple joints

Descri be which approxi mat
Ansi mpleo description of t

Show that we coul d do bet
more complex stuff




Notation
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Moment of inertia
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Parallel axis theorem
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object \ % torsional spring

Use a photodiode and a computer to measure the 1 K
frequency f =

Requires calibration from known J 2’0



Experimental estimation of J
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E = cons if aF.,.=0

s2

W = QFds W= [k E energ)
sl
1 L
K :Em\/2 kinetic energy
P= d—W Power - P=Fv



E=cons! if ale=0

J2

W:ﬁrd‘ W= [ E energ)
J1

K :%JW2 kinetic energy
P—dW Power - P=t 1

Cdt



Single joint model
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Mechanical transmission
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- Distance traveled is the same:

Jy =1, 4
A Because the size of teeth is the same:
Nl — N2

rl r2




Furt her mor eé
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N_nh o & W,
N2 2 1 é 1W 1
Y \ y )
# of teeth Inverse relationship
between speed and torque
input
N, N N
— 2 — 1
t,= (—2 TR=—%

/ Nl\ N2
output

mechanical parameter



J as seen from the motor



1
27 R

Where /1 1s the efficiency of the mechanism (from O
to 1)

hi's rel ated to power, sSQpeEe

f1s also the ratio of input power vs. power at the
output



For example
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Specifications
output torgque

reduction ratio weight | length length with motor continuous | intermittent | direction | efficiency
{nominal) without | without operation | operation |of rotation
motor | motor 1219 T | 13317 | 1336 U {reversible)
L2 L1 L1 L1 M max. M masx.
g mm mm mm mm mhim mMNm %
2,711 17 20,9 341 45,9 50,9 200 300 = 90
14 20 25,0 38,2 50,0 55,0 300 450 = 80
43 1 24 29,2 42,4 54,2 59,2 300 450 = 70
(1 1 24 29,2 42,4 54,2 59,2 300 450 = 70
134 1 27 33,3 46,5 58,3 63,3 300 450 = 60
159 1 27 33,3 46,5 58,3 63,3 300 450 = 60
246 1 27 33,3 46,5 58,3 63,3 200 450 = 60
415 1 30 374 50,6 62,4 674 300 450 = 55
502 1 30 374 50,6 62,4 674 300 450 = 55
989 1 30 374 50,6 62,4 67,4 300 450 = 55
1 =

30 374 | 50,6 62.4 67.4 300 450



Start with \
f,=—2
) {
A Design TR, more torque (usually)

TR<1
N, > N,
J,<J, Uw, <u



Easy:

l. viscous: BZ 27
t =TR Q. TR BO

eq_ viscous VISCOUS

Beq‘jlzTRQ;l \’Qq -ﬁé @

A Coulomb friction:

t.,=TR Gsgn( )



Rotary to linear motion conversion
(P=pitch in #of turns/mm or inches)

= J[rad] =2 @Px
J =2 fPX

mass/load

Erot = Ein YE I\/Iloadv2 :% ‘]M/Z '

2
— M load

~ (20P)?

o



Harmonic drives

_ Circular spline

Circular Spline
Flexible Spline

Wave Generator

From the harmonic drive website
http://www.harmonicdrive.de

7;]0Ju.plma Innenseite
iFlexspline Bore
Flexspline ur Circular Spline Verzahnung
Flexspitne and Ciralar Spline Teeth

Wave Generator Kugellager
Wave Generator Beanng
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http://www.harmonicdrive.de/

Gearhead (for real)

O

Standard (serial)

D2000 How Stuff Works
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Designing the single joint
Given:

Jnax ¥ Fdeg N 1 Fog max/ TR

load

A Then taking into account some more realistic
components:
TR -
r . =J

max load T TZax



P=¢t__ JYgiven _.J Y getP

S

motor power, from catalog

This guarantees that the motor can still deliver maximum torque at maximum speed



Efficiency
Eccentricity
Backlash
Vibrations

To get better results during design mechanical
systems can be simulated



Control of a single joint
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Components

O

- Digital microprocessor:
Microcontroller, processor + special interfaces

- Amplifier (drives the motor)

Turns control signals into power signals
- Actuator

E.g. electric motor

- Mechanics/load

The robot!

- Sensors
For intelligence




Various types:
AC, DC, stepper, etc.
DC
Brushless
With brushes
We 0 | | have a | ook at t he
control, widely used in robotics
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DC with brushes
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Modeling the DC motor

9,

RobotDoc 2010



In particular
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Real numbers!

http://www.minimotor.ch

Series 1331 ... SR

RobotDoc 2010

LEEAR 006 SR 012 SR 024 SR

1 MNominal voltage Un [ 12 24 Valt

2 Terminal resistance R 283 13,7 52,9 Q

3 Output power P2 e ERR 2,57 2,66 W

4 Efficiency 1) ma 81 80 80 %

5 No-load speed (™ 10 600 9 900 10 400 rpm

6 MNo-load current fwith shaft @ 1,5 mm) I 00220 0,0105 0,0055 A

7 Stall torque Mn 11,20 9,00 9,76 mMm

8 Friction torgque Mr 0,12 0,12 0,12 rmiNm

9 Speed constant kn 1790 835 439 rpm/\/
10 Back-EMF constant ke 0,56 1,20 2,28 i\ rpm
11 Torgue constant km 5,35 11,4 21,8 mim/A
12 Current constant ki 0,187 0,087 0,046 AfmNm
13 Slope of n-M curve AnfaM 946 1 000 1070 rpmimMim
14 Rotor inductance L 70 310 1100 pH
15 Mechanical time constant Tm 7 7 7 ms
16 Rotor inertia J 0,71 0,67 0,63 gem?
17 Angular acceleration O . 160 150 160 10%rad/s?
18 Thermal resistance Ruw1/Rwz |6/25 KM
19 Thermal time constant Twt /Twz |5/190 5
20 Operating temperature range:

— motor —30..+ 85 {optional =55 ...+ 125} o
—rotor, max. permissible +125 °C



http://www.minimotor.ch/

Electrical diagram
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Armature resistance (including brushes)

Armature voltage
Losses due to magnetic field

Back EMF produced by the rotation of the
armature in the field

Coll inductance



Varm:RaIa +Laia ,A’(t)KE
for R < R

which is the case at the frequency of interest, and we also
havee

t =K.l



On torque and current

F. .. =0V 3B

lorentz
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Thus for many c

(

)

ry //\\\W

r
Torque 18

related to the
total current
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:(JM +‘]L) (’I) B (W f+t gr'

Torgue generated
nertia of the motor
nertia of the load
~riction

Gravity




Varm Rala +Laia ,A’(t)KE
=K.l

4 :(‘]M +‘JL) (”t) B (W f+l. gr'



A linear system of two equations (differential)

Q: can you write a transfer function from these
equations?

Q: can you transform the equations into a block
diagram?



) 2 Ven(9- M9 K
\/arm(s)_lzglla(3 +|?|a($SW(FIE Y‘!‘(F ; Ra+LaS

t =K,I,

Varm(S)_ M/($ KE = |
e G CER S S




M/(S) — KT/La‘JT
Vam(9 SH(RI +LB/ LI sGKK RB LJ

Considering gravity and friction as additional
Inputs



Block diagram
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Control: determine V a so to move the motor as
desired

Root locus

Pole placement
~requency response
Etc.




First block diagram
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Changing K

9,

RobotDoc 2010



1+s,)|  |@+e,)

AK (K, +sK)
H =
TR ()M s )




Analysis
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Root locus (case 1)
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Root locus (case 2)
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Overall é
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J, <

J —_ — M (S) — T
S (R +sL)(B+s]) K K
_ 1 @ closed loop (velocity)
J () " S w9 A
~ "es
closed loop _ 1+ S
(position) @ M) = A
1 e MBI
- W(S) a
J(s) = i°’
1+= W(S) Kp

S



imsH(9 =i 1)

S——m9
Y Ilrrcl)s']—dJ(Q:hmo 313 )
>0 s e tws)K,
S

For zero error K must be 1 or the control structure
must be different



[
Jina = > R
AK. Kp

Final value due to friction and gravity

AKCK | ™ P AR

K . = l‘grRa
pmin AKTJmaX




PID controller
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We now know why we need the proportional
We also know why we need the derivative

Finally, we add the integral
Integrates the error, in practice needs to be limited




Proportional: to go where required, linked to the
steady-state error

Derivative: damping
Integral: to reduce the steady-state error



Global view
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About the amplifiers
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consi der h e
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The mot or doesnot have a
(floating)

| t 0s di fficult to get f ee
the current flowing through the motor)
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Bipolar DC supply
Dead band (around zero)

Need to avoid simultaneous conduction (short
circuit)



Transistor protection (currents flowing back from
the motor)

Power dissipation and heat sink
Cooling

Sudden stop due to obstacles
High currents - current limits and timeouts
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PWM amplifiers
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