Kinematics & Dynamics of Linkages

Lecture 1d: Cam Design

Ali H. Ammouri Spring 2018



Polynomial functions

General polynomial form:

s=C,+Cx+C, x> +C,x> +C,x* +---+C X"

s =displacement
x = independent variable replaced by $/6 or time ¢
(. =unknown constants

n

n'" degree polynomial has n+l terms
the number of boundary conditions determines the order
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Polynomial functions

e Displacement, velocity, acceleration and jerk
s=Co+C1(ﬁj+Cz(gj + . +Cn(gjn
p p p
V:E:l CHZCZ[E}LSC{QJ + ... +nCn(gjn_
dé p p p p
=0 _ 2C2+6C3[QJ+ ..... +n(n—1)cn(gj
do° p p p

. d’s 1 v 0\
j—d93—ﬁ{6C3+n(n D(n 2)Cn(ﬂ] ]
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Double Dwell Case |

4 Low | _ High ,
" dwell | Rise dwell e
nys - - - o &- - -—
Boundary conditions
. . . 0 O & o=
Disp, velocity and acceleration y A o 0 B, 6 des
Rise: b boundary conditions ’
0 O O O C)—I-
/=0 = s=0 v=0 a=0 | | | 9deg
0= = s=h v=0 a=0 ay 0 B, 0 i
0 ) } G O -
Fall: & boundary conditions | | fdes
6=0 — Ss=h v=0 a=0 %, 0 Bi 0 B2
=6, = s=0 v=0 a=0 ! | |
0 -
8 deg
We can solve for B constants only | | | |
0 9 180 270 360

C,,C,,C,,C,,C, andC,

MEES4! - Lecture 18: Cam Design



Rise - Left side boundary conditions

e Solveforrise: =0 — s=0 v=0 a=0

S:C0+C1[QJ+C2[HJ+ ..... +C5(‘9] - C,=0
p p p

2 ( 4
VEE{CﬁZCZ(%jﬁSC{%j +.....+9C, ﬁj} — C, =0

dé p \f
2 3|
a=95_1loc vecZ | v20c[l] | 5 ¢, =0
4o~ s p)
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Rise - Right side boundary conditions

e dolve forrise: 6=, = s=h v=0 a=0

3 4 5
s=C{%) +C4% +C{%} — C,+C,+C,=h
0
P

2 9 3 0 4
+4C4£E] +5C5(ﬂj} — 3C,+4C, +5C, =0

5 2 3
a= 36; = /:2 {6@(;} +1zc4(%j + 20@(%) } — 6C,+12C, +20C. =0
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Solving the Rise equations

AAAAA
vvvvvv

* Fquations =
C,;+C,+C;=h .
3C3 T 4C4 " 5C5 =t | ‘“*—*-—*—‘—&_*_;___““‘
6C, +12C, +20C, =0 | ;

° SD | ution ‘_Y Y‘* o T—*

o [alled 3-4-a polynomial rise

s=h 10(% —15@] +6(Qj R
{ B p p 0 B
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Fall - Left side boundary conditions

« Solve for the constants Gy, Gy, Gy, Gs, G, and [
/=0 = s=h v=0 a=0
0=p, = s=0 v=0 a=0

s=C0+Cl[gj+C2(gJ +C3[QJ +C4(gj +C5[gj
p p p p p
* Lalled 3-4-a polynomial fall

S—h_h 10@ _15(5\ +6(€j
p 5y B
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Double Dwell Case 2

"4 Low . High .
" dwell - BERS e Fall |
nys - - 4 - 0 & - -
Boundary conditions
. . . 0 @ & o=
Disp, velocity, acceleration, jerk T 5 N 0 Blz s
Rise: 8 boundary conditions |
6=0 = s=0 v=0 a=0 j=0 D _, u @—B;g
0=p = s=h v=0 a=0 j=0 | ; | |
A . - 0 B, 0 B,
0 £ G G @ -
Fall: 8 boundary conditions | | fdes
6=0 — s=h v=0 a=0 j=0 jl 0 [_3,'1 D [3'2
0=p = s=0 v=0 a=0 j=0 ! | |
0 -
8 deg
We can solve for 8 constants

CO’ Cli CZ’ C3’ C41 Cs; C6 andC7 4 % 180 270 360
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Solution

« Solve for rise : Follow steps for 3-4-2
polynomial and solve for [

c,,C,,C,,C,,C,,Cs,C,andC,

..............
g D U T S U SE——— . &}
''''''

e [alled 4-0-b-7 polynomial rise N va:

4 5 6 7 ' -“-
s—h 35[9j _84@ m(@j _zom
p p p b ! P Y A 4
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Example

Consider the cam design specifications below:

Jwell : at [ displacement for 30°
Rise 1" in 300
Jwell : at 1" displacement for 30°
Fall 1" in 300

W -7 mrad/s
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Solution DYNACAM

DYNACAM - Student Edition - by R, L. Norton - Copyright 2004 Release 7.5 Rev 1...

DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1...
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DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1...
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Solution DYNACAM

DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Revy 1...

DYNACAM - Student Edition - by R. L, Norton - Copyright 2004 Release 7.5 Rev 1...
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DYNACAM - Student Edition - by R. L, Norton - Copyright 2004 Release 7.5 Rev 1...

Solution DYNACAM

T kg (Deg

DYNACAM - Student Edition - by R, L. Norton - Copyright 2004 Release 7.5 Rev 1...
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Cam Design

« Polynomials are good functions for displacements as long as they are of
degree o and higher.

e What about the harmonic functions?
« They remain continuous throughout any number of differentiations
e Sine — cosine — -sine — -cosing — ...
« 907 phase shifts of the functions
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Harmonic functions

e Simple Harmonic Mation (SHM)
e [ycloidal Displacement

e [ombined functions
e [onstant acceleration
e [rapezoidal acceleration

« Modified trapezoidal acceleration
« Modified sinusoidal acceleration
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Simple Harmonic Motion (SHM)

« Velocity is continuous - zero at ends

e Acceleration is not continuous

* Non-zero start and finish values -

 Dwells will result in zero acceleration at ends
e Discontinuities exist which

« This results in infinite spikes in the jerk function

e Sine functions (SHM) does not work

* |t will wark anly for RF (180°-180°)
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Simple Harmonic Motion (SHM)

el g
S=—|1-cos| 7— V=——SIn| 7— § =
p B2 o
2 3 -~ ~—
a=2D s T J——”—Dsin T— y >
p° 2 B B2
Where: h = total rise S ~—
© = camshaft angle .
B = total angle of the rise interval ' -
0<0<PB ML
<9< . .
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Cycloidal displacement

Cycloidal functions solve the problem of o S o
discontinuity by starting with the acceleration
and integrating to get & and V curves. i -

s=h {Q — iSin (27[ Qﬂ V= E{l— COS(Z% QH ’ P s \
B en p B B

a:Zn%sin(Zﬂgj j:47z213cos(27z£j
p p p p
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Combined Functions

e Dynamic force is proportional to acceleration: F = ma
* minimize acceleration — minimize dynamic force

« Kinetic energy is proportional to velocity
* minimize velocity — minimize stored kinetic energy

e We want to choose a function that satisfies our constraints
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Combined Functions Types

e [onstant acceleration
e [rapezoidal acceleration
* Modified Trapezoidal acceleration

e Modified Sinusoidal acceleration
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Combined Functions: Constant acceleration

minimize the peak value of acceleration > use square wave > discontinuities

Low . High
& dwell Rise dwell

i

':Imx
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Combined Functions: Trapezoidal acceleration

modify the corners of the square wave > discontinuous jerk > vibrations

Trapi%z:}ifial Constant acceleration
@ :CCE eration \ Rige (for comparison)
T omcesc ~ pe—
Low 1 i . High |
dwell  Ifi ) - dwell |
0 - ' —™q
| o | i
B8 — 1 /|
% mmin S ;
J i 3 B
0 ; =
0 B
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Combined Functions: Modified Trapezoidal acc.

modify the corners of the square wave using sine > Low peak acceleration

ba, E ,B.,C, F D
Ay .2, c. D, | |
> -
// 4,.\’\? ? I } J -
¢ I
= g'\\ /,f g 0 P8 3PS B2 SPUS B8 P
e ba
0 B2 T T
B, C D, o
/,- e i : : ! ; : ;
' \ 0 P8 s (2 sm PR P
i X ‘/ - (o i .
\ / — |
h y ,
i ] -8
0 P8 3p/8 B2 SP/S PSP
;
- 2 p

MEES4! - Lecture 18: Cam Design



Combined Functions: Modified sinusoidal acc.

Sine acceleration curve - cycloidal displacement A
* Has smooth jerk curve compared to modified trapezoidal dii. |
* Has higher peak acceleration

Lombine two harmanic (sinusoid) | |
* Reduce the peak acceleration o W "
« Peak velocity is lower e -
* Most commonly used for double dwell cams |
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SLCA double dwell

 SCEA: Sine-Lonstant-Cosine-Acceleration
e |tis a family of functions used to model the rise and fall
e |t can be defined by the same general equation
e A change in numeric parameters yield different functions

s=f(b,c,d,p)

o . .. . High
: [\lbt_’ . d\\"(?‘“ E Fd]l
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SLCA double dwell: Normalization

o [(6<]0p] s [selo,h

X=——>> y=—— :
B | xeloi] h " |yelol

) o
A i Rise i ([lixl\;l;l i Fall
R R R | el I

Low '
dwell
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SLLA double dwell: SV.JA

e Divided into five zones | to a (five different forms)

zone 0 1 2 3 4 5 6
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SLCA double dwell: SVJA - Zone |
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SLCA double dwell: SVYJA - Zone 2
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SLCA double dwell: SVYJA - Zone 3

G2 ST i)

y,_C {b c d . |:7Z'( 1—d):|} zone 0‘“ 1 ) 3 4 5 6'
=C, > - 3 _ |
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SLCA double dwell: SVYJA - Zone 4

MEES4! - Lecture 18: Cam Design



SLCA double dwell: SVJA - Zone o
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SLCA double dwell - Coefficients

b+d ¢
_|_

Velocity coefficient: x=0.5 Cvzca(— Ej

T
Maximum velocity

: o 4r*
. x=ly=1 - C,=
Acceleration coefficient; x=1y S Py i e e

Maximum acceleration

Jerk coefficient: x=0 C,=C, %
Maximum jerk
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SLCA double dwell - Coefficients values

TABLE 8-2  Parameters and Coeffici_ents for the SCQA Family ot fg_nctions

o — A—

Function b ¢ d Cy G C;
constant acceleration Q.00 1.00 0.00 2.0000 4.0000 nfinite
modified trapezoid 0.25 0.50 0.25 2.0000 48881 61,426
simple harmonic 0.00 0.00 1.00 1.5708 4 9348 infinite
modified sine 0.25 0.00 0.75 1.7596 5.5280 &9.466

cycloidal dispiacement 0,50 0.00 0.50 2.0000 62832 39478
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Acceleration plot comparison

Acceleration

i —— Cycloidal (# =05,¢=0,d =0.5)

_ Simple harmonic
) /S (=0,c=0,d=1)
L S =628 /
Ca=353 ————~__ Cann
Ca=4.00— AT/ Modified sine
/S (#=025,c=0,d=0.75)
/,/"’ /
/ B
= s ¥
™~ 7 . I
0 ’ o/ /
/
&
/ s . =2 —(C, =493
/ Modified trapezoid Ca=49

(6=025,c=05,d=025)

Constant acceleration
b=0,¢c=1,d=0)

Avoid Constant acceleration or Simple harmonic
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Cam Design Approach

* Design a Cam to minimize acceleration (use Mod. Trap.)

« Design a Cam to minimize velocity (use Mod. Sine.)

TABLE 8-2 Factors tor Peak Velocity and Acceleration of Some Cam Functions
Function Max. Veloc. Max. Accel. Makx. Jerk Comments

Constant accel. 2.000 h/P 4.000 n/B3 infinite oo jerk - not acceptable.
Harmonic disp. 1.571 h/P 4 945 h/[sl infinite o jerk - not acceptable.
lrapezoid accel. 2.000 h/B 5.300 h/p° 44 h/p3 Not as good as mod. trap.
Mod. trap. accel.  2.000 /B 4.888 h/p> 61 h/ﬁ-‘ Low accel but rough jerk.
Mod. sine. accel. 1.760 h/B 5.528 n/;sf 69 I;/[i3 Low veloc - good accel.
3-4-5 Poly. disp. 1.875 h/pB 5.777 h/p? 60 h/p®  Good compromise.
Cycloidal disp. 2.000 h/B 6.283 h/ﬁ3 40 Iv/ﬁ" Smooth accel. & jerk.
4-5-6-7 Poly. disp.  2.188 h/B 7.526 h/p? 52 hip? Smooth jerk-high accel.
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Cam Design: Velocity

/— 4-5-6-7 polynomial

Velocity
A

3-4-5 polynomial
Modified trapezoid
Cycloidal

/ Modified sine
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Cam Design: Acceleration

Acceleration 4-5-6-7 polynomial displacement

Cycloidal displacement (sine acceleration)

3-4-5 polynomial displacement

0 / Z'
Maodified sine

Z Madified trapezoid
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Cam Design: Jerk

Modified sine

Modified trapezoid
v / 3-4-5 polynomial

. Cycloidal
\ e
i 1 - g
N B
S
Madified sine Madified trapezoid
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Cam Design: Dwell

| Use the same functions used for rise
/. Subtract the rise function s form the lift h
3. Negate the higher derivatives v, a and |

S, =h-—s,
V, =-V,
a, =—a,
Ji=—1
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Example

Consider the cam design specifications below:

Jwell  : at U displacement for 30°
Rise <" in 80°

Jwell  :at!" displacement for 30°
Fall 1" in 300

W /] mrad/s

Minimize velocity — use modified Sine
Minimize acceleration — use modified Trapezoid
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DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1...

Example solution: DYNCAM

DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1

Minimize velocity — use modified Sine

Copyright 2004 Release 7.5 Rev 1...
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Example solution: DYNCAM

Minimize velocity — use modified Trapezoid

DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1...

DYNACAM - Student Edition - by R. L. Norton - Copyright 2004 Release 7.5 Rev 1...
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