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DWELL-RISE-FALL-DWELL AND DWELL-FALL-RISE-DWELL CAM LAWS.
SECTIONS 1 TO 8: SEGMENTS HAVING EQUAL RISE AND FALL PERIODS

Data Items in the series on Dwell-Rise-Fall-Dwell cam laws are:
Item 06002 [15] - Sections 1 to 8: segments having equal rise and fall periods,
Item 06003 [16] - Sections 9 to 13: segments having asymmetric rise and fall periods,
Item 06004 [17] - Sections 14 to 23: examples,
Item 06005 [18] - Computer program.

ESDU Copyright material. For current status contact ESDU.

CONTENTS
Page
1. NOTATION AND UNITS 1
2. INTRODUCTION 4
2.1 Cam Law Selection 6
2.2 Reasons for Blending 7
2.3 Use of this Data Item 9
24 Cam Laws for DRFD and DFRD Motions 9
3. THEORETICAL BACKGROUND 10
3.1 Definitions and Terminology 10
3.1.1 Motion segments and single-law motion 10
3.1.2 Dimensionless form of displacement, velocity and acceleration 10
3.1.3 Equations for motion segments of a DRFD profile 1
3.1.4 Equations for motion segments of a DFRD profile 13
4, BLENDED PROFILES WITH ACCELERATION AND RETARDATION COMPONENTS 16
4.1 Blended Motion and Notional Dimensions 16
4.2 Proportions of Blended Profiles Defined by Acceleration Ratio or Blending Ratio 18
4.3 Proportions of Blended Profiles Defined by Continuous Jerk at Transition Point 20
4.4 Notional Cam Angles and Notional Follower Displacements 23
4.4.1 Rise of blended DRFD profiles 23
4.4.2 Fall of blended DRFD profiles 24
4.4.3 Fall of blended DFRD profiles 26
4.4.4 Rise of blended DFRD profiles 27
4.5 True and Notional Prime Circle Radii 29
45.1 Offset translating follower with blended DRFD action 29
4,5.2 Offset translating follower with blended DFRD action 30
45.3 Swinging roller follower with blended DRFD action 30
4.5.4  Swinging roller follower with blended DFRD action 33
Documents

i Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 06002A 2011


http://www.avadocuments.com/doc/esdu-06002a-2011
http://www.avadocuments.com/doc/esdu-06002a-2011

ESDU 06002

5. BLENDED PROFILES INCORPORATING A CONSTANT VELOCITY COMPONENT 35
51 Notional Dimensions of Components for Given Intermediate Cam Angles 37
5.2 Notional Dimensions of Components for Given Intermediate Follower 38
Displacements
6. DYNAMIC PERFORMANCE 40
1. CAM LAW INFORMATION SHEETS 41
7.1 Double Harmonic Motion 41
7.2 Triple Harmonic Motion 43
7.3 2-4-5 Polynomial Motion 45
7.4 3-4-5-6 Polynomial Motion 47
75 3-5-6-7-8 Polynomial Motion 49
= 7.6 Constant-Cosine-Constant Acceleration Motion 51
a
% 8. DERIVATION AND REFERENCES 53
@ 8.1  Derivation 53
§ 8.2  References 53
% APPENDIX A — RELATIONSHIP BETWEEN ACCELERATION RATIO AND 55
17 BLENDING RATIO OF BLENDED PROFILES
S Al Blended Profiles 55
§ APPENDIX B — ANALYSIS OF BLENDED PROFILES INCORPORATING 57
= A CONSTANT VELOCITY COMPONENT
= B1. Introduction 57
5 B2. Casel 57
g B2.1 Component N1 controlling rise of translating follower from 57
= dwell to maximum velocity
-%: B2.2 Constant velocity component of translating follower 58
= B2.3 Component N2 controlling rise of translating follower from 59
O maximum velocity to reversal of velocity
2 B3. Case2 59
mr B3.1  Notional segment angles and follower displacements of components 60
forming rise
B3.2 Maximum follower velocity 61
B4. Case 3 61
B4.1 Notional segment angles and follower displacements of components 62
forming rise
APPENDIX C — GENERAL FORM OF SINE-CONSTANT-COSINE-ACCELERATION 64
(SCCA) CAM LAW
C1. Description 64
APPENDIX D - VALUES OF CRITICAL PARAMETERS OF A VARIETY OF CAM LAWS 67
D1. Tables 67
Documents

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without

Full document details: ESDU

Licensee=/, User=,
license from IHS Not for Resale,

06002A 20M

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-06002a-2011
http://www.avadocuments.com/doc/esdu-06002a-2011

ESDU 06002

DWELL-RISE-FALL-DWELL AND DWELL-FALL-RISE-DWELL CAM LAWS.
SECTIONS 1 TO 8: SEGMENTS HAVING EQUAL RISE AND FALL PERIODS

1. NOTATION AND UNITS

The units used in this Item are predominantly SI but any coherent system of units may be used. All angles
are measured positively in an anticlockwise sense and the cam is considered to rotate in an anticlockwise

direction.
Units
. A a,b,c coefficients of SCCA cam laws (see Appendix C) -
é AL Ay Ag coefficients of the Triple Harmonic Motion cam law -
Eé D distance from cam centre, O, to pivot point of swinging arm, m
= measured in positive sense to right of cam centre in first quadrant
g E offset of follower line-of-action from cam centre, O, measured in m
g positive sense to right of cam centre in first quadrant
S H total lift of translating follower corresponding to one motion segment ~ m
? k constant of value +1 or -1, taking the sign of D -
kS (see Equations (4.53c) and (4.54))
-‘_é Ka acceleration ratio (see Equations (4.2a) and (4.2b)) -
§ Kg blending ratio (see Equations (4.1), (4.5) and (4.29)) -
Eﬂ L distance between follower arm pivot and follower datum centre m
g N cam speed rev/min
é N1 component blending with dwell -
- N2 component controlling reversal of velocity -
0] cam centre of rotation and origin of co-ordinate axis system -
a prime circle radius m
R, reference circle radius m
R, roller radius m
u normalised cam angle (see Equations (3.2a) or (3.2b)) -
W normalised follower displacement (see Equations (3.3a) or (3.3b)) -
w' non-dimensional follower velocity -
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w" non-dimensional follower acceleration -
w"’ non-dimensional follower jerk -
Xer Yo axes fixed in, and rotating with, cam with origin at cam centre O -
X Yo axes fixed in machine, with origin at cam centre O -
y linear displacement of translating follower m
Yb height of translating follower datum above X -axis at innermost m
position of travel
Ym height of translating follower datum above X . -axis m
g Yo height of translating follower datum above X -axis at start of motion m
7 segment
4+
(S) .
3 y linear velocity of translating follower m/s
c
o
; y linear acceleration of translating follower m/s?
©
17 y linear jerk of translating follower m/s®
)
=
g Z, intermediate calculation parameter (see Equation (Al.4)) -
>
(S)
= Z,,2Z, intermediate calculations parameters -
" (see Equations (4.11) and (4.23), respectively)
‘©
S ) total angle of cam rotation corresponding to one motion segment degree
©
E intermediate angle of cam rotation from start of motion segment degree
<
20 b angle of cam rotation at start of motion segment degree
>
Q.
S b total angle of follower swing associated with one motion segment degree
)
g W angular displacement of swinging follower degree
W ang_lg between X -axis and swinging follower datum at innermost degree
position
Vi angle between X -axis and swinging follower datum degree
Vo angl_e between X . -axis and swinging follower datum at start of degree
motion segment
7 angular velocity of swinging follower rad/s
y angular acceleration of swinging follower rad/s?
v angular jerk of swinging follower rad/s®
o, angular velocity of cam rad/s
Documents
2 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 06002A 2011


http://www.avadocuments.com/doc/esdu-06002a-2011
http://www.avadocuments.com/doc/esdu-06002a-2011

ESDU Copyright material. For current status contact ESDU.

ESDU 06002

Subscripts

B
Cv
=
fall

max
N1
N2
rise
S

\
V1
V2

refers to value at blending point

refers to constant velocity component

refers to finish of constant velocity component

refers to fall motion of follower

refers to intermediate value

refers to equal jerk in components at blending point (see Equation (4.29))
indicates maximum magnitude

refers to notional dimension of component blending with dwell

refers to notional dimension of component controlling reversal of velocity
refers to rise motion of follower

refers to start of constant velocity component

refers to location of maximum follower velocity for single law motions
refers to location of maximum follower velocity (Component N1)

refers to location of maximum follower velocity (Component N2)

Definition of terms and acronyms

CCCA
DFD
DRD
DFRD
DRFD
DFVRD
DRVFD
jerk
SCCA
DHM
SHM
THM

Constant-Cosine-Constant Acceleration

Dwell-Fall-Dwell

Dwell-Rise-Dwell'

Dwell-Fall-Rise-Dwell

Dwell-Rise-Fall-Dwell

Dwell-Fall-Rise-Dwell with constant velocity components
Dwell-Rise-Fall-Dwell with constant velocity components
third derivative of the displacement equation with respect to time
Sine-Constant-Cosine Acceleration

Double Harmonic Motion

Simple Harmonic Motion

Triple Harmonic Motion

T DRD may also refer to Dwell-Return-Dwell in other ESDU Items in the cam series

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU

No reproduction or networking permitted without license from IHS

Full document details: ESDU 06002A 2011

Documents
3 Document Sharing Hub

Licensee=/, User=,
Not for Resale,


http://www.avadocuments.com/doc/esdu-06002a-2011
http://www.avadocuments.com/doc/esdu-06002a-2011

ESDU Copyright material. For current status contact ESDU.

ESDU 06002

INTRODUCTION

This Data Item provides guidance upon the analysis and selection of cam laws suitable for
Dwell-Rise-Fall-Dwell (DRFD) and Dwell-Fall-Rise-Dwell (DFRD) follower motions having equal rise
and fall periods, including ones having an intermediate constant-velocity (V) component in both the rise
and fall actions, i.e. DRVFD and DFVRD, respectively. In this type of follower motion the follower is held
stationary (dwells) whilst in contact with a constant radius segment of the cam profile concentric with the
axis of rotation. Itrises (or falls) during the subsequent motion segment through the maximum displacement
(the lift) and then immediately falls (or rises) to return to the original dwell position. The content applies
to all configurations of the cam mechanism?, such as the disc cam driving a translating follower through a
freely pivoted roller shown in Sketch 2.1, or a disc cam driving a swinging roller follower shown in
Sketch 2.2. The terminology and dimensions used in this Data Item are defined in the Notation and
superimposed on the drawings.

Besides the applications of cam laws to conventional cam mechanisms used throughout this series of Data
Items, the laws given are equally applicable to the definition of the output motion of “electronic cams”.
(See Items 82006[%1, 06003[1¢1, 060041171 and 0600518].)
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Sketch 2.1 Disc cam for a DRFD motion driving a translating roller follower

T Flat-faced sliding followers are unsuitable for DFRD cams.
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The choice of a suitable cam law for the application, along with the selection of a suitable cam and follower
type (see Item 82024[7]) forms the basis of the mechanism design process. The cam law is the equation
defining the relationship between the output displacement of the follower and the angle of cam rotation.
One cam law can define the complete motion segment or, in some applications, an improved motion may
be derived by blending components of suitable cam laws.

Reference circle Y Y
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\\
\
| .
' X
Rb } m
/
/
/
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configuraton /'/\ Xe
(Wolise =V A
Olrise b F—- Pitch curve
-D Cam profile

Sketch 2.2 Disc cam for a DRFD motion driving a swinging roller follower

The definition of follower motion determines many of the input values for continuing the design of the:
mechanism (see Item 01002131 which also provides guidance upon the criteria for selecting a cam law).’
The procedure for designing a blended cam profile to include an intermediate precision point is given in
Item 9300211007 A particular mechanism is readily assessed using the computer-aided cam design program,
OSCAM (ltem 00014[12]), to determine the critical values of pressure angle, profile curvature and driving
torque.

Asymmetric cam motions have unequal rise and fall periods. By implication, the mechanical functions of
the rise and fall actions differ. For example, the rise of a DRFD motion could control a feed operation
requiring a constant velocity drive to the follower for part of that movement to be succeeded immediately
by a fall motion restoring the follower to the inner dwell position (see Example 2 of Item 0301041 and
Example 7 of Item 0600417]).

In all asymmetric cam motions, the portion of the cam profile driving the more complex action is designated
the "primary” motion segment and that controlling the reverse follower movement is designated the
"secondary” motion segment. The procedures contained in this Data Item and the associated ESDU
computer program (see Item 06005[18]) also apply to primary motion segments of cams having unequal
rise and fall periods. The procedures for completing the definition of the secondary motion segment are
given in Item 06003[26]. These procedures are included in the same ESDU computer program.

T The cam laws for DRFD and DFRD motions involving a precision point must meet the criteria specified in this Data Item.
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2.1 Cam Law Selection

This Data Item deals specifically with the selection of a cam law for the rise and fall motion segments of
a cam profile which control those parts of a DRFD or a DFRD motion. The content is confined to output
motions having equal rise and fall periods, using the same cam law or blended cam laws for both segments
by making appropriate changes to the kinematic equations. Because the follower dwells at only one limit
of its travel, the boundary conditions defining the motion differ from those for DRD cams given in Item
82006[%]. In contrast to a DRD motion, the follower acceleration should be an absolute maximum at the
cam angle where the follower displacement equals the lift, H, or follower swing, ¥, co-incident with the
reversal of velocity. Hence it is important to appreciate the importance of avoiding the apparently attractive
means of deriving a DRFD motion from a DRD rise followed immediately by a DFD fall as this would
result in an unnecessarily high acceleration and drive torque and be liable to induce vibrationl1%20] A
typical non-dimensional follower motion, displacement, velocity and acceleration, corresponding to a
symmetrical single-law motion segment is shown in Sketch 2.3.

Acceleration

Velocity
/

/1]

\
|
L
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and non-dimensional acceleration, w"
o

Normalised follower displacement, w, non-dimensional velocity, w',

-4
-6
0 0.2 0.4 0.6 0.8 1.0 Fall
Rise 0 0.2 0.4 0.6 0.8 1.0
Normalised cam angle, u
Sketch 2.3 DRFD follower motion
for Triple Harmonic Motion cam law
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This Data Item deals specifically with the selection of a cam law for the rise and fall motion segments which
form part of a Dwell-Rise-Fall-Dwell or a Dwell-Fall-Rise-Dwell motion. The cam laws to be found in
the Information Sheets (Section 7T) which generate the equations of motion for the rise or fall segment of
a DRFD motion as continuous functions are:

Double Harmonic Motion

Triple Harmonic Motion

2-4-5 Polynomial

2-4-5-6 Polynomial

3-5-6-7-8 Polynomial
and, additionally

Constant-Cosine-Constant Acceleration motion

which is suitable only for the component of blended motions controlling the reversal of velocity at the
maximum follower displacement.

The potential for blending components of different DRD and DRFD cam laws to derive complete rise and
fall motion segments provides greater flexibility to suit the proposed motion to the application. The
approach adopted in this Data Item involves blending components of two separate motions at their transition
points to form the resultant motion segment. This method ensures continuity of displacement, velocity and
acceleration as the follower attains maximum velocity at the transition point where the acceleration is zero.
It is not necessary for the two motions to have equal notional segment angles or lift, or to be defined by the
same cam law, making it possible to combine components of motions which only satisfy the boundary
conditions for the relevant portion of the motion.

2.2 Reasons for Blending

One cam law may not generate the required follower motion for the complete rise or fall segment of a
DRFD action. Examples include a displacement curve required to incorporate a specified precision point,
Sketch 2.4(a), or a constant velocity component, Sketch 2.4(b). In such cases it can be advantageous to
investigate the possibility of forming the segment from blended components of the same or different cam
laws. Further reasons for profile blending and potential benefits are summarized as follows.

ESDU Copyright material. For current status contact ESDU.

@) Itbecomes possible to vary the relative magnitudes of the peak follower acceleration and retardation
corresponding to a given segment angle, either to obtain a superior balance between the two
components or to reduce the peak value acting towards the cam and so reduce the spring force
required to maintain contact (see Examples 3, 5 and 6 in Item 06004[17]). The consequences of
such changes are explained in Items 920141 and 93002111,

(b) It becomes possible to vary the follower displacement corresponding to a specific cam angle, for
example, to lengthen the time during which a valve is held wide open, or to ensure that a specific
displacement occurs at the required cam angle (see Example 5 in Item 06004171 and 1tem 920141°)).

T The equations for other cam laws generating a continuous DRFD motion have been published in the general literature. These are omitted
here because, for example, either a small accumulative error occurs, or the equations of motion do not suit the convention adopted to
make this Item compatible with that for DRD laws given in previous Items, e.g. Item 82006, and softare essential to blend segments
of DRD and DRFD laws.
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) It becomes possible to incorporate an intermediate constant velocity component between the
components controlling the follower acceleration and retardation, either to suit a design
requirement or to reduce the peak velocity (but increase the acceleration), (see Item 9300211% and
also Examples 2 and 6 in Item 06004[17]).

(d) The segment angle required for the follower to reach a given lift (for a cam with specified values
of reference circle radius and maximum allowable pressure angle) can be minimised by blending
(see Item 920140y,

(e) The minimum allowable reference circle radius required for a cam with specified segment angle,
follower lift and maximum allowable pressure angle can be reduced by blending (see Item 920140
and Example 2 in that Item).

0 The maximum allowable follower lift that can be obtained with a specified segment angle, reference
circle [rga}dius and maximum allowable pressure angle can be increased by blending (see Item
920145.

(9) Blending provides a means of obtaining a more rapid follower displacement from dwell than
possible with a single-law motion (see Example 3 in Item 06004[17]).

In some cases the decision to use a blended profile is determined by the suitability of a particular cam law
for that component of the motion. In the absence of further constraints, to minimise vibration the (unique)
“notional” dimensions of segment angle and lift for each component should be found by equating the
follower velocity and jerk at the blending points. As an alternative, interposing a constant velocity
component between components controlling the acceleration and retardation can be beneficial.

ESDU Copyright material. For current status contact ESDU.
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Constant velocity sections are sometimes employed in cam profiles for use with translating flat-faced
followers because in this arrangement the maximum travel of the contact point on the follower is directly
proportional to the peak velocity. Thus the available follower face diameter places a restriction on the peak
velocity and so, if it is important to maximise the area under the lift curve, a constant velocity section is
useful.

2.3 Use of this Data lItem

The theoretical background to alternative forms of the mechanism and follower motion, including
definitions and terminology, is explained in Section 3. The design procedures for alternative types of
blended motion are analysed in Sections 4 and 5 and their use illustrated by the examples in Item 06004171,
Itis strongI?/ recommended that the calculations be performed using the ESDU computer program (see
Item 06005 18]), exporting the files defining the motion to other programs as appropriate to complete the
design of the mechanism. ltem 0600518 provides information regarding the use of the computer program
including the composition of program input and interpretation of program output.

2.4 Cam Laws for DRFD and DFRD Motions

The cam laws and blended motions included in this Data Item are all designed to ensure that the jerk is
finite throughout the DRFD motion. Thus the cam laws of SHM (see Item 82006[6]) and CCCA (see Section
7) are only suitable for the central component of a blended motion controlling the reversal of follower
velocity, because the jerk is infinite at the start and finish of these single-law motions. Conversely, finite-jerk
DRD cam laws, such as Cycloidal and Modified Sinusoidal Acceleration motions (see Item 82006[6]) are
only suitable for those components of a blended DRFD motion which join a dwell.

The boundary conditions defining a complete finite-jerk DRFD motion and a complete finite-jerk DFRD
motion are given in Tables 3.1 and 3.2, respectively.

When reading the data from Tables 3.1 and 3.2 it is vital to realise that the peak follower velocity of a
single-law motion does not necessarily occur at mid-displacement, i.e. when u,, = 0.5 and/or w,, = 0.5.
Also, there are cases, e.g. the 3-4-5-6 Polynomial cam law, where values quoted in this Data Item, such as
the normalised cam angle and follower displacement at the transition point, have been rounded to six
decimal places. Moreover, it is feasible to blend components of cam laws having different values of u,,
and w,, at their transition points, see Example 2 in Item 06004[17],

ESDU Copyright material. For current status contact ESDU.

The choice of cam law is influenced by the interaction between the peak values of follower velocity and
acceleration with the segment angle and lift. Hand calculations are convenient for this purpose. A concise
form of the equations is obtained by expressing parameters where possible as products of © as given in
Appendix D.
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3. THEORETICAL BACKGROUND

3.1 Definitions and Terminology
3.1.1 Motion segments and single-law motion

For the purpose of this Data Item a motion segment is defined as that part of a cam motion cycle during
which the follower moves from one position of zero follower velocity (such as a dwell or a position where
the velocity reverses direction) to another position of follower zero velocity. A motion segment may be
described as Dwell-Rise-Dwell (DRD), Dwell-Fall-Dwell (DFD), one part of a Dwell-Rise-Fall-Dwell
(DRFD) action or one part of a Dwell-Fall-Rise-Dwell (DFRD) action. The most common way to specify
follower motion, and hence determine the cam profile is to use one of a recommended series of equations,
known as cam laws, which relate the cam angle of rotation to the follower motion. To define a single-law
motion segment, that is one governed by a single cam law, it is only necessary to specify the cam law, the
follower lift and the segment angle.

3.1.2 Dimensionless form of displacement, velocity and acceleration

Sketches 2.1 and 2.2 show two pairs of co-ordinate axes having origins co-incident with the centre of cam
rotation. The X Yy, axesare fixed to the machine frame whilst the X., Y, axesare fixed to the cam and
rotate with it.

A cam law is the mathematical function defining the normalised follower displacement, w, during a single
motion segment in terms of the normalised cam rotation, u. It is conveniently expressed as

w = f{u}. (3.1

This function is evaluated readily by substituting the equation for the relevant cam law. In this Data Item
the cam laws are identified by their generic names, for example Double Harmonic Motion or 3-4-5-6
Polynomial. The equations of motion for commonly-used DRFD cam laws are given as formulae and
graphically in Section 7 and, for DRD cam laws, in Item 82006(°].

The Notation is given in Section 1: the sign convention and equivalent equations for the various
configurations of translating and swinging followers are given in Section 3.2 of Item 95001111,

ESDU Copyright material. For current status contact ESDU.

Translating followers

For a disc cam driving a radial translating follower as shown in Sketch 2.1, the normalised cam angle and
normalised follower displacement for each DRFD rise motion segment are given by

u = (326.)

_ Ym = Yo
and Wise = o (3.38)

Making the usual assumption that the cam rotates at constant angular velocity, the dimensionless velocity
parameter for a translating follower is defined as

_ y (n®
w' = 1l 180 (3.4a)
('OC
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Similarly, the dimensionless acceleration parameter for a translating follower is defined as

- 2
N [n d)}
W = (3.53)
0)2 H 180

c

and the dimensionless jerk parameter for a translating follower is defined as

3
Yy [E_q_)j (3.6a)
3 H 180

w"
(O]

Swinging followers

For adisc cam driving a swinging follower as shown in Sketch 2.2, the normalised cam angle and normalised
follower displacement for each motion segment are given by

U - (3.2b)

and w =

rise ¥ (3.3b)

Making the usual assumption that the cam rotates at constant angular velocity, the dimensionless velocity
parameter for a swinging follower is defined as

W o= V_ o (3.4b)
The dimensionless acceleration parameter for a swinging follower is defined as

weo o= - izsc_o o (3.5b)
O Y

ESDU Copyright material. For current status contact ESDU.

and the dimensionless jerk parameter for a swinging follower is defined as

2
wroo= (%} o (3.6b)
O, ¥

3.1.3 Equations for motion segments of a DRFD profile

The follower displacement curve A;BA, for a complete DRFD follower cycle is given in Sketch 3.1. For
compatibility with the presentation for DRD and DFD motions (see Item 82006[6]), the rise and fall are
distinct motion segments.
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Sketch 3.1 Displacement during complete DRFD motion

Sketch 3.1 shows the follower displacement through the complete DRFD movement. The cam angle, ¢,
is measured from the start of the rise, Point AL, where the normalised cam angle of the rise motion segment,
Urise » the normalised follower displacement, Wiise the non-dimensional follower velocity, Wiise: and the
non-dimensional follower acceleration, wi;.., are all zero. The follower has positive velocity during the
rise to attain the lift, H, at point B after the cam has rotated through the angle of lift, ®. At this point, the

; S Y . i .
values of u ., and w, . are both unity, wy;., is zero and wi,., has its maximum negative value.

The follower displacement, velocity, acceleration and jerk for the rise of a single-law DRFD motion are
given by Equations (3.1), (3.4a) or (3.4b), (3.5a) or (3.5b) and (3.6a) or (3.6b), respectively.

ESDU Copyright material. For current status contact ESDU.

A separate set of equations apply to the fall action represented by the curve BA, on Sketch 3.1, when the
follower falls to the inner dwell position. Since this Data Item considers only motions having equal rise
and fall periods the segment angle for the fall equals that for the rise, ® . Cam rotation through this angle
causes the follower to return through the lift to the original dwell position. Point B is the datum for
measuring the cam angle of the fall motion segment. The follower displacement continues to be measured
from the X -axis and so at Point B, Ugan = 0 and wgy = 1, and the follower velocity, w’ = 0. Moreover,
the magnitude and sign of the follower acceleration, ¥, must be the same as at the end of the rise. The
follower has negative velocity during the fall as it returns through the lift, H, to reach point A, at the start
of the dwell. At this point, the normalised cam angle has the value ug,;,, = 1, whilst the values of the
normalised follower displacement, wg,, the non-dimensional follower velocity, Wi » and acceleration,
WYy, are all zero. Hence the normalised cam angle, Ugy» at an intermediate position during the fall is
related to the cam angle, ¢, by

(I)_(I)o
Yan = T -
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The corresponding normalised follower displacement is given by

Weg = Ti1 =gy} 3.7)
the non-dimensional velocity parameter is given by

Wegy = = T = Uy} (3.8)
the non-dimensional acceleration parameter by

Wea = F7H1 = Uggy ) (3.9)
and the non-dimensional jerk parameter by

wiy = =L = ugy ) (3.10)

The critical boundary conditions for a DRFD cam motion are summarised in Table 3.1.

TABLE 3.1 Boundary conditions for DRFD cam motions
having equal rise and fall periods

ESDU Copyright material. For current status contact ESDU.

u w w’ w"” Notes
Rise 0 0 0 0 Profile blends with the inner
dwell
Uy Wy, Maximum +ve 0
1 1 0 Maximum -ve' .
Follower velocity reverses
Fall 0 1 0 Maximum -ve'
1—uv Wy, Maximum -ve 0
1 0 0 0 Profile blends with the inner
dwell

T For zero jerk the follower accelerations must be continuous.

3.1.4 Equations for motion segments of a DFRD profile

The follower displacement curve B;AB,, for a complete DFRD follower cycle is given in Sketch 3.2. For
compatibility with the presentation for DRD and DFD motions (see Item 82006(%]) the rise and fall are
treated as distinct motion segments.

Referring to Sketch 3.2, which shows the follower displacement through the complete DFRD movement,
the cam angle, ¢, is measured from the start of the fall, Point By, where the follower leaves the dwell at
maximum cam radius with negative velocity.
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Sketch 3.2 Displacement during complete DFRD motion

At point B;, the normalised cam angle, ug,,, the non-dimensional follower velocity, wg,, , and
acceleration, wf,, are all zero but, as the follower is displaced by the lift, H, above the Reference Circle,
the normalised follower displacement is w,, = 1. The cam profile touches the Reference Circle at the
end of the fall motion segment, Point A. At this point, the normalised cam angle is U = 1, the normalised
lift, Weapp s and the non-dimensional follower velocity, Wy, »are both zero and the non-dimensional follower
acceleration, wg,), , has the maximum positive value. Therefore the normalised displacement equation must
be changed to the following form

Weyy = 1= f{Upy) - (3.11)

To correspond, the non-dimensional velocity parameter is given by

ESDU Copyright material. For current status contact ESDU.

W = = F gy} (3.12)
the non-dimensional acceleration parameter by

Weap = = T LUy (3.13)
and the non-dimensional jerk parameter by

Wean = = T" g3 - (3.14)

A separate set of equations applies to the rise action represented by the Curve AB, on Sketch 3.2 for the
movement of the follower to the dwell position at maximum cam radius. Since this Data Item considers
only motions having equal rise and fall periods, the segment angle, @, for the rise equals that for the fall.
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At the start of the rise motion segment, Point A, the normalised cam angle, u ;. , the normalised follower
displacement, w ;. , and the non-dimensional follower velocity, wi;s,, are all zero, whilst the magnitude
and direction of the follower acceleration, Yrise » Must be the same as that at the end of the fall motion
segment. Cam rotation through the angle of lift, M, causes the follower to rise with positive velocity through
the lift, H, to the original dwell position, Point B, , where the values of both u,., and w;., are unity and

) ; . . . e
of wi,;., and w;,, are zero. Consequently, for the rise motion, the normalised cam angle is given by

u = (3.15)

and the normalised follower displacement is given by

Wege = 1-f{1-us,) . (3.16)
The non-dimensional velocity parameter is given by

Wiise = fril- Upise ) - (3.17)
To correspond, the non-dimensional acceleration parameter is

Wrise = fr{1- Upise ) (3.18)
and the non-dimensional jerk parameter by

wre o o= fr il -ug) (3.19)

The critical boundary conditions for a DFRD cam motion are summarised in Table 3.2,

The manual calculations for both DRFD and DFRD maotions are explained in Example 1 of Item 06004171,

TABLE 3.2 Boundary conditions for DFRD cam motions
having equal rise and fall periods

u w w’ w” Notes
Fall 0 1 0 0 Profile blends with the outer dwell
Uy 1-w,, Maximum -ve 0
1 0 0 Maximum +ve'
Follower velocity reverses
Rise 0 0 0 Maximum +ve'
1—uV l—WV Maximum +ve 0
1 1 0 0 Profile blends with the outer dwell

T For zero jerk these accelerations must be continuous.
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4. BLENDED PROFILES WITH ACCELERATION AND RETARDATION COMPONENTS

4.1

Blended Motion and Notional Dimensions

Besides single-law cam motions, this Data Item considers the use of rise and fall motion segments formed
by blending the component of one single-law motion with both the dwell and the component of another
single-law motion at the point of maximum follower velocity. The latter component drives the follower to
the point of maximum displacement where the velocity reverses, Sketch 4.1. In the cases of DRFD and
DFRD motions having equal rise and fall periods, the converse, mirror-image, motion shown in Sketch 4.2
restores the follower to the dwell position. Applications of blended profiles are surveyed in Section 2.2.
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Sketch 4.1 General form of translating follower motion for rise DRFD segment
formed by blending two single-law motion segments
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The components forming a blended motion segment are characterised by notional dimensions distinguished
by the suffixes N1 and N2 where the component designated N1 blends with the dwell. Referring to
Sketch 4.1, drawn for a translating follower having a DRFD motion, Component AB is the part of a
single-law motion, ABC, having a notional segment angle, Dy and notional lift, Hyq s between the limits
0<uyq<Uyq, Where uy,, is the normalised cam angle and w,,; the normalised follower displacement
according to the cam law of Component N1 at the position of maximum follower velocity, Point B.
Component BE, designated N2, is part of a single-law motion, DBE, having a notional segment angle, @y, ,
and notional follower lift, Hyo between the limits Uyp SUpp <1 where Uyo is the normalised cam angle
and w,,, the normalised follower displacement according to the cam law of Component N2 at the position
of maximum follower velocity.

ESDU Copyright material. For current status contact ESDU.
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Sketch 4.2 General form of translating follower motion for fall DRFD segment
formed by blending two single-law motion segments
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4.2

The procedures adopted in this Data Item require that the blending points always coincide with the position
of maximum follower velocity to ensure continuity of follower velocity and acceleration.

In the case of motions formed of two components, i.e. without an intermediate section at constant follower
velocity, the possibilities include three methods illustrated by examples in Item 06004171 as follows;

(a)  equating the jerk at the blending point (see Section 4.3 and Example 4 in Item 06004[17]),

(b)  specifying the cam angle from the end of the dwell to the blending point as a ratio of the
actual se?ment angle defined by the blending ratio, kg, given by (see Example 3 in Item
0600417

% , (4.1)

kg =

or (c)  orspecifying the ratio of the absolute values of peak acceleration and retardation defined by

the acceleration ratio, k, , given by (see Example 5 in Item 06004[17])

(g;N 1) max

ky = —— fortranslating followers, (4.23)

(Y2) ma
(V)

ka = ——— forswinging followers. (4.2b)

(e}

in which it is noted that the acceleration ratio, kA, is not directly related to either the peak
acceleration or the peak retardation of the corresponding single-law motion.

When blending different cam laws it is not necessary for the normalised cam angle and normalised follower
displacement to be the same for each law, i.e. it is possible for Uyq # Uyp and/or for Wy,q # Wy, SEE
Example 2 in Item 06004171,

The procedure for determining the notional prime circle radius of each component is covered in Section 4.5.

Proportions of Blended Profiles Defined by Acceleration Ratio or Blending Ratio

When using the non-dimensional equations of the cam laws to compute the dimensions and output motion
of a specific cam having a blended profile it is essential to substitute the notional parameters into the
equations. Hence, the normalised cam angle of the actual cam, u, must be expressed as the notional value,
Uy OF Uy, » @ appropriate.

The following analysis applies to a translating follower, the corresponding equations for a swinging follower
are obtained by substituting ¥ for H, v for y, etc.
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The relationship expressing the acceleration ratio, k, , as a function of the blending ratio, kg , is given in
Appendix A, Equation (A1.9), as

u
V1
kg = ,

Uyg + (1 - ”vz) KaZp

where Z, is given by Equation (A1.4)

(W'Nl)max‘(wll'\lZ )max‘

Z :
A '
(WNZ)max‘(W Nl )max‘

Critical values of the normalised follower displacement, and of the non-dimensional velocity, acceleration
and jerk for commonly-used cam laws are given in Appendix D.

By inspection of Sketch 4.1 or Sketch 4.2 it is seen that
D = Uy Py (- Uyp) Py (4.3)

and H

Wy Hyg + (1= wyp)Hy, - (4.4)
Also, since at the blending point

0g = kg® = Uy Py, (4.5)
the notional segment angle for Component N1 is given, in terms of the blending ratio, by

0 @
Oy, = — = kg—. (4.6)

Uy Uyg
Similarly, the notional segment angle for Component N2 is given by

(1-kg)®
Qy, = T-u, 4.7)

Two components of follower motion are blended together at the point of maximum follower velocity.
Equating the expressions (obtained by re-arranging Equation (3.5a)) for follower velocity at the blending
point and substituting the notional dimensions gives

. _ (W,Nl)max (DcHNl _ (W’NZ)max COcHNZ (4.8)
Ymax ® /180 ®,m/180 |
which leads to

INT (WN 1) maxHn1

N e B (4.9)

P2 (WN2)maxHN2
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