Chapter 10

MODELING CAM-FOLLOWER
SYSTEMS

10.0 INTRODUCTION

In Chapter 9, a simple kinetostatic model of a cam-follower system was presented. That
model is sufficient for determining (and thus avoiding by design) the condition of gross
follower jump due to inadequate spring force and/or preload. Properly designed cam-
follower systems for industrial machine applications usually do not have follower jump
problems, in part because they are operated at controlled speeds. Internal combustion
engine valve trains, on the other hand, can experience follower jump (or toss) if the "nut
behind the wheel" revs the engine beyond its redline rpm. The "redline" on the tachom-
eter is there to indicate the maximum engine speed allowed before the cam-followers will
leave contact with the cams. Modern engines with electronically controlled ignition and
fuel injection are usually equipped with a rev limiter that cuts the ignition or fuel supply

if the driver tries to exceed the redline rpm.

All cam-follower systems have sufficient elasticity in their components to present
the possibility of residual vibrations in operation. These are oscillations of relatively
small magnitude within the various links and levers that comprise the follower train.
Though these oscillations are small compared to the potential deviation in follower mo-
tion that accompanies a gross jump phenomenon from over-revving, they may neverthe-
less create dynamic problems. In automotive valve trains, vibration of the coils of the
return spring, called spring surge, is a common problem. The harmonic content of the
cam profile can interact with the natural frequencies of the spring coils at particular en-
gine speeds, causing the coils to vibrate so violently that they impact one another, a con-
dition known as coil clash. In industrial machinery, residual vibrations in the follower
train can introduce significant positional error, especially during dwells when the con-
tinuing vibration induced by the rise or fall event compromises follower position accu-
racy. Vibration can also disrupt the phasing of follower motions creating the potential
for interference between closely timed and spaced followers driven from different cams.
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CAM DESIGN AND MANUFACTURING HANDBOOK

This chapter presents several dynamic models that are suitable for the determina-
tion of dynamic behavior and residual vibrations within cam-follower systems, as well
as providing the means to predict follower jump. Some of these models are linear and
so their differential equations of motion can be solved analytically. Others include non-
linear or nonconstant terms and so must be solved numerically, typically with a Runge-
Kutta, Adams, Bulirsch-Stoer, or other algorithm. In either case, a computer solution is
needed. Many commercially available computer programs will solve these equations,
e.g.,TKSolver” Mathcad’ and MaTLAB/SIMULINK ¥

10.1 DEGREES OF FREEDOM

A great deal of work has been done in developing dynamic models of cam systems and
comparing their simulated data to experimental data over the past fifty years. There is
general agreemdak[21.31[4] that a lumped parameter single degree of freedom (SDOF)
model is adequate to model most aspects of dynamic behavior of these system&! Koster
developed one-, two-, four-, and five-DOF models of a cam-follower systemthusiaddi-

tional DOF to include the effects of camshaft torsion and bending, backlash, squeeze of
lubricant in bearings, camshaft angular velocity variation, and the drive motor charac-
teristic. He concludes that the SDOF model (which correlated well with experiment)

proves to be an adequate tool for predicting the amplitude of the residual vibration of
a cam follower driven by a relatively flexible shaft, despite the fact that considerable
simplifications have been introduced [5]..

Nevertheless, others have developed multi-DOF lumped-parameter models for this
application. Seidlit?! describes a 21-DOF model of a pushrod overhead valve train as
shown in Figure 10-1 in which he used one DOF for the camshaft, two for the hydraulic
tappet, two for the pushrod, four for the rocker arm, one for the spring retainer, two for
the valve, and nine for the valve spring. Two of the dampers were nonlinear. From this
extensive numerical simulation that correlated well with experimental measurements he
concludes that:

In spite of the presence of some nonlinear damping and three-dimensional motions, a
valve train can be viewed as a linear, one-dimensional mechanical system with two
resonant frequencies. The first mode is predominately the first axial mode of the
valve spring with the highest modal motion at the middle of the valve spring. The
second mode is predominately the remainder of the valve train stretching and
compEn]essing along its axial length with the highest modal motion at the valve

headl”

This recommends a two-DOF model that can separate the spring and follower train.

Pisan®f] used a combined lumped and distributed parameter model of a valve train and
confirmed its accuracy experimentally. Regarding the model, he concludes:

The incorporation of a distributed parameter element (helical valve spring) is crucial
to the formulation of an accurate predictive model of a high-speed cam-follower
system . .. The careful modeling of the valve spring as a distributed parameter
(continuum) component is the key to success of the complete dynamic ni8ldel . . .
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FIGURE 10-1
21-DOF model of an overhead valve train ©)

10.2 SINGLE-MASS SDOF LINEAR DYNAMIC MODELS

Figure 10-2a shows the simplest SDOF model that will account for residual vibration as
well as follower jump in a force-closed cam-follower system of the type shown in Fig-
ure 10-1. Note that this system has the spring that closes the cam joint at the end effec-
tor (valve) with most of the follower train elasticity between it and the cam. All the mass
in the follower train is lumped into a single effective masilsy the method shown in
Chapter 8. The cam acts against a massless "cam shoe" that connettisotogh a
springk; and dampec;. These represent the idealized spring and viscous damping in
the follower train lumped into effective values by the methods shown in Chapter 8.
Springk, and dampec, connectm to ground and represent, respectively, the physical
valve spring used to close the joint between cam and follower, and the effective viscous
damping of the valve versus ground. Iéxgg as the physical spring provides sufficient force

to prevent gross follower jump, the system will be as shown in Figure 10-2a. If the cam and
shoe separate, the system changes to that shown in Figure 10-2b. It then has two DOF.

Figure 10-2c shows the simplest SDOF model that will account for residual vibration in
a form-closed cam-follower system. It is the same as the force-closed system model
except for the elimination of sprig. There still could be external damping to ground
represented by dampes. No gross follower jump is possible in a form-closed system,
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(a) Force-closed system (in contact)  (b) Force-closed system (umping) (c) Form-closed system

FIGURE 10-2

Simplest SDOF lumped parameter models of a cam-follower system with return spring (ko) at end effector

though the presence of backlash allows impact between cam and follower whenever the
sign of the cam-follower force changes sign. This is termed crossover shock.

In both cases the input to the system is the designed cam displaséireamd the
output is the motiom(t) of the mass. Note that as long as the force between cam and
shoe is > 0 in the force-closed system the cam and follower remain in contact. If not, the
follower will jump off the cam.

Force-Closed Models

Figure 10-3 shows the model of Figure 10-2a and its free body diagram. The equation
of motion for the system is found from Newton's second law:

z F=mx
kl(S—X)+Cl(S—X)— kzX_Cz).( = mX

crate ktke ko G (10.19)
m m m m

wheres = cam profile input displacement ard cam follower output displacement.

With the following substitutions, equation 10.1a can be put in a form that involves
natural frequencies and damping ratios.

)

kitky _ 2 k _ 2

=200, 2 e

3|0

=20,

X + 20 5WoX + WEX = 025+ 27 100;5 (10.1b)
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FIGURE 10-3

SDOF lumped parameter model and free-body diagram of a force-closed cam-follower
system with return spring ko at end effector

Note that in this model, the springsandk, combine in parallel to computs,,
because each has an independent path to griudilectly andk; through the cam (as
long as no follower jump occurs). PrograryNACAM solves the model in Figure 10-3a.

After jump occurs, the system, ko, ¢, is in free vibration according to:
5'(+C—2)'<+ﬁx=0 (10.1c)
m m

the solution to which was derived in Chapter 9 (see equation 9.5).

WiederrichH10] points out that the vibration of the system can be more clearly defined
by creating a relative vibration paramatéinat defines the deviation of the instantaneous
positionx versus its static deflectiog from

r=>Xg—X (10.28)

The static deflection can be found by setting the time derivatives in equation 10.1b to
zero
2
xs=Ls (10.2b)
W7

Combine 10.2a and 10.2b to get an expression for relative vibration in tesrand

(10.2c)

q
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Substitute equation 10.2c and its derivatives in 10.1b to obtain the equation of motion in
terms of the relative vibration

2

r+ ZZ 2(&)2|; +(A)§r = w_]2_3+ 2((1)112 _wzzl)&.s (102d)
w3 O

Equation 10-2d shows that for systems with low damping (as thed@eafaytor that

has the most influence on vibration is the cam acceleratioriThis further reinforces

the points made in the early chapters that the higher derivatives of follower motion are

the most important in respect to system dynamics.

Form-Closed Model

The equation of motion for the model shown in Figure 10-2c is:

k+mk+ﬁx:ﬁs+&s (10.3a)
m m m m
With the following substitutions, it can be put in a different form that involves nat-
ural frequencies and damping ratios.

ﬁ:mZ are = 20wy

n =200y

3|

X+ 20,0, X + WEX = Wis+ 20100, (10.3b)
The damping rati@> in a form-closed (track) cam is typically so low (being mainly in-
ternal material damping) that it can be considered to be zero. Then:

X+W2X = W3S+ 204 wS (10.3c)
BAckLASH In a form closed cam, the backlash will be taken up whenever the
force between cam and follower reverses direction. This is called crossover shock and
can create potentially severe impact forces. With negligible damping, an impact force
F; can be roughly estimated by conservation of enefd¥l as

F Ov+/mk (10.4a)

wherey; is the impact velocitynis the striking mass, arkds the spring constant of the
struck system.

Kostef?] reports on a method (attributed to Van der Hoek) to estimate the impact
velocity in a track cam from:

1. \v3
v DE(jti) (6y;)*° (10.4b)

wherej, is the value of the jerk of the follower motion at the time of impaandy; is

the amount of backlash present in the cam track at that position. The times of impact
(force reversals) can be determined from the simulation using equation 10.3. They typ-
ically will be close to points of acceleration reversal. The amount of backlash can be es-
timated at the design stage from nominal fits in joints and expected tolerances of manu-
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facture of cam and roller follower. For an existing system, backlash is easily measured
with a dial indicator. Itan be seen from equations 10.4 thaainy amount of irreducible
backlash, the impact force can be reduced by choosing a cam function with lower values of
jerk at the points of acceleration reversal. Also, wear will increase backlash over time.

10.3 TWO-MASS, ONE- OR TWO-DOF, NONLINEAR DYNAMIC MODEL
OF A VALVE TRAIN

The simple models described in the previous section are considered to be adequate for
many cam-follower systems such as valve trains where the spring is at the end effector,
particularly if the mass at the end effector is relatively large compared to the mass of the
follower train components closer to the cam, if jump is unlikely, damping is not domi-
nated by coulomb friction, and if the follower is never deliberately held off the cam (such
as during a dwell). If these conditions are not true, then a more elaborate model is need-
ed to give a better prediction of follower dynamics.

Barkart!! developed a model for the automotive valve train that, with slight refine-
ments by other8]:[4] has proven to quite accurately predict the behavior of this more
dynamically complicated cam-follower system.

Barkan showed that including a coulomb damper as well as a viscous damper sig-
nificantly improved the model. The viscous damping ratio was assumed to be between
0.02 and 0.15, based on the literature. A coulomb friction coefficient of 0.2 was used.
Barkan also includes the gas force acting on the valve head.

Akiba added a second lumped mass at thelglaffihis better predicts cam contact
force, and thus jump, than the single mass miétidhe two-mass model also becomes
a 2-DOF system after jump occurs, giving a more realistic and accurate simulation. The
model also provides for contact between valve and valve seat at closure.

For proper engine operation, a valve train must ensure tight closure of the valve
during dwell, both to eliminate blowby and to give the valves (especially the exhaust
valve) good coupling for heat transfer to the valve seat. This is accomplished by either
maintaining a deliberate clearance (valve lash) between the cam follower and cam dur-
ing the dwell, or providing a hydraulic lash adjuster as a compliant link between the two. This
also compensates for the thermal expansion of the follower train at operating temperature.

An analogous condition is often encountered in industrial machinery when a follow-
er train is brought back to a "hard stop” on the ground plane just short of the low dwell.
A hard stop is sometimes needed when the cam is interrupted and leaves the follower for
part of the low dwell or it may be needed to guarantee follower train position during the
low dwell to a greater mechanical accuracy than can be obtained from the cam, given
the stack-up of assembly tolerances and dynamic deflections.

In both of these situations, there is an impact event when the follower train hits the
hard stop (or valve seat) with some velocity, and again at the beginning of the rise as the
cam encounters the stationary follower with some velocity. The cam design in these
cases often contains constant velocity "ramps" at the beginning and end of the rise to con-
trol the magnitude of the impact velocities over a range of tolerance of the impact point.
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The 1- or 2-DOF, two-mass molfélis shown in Figure 10-4a. lésjuation of mo-
tion for the condition of continuous contact between masand the cam is:

mzi'(+c>'<+(k1+k2)x—k1ﬁu|x|=mzi+ ka(z+7) (10.58)
wherex = z—y andz is the initial deflection of return spririg at assembly (preload

deflection).

When massm and the cam separate, equation 10.5a still appliezjdbunknown.
A second equation is then needed, involving the force between cam and follower:

F. = mz+cx+Kkx (10.5b)
F¢ will be zero when mags is not in contact with the cam.

The simplified two-mass model of Figure 10-4b eliminates the nonlinear coulomb
damper and the valve seat impact. Its equations for the condition of contact between cam
and follower masay (z=19) are:

j'(:2+ﬁ(z—zi)+c_2'z—m)'(—wx (105c)
my my

Fo =mz+coX+Kkx (10.5d)

To solve either of the systems in Figure 10-4, equation 10.5a or 10.5c is first solved
for displacement, then equation 10.5b or 10.5d is solvedFagr If F. is positive, then
the value ok is valid (Case 1). IF;is negative, then separation has occurred and equa-
tions 10.5a and b (or 10.5c and d) are solved simultaneouslywatet to zero at that
time step (Case 2), maintaining the initial velocity and displacement conditions. As the

ke < el 1 GomOTP ke < [l C2
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(a) Dresner & Barkan's two-mass valve-train model (b) Simplified two-mass model

FIGURE 10-4

One- or two-DOF two-mass model of a cam-follower system with return spring (kp) at end effector (4)
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solution continues for additional time stepandz are compared at each step. When
becomex s, the cam and follower have regained contact and the solution reverts to Case
1, maintaining the initial condition fatx/dt but changing the initial condition faolz/dt

to match the cam velocity. This assumes a coefficient of restitution of zero on impact,
which does not accurately model the impact event but is valid after the follower stops
bouncing on the cam. When a transition is made from one case to the other, the time at
which F. changes sign must be found by iteration in order to maximize acdtiracy.

Figure 10-5 shows displacement and acceleration data from a valve train modeled
as in Figure 10-4a. The simulated, theoretical, and experimentally measured curves are
shown to be quite simil&fl Program IYNACAM solves the model in Figure 10-4b, but
does not attempt to track the follower motion after separation because that is an unac-
ceptable condition requiring redesign of the joint closure system.
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FIGURE 10-5
Simulated, theoretical, and experimental valve train displacement and acceleration (1)
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10.4 MULTI-DOF DYNAMIC MODEL OF A VALVE TRAIN

Seidlit2®! built the 21-DOF model of a valve train shown in Figure 10-1 (p. 265). A brief
description of his modeling techniques and assumptions will be given here as a guide to
the reader wishing to create a multi-DOF model of a different cam-follower system.
More detail can be found in the original reference, which is quite complete.

Springs and/or dampers attach the model to ground at the camshaft, hydraulic tap-
pet, rocker arm center, valve center, valve head, and the bottom of the valve spring. The
camshaft was modeled as one mass, spring, and damper system, with its mass being that
of one cam lobe plus half of the remaining mass between the cam bearings. Its spring
rate was that of the camshaft in bending at the cam lobe.

The hydraulic tappet model had two masses, one spring, and two dampers. The
spring rate of the tappet's oil column was "backed out" of the model (when run) by ad-
justing its value to get good correlation with experimental data. This method is common-
ly used in dynamic modeling to estimate values of elements (particularly dampers) that
are difficult to either calculate or measure directly. A dead band was also built into the model
calculation to simulate the lost motion associated with the tappets's internal check valve.

The pushrod was modeled as two masses, each half its total mass, three springs, and
three dampers. The end springs each had the same stiffness but were twice the stiffness
of the center spring. The combined spring rate of the three springs in series equaled that
of the actual pushrod.

The rocker arm was modeled as three masses, one inertia, three springs, and four
dampers. One mass was placed at each end of the arm and one at its center. The rota-
tional inertia value applied at the center mass was the actual arm's inertia minus the ef-
fective inertia of the two end masses. Each end spring represented the effective spring
rate from the center of the arm to that end. These values were determined by a static
force-deflection measurement on the rocker arm. (Nowadays, if a solids model of a pro-
posed design exists, it is a short step to make FEA models of its elements such as rocker
arms and determine their spring rates before any metal is cut.)

The valve spring was modeled as nine masses, ten springs, and ten dampers. The
total spring mass was divided by the number of coils, and one coil's worth assigned to
each of the end masses. The remaining mass was divided equally among the remaining
seven lumped masses. The two end springs were made ten times stiffer than the middle
springs. This made the middle springs 8.2 times as stiff as that of the actual valve spring.
Each value could be entered separately in the model allowing any combination of mass-
es, springs, and dampers to mimic alternate spring designs. Coil-to-coil contact was sim-
ulated and when coils touched in the simulation, their spring and damper values were
increased by a hundredfold. By varying clearances between coils in the model, a vari-
able rate spring could be simulated. (A variable-rate valve spring typically is wound with
a varying coil pitch. As the spring compresses, the close-spaced coils contact one anoth-
er and thus increase the spring rate dynamically.)

Camshaft speed was assumed constant. The cam lift profile was entered into the
model as an array of lift values at half-degree intervals and smoothed with a 5th-order
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polynomial for sampling at the model's calculation times. The system equation was
written in matrix form:

[M]x+[C]x+[K]x=F(t) (10.6)

whereM is the mass matriX; is the damping matrix, arid is the stiffness matrix for

the system. This matrix equation was solved with a custom-written computer program.
Damping coefficients that are difficult to determine independently were adjusted to ob-
tain good correlation of the simulation with experimental measurements made of the ac-
tual valve train. Once a model such as this is "tuned" to match experimental data, it be-
comes a tool that can be used to investigate the dynamic effects of proposed design
changes, or entirely new but similar designs, in advance of their implementation in hard-
ware.

Figure 10-6 shows a sample of the simulated and experimental data, superposed.
Good correlation between the simulation and experiment can be seen in the acceleration
plots of valve head and pushrod. The pushrod force shows reasonable correlation, as
does the acceleration at the middle of the spring. While a great deal of effort is required
to create and verify a model of this complexity, when done, it can give a wealth of dy-
namic information about that system and about similar systems yet to be built.

10.5 ONE-MASS MODEL OF AN INDUSTRIAL CAM-FOLLOWER SYSTEM

The models described in the previous sections are all directed at the automotive valve q
train application, particularly the overhead-valve pushrod type. They have been shown

to agree quite closely with experimental data from those mechanisms. However, these

models may not provide a good representation of the typical industrial cam-follower train

as used in automated machinefhese systems often look like Figure 10-7 where the fol-

lower spring (or air-cylinder "spring") connects the follower to ground close tatheath-

er than at the end effector, as it is in the case of the overhead valve train of Figlre 10-1.

Figure 10-8 shows SDOF models and free-body diagrams of this system for the form-

closed and force-closed cam cases, their difference being the additional spring needed to

maintain contact of the cam joint in the latter case, along with its associated damping.

THE FORM-CLOSED CASE  Figure 10-8a shows an example of the classic, base-eXpc that some industrial
cited SDOF system found in any introductory text on vibration theory if we assumedfiatoliower trains have
the damping between the mass and ground is negligible. Its system equation is tieeuinidt closure spring
from summing forces on the free-body diagram (FBD) of Figure 10-8a. placed at the end effector

in order to load all the joint
. . c. clearances in one direction
X"'EX +EX = ES"'ES (10.78)  and take out the backlash
in the system. If this is
Kk c done, then the valve train
2 )
where: — =Wy, — =2{w, model gives a better
m m representation of its
dynamic behavior.
Program DYNACAM
provides both dynamic
models for analysis.

then: X+ 2LwpX + W2X = W35+ 20w,S (10.7b)

Its response to an harmonic excitation of the k&{§es h sin(wt), is given by:
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Simulated and experimental dynamics of an overhead valve train at 2400 engine rom (©)

x = Ahsin(ot - ¢)

2
1+(2F
where: A= amplituderatiozzz %
oy 1-r?) +(2R0)
(10.7¢)
a 3 O
9= phase angle = arctanL— o1t 0
H+(ag?-1)R2 8
where: F = frequency ratio :i

n
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FIGURE 10-8

SDOF models and free-body diagrams (FBD) of a typical industrial cam-follower system

These functions are plotted in Figure 10-9 over a range of frequencyHatiith
several different damping ratids

Note in Figure 10-9 that at the typical damping ratio for these systefrrs 005,
the amplitude ratio, or system gain at resonance is about 10. Note also that with essen-
tially zero damping, the phase relationship between the forcing furscéiod the re-
sponse& abruptly shifts from in-phase € 0°) to opposite phas@E 180) at resonance.
With low damping ratios, there is a more gradual phase change as the system approach-
es and passes through resonance, shifting d&0= 0.05 and 100at{ = 0.25.

THE FORCE-CLOSED CASE Figure 10-8b shows a force-closed system that requires
an additional spring; to keep the joint from separating. We assume that the damping
between the mass and ground is negligible. This system has two possible operational
modes. As long as contact is maintained at the cam joint, it behaves essentially similar
to the form-closed system of Figure 10-8a. In that condition, the joint-closure kpring
does not contribute to its vibratory behavior and the system's natural frequency is only a
function ofm andk,. If the joint separates, then the system natural frequency abruptly
switches to a lower value sinkgis usually significantly smaller thaa. Because the two
springs are then in series, the loweralue dominates arq is typically much less thag.
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FIGURE 10-9

Amplitude ratio and phase angle of a harmonically base-excited SDOF system

If we assume that contact between cam and follower is somehow maintained at all
times, then the system equation is the same as that of equation 10.7, repeated here using
notation consistent with Figure 10-8b.

5&+C—2k+ﬁx:ﬁs+c—2's (10.89)
m m m m
where: Loge w3, % - 20,0,
m m
then: X+ 20,00, X + WEX = W3S+ 20 50,5 (10.8b)

If the joint separates, then the system equation becomes:

.. C, . C, )
o Cott o Kett _ Ker | Ceif (10.92)
m m m
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* This analysis assumes * kiko CiCy Kest 2 Ceff
that the internal damping ~ Where: Kest = Ktk Cett = =0 =200
; 1 +K C+C m m
values ¢'s) of the elements
are very small and vary then: X + 20101 X + wfx = cofs+ 201004 (10.9b)

approximately proportion-
ally to the stiffnessex’§)
of the respective elements

to which they apply. This system, though of only one DOF, has two natural frequencies, one when in con-
Because damping is

typically small in these tact, and another when separated. The question then becomes: under what conditions
systems, its effecton the ~ Wil it separate? Looking at Figure 10-9 (p. 277), which depicts the in-contact case, it
equivalent spring rate s would appear that, with the damping typical in these syst&m6.05 to 0.10), one could

small, but the reverse is not gperate at frequency ratios lower than alwopt 3 and expect no separation, provided

true since high stiffness 1yt the closure spring ratgand preload had been properly selected by the kinetostatic

will affect damping levels. . . . . . ..
Avery stiff element will technique shown in Chapter 9 in order to avoid gross kinematic jump.

deflect less under a given : - . .
load than a less stiff one. If But what will happen if the operating speeahosen on that basis happens to be

damping is proportional to C_Iose to, or abpve, the lower, s_ep_arat_lon natural frequenoythe syste_m? This Is en-
velocity across the element, tirely possible if the follower train is stiff compared to the closure spkygXkj). This

then a small deflection will ~ situation is both common and desirable in cam-follower systems. We want the stiffest
have small velocity. Even  possible follower train in order to minimize the dynamic efserx). If k, were infinite,
gft?ﬁaﬁ:‘;mﬂt";ﬁ::‘;‘:"; thenx would equak, giving zero error. We also do not want the closure spring stiffness
will have little effect on the K1 10 be_ any greater than_|s needed to prevent kinematic jump, because its force, in part,
system due to the element's determines the stresses in the cam and follower.

latively high stiffness. A . . . -
L‘fﬁéfcycur'gtesw'aﬁis Figure 10-10 shows the two natural frequencies of a system like that in Figure 10-8b

estimate damping must (p- 276). The in-contact natural frequengyis shown higher than the separation natu-
take the interaction ral frequencyw, as described above. If the operating frequemcymade about 1/3 of
between thé&'s andc's into ¢y, then, as depicted in the figure, the system has to pass thogoghstart-up; butp,

Eccountl'( IF:Z ;rri’::g[ﬁée 4 does not exist as long as contact is maintained. However, if the follower separates from
irf’paral’le”l withn da;npers th_e cam even for an instant as it passes _thrmigth_e phase of the Ol_Jtput respomse

CL Co, - . . ,Cnin series, the  Will shift from 0 to 100 or greater (depending @r) with respect to the input excitation
effective damping canbe  sas shown in Figure 10-9b, and it will begin to resonate afThis will cause follower

shown to be: bounce. Therefore, the design constraint for this system is that it should not be allowed

to operate too close to the separation natural frequencylhe smaller the frequency

Program IYNACAM solves both of the models in Figure 10-8 (p. 276).

n
_ G
Cof =katt D 7
=1
As a practical matter, A separated in-contact
however, it is usually quite W (0]

difficult to determine the
values of the individual
damping elements that are
needed to do a calculation
such as shown above and
in equationIf) on p. 196.

Section 9.3 (p. 227)

presents a relatively simple ! ! >
method to expermentally w /3 wy /3 Frequencyw
determine an approximate EFIGURE 10-10

overall damping value for
an entire system.

Vibration amplitude

Separated and in-contact natural frequencies of the system of Figure 10-8b
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ratiow / uq the better. Usually a ratio of abam/ 3 or less will be sufficient to avoid
separation and follower jump. The follower spring stiffrigssather than the follower
train stiffnesso, then limits the system operating speed

10.6 TWO-MASS MODEL OF AN INDUSTRIAL CAM-FOLLOWER SYSTEM

A better model for the type of system shown in Figure 10-7 is the two-mass model shown
in Figure 10-11. This model takes into account that the mass of the system is roughly
divided between the cam-follower arm and the end effector, which are connected by rel-
atively lighter connecting rods. The model has two masseandmy, one at the cam

and one at the end effector. Note timais directly connected to ground by the follower
springk, and dampec;, while massmy, is "piggybacked" on mass,; through the stiff-

ness of the follower traik, and dampec,.

It requires some engineering judgment to appropriately lump the distributed mass
of all the links in the system into; andm,. Let common sense prevail. For example,
in Figure 10-7 (p. 275), lump the mass of the follower arm, roller follower, and half the
mass of the connecting rod intg at the cam, properly taking into account all lever ra-
tios as described in Chapter 8. Then lump the mass of the bellcrank, all end effector mass
(tooling), and half the connecting rod int®. The spring in the system is easily divid-
ed. The actual return springkig and the combined effective stiffness of the follower
train components ik. The damping is typically estimated by selecting appropriate
damping ratios based on experience or on measurement as described in Chapter 9.

As with the previous one-mass model, if contact between cam and follower is main-
tained, this displacement-driven system has one DOF, expressetiawever, if the
cam and follower separate, the system then has two DOF. Moreover, the two DOFs are
coupled. Note that when cam and follower separate, this system is similar to the classic
vibration absorber wherein a mass-spring combination is added to a (presumed) SDOF

M2 ko(s —x)  Ca($ — X)

i

f x

Z—X ko [mm] C2 ~
| . T 2 N

. my 1 st 2 X+
S
c
"2 (g wo - ) .
.. ki(s) c1(8) ka(s —x)  Ca(s —X)
(a) Lumped parameter model (b) Free-body diagrams
FIGURE 10-11

Two-DOF lumped parameter model and free-body diagrams of the cam-follower system in Figure 10-7
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system (see Figure 9-1 on p. 214) in order to split its original single natural frequency
into two frequencie®, andQ,, one above and one below the original natural frequency
as shown in Figure 10-12a. In that application, the paramejeandk, are carefully
selected to "tune" the system such that the vibratory response at the original SDOF nat-
ural frequencywy becomes essentially zero, its energy having been "absorbed" into the
two new frequencie®q andQ, as shown in Figure 10-12b.

In our case, the parameteng, my, kq, ko are essentially "what they are" within the
range of our design freedom, and so we will not have a system "tuned" to any particular
frequency. Howevetyy, the lower of the two natural frequencies of this two-DOF sys-
tem, will always be smaller than thg of an SDOF model of the same system that as-
sumed the follower train to be rigid (i.& = o), andw, will always be larger thay,.

ky

WA =
07\ m +m,

(10.10)

Thus, a similar situation exists with this two-mass model as with the one-mass model of
the previous section. That is, when firmly in contact at the cam joint, it has one, rela-
tively high natural frequency (due to the follower train stiffiiegsbut if perturbed to
separate, it immediately shifts to a two-DOF mode in which both new frequencies are
different, and one is lower, than the in-contact natural frequency,

Each stage of the model, if independent of the other, would have its own undamped
natural frequency as defined by:

_ _ ke
wl_\fml Ws sz (10.11a)

The two undamped natural frequencies of the coupled system after separation are then:

Vibration amplitude
Vibration amplitude

!

Frequency Frequency

(@) An untuned vibration absorber (b) A tuned vibration absorber

FIGURE 10-12

Frequency response of an SDOF system, with and without a vibration absorber, untuned (@) and tuned (b)
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Q :%\f“qz(lw)thA(lw)z +2(u=-1)o” +1
(10.11b)
where: q=22 u="2
Wy m

Note that botl)1 andQ, are functions of the mass ratig/ m and the frequency ratio
wp / Wy, which includes the spring rategandk,.”

Summing forces and applying Newton's 2nd law to the free-body diagrams of Fig-
ure 10-11 gives, for the in-contact case:

MpX = p(2=X) +kp(2-x)

w=C2y K, G ko
m Mmoo M m
X = 2050057 + W32~ 20 ;WX — WX (10.129)

where, if contact is maintainezi=s. The contact forcg. is found from:

mz=F, —cz-kiz—Cy(z2-X) ~ky(z - x)
Fo =mz+(cp +01)z+ (ko + kg )2 Cox —koX (10.12b) q
When separation occurs, the contact fdfgbecomes zero.

To solve this system, first assume that cam and follower are in comtag), @nd
solve equation 10.12a far Use the value fox at that time step to finE. from equa-
tion 10.12b. If~; > 0, then the cam and follower are in contact at that time and the com .
puted value of is valid. IfF. <0, then separation has occurreds and the computed A 2" aside, the

. . . . deliberate addition of tuned
value ofxis invalid. Then sef: to zero and solve equations 10.12a and b simultaneqys:

. > ) - ¢ ) ation absorbers to a
ly for x andz. Continue this second solution approach, testiagainst at each time cam-follower system such
step. Whez < s contact has reoccurred, and equation 10.12a can again be used @& dnghown in Figure 10-7
to solve forx until a negative value d; is again encountered. Thus the solution mu&in be a very effective way
switch between the two solution cases based on the sfgn dfote also that when the!© réduce vibration at any

. . . . operating speeds that are
solution is switched from one stage to the other, the most recent valyesaofl their | cq 10 the system's
derivatives must be used as initial conditions for the next stage of the solution.  natural frequencies. In

. . . . . fact, one could introduce
From a practical standpoint, since separation of cam and follower is generally Ypagych mass-spring
ceptable in these systems, the solution process could be aborted when the forceng&Bsrs to the system of
negative and the designer then prompted to modify the system parameters to corrégiuiiag0-7, as modeled in
problem. For example, increasing the stiffness and/or reducing the mass of the folfdgyé 10-11, one mounted
system may cure the problem as will increasing the stiffness or preload of the CISQG?QSZW and a”Otther
spring. Redesigning the cam function to reduce the negative peak acceleration wiﬁ]%ﬁs”meeiﬁgs”;iﬁie°
improve the situation. Programy®ACAM solves the two-mass model of Figure 10-1ksponses to zero at the

as described in this paragraph. operating speed.
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10.7 SOLVING SYSTEM DIFFERENTIAL EQUATIONS

The closed-form solution to the classic linear, second-order, constant-coefficient ordi-
nary differential equatiorope) was presented in Chapter 9. That solution is only valid

for that particular type afDE. Though equations 10.1 are in that category, other models

of cam follower systems involve nonconstant and nonlinear coefficients and so cannot
be solved by traditional closed-form analytical methods. For such equations, which oc-
cur frequently in the modeling of dynamic systems, a numerical mettsaluifon is
needed. Many such algorithms exist. The Runge-Kutta methods are perhaps the best
known, but there also are other methods that may be superior in some in&Hnces.

Block Diagram Solution—Simulink/MatLab

Many computer packages are now available that will solve even complicated differen-
tial equations numerically (and symbolically in some cases). One sush s which
contains a simulation package cal@siuLINK. This "front-end" to th@ATLAB com-
putational engine provides a set of graphical icons for the assembly of a block-diagram
solution to anyoDE, including ones with nonlinear or nonconstant coefficients. Execu-
tion of the model from BIULINK causes the compilation of the necessatyLAB com-

mands to solve the system using one of several selectable numerical integration algo-
rithms. In this case, the Adams algorithm appeared to give the best results.

A block diagram is a graphical depiction of the differential equation. To solve an
ODE with a numerical algorithm, it is necessary to rearrange the equation so as to be ex-
plicit in the highest derivative. Equations 10.1a and b then become, respectively:

w=Kg G atC  ktky (10.139)
m m m m
X = WS+ 20410015~ 20 yWpX — 13X (10.13n)

The first two terms on the right side of these equations are the input to the system, con-
taining the designed cam displacem&and velocitysdot

Figure 10-13 shows two such block diagrams, createghioLINK. Figure 10-13a
is a block diagram for equation 10-13a; it expresses the system motion in terms of the
basic parameters, ky, ko, ¢, andc,. Figure 10-13b shows a block diagram for equa-
tion 10-13b; it defines the same system in terms of the natural frequencies and
the dimensionless damping ratisand{,. If one wants to work in terms of the funda-
mental parameters of the system rather than normalized values, then Figure 10-13a
would be preferred. Both models give identical results when solved numerically.

The block diagram for the normalized equation 10.13b in Figure 10-13b is some-
what "cleaner" and so is easier to follow. At point 1 (circled), a signal generator is used
to provide an input function. Th#MULINK icon provides sine, sawtooth, square wave,
and random noise functions. A different icon than shown allows the input of a tabulated
function that can be the actual displacement and/or velocity data (including dwells) for
the selected cam program, such as modified sine, cycloidal, or a custom spline program,
for example.
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input section ¥
P+
s diagram l Sum3 s-X

Signal
Generator

Constant

(e1+c2)/m

193

m ]

]
Sum1

cl
sdot 4
(c1/m)sdot Sum2

Derivative

1/m s

<4
¢l " sdot Mult3

Integrator2
Mult2

s dot Input Force Acceleration Velocity Displacement

(a) Block diagram for the solution of equation 10.13a (Simulink/Matlab)

s diagram

ooon
oo

Signal
Generator

Constant

input section

output section

s
Inlegratort Integrator2
Deriyalive .
®
s dot Input Force Acceleration Velocity Displacement
(b) Block diagram for the solution of equation 10.13b (Simulink/Matlab)
FIGURE 10-13

Block diagrams for the solution of differential equation models of a cam-follower system
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A constant is added to the sine wave inS$lien4block to force it positive for all
values of time. In this simulation, the amplitude of the sine functiasi$dd. 25 in, and
the offset is 0.4 in, making its displacement range from 0.15 to 0.65 in as shown in Fig-
ure 10-14a. The additional offset (0.4 — 0.25 = 0.15 in) acts to create the necessary spring
preload on the system, definedrgsin equation 9.10 (p. 233).

This displacemert is fed to themult2 block where it is multiplied byy2, which
was created by multiplying the user-input valuesgf(point 2) by itself in thenultl
block. This product is fed to tlsaim2block at point 3. The displacemesis also fed to
the derivative block that creatéqpoint 4), which is the second part of the input portion
of equation 10.13bVelocity s is multiplied by a fixed gain of 2, then by an adjustable
value for¢; (using a graphical slider not shown). This product is then fieditti3where
it is multiplied byw, to create the second term in equation 10.13b (p. 282), which is then
added to the first term of the equation in blsckn2at point 3. The output glumz2is
fed to the bloclsumthat combines it with the fed-back output from the calculation to
create the value of at point 5.

The value ofyk is passed throughtegratorlto createx at point 6. This value is
fed to blockmult6 to be multiplied by the value that was input éerat point 7. This
result is multiplied by the selected valuglgfand then by —2 to complete the third term
of equation 10.13b at point 9.

The value ofx is passed throughtegrator2to createx (point 8), whose value is
fed to blockmult4 where it is combined withy?, and multiplied by —1 to create the
fourth term in equation 10.13b (p. 282). This result is added to the third term of the equa-
tion insum1at point 9. This result is fed into the blaakmto be added to the input and
close the loop to creatg. An error function is created at point 10 by subtracting the
calculated value of from the input value of.

Several "storage scopes" are placed to display the values of the variables as the sim-
ulation proceeds. The simulation was run for 2 sec using an Adams integration algo-
rithm. The input was a 3 Hz sine wave. Figure 10-14 shows the results for the period
from 1 to 2 sec, after the initial transients have died out. Figure 10-14a shows the input
displacemens. Figure 10-14b shows the cam-follower force that results. Figure 10-14c
shows the output displacemerttf the massn. Figure 10-14d shows the error function
(s—x). Figure 10-14e shows the velocity of the follower massvhich appears well
behaved. Figure 10-14f shows the acceleration of the follower gaskich shows
considerable vibration activity. This reinforces the point made in the previous section
that acceleration is the bellwether of vibration in dynamic systems. Thneak files
for these examples are included on the attacierlom.

Ordinary Differential Equation Solution—Using Mathcad

Mathcad200(® has a very simple-to-us#bE solver. It is only necessary to write the

oDE (of any order) as part of a "solve block" as shown in Figure 10-15. The equation
can be expressed in implicit form as shown. Any parameters needed for its computation
must be defined iMathcadabove the solve block. One such example is shown in the
figure as a calculation of the natural frequengy The forcing function¥,,(t) and
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Steady-state solution to equation 10.13 for an arbitrary cam-follower system driven sinusoidally at 3 Hz
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!kfol
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m

The following solve block uses the Mathcad ODESOLVE function to solve for the follower response.

Given

@ d 2 4] 2 Spw(t)
—x(D + 20 —xD) + ) = 26 Vo (D) — + ¢ —
dtzxo €y dLX() Ny -x(H ¢ pwo 1000 mn 1000

X0 =0 X(® =0
R = Odesotve(t, g, ing,)

FIGURE 10-15

Mathcad solve block to numerically integrate a differential equation

Sow(D), the forcing frequency, and the damping ratiowere all defined in thathcad
file upstream of the solve block, but are not shown in Figure 10-15.

The two initial conditions needed for this second oaa are then defined, hexe
andx' at timet = 0 are both set to zero. Then the built-in numerical salBeBOLVEIS
called and passed values for start ttend timetgng and a starting time increment;.
This solver uses a 4th-order Runge-Kutta algorithm with adaptive step size control and
places the result in the varialite The solution took only a few seconds to execute on a
Pentium PC.

Figure 10-16 shows the result of tiathcadsolution to a cam-follower system run
at 180 rpm with the following specifications: Dwell at 15 mm for°150odsine fall to
zero in 438, dwell at zero for 120 and modsine rise to 15 mm in°45T he follower ef-
fective mass is 10 kg, the return spring kas 15 000 N/m and the follower train hgs
= 1E6 N/m.

State Space Solutions

Most numericabbEe solver algorithms require that ame of order higher than one be
converted to a set of simultaneous first-orBE's for solution. This is called ttstate
spaceform of the system equations. The solver algorithm is structured to do a single nu-
merical integration of each equation in the set and iterate until it converges to a solution
at each time step. Most solvers also implement a so-calkgutive step sizalgorithm.

This allows it to take larger steps in regions where the functions are changing slowly and
smaller steps where there is rapid change. This gives more accurate and quicker solutions.
For a thorough discussion of the comnam solver algorithms, see Press 624,

FORCE-CLOSED, ONE-MASS VALVE TRAIN MODEL  To put a higher-ordepbE into
the state space configuration is a simple process. We will illustrate it first for the force-
closed, single-mass system with its return spring at the end effector as shown in Figure
10-3a (p. 267). Its equation 10.1b is repeated here, rearranged and renumbered.



CHAPTER 10 MODELING CAM-FOLLOWER SYSTEMS

sy D |00 rpsy

;*““—\\ {F-_\

e ] T ™ =] ™ m =] ™ mm =
[—_—
= Falarwm
—  Damify

(a) Cam input s and follower displacement x

Pollomys Tale iy (150 e
i

: \ |

RPN
e

I
=

43 ) ] ] ] T Hi 3 il ]
e
= Fallewss
Cam

(¢) Cam input v and follower velocity x

FIGURE 10-16

Mathcad solution to a cam-follower system modeled with equation 10.1 (Courtesy of Corey Maynard, of The Gillette Co.)

X = WPs+ 201005~ 20 pWoX — W3X
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(d) Cam input a and follower acceleration X

(10.144)

First, create as many dummy variables as the order of the equation, here two, say
andy,. Set one dummy variable to equal the independent variable, and one to equal its
first derivative. (If the order were higher than 2, or there were more variables, then ad-

ditional dummy variables would be needed).

y1=X

Y2 =X

(10.14b)
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Now substitute the dummy variables into the original equation 10.14a to get:
V2 = Wis+ 20015~ 20,0y, ~ W3y (10.140)

This has reduced equation 10.14a to a first-order equation. The second equation is ob-
tained by combining the dummy variable equations 10.14b. Together these comprise the
state-space form of the system equations and can be solved simultanegysndyp.
Y1=Y2
(10.14d)
Y2 = Wis+ 201005~ 20,0,y ~ W3y

The results of their simultaneous solution are then back-substituted in the original
equation 10.14a according to equation 10.14bjacdmputed.

FORM-CLOSED, ONE-MASS MODEL  The form-closed system has no return spring
and was modeled in Figure 10-8a (p.276). Its system equation 10.7b is repeated here,
rearranged and renumbered.

X = 025+ 200, 5= 200X — W2X (10.158)

Establish two dummy variables as in equation 10.14b and create two coupled first-
order state space ODEs for solution.
Y1=Yo
(10.15b)
Y2 = Wis+ 2 wn$— 2 0nY, ~ WY

The results of their simultaneous solution are then back-substituted in the original
equation 10.15a according to equation 10.14bjacdmputed.

FORCE-CLOSED, ONE-MASS INDUSTRIAL CAM MODEL  The one-mass, force-closed
system with its return spring at the cam was modeled in Figure 10-8b. Its system equa-
tion 10.8b for the in-contact condition is repeated here, rearranged and renumbered.

X = W3S+ 20 pWpS = 20 pWpX — W3X (10.164q)

Establish two dummy variables as in equation 10.14b and create two coupled first-
order state space ODEs for solution.
Y1=Yo
(10.16b)
Y2 = WhS+20,w)8- 205w,y ~ Wiy

The results of their simultaneous solution are then back-substituted in the original
equation 10.16a according to equation 10.14bjamdmputed.

FORCE-CLOSED, TWO-MASS INDUSTRIAL CAM MODEL  The two-mass force-closed
system with its return spring at the cam was modeled in Figure 10-11 (p. 279). Its sys-
tem equation 10.12a for the in-contact condition is repeated and renumbered here.

Sk, Gy Kk, (10.173)

m m

X =
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Establish two dummy variables as in equation 10.14b and create two coupled first-
order state space ODEs for solution.

Y1=Y2
(10.17b)

. C .. k C k
y2 :_22+_22—_2y2 —_2y1
m m M my

As described in the previous section, this equation only covers the case of contact
between cam and follower (stage 1). Itis solved assuming that the displazeifmant
equals cam displacemesifor a given time step. Then the contact fdfgés calculated
from equation 10.12b using the valuesxand its derivatives found from equations
10.17b. IfF¢ is positive, then equations 10.17b are used again at the next time step. If
Fc becomes negative, then separation has occurred and the solution must switch to stage
2, which requires simultaneous solution of equations 10.12a and 10.34mnfdr with
F¢ set to zero and the initial conditions set to the current values of position and velocity.

=S5,k G, ko
m m oM
(10.17¢)
2:-&1-@24.0_25(4.'(_2)(
my my momy
These two second-order ODEs require four dummy variables. q
y1=X Y2 =X y3=2 Ya=2 (10.17d)

Substitution of equation 10.17d into 10.17c¢ leads to the following set of state space
equations.

V1=Y2
- _ G k2 Co k2
Yo=—=Yat——=Y3=—=Yo——=W
my m m m
. (10.17¢)
Y3 =Ya * For the two-mass cam
L _ gt ktk C ko models as defined in
Ya = Th Ty3 +Ey2 +EY1 equations 10.5¢c-d, and

10.17, program Dynacam
) ) ) . only solves equations
These equations are solved, and their valugsaofiz used in equation 10.12b, t010.17b and calculates the

determine~c. As long ag=; continues to be negative, this stage 2 solution is continueyhamic force from
WhenF. goes positive, the solution is switched back to equations 10.17b. Another§sgation 10.12b. If the
sibility is to compare the calculated valuetd the cam displacemesiat each time step r(e’rccoer(?:fhse”:r?g"’}gvaet' xhich
in stage 2 to determine wheragain becomes equal to or less thandicating that con- .+ occurred and thereafter

tact has been reestablished. ceases to calculate the

. . . force. The system
IMPLEMENTATION  This state-space approach has been implemented in progsaineters can be changed

DyNACAM and can be solved for any of these five models (equations 10.5c-d, 1®&minate follower jump
10.14, 10.15, 10.16, or 10.17)it uses a fourth-order Runge-Kutta algorithm with adaprd the system dynamics
tive step size control. A typical solution screen (for equation 10.14) is shown in Figfggéculated.



290

CAM DESIGN AND MANUFACTURING HANDBOOK

10-17. The system parametems Kq, ko, {4, {») are supplied by the user. The natural
frequenciesv; andw, are calculated from the-k data to be used in the solution. The
user can also specify the desired start and end times for the calculation and the initial
value of displacement (initial velocity is assumed to be zero). The starting time step, end
time, minimum step size, and accuracy are also user controllable, though good results
will be obtained by accepting their default values. The end time is required to be at least
two cam rotation periods in order to let the starting transients die out. The data plotted
from DyNACAM's plot routines shows one cam revolution cycle, beginning with the sec-
ond revolution, in order to eliminate the transient effects.

The example shown in Figure 10-17 is of a double-dwell cam having a modified-
trapezoidal acceleration rise of 1 in ovef 990 dwell, a 90 modified-sine accel-
eration fall, and a 90dwell. Camshaft speed is 180 rpm. Compare the simulated
acceleration of the modified trapezoidal rise with that of Figure 9-10 (p. 232), which
shows a measurement of the acceleration of a similar cam-follower program. They
are quite similar.
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FIGURE 10-17

Dynamic model input and calculation in program DYNACAM
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10.8 POLYDYNE CAM FUNCTIONS

The term polydyne is a contraction of "polynomial" and "dynamic." It was coined by
Thoren, Engemann, and Stoddart in 18830 describe a cam design method first pro-
posed and implemented by Dudley in 148 who was the first to use a dynamic mod-

el of a cam-follower system such as those described in the previous sections of this chap-
ter to determine a cam profile that would, in effect, compensate for the dynamic vibra-
tion of the follower train, at least at one particular cam speed. Dudley used a simple
SDOF model that did not include damping, as shown in Figure 10-18. The equation of
motion for this system is:

MX = ky (S— X) —koX
= kys— (kg +kp)x (10.18a)

This equation relates the cam displacenseatthe follower displacement In the
previous sections, we defined the cam displacemant solved fox. However, the
equation works in the other direction as well. We can define the desired follower mo-
tion x and its derivatives and compute the cam displacement s needed to obtain that dis-
placement with the assumed spring rates and known mass of the system. Solving equa-
tion 10.18a fors gives:

m. Kk +ko .

S=—X+

10.18b
K ke ( )

The acceleratiork has units of length/séc It will be useful to convert it to an an-
gle base (in degrees) rather than a time base and to introduce the camshaft angular ve-
locity N in rpm.

ka(x)
ko j
m m T
S, X+
A
X
k]_ NN \
ki(s = x)
i
S @
~ %
2N

(@) Lumped parameter model (b) Free-body diagram

FIGURE 10-18
Dudley's SDOF model and FBD of a cam-follower system for a polydyne cam (13)
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length _ length (3602 deg? (LIN?rev

20
sc? degZH rev? %Ozseczg

. 2 2
k=7 =N (10.19)

Substitute equation 10.19 in 10.18b.

mEld X Ek1+k2

2
s= E’36N k1 d62 B—H( (10.20a)

Differentiate with respect t to get the polydyne cam velocity function.
N2 m mOd3x |I|k1+k2 Udx

.0
s= E?)G K % B—E— (10.20b)

Differentiate again with respect @ao get the polydyne cam acceleration function.
N2 mOd*x |I|k1+k2 Od?x

. 0
SEEPN Hae? 'H & Hae? (10:20c)

Note that the cam acceleration function involves the fourth derivative of the select-
ed follower displacement function, which we call "ping." This means that any function
selected for the follower displacement must be continuous through at least four deriva-
tives, velocity, acceleration, jerk, and ping. Since polynomial functions allow control of
continuity at the ends of the segment to any derivative, they provide a useful means to
this end. Spline functions can also satisfy these requirements.

Dudley's polydyne model of Figure 10-18 is for a system with the return spring act-
ing at the end effector. For an industrial cam that has the return spring acting on the cam
shoe, the model of Figure 10-8 is more appropriate. If we assume that contact is main-
tained between cam and follower and that damping is negligible, we can write the sys-
tem equation as a modification of equation 10.7, leaving out the damping terms.

5'<+£x:£s (10.214)
m m
Rearrange to solve far
s= %5& +X (10.21b)

Substitute equation 10.19 in 10.21b

2y
szd +

s=36
k do?

(10.223)

Differentiate with respect t8 to get the polydyne cam velocity function.

5= 36N 2md x+dx

10.22b
k do® do ( )
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Differentiate again with respect o get the polydyne cam acceleration function.

4 2y
szd x+d

§=36
k do* de?

(10.22¢)

Note the presence of cam spé&¢th equations 10.20 and 10.22. For any selected
follower functionx and its derivatives, the cam profile, as defined by the funs{eoqua-
tion 10.20a or 10.22a) will be different for any valudNafelected. This means that the
dynamic behavior of the system can be optimized (i.e, vibration minimized) only for one
operating speed. If the system will be operated at a single speed, this is not a problem. If
not, then one speed in its range will have to be selected for the cam profile definition and
the system will have some vibration when operated at any other speed. When applied to
engine valve trains that obviously operate over a wide range of speeds, a speed close to
the higlest expected operating speed is typically used in equations 10.20. Fawcett and Fawc-
etf20l show that a polydyne cam will always give lower vibration than a non-polydyne cam
having the same follower program when its speed is greater thaNOTh@y also state that:

By a suitable choice of N, the speeds at which a polydyne cam is inferior may be
relegated to the lower part of the speed range of the mechanism where (the inherently
lower, ed.) vibration amplitudes are not a problem.

Given an effective dynamic model of the system as described by equation 10.18a,
the problem devolves to identifying one or more suitable polynomial functiorstfat
provide sufficient control of continuity and that also yield acceptable peak values of ve-
locity and acceleration of the follower for any given set of kinematic constraints on the
follower motion. However, Dudley points out that:

With a flexible valve linkage, one must accept higher accelerations at the valve
(follower) than would occur with a rigid connecting system. There is a corollary: If
a cam is designed on the assumption of a rigid system, the actual limiting speed will
be appreciably lower than the theoretical value.

The derivations of these polydyne polynomials are long and involved and will not
be reproduced here. The interested reader can explore them in the original references giv-
en. Dudley addressed the problem of valve cam design for the overhead valve-pushrod
cam-follower system as shown in Figure 10-1, which is a relatively soft system and can
have significant vibration problems. In valve trains, it also is necessary to maximize the
area under the valve lift curve since it directly affects engine breathing. Dudley included
this constraint in his development of the equations. He also attempted to minimize peak
accelerations and to have an acceleration curve not dissimilar in shape to those that had
proven successful in the past Some trial and error was involved, particularly in respect
to choice of powers to be used in thequation. He determined that a polynomial equa-
tion of this form was suitable.

0T Tu e To

s= hH+C2%H +Cp%5 +Cq%g +C, %E H (10.233)

where the constants are defined by:




294

CAM DESIGN AND MANUFACTURING HANDBOOK

a2 -
=P —2p (10.23b)
6p°-8p-8

_ p+7p?+14p+8

C 10.23¢
P 6p> -8p-8 ( )
50342
C = 2P 4P +16p (10.23d)
6p--8p-8
3 A2
c =P 3" *2p (10.23¢)

6p°>-8p-8

He comments that "retaining the power 2 provides nearly constant acceleration in
the center of the curve, and increasing the exponents of the other three terms has the ef-
fect of moving the inflection point further out." This leads to a set of polynomials with
exponents of 2-4-6-8, 2-6-8-10, 2-8-10-12, 2-10-12-14, and 2-12-14-16. Of these, Dud-
ley claims "the 2-10-12-14 is probably the best." Its equation is:

4[I

s=— DB4 105%5 + 231%5 - 280%5 + 90%5 (10.24)

The lift curve and its first four derivatives are shown in Figure 10-19. Equations
10.23 define only the fall portion of the RFD function. The rise is a mirror image of the
fall, switched left to right. To calculate the rise, the independent vaffblaust be
run backward from 1 to 0, and then the velocity and jerk functions must be negated as
well. Note in Figure 10-19 that the jerk is discontinuous at the dwells, violating the rule
stated by Dudley for functions to be used for polynomial cams (see the discussion of
equation 10.20 on p. 292).

Thoren, Engemann, and Stoddart also developed other polynomials for the pushrod
overhead valve train that used higher powers than Dudley's and that are continuous in
all derivatives through ping2l They define a 6-term polynomial of the form

p 0
s= hﬂ+CQ%E +Cp%§ +Cq%5 +C, %E +C, %g (10.253)
where the constants are defined by:
C= —brs 10.25b
*(p-2a-2)r-2)s-2) toz=n
_ 29rs
C,= 10.25
S CRPI I a0z
_ =2prs
Cy = 10.25d
SN CR) D) (o ) o2
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FIGURE 10-19

A 2-10-12-14 polynomial rise-return follower function for a polydyne valve cam

Ping

c = 2pgs (10.25¢)

(r=2)(r=p)(r -a)(s-r)

_ —2pgr
) G o ) cozeh
They used evenly spaced exponent setg] +@=r —q=s—r. Figure 10-20 shows
the follower functions for a 2-10-20-30-40 polynomial, and Figure 10-21 shows a 2-14-
26-38-50 polynomial. These plots are normalized to show dimensionless factors for their
peak values. Note that the higher-order polynomial (Figure 10-21) has significantly
higher peak acceleration than the one in Figure 10-20 (13.2 vs. 10.4), but also has a
smaller negative acceleration (2.8 vs. —3.1) because of the steeper and shorter positive
acceleration pulses. Less negative acceleration requires less spring force to keep the
follower in contact with the cam, which can be an advantage.
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A 2-10-20-30-40 polynomial rise-return follower function for a polydyne valve cam

Figure 10-22 (p. 298) shows both the cam and the follower curves for displacement,
velocity, and acceleration for a 2-10-20-30-40 polynomial on the rise and a 2-10-16-24-
30 polynomial on the fall from [16]. Note that the cam displacessiiarger than the
valve displacementover the entire motion, indicating that the "spring" in the system is
"wound up" during the entire event. Recognize that the cam is cut to the solid curve, but
the follower takes the dotted path. The velocity of the valve is greater than that of the
cam function at its peaks. The acceleration curves show the greatest differences. Note
how the cam acceleration curve dips to nearly zero at the beginning of the rise to com-
pensate for the tendency of the valve acceleration to overshoot. A similar but smaller
difference is seen near the end of the fall.

Stoddari141:15.[16] continued Dudley's work on polydyne cams for valve trains and
developed a characteristic relationship of vibration amplitude versus cam speed as shown
in Figure 10-23 (p. 299). The actual amplitédef this curve will vary with the partic-
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FIGURE 10-21

A 2-14-26-38-50 polynomial rise-return follower function for a polydyne valve cam

ular follower train, but the shape will be similar in all cases. The signsafiot of inter-

est since the direction of vibration is not relevant, only its magnitude. Note that the vi-
bration amplitude is zero at the design spdedeaks at 0.70N, and reaches the same
level A at 1.1, increasing rapidly at higher speeds.

Polydyne functions were used extensively for automotive valve cams inthe U. S. in
the 1950's and 1960's, but they have not been used in these applications in recent years.
Instead, spline functions are now more commonly used for valve trains. Figure 10-24
shows a modern spline-function design for a single overhead camshaft (SOHC) valve
train[17]1 Note the asymmetry of the acceleration function, a design freedom allowed by
the use of spline functions. This design uses a quartic spline for displacement, but is
designed from the acceleration using designer-shaped quadratic Bflin€ke step
functions in the acceleration function before and after the lift event are the opening and
closing ramps used to wind up the system compliélrite.




298 CAM DESIGN AND MANUFACTURING HANDBOOK

Displacement (in)
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FIGURE 10-22
Cam and follower (valve) motions with a polydyne cam (14. 15, 16)
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FIGURE 10-23
Characteristic relationship of vibration with cam speed for polydyne cams (14, 15, 16)

The abandonment of polydyne cams by most automobile engine manufacturers was
due mainly to the inherent limitation of the polydyne method to one cam speed. Also,
the current trend in engine design is to overhead camshaft valve trains as shown in Fig-
ure 10-25 (p. 301), rather than the pushrod-overhead valve train type shown in Figure
10-1 (p. 265). The former have much shorter and stiffer follower trains than the latter
and so do not exhibit as much variation in dynamic motion between cam and valve.
Current valve cam design uses very sophisticated multi-DOF dynamic models of the
valve train (analogous to Seidlitz's model) that contain accurate representations of the
hydraulic lash adjuster's nonlinear behavior as well as multi-DOF models of the valve
spring. Computer programs written specifically to simulate the dynamic behavior of
valve trains are commercially available.

Double-Dwell Polydyne Curves

Polydyne cams were first developed for the single-dwell automobile engine valve train
but others have adapted the technique to double-dwell machine cams as well. Stod-
dart!4! shows how to develop double-dwell polynomials suitable for a polydyne appli-
cation but does nappear to provide a viable solution in reference [14]. Peiéékdb-

rives a useful solution to this problem. He uses the same model as Dudley (Figure 10-18 on
p. 291) and its system equation 10.18 (p. 291) to define follower mati@polydyne cam
displacement function and its derivatives are as shown in equation 10.20 (p. 292). As
these equations show, the chosen follower funct{@hshould be continuous through

the fourth derivative of displacement or ping. For a double-dwell motion with a total rise
of h and a normalized independent variable 6/3, this requires the minimum set of
boundary conditions (BCs):

* e.g., Valdyne available
), . o from Ricardo, Bridge
0 x"=0 x"=0 x""=0 Works, Shoreham-by-Sea,
0 x'=0 x'"=0 x"'=0 (10.26)  West Sussex BN43 5FG
England U.K.

whenu=0, x=0 X
XI

whenu=1, x=h
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FIGURE 10-24

Spline functions for follower motion of a SOHC valve train (17)
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FIGURE 10-25
Single overhead camshaft valve frain (Courtesy of DaimlerChrysler, Auburn Hills, MI)
These 10 BCs will yield the 9th-degree polynomial

x = h126u® - 420u® +540u” - 31508 + 70u°® (10.27)

Unfortunately, this function's second derivative has a maximum acceleration factor of
9.37h/B2, which is rather high compared to the standard double-dwell functions shown
in Table 3-2 (p. 50).

Peisekal® added two additional BCs to derive an 11th-degree polynomial as
shown in Figure 10-26. One of the additional BCs was used to force symmetry by mak-
ing x(0.5) = 0.%. The remaining BC was used as a free variable, and iterated to mini-
mize the value of peak acceleration. The resulting function is:

[336u° - 1890u® + 4740u” - 6615080
heJ 0

= (10.283)
g +5320u° - 2310u™° +420ut' |
[1680u* —11340u® +33180u® - 52 920u’ U

"=h(] 0 (10.280)
H  +47880u®-23100u° +4620u'° H
67200 - 56 700u® +199 080u°® — 370 440uf 0

" =h(J 0 (10.28c)

H +383040u’ - 207 900u® + 46 200u° H

h [20160u? — 226 800u® + 995 400u* - 2 222 640u°]
0 0 (10.28d)

B g +2681280u® -1663200u’ +415800u®

" —

This polynomial function has a maximum theoretical acceleration factor oh/7.91
B2, which, though still high compared to the functions in Table 3-2 (pn&y),be ac-
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A Peisekah 5-6-7-8-9-10-11 polynomial rise-return follower function for a polydyne cam(19)

ceptable when the reduction of vibration at the design speed achieved by the polydyne meth-
od is taken into account as is shown in the following example.

EXAMPLE 10-1

Designing a Polydyne Double-Dwell Cam With Closure Spring at End Effector.

Problem: Consider the following statement of a double-dwell motion problem:
Rise 1in over 100
Dwell
Fall 1in over 100
Dwell
Speed 425 rpm (7.083 Hz)
Meff 0.0104 blob (4 Ib)
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kq 1 000 Ib/in for the linkage
ko 50 Ib/in at the end effector
Preload 251b

(1, G 0.05

Assumptions: The joint closure spring is at the end effector, so a SDOF, one-mass model as
shown in Figure 10-2a (p. 266) will be used.

Solution:
1 A polydyne function theoretically requires continuity through ping, so a Peisekah
polynomial will be used as defined in equations 10.28. Calculate the theoretical kinematic

S V A J Hunctions for this design. The peak kinematic acceleration is 51433n/sec

2 Create the differential equation of the system using the relevant effective mass and spring
constants based on equation 10.13b (p. 282).

X = 025+ 201005~ 2,00, X — W3 X

. . | .
i=Xagy 2(1\/E3—212 ;‘—k1+k2 x-fatke
m m V' m

m
%= 2299 4 2(0.05) |90 5_5(0.08) | L0 4 1050 @
0.0104 \ 0.0104 V0.0104~ 0.0104
e . = e
o = 1. N
5 i i - 0" ; / s
T Fiol 1 FiaF

3
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g
:
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(@) Dynamic response of a nonpolydyne cam (b) Dynamic response of a polydyne cam

FIGURE 10-27

Dynamic response of double-dwell, 11th-degree polynomial functions, non-polydyne and polydyne cams
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Apply the Runge-Kutta algorithm to solve this ODExX@nd its derivatives, and solve for

the dynamic force. The results are shown in Figure 10-27a. This non-polydyne cam
undershoots its peak kinematic displacement by 0.020 in, overshoots its kinematic velocity
and acceleration, and shows follower jump at°2Ilhe peak dynamic acceleration is

7138 in/se€ 39% larger than the kinematic acceleration.

To determine the polydyne cam function needed to create the desired motion at the
follower, substitute the kinematic displacement and its derivatives through ping (as

defined by equations 10.28) into equations 10.20 fond its derivatives, then solve fr

and its first two derivatives. Figure 10-27b shows the dynamic displacement, velocity,
acceleration, and force of this polydyne cam. This polydyne version of the same cam
program shows well-controlled motion with a displacement error of only 0.003 in and only
small errors in velocity and acceleration. These errors can be due to the lack of a damping
term in equation 10.20. The peak follower acceleration is reduced to 5432 jrB8ec

larger than kinematic, and there is no follower jump.

Figure 10-28 shows the normalized kinematic displacement, velocity, and acceleration
functions superposed on the corresponding dynamic responses of the follower rise for both
the non-polydyne and polydyne cams. Figure 10-28a shows the dynamic displacement of
the non-polydyne follower and the cam shoe kinematic displacement (labefedThe

follower lags the cam shoe for the first half of the rise and falls short of the full kinematic
displacement at the dwell. Figure 10-28b shows the difference in the polydyne cam shoe
displacement and the follower displacement. Note that the polydyne cam shoe displace-
ment is greater than the follower displacement over the entire rise to compensate for the
dynamic deflection of the follower train.

Figure 10-28c shows the normalized kinematic velocity as imparted to the cam shoe and
the resulting non-polydyne follower velocity that substantially overshoots the peak
kinematic value. Figure 10-28d shows the polydyne cam shoe velocity, which initially
leads the follower, and then lags it between about 25% and 75% of the rise period as the
stored energy in the elastic follower train speeds up the follower mass. The follower
velocity is nearly kinematic for the polydyne case.

Figure 10-28e shows the kinematic acceleration of the cam shoe and the resulting dynamic
response of the follower for the non-polydyne cam. There is significant error coming off
the previous dwell and a large overshoot in the follower acceleration response. In Figure
10-28f , the polydyne cam shoe acceleration function is distinctly different from that of the
follower in order to compensate for system elasticity. The sudden drop in cam shoe
acceleration during the start of the rise serves to slow the follower and control overshoot.

Note the "role reversal" of cam and follower between the polydyne and non-polydyne cam
systems. The non-polydyne system has an "ideal" kinematic cam shoe motion but a
distorted follower motion. The polydyne cam system deliberately distorts the cam shoe
motion to compensate for system elasticity and mass, resulting in a follower motion that is
closer to the kinematic ideal at the design speed. Vibration of the follower of a polydyne
cam will be close to zero at the design speed as long as there is sufficient follower spring
force to keep it in contact. The trade-off can be a cam contour with larger pressure angle,
smaller radius of curvature, thus higher stresses, and even undercutting in severe cases.

It is reasonable to ask whether anything has been gained by using this polydyne approach
over a more conventional one of, say, a modified trapezoidal (MT) acceleration motion
program. After all, the MT will have a much lower theoretical kinematic acceleration
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FIGURE 10-29

b Dynamic response of double-dwell, non-polydyne modified trapezoid and 11th-degree polynomial polydyne cams

peak value (3 179 in/s8cthan the Peisekah polynomial used here (4.88 versus 7.91
acceleration factor). Figure 10-29 shows the dynamic displacement, velocity, acceleration,
and force for an MT cam with the same lift and mass property specifications. It also
shows the dynamic response of the polydyne cam from Figure 10-27b for comparison.
Though the MT cam does not exhibit any follower jump (it comes close), it has a higher
peak acceleration (5 955 versus 5 431 irfsttan the polydyne cam despite the lower
theoretical acceleration of the MT. Thus, the real peak acceleration of the MT cam with
this follower system is 87% higher than the MT kinematic acceleration and 10% higher
than the polydyne cam. The peak dynamic force of the MT cam (92 Ib) is also higher
than the polydyne cam (87 Ib) by 6%. Thus, the polydyne cam is a dynamically superior
solution despite its 11th-degree polynomial function's theoretical disadvantages in terms of
its higher kinematic peak values. Also note the lack of vibration of the polydyne cam
during the dwells as compared to the MT. Overall, the polydyne cam is a better solution.

EXAMPLE 10-2

Designing a Polydyne Double-Dwell Cam With Closure Spring at Cam Follower.

Problem:

Consider the following statement of a double-dwell motion problem:

Rise 1in over 90
Dwell for 90°
Fall 1in over 90
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Dwell for 90°

Speed 180 rpm (3 Hz)

Mef 0.03 bl (11.6 Ib)

kq 1 000 Ib/in for the linkage
ko 50 Ib/in at the end effector
Preload 301b

G, & 0.05, 0.10, respectively

Assumptions: The joint closure spring is at the cam follower, so a SDOF, one-mass model
as shown in Figure 10-8b (p. 276) will be used.

Solution:

1 Figure 10-30 shows the difference between displacement, velocity, and acceleration of the
follower for a non-polydyne and a polydyne cam with the same motion program, as
calculated in program Dynacam. The motion is RDFD, 90-90-90-90 deg, with 1-in rise
and fall at 180 rpm. A Peisekah 11th-degree polynomial is used on both rise and fall. The
one-mass industrial cam dynamic model of Figure 10-8 is used with a return spring rate of
50 Ib/in and a 30-Ib preload. The stiffness of the follower train is 1 000 Ib/in and the mass
of the follower is 0.03 bl. Damping is between 0.05 and 0.1 of critical.

2 Figure 10-30a shows the non-polydyne solution. Note the significant error in the
follower's velocity and acceleration functions. The displacement overshoots by 0.034 in
and undershoots by 0.036 in. The peak follower acceleration is 1 45®.in/sec

3 Figure 10-30b shows the same data for a polydyne cam using the same Peisekah 11th-
degree polynomial and equations 10.21. The velocity and acceleration functions now look
like the theoretical functions, with the peak acceleration reduced to 1 122in/8his is
1.5% lower than the designed kinematic acceleration of 1 138 %nisitain the numeri-
cal error expected from the simulation. The displacement error is reduced to +0.005 / —
0.004 in. Some of this error is due to the absence of a damping term in equations 10.21.

4 Figure 10-31 shows the kinetostatic and dynamic follower force functions superposed for
each of the cases, non-polydyne and polydyne. In Figure 10-31a, the dynamic force is
grossly different than the kinetostatic force and is close to zero at one point, indicating
incipient jump. The polydyne cam contour has reduced the dynamic force significantly in
Figure 10-31b. It is now close to the kinetostatic ideal and would be exactly equal if the
damping were included in the polydyne equations and the dynamic model was exact.

10.9 SPLINEDYNE CAM FUNCTIONS

In Chapters 5 and 6 we showed how spline functions, particularly B-splines, can provide
superior solutions to motion control problems than polynomials can in some cases. It
would seem logical that splines then might offer some advantages to polydyne-type cam
designs as well. The polydyne approach requires a function for the follower motion that
has continuity through the 4th derivative of displacement, or ping. This is easy to ac-
complish with B-splines since they have the ability to control the unwanted excursions
that are typical of high-order polynomials. Moreover, manipulation of knot locations can
reduce peak velocity and acceleratidhus, we introduce the concept of a splinedyne cam,

a combination of spline functions for the motion and the dynamics of the follower train.
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(a) Non-polydyne dynamic response (b) Polydyne dynamic response

FIGURE 10-30

Non-polydyne and polydyne responses of a follower train to the same cam motion program

Figure 10-32 (p. 310) shows a 6th-order B-spline for a double-dwell rise motion
with ten boundary conditions that make the displacement and its first four derivatives
(through ping) zero at the beginning of the rise. At the end of the rise the displacement
is equal to the total lifh, and its first four derivatives are zero. Choosing a 6th-order
(5th-degree, quintic) spline for this motion leaves four internal knots available for ma-
nipulation and still provides continuity through ping. The functions in the figure were
calculated with a camshaft speed of 1 rad/sec, a rise of 1 unit, and a period of 1 radian.
This makes their peak values nondimensional, thus providing factors comparable to
those of Table 3-2 (p. 50).

Pulling pairs of knots close to the beginning and end of the interval has the effect of
forcing the displacement curve to rise (and fall) more rapidly at the extremes and so low-
ers the velocity and acceleration peaks (at the expense of peak jerk). The functions
shown in Figure 10-32 have knots at points approximately 7% and 8% of the period in
from each end, respectively. This gives a peak velocity factor of 2.1 and a peak acceler-
ation factor of 7.1. These are better than the Peisekah polynomial of the previous sec-
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Kinetostatic and dynamic force for a polydyne and non-polydyne cam made to the same motion program

tion, and their peak values are not much higher than the classic cycloidal motion. But,
because of their 4th-order continuity, these functions also have the ability to be modified
according to the system's dynamics to provide a splinedyne, low-vibration motion at one
design speed by using equations 10.20 or 10.22 (p. 292) to define the cam shape based
on these follower motion functions.

Figure 10-33 (p. 311),shows an 8th-order B-spline for a double-dwell rise motion
with the same ten boundary conditions as used in the functions of Figure 10-32. Now
there are only two interior knots available for manipulation. These are placed 3.5% in
from each end of the interval. Note that the functions through jerk and ping are much
smoother than the 6th-order B-spline of Figure 10-32 due to the higher-order continuity
of this spline. The penalty is higher peak factors, now 2.23 for velocity and 7.78 for ac-
celeration, but comparable to the Peisekah 11th-degree polynomial.

EXAMPLE 10-3
Designing a Splinedyne Double-Dwell Cam With Spring at Cam Follower.

Problem: Consider the same double-dwell motion problem as in Example 10-2:
Rise 1in over 90
Dwell for 90°
Fall 1in over 90
Dwell for 90°
Speed 180 rpm (3 Hz)

Mt 0.03 bl (11.6 Ib)
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6th-order spline function for a splinedyne cam, knots at 7%, 8%, 92%, and 93% of period

kq 1 000 Ib/in for the linkage
ko 50 Ib/in at the end effector
Preload 301b

(1, o 0.05, 0.10, respectively

Assumptions: The joint closure spring is at the cam follower, so a SDOF, one-mass model
as shown in Figure 10-8b (p. 276) will be used.

Solution:

1 Figure 10-34 (p. 312) shows the difference between displacement, velocity, and accelera-
tion of the follower for a non-splinedyne and a splinedyne cam with the same motion
program, as calculated in programNACAM. The motion is RDFD, 90-90-90-90 deg,
with 1-in rise and fall at 180 rpm. The 8th order B-spline of Figure 10-33 is used on both
rise and fall. The one-mass dynamic model of Figure 10-8 is used with a return spring rate
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8th-order spline function for a splinedyne cam, knots at 3.5% and 96.5% of period

of 50 Ib/in and a 30-Ib preload. The stiffness of the follower train is 1 000 Ib/in and the
mass of the follower is 0.03 bl. Damping is between 0.05 and 0.1 of critical. All these
data are identical to those used for the Peisekah polynomial of Example 10-2.

2 Figure 10-34a shows the non-splinedyne solution. There is less error in the follower's
velocity and acceleration functions than for the polynomial solution, but they are neverthe-
less oscillatory. The displacement overshoots by 0.012 in and undershoots by 0.012 in.
The peak follower acceleration is 1 600 in%kec

3 Figure 10-34b shows the same data for the splinedyne cam. The velocity and acceleration
functions now look very much like the theoretical functions, with the peak acceleration
reduced to 1 166 in/séc This is only 4% higher than the designed kinematic acceleration
of 1 121 in/se€ within the numerical error expected from the simulation using equation
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Non-splinedyne and splinedyne responses to the same cam motion program

10.21. The displacement error is reducetid®01 in, a better result than the polydyne
cam.

4 Figure 10-35 shows the kinetostatic and dynamic follower force functions superposed for
each of the cases, non-splinedyne and splinedyne. In Figure 10-35a, the dynamic force is
much different than the kinetostatic force, though not as bad as that of the Peisekah
polynomial of Figure 10-31. The splinedyne cam contour in Figure 10-35b has reduced
the dynamic force significantly. It is now very close to the kinetostatic ideal. These
figures show the superiority of the splinedyne cam over the polydyne cam for reducing
dynamic oscillations at any one design speed. Either is significantly better than a cam
design that does not account for the dynamics of the follower system, however.
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