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Abstract: A prototypical three-pulley serpentine belt drive with belt bending stiffness is
extended to include a one-way clutch in order to understand the non-linear dynamics of the
system with the one-way clutch performance. The clutch is modelled based on the relative vel-
ocity of the driven pulley and its accessory. The clutch locks (engages) the pulley and accessory
for zero relative velocity and produces a positive inner clutch torque. Zero clutch torque
initiates clutch disengagement, allowing unequal velocities of the two components. This
model leads to a piece-wise linear system. The transition matrix is used to evaluate the
system response in discrete time series for the two linear configurations, saving significant com-
putational time. The system dynamics including response and dynamic tension drop are exam-
ined for varying excitation frequencies, inertia ratio of the pulley and accessory, and external
load. The investigation of vibration reduction because of the single-direction power trans-
mission of the clutch provides design guidelines in practice.

Keywords: one-way clutch, overrunning pulley, tensioner, serpentine belt drive, belt vibration,

belt—pulley system, non-linear dynamics, piece-wise (piecewise) linear system

1 INTRODUCTION

Serpentine belts power automotive front-end acces-
sory drives (FEADs), where a single belt transmits
power from the crankshaft to a variety of accessories.
The linear/non-linear mechanics of this system are
examined in a group of studies [1-9]. A spring-like
belt model is considered in references [1] to [3] to
focus on the pulley rotational vibration. In references
(4] to [7], the theory of string-like moving media is
adopted for the serpentine belt to examine the belt
transverse vibration as well as the pulley rotational
vibration. Beikmann et al. [5] develop a prototypical
three-pulley system involving a driving pulley, a
driven pulley, and a tensioner (Fig. 1). The tensioner
consists of a rigid arm rotating around its pivot and
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a pulley pinned at the other end of the arm. It main-
tains the belt tension during operation.

Adopting the prototypical three-pulley system,
Kong and Parker [8] establish a hybrid continuum-
discrete model considering belt bending stiffness.
The steady-state equilibrium solutions are obtained.
Unlike the string-like belt model, non-trivial span
equilibrium curvature occurs, which induces coup-
ling of belt transverse vibration and pulley rotational
vibration. In their subsequent work [9], the span-—
pulley coupling, which does not occur with string
models, is investigated through the modal analysis
of the system. This coupling is observed in exper-
iments [6].

One-way clutches are used in mechanical systems
such as the air turbine starters of a jet engine [10],
helicopter main rotors, and certain pulleys in
FEADs [11-15]. The clutch disengages when the
driven or power-absorbing member (e.g. an automo-
tive accessory) overruns the driving member (e.g. the
pulley); in contrast, the two members are either
locked together or connected through a spring-like
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Fig.1 Three-pulley system with a one-way clutch
integrated in the driven pulley and its
associated accessory. The tildes on the physical
quantities have been dropped for simplicity

element when their velocities are the same. Engage-
ment ensures power transmission, whereas disen-
gagement is for decoupling the two members to
reduce or eliminate the influence from the heavy
driven member during its overrunning. Such influ-
ence includes system vibration, belt flapping, belt
wear, and chirp noise from belt—pulley friction. In
this study, the application of a one-way clutch in ser-
pentine drives is considered.

Vernay et al. [10] experimentally study the transi-
ent behaviour of sprag-type overrunning clutches to
demonstrate the sliding effects during clutch engage-
ment. King and Monahan [11] introduce the structure
of a wrap-spring type overrunning pulley and address
its design and installation. Solfrank and Kelm [12]
make a comprehensive simulation of the accessory
drive operation. The model of the one-way clutch
consists of a velocity-dependent damping and a par-
allel spring with non-linear stiffness for torque trans-
mission from the pulley to the accessory. The clutch
intervenes only when the velocity of the accessory is
lower than that of the pulley. Leamy and Wasfy [15]
develop a dynamic finite-element model to deter-
mine the transient and steady-state response of a
pulley—belt-drive system. To demonstrate the utility
of the method, a one-way clutch that is modelled
using a proportional torque law is incorporated into
the driven pulley of the system, and its transient
response is simulated.

The aforementioned literature, however, does not
address the detailed dynamics of the one-way
clutch. To examine its non-linear dynamics, Zhu
and Parker [13, 16] model a two-pulley—belt system
with a one-way clutch integrated between the
driven pulley and its accessory. The clutch is a piece-
wise linear spring with discontinuous stiffness that
engages only for positive relative displacement of its
connected components. Through the simulation of
its alternate engagement and disengagement beha-
viour, a classical softening non-linearity is identified.
The clutch separates the pulley and accessory into
two degrees of freedom (DOFs) and functions like a

vibration absorber to reduce vibration. Mockensturm
and Balaji [14] present a piece-wise linear analytical
method to investigate the dynamic behaviour of
one-way clutches that are modelled on the basis of
the relative velocity of the pulley and accessory
shaft. The clutch operation leads to an increase in
power transmission and a decrease in belt tension
fluctuation.

In the above studies, only the pulley rotational
vibration is considered. To more realistically examine
the dynamics of serpentine belt drives with a one-way
clutch, the present work adopts the typical three-
pulley-belt system (Fig. 1) and employs the hybrid
continuum-—discrete model in references [8] and [9]
that incorporates belt bending stiffness and exhibits
belt—pulley coupling. Integrated between the driven
pulley and its accessory, the one-way clutch separ-
ates and locks the motions of the two components
during disengagement and engagement, respectively.
For this piece-wise linear system, in each linear con-
figuration, the analytical solutions are evaluated in
discrete time series through the transition matrix
[17]. The transition time instants are sought using
two criteria, i.e. zero relative velocity and zero
clutch torque. The solutions are confirmed by
numerical integration. To give practical design
advice, the impact of the one-way clutch on the
system dynamics is investigated across a range of
excitation frequencies, inertia ratio of the pulley and
accessory, and external load. A reduction in the
dynamic tension of the belt is examined.

2 SYSTEM MODEL

Figure 1 shows a typical three-pulley—belt system.
The belt travels at a constant speed ¢ to transmit
power from the driving pulley to the driven (acces-
sory) pulley. The tensioner arm is coil-spring loaded
with spring stiffness k. An excitation torque M; is
applied to the driving pulley, and the accessory is
subjected to a constant external torque M;.

A relative velocity-dependent one-way clutch is
installed between the driven pulley and the accessory
drawing power from the belt drive. This clutch model
applies to sprag-type, roller-type, or wrap-spring type
one-way clutches. Consider first the disengaged
clutch, where the velocity of the pulley 6, is less
than that of the accessory 6,. When the relative vel-
ocity approaches zero, the pulley and accessory lock
together, i.e. the clutch engages. During engagement,
the pulley and accessory are constrained to move
together by an inner clutch torque M.. In this case,
the pulley with inertia J, and the accessory with iner-
tia J, are combined as one body with inertia J, = J, +
Jp- When the clutch torque reduces from positive to
zero, the pulley and accessory disengage. The
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mathematical expressions for the engagement and
disengagement statuses of the clutch and their
switching criteria are listed in Table 1. This piece-
wise linear system behaves linearly in both the
engagement and disengagement configurations.

By employing Hamilton’s principle, Kong and
Parker [8] derive non-linear equations of motion of
the three-pulley-belt system, where the belt is mod-
elled as a moving flexural beam and the departure
and end-points of the three belt spans are the same
as those for the straight belt. The inclusion of finite
belt bending stiffness causes non-trivial steady-state
span curvature that determines the degree of coup-
ling between the pulley and belt behaviour, in con-
trast to decoupled belt—pulley motion based on
straight steady-state curvature in a string-like belt
model. They then linearize the equations about the
non-trivial equilibria and investigate the belt-pulley
coupling in free vibration analysis [9].

In the present system, the linearized dimensionless
governing equations in the engaged configuration are
similar to those in reference [9] and are written in the
extended operator form

MY +GY +KY = F 1)

where Y= ()1, ¥, J3, 61, 65, 65, 6,7 collects the conti-
nuum belt span and discrete pulley and tensioner
rotations into an extended variable. 6; and 6, denote
the rotations of the pulleys and tensioner arm about
their equilibria. 65 refers to the rotation of the acces-
sory—pulley when engaged, i.e. 65 = 6,,. Note that the
rotation of the accessory 6, involves rigid body
motion if disengagement occurs during a cycle. y; is
related to the transverse displacement of each span
w; as

I't
Y1 =un —Exlet Cos 3;

!
Vo = Wy +l—2t(xz — 1)6; cos B,

V3 = ws

)

where x;, € [0, 1] the spatial variable along each
span, 1, the length of the tensioner arm, and /; the
span lengths. The y; satisfy trivial boundary con-
ditions as those of a pinned beam. The differential

Table 1 Engagement and disengagement statuses of the
clutch and their switching criteria

Status Switching criterion
Engagement =05, M. >0 M.=0
Disengagement Op < 0y Mc=0 0, = 0p

operators M and K are self-adjoint and G is
skew-self-adjoint, with an appropriate inner product
defined in reference [9]. F is a vector composed of
the accessory loads as

T T T
F= {0, 0,0, M;,0, ——3M,,0} 3)
It I't

Following the non-dimensionalization in reference
[9], the dimensionless quantities are

Xi w; h+bL+1
i ==, = —, l: _
e YT 3
e, H ;
t=1 5 = —, = —_
pl e P()l2 s ¢ P()
ke — k; _EA s — Ji
Thre TR T o
me — ]t o ]a o ]p
YT oonl2 prs3l? P sl
M M M.
'Ry  Pors’  Pors

4)

where the tilde denotes physical quantities. For the
clutch engagement configuration, ms = m,. Consid-
ering the accessory as a free body separated from
the pulley, its equation of motion is

Mo 0, + Cgly = M — M, (5)

where M. >0 enforces engagement and cg is the
accessory damping.

Equation (1) also applies to the clutch disengage-
ment configuration, but only the pulley inertia is
active, i.e. mg=my. In this case, 63 in equation (1)
represents the accessory—pulley rotation only,
i.e. 63 = 6, and F=0. The accessory rotates separ-
ately from the pulley and carries the load alone.
It satisfies equation (5) but with zero clutch torque
M.=0.

Similar to reference [9], a Galerkin discretization is
applied to the hybrid discrete—continuous system (1).
The extended variable Y is expanded in a series of
basis function as

p 3
Y = aOfn(x) + ) (0, 1(X) + 0D, (x)
k=1 k=1
(6)

where p=N; + N, + N3 and N; is the number of
basis function for the ith span. s are global
comparison functions satisfying all boundary
conditions, and each of them describes a deflection
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of the entire system. For the ith span, the shape of the
span deflection is superposed by sinusoidal waves sin
(kmx) for k=1, ..., N; For instance, ;= {sin
kmx, 0,0, 0, 0, 0, 0}" for the first spanwith k=1, ...,
N;. For the discrete pulleys and tensioner arm, the
global comparison function involves only the relevant
discrete element, such as ¢,,, = {0, 0, 0,0, 1, 0, 0}* for
pulley 2. Using the inner product defined in reference
[9], the discretized formulation is

[MJA +[GJA + [KJA=F 7)

where A(2) = {a, () --- ap(t) 6, 6, 05 6" are general-
ized coordinates.

In vehicles, the alternating engine cylinder ignition
and compression strokes cause cyclic fluctuations of
the crankshaft speed. One specifies the periodic
speed irregularity #, based on engine properties. For
such specified crankshaft speed, the applied torque
M, on the driving pulley is omitted and all terms
with 6, in equation (7) are moved to the right-hand
side as excitation, which yields

MA° + (G" + CHA° + K°A° = f
F=F —|[M]; 160 +[Gli ps1 01 + [K]; 1161 |

i=1,....p+4, i#p+1

®)

where the superscript 0 denotes the new matrices and
vectors induced by the elimination of the (p + 1)th
row and column from the original ones. C° is a damp-
ing matrix obtained from modal damping to capture
the energy dissipation in spans and bearings. The
combination of (8) and (5) and the switching criteria
in Table 1 fully describe the dynamic motion of the
system.

3 METHODS

The system response for either engaged or disen-
gaged clutch status can be found from the linear
system theory. To decouple the equations in (8), a
state-space variable z = {A°, A%" is introduced and
equation (8) is transformed into

i|» fr= {0 f}T
9)

0 I
R = [—(MO)IKO _(MO)fl(GO_Fc())

wherelisa (p 4+ 3) x (p + 3) identity matrix. Further-
more, one finds the modal matrix V of R and
introduces the modal coordinate vector q as

z=Vq (10)

Substituting equation (10) into equation (9) and left-
multiplying V™' yield the decoupled equation

Gg=Aq+h, A=V'RV, h=V'f, (11)

where A is diagonal. The solution of equation (11) is

q(t) = eMq(ty) + Jr eAMp(r) dr (12)

ty

A=7 s the transition

where f, is the initial time and e
matrix.

One can numerically evaluate the integral in
equation (12). At any time instant ¢, however, the
transition matrix has to be evaluated from ¢, to t for
integration. For numerical efficiency, one can save
the transition matrix at each time instant ¢ € [z, ]
to avoid repetitive matrix evaluation, where # is the
final time. This works well for systems with few
DOFs and few integration time points. For the current
system and practical ones having more spans and
pulleys, the discretized system has many DOFs and
many oscillation cycles are required to ensure the
complete decay of the transient response to capture
the steady state. Therefore, numerical evaluation of
equation (12) is inefficient.

Meirovitch [17] presents an analytical approxi-
mation in discrete time series that evaluates the
solution at ty, ..., ..., Iy for tp =ty + kAt, where

N=(t;— ty)/At. This approximation is adopted
herein as
q(ley1) = ®q(ty) + Tfp(te), k=0,1,...,N
®=eM T=A'®-DV!
(13)

where At is the sampling period chosen sufficiently
small such that the input vector f- () can be regarded
as constant over the time interval f; <t < tx,;. The
use of equation (10) generates the physical response.
The solutions are confirmed by numerical inte-
gration. This method requires 30-50 per cent of the
computational time when compared with numerical
integration.

The transition time instants for switching between
the different clutch configurations must be deter-
mined. During engagement, the clutch torque is
monitored. At each time instant, by obtaining the
response from equations (13) and (10), the response
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of the accessory 6, and 8, is known because the acces-
sory is moving together with the pulley. Hence, the
clutch torque from equation (5) can be determined.
If M.=0 (or less than a specified tolerance in the
numerical implementation), disengagement starts
from the next time instant. In contrast, although
the clutch is disengaged, the relative velocity is mon-
itored. 6, is obtained from equations (13) and (10),
and 6, is yielded from equation (5) with M. = 0. If
6,— 0, =0 (within a specified tolerance), the clutch
returns to engagement.

The above-mentioned method allows for unlimited
switches between engagement and disengagement in
a single cycle, unlike the analytical solution in refer-
ence [14], where only a single transition is assumed.

4 RESULTS AND DISCUSSIONS

The steady-state periodic response of the system sub-
jected to excitation from crankshaft speed fluctuation
specified as 6; = Dcos Qr is considered. The exci-
tation frequency (} is o times the engine (crankshaft)
speed, where o is determined by the number of
engine cylinders and o= 3 is used in the present
work. The belt translation speed varies with the
engine speed as s=rQ/(ol). The range  =0-12
corresponds to the engine speed varying over 0-
5850 r/min for the parameters in Table 2, which is a
frequency range of practical importance. The belt
speed s=0.921 corresponding to (=12 is lower
than any critical speed that results in unstable oper-
ation of this gyroscopic system. The amplitude of
the crankshaft speed fluctuation D is typically an
estimated percentage p of the engine speed, thus
D= puQ/o. The value w=10 per cent is chosen,
although this depends on engine speed in practice.
The parameter « is the inertia ratio of the accessory
and the driven pulley, i.e. m, = am,,. Throughout the
article, the combined inertia of the pulley and acces-
sory is unchanged as my = 26.03 (Jo = 0.01 kg m?) for
any «. For the discretization, N; = 2 is chosen for i =
1, 2, 3, i.e. the half-sine and sine waves are con-
sidered. The modal damping coefficient to obtain

C° in equation (8) is { = 5 per cent and the accessory
damping is ¢ = 0.2.

As the excitation frequency () varies, the belt speed
and the eigensolutions of the linear system change
[9]. For small bending stiffness, the natural frequen-
cies of transversely dominant vibration modes
decrease quickly with increasing speed, whereas
those of rotationally dominant vibration modes
change slightly. For large bending stiffness, all natural
frequencies decrease comparably slowly and non-
monotonically with speed because of the strong
belt—pulley coupling. A moderate bending stiffness
€=0.02 is used in the present work. Simulations
with different bending stiffnesses confirm that the
major conclusions do not change from those
obtained from this moderate value.

Two linear systems are considered for comparison
with the non-linear system with the one-way clutch.
One such system corresponds to the permanently
engaged clutch case. This is called the ‘locked
clutch’ system. It represents the standard arrange-
ment in practical systems where there is no clutch
and the pulley and accessory are rigidly connected.
In this case, mz = my,. The other system refers to the
case when the clutch fully disengages and the belt
only drives the pulley with inertia ms;= m, = mg/
(1 + «). This is called the ‘disengaged clutch’ system.

The active driven inertia changes from the com-
bined inertia (when the clutch is locked) to the
pulley inertia (when the clutch is disengaged), and
the natural frequencies vary accordingly. Figure 2
generated for belt speed s = 0.069 (2 = 0.9) illustrates
this variation, where « = 0 corresponds to the natural
frequencies of the locked clutch system. For the par-
ameters in Table 2, the rotationally dominant modes
have the lowest natural frequencies for both linear
systems. According to Fig. 2, ; initially increases
quickly with «, but further increase of (), is indistin-
guishable for large « and the tensioner arm eventually
dominates this mode. o does not impact the Q,
mode dominated by span transverse vibration.
The accessory-pulley—dominant mode natural fre-
quency, denoted by an x at « = 0, increases monoto-
nically with «. For example, 1 =2.7 when a=0,

Table 2 Physical properties of the example system

Pulley radius r, 0.081 25 m
Pulley radius r, 0.031 15 m
Pulley radius r3 0.03m
Tensioner arm r; 0.04 m

0.072 48 kg m?
0.000 293 kg m?

Rotational inertia J;
Rotational inertia J,»

Rotational inertia J, 0.01 kg m?
Rotational inertia J; 0.001 165 kg m?
Span length [, 0.1548 m

Span length I, 0.3477 m

Span length I3 0.5518 m
Damping ratio ¢ 5%

Pulley centre (x;, y1) (0.5514, 0.0556) m
Pulley centre (x, y») (0.3601, 0.0572) m
Pulley centre (x3, y3) 0,0

Pulley centre (x, yo) (0.3082, 0.0635) m

Belt modulus EA 120 000 N
Initial tension P, 300 N

Belt mass density p 0.1029 kg/m
Tensioner stiffness k; 28.25 N m/rad
Alignment angle S, 135.79°
Alignment angle S, 178.74°
Tensioner rotation 6, 0.1688 rad
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Fig.2 Natural frequencies of the disengaged clutch
system varying with inertia ratio « for belt
speed s = 0.069 () = 0.9) and other parameters
in Table 2. Dashed circles indicate regions of
natural frequency veering

whereas () =4.7 for « =10 and Q =9.2 for « =50.
Natural frequency veering occurs when the natural
frequency of this mode approaches other natural fre-
quencies. For instance, it approaches ()3, {4, (5, and
Qg near a« = 2.7, 5.3, 21, and 26, respectively (indi-
cated in dashed circles in Fig. 2). Away from the veer-
ing zones, the modal properties remain the same for
this mode, except that its natural frequency varies.
The modal energy distributions of other modes and
their associated natural frequencies approach
steady configurations for large «. The modes with
03-Qg for large « are dominated by span transverse
vibration. Figure 2 gives the limiting value of each
natural frequency. These natural frequencies vary
slightly when the belt speed (excitation frequency)
changes.

4.1 Excitation frequency sweep

Figure 3 gives the r.m.s. dynamic deflections of the
half-sine wave of three spans (a;, as, and as) and
that of the sine wave of the second span (a4). The
locked clutch system (representing the conventional
pulley arrangement) and the disengaged clutch
system for @ = 10 are compared with the non-linear
system. The common resonances occur in the trans-
versely dominant modes, such as those at () = 6.4 of
the first span (Fig. 3(a)), 2 =3.2 and 7.1 of the
second span (Figs 3(b) and (d)), and Q) = 2.0 of the
third span (Fig. 3(c)). For excitation frequencies
near these modes, the responses of the two linear sys-
tems bound the non-linear system response and
determine the effectiveness of the vibration suppres-
sion by the one-way clutch, provided super- or

0.06 ) ' ‘ Q=T
0.04( : /\
0.02f

IS4
o

RMS displacements

8 10

Frequency 69
Fig.3 r.m.s. dynamic response of the deflection
amplitudes for M;=0.556 and other
parameters in Table 2. (a) a; — @ymean; (b) a3 —
A3mean; (C) s — Asmean; and (d) a4 — Gamean- — —
locked linear; - disengaged linear o= 10;
—— non-linear « =10

sub-harmonic resonances do not occur. When the
response of the locked clutch system is higher than
that of the disengaged clutch case, the non-linear
clutch suppresses the vibration, such as the modes
at{) = 2.0inspan 3 and () = 3.2 in span 2. In contrast,
the vibration increases where the response of the dis-
engaged clutch system is higher, such as the modes at
Q) =64 inspan 1 and ) =7.1 in span 2.

Meanwhile, non-linear disengagement during part
of a cycle strongly affects the rotationally dominant
modes, such as those at () = 0.9 and 2.7 (Figs 3 and
4), where the resonances are markedly reduced in
comparison with the locked clutch system. At fre-
quencies where the disengaged clutch system has a
natural frequency but the locked clutch system does
not, such as ) = 4.7, the one-way clutch moves the
locked clutch system towards the disengaged clutch
one and the vibration increases.

Superharmonic resonances are evident in the span
transverse vibrations in Fig. 3. Strong primary reson-
ance occurs in span 3 near (), = 2.0 (Fig. 3(c)). One
can see that a one-half-order non-linear superharmo-
nic resonance of (), occurs at () = 1.0, where the
response frequency is =2.0. Similarly, a
one-half-order superharmonic of g =7.1 occurs
near () = 3.5 in span 1 (Fig. 3(a)). Several other super-
harmonics with small amplitudes are associated with
prominent resonances in each span. These secondary
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RMS of rotations

Frequency Q

Fig. 4 r.m.s. dynamic response of (a) tensioner pulley
0> — Oomean, (b) accessory pulley 6, — Opmeans
(c) tensioner arm 6; — Oypnean, and (d) accessory

velocity A, — Bamean for M;=0.556 and other

parameters in Table 2. — — locked linear; -
disengaged linear @ = 10; and —— non-linear
a=10

resonances have slight impact on system dynamics
because of their small amplitudes.

The pulley and tensioner arm rotations are shown
in Fig. 4. The accessory experiences zero-stiffness
‘free-wheeling’ without a steady mean during disen-
gagement, so its rotational velocity, instead of
rotation, is shown in Fig. 4(d). When the one-way
clutch performs, the locked clutch resonance at () =
0.9 is removed. This shows the beneficial impact
achievable with one-way clutches. The one-way
clutch is so effective at this frequency, because the
mode has a large accessory rotation. The non-linear
system with a =10 might be expected to show a
corresponding increase at ) = 1.7 because the disen-
gaged system with « =10 has a natural frequency
there instead of () = 0.9 (Fig. 2). No such increase is
evident. Similar behaviour showing the one-way
clutch’s effectiveness is evident near the locked
clutch resonance at Q) = 2.7. For a = 10, the corre-
sponding natural frequency of the disengaged
clutch system is at Q=4.7 after allowing for
veering (Fig. 2). In this case, the non-linear
system with « = 10 shows slightly elevated response
at ) = 4.7 (as might be expected because of the res-
onance introduced there by « = 10), but this increase
is minor when compared with the benefit of the
reduction at () = 2.7. By selecting a sufficiently large

a, such as @ > 118, one can avoid the disengaged
clutch resonances dominated by the accessory-
pulley in the practically important frequency range
Q) = 0-12, and therefore no such increased rotational
vibration occurs. In practice, limitations on available
ranges of « will require one-way clutch design to
address particular speed ranges rather than all
engine speeds. Regarding the accessory (Fig. 4(d)),
the clutch isolates it during disengagement, suppres-
sing the modal resonances of the locked clutch
system dominated by rotational vibration such as
those at ) = 0.9 and 2.7. This isolation and suppres-
sion are the reasons why one-way clutches are so
effective.

Figure 5 shows the periodic velocity time histories
of the driven pulley and accessory and the associated
clutch torque at different frequencies. Disengage-
ments occur in the deceleration phase to decouple
the motions of the pulley and accessory. This
removes the impact of the large accessory inertia on
the pulley during deceleration. When there is small
disengagement, both velocities have a sinusoidal-like
profile. For () = 0.5, the clutch disengages in a small
portion of the cycle. For Q) = 0.6, the disengagement
expands and higher harmonics of the excitation fre-
quency 21, 3(), and so on, are clearly evident in the
velocity spectra. Figure 5(c), for () = 2.0, shows a gen-
eral case where the clutch torque jumps from zero for
disengagement to non-zero as engagement begins.
Similar but sharper behaviour occurs for () =5.0
(Fig. 5(d)), where disengagement occurs over the
majority of a cycle.

To track the engagement and disengagement beha-
viour of the clutch, an engagement ratio v is intro-
duced to quantify the percentage of a cycle for
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t

Fig. 5 Time history of the rotational velocities of the
accessory pulley and accessory, and the
associated clutch torque for « = 10, M) = 0.556,
and other parameters in Table 2. (a) ) =0.5;
(b) Q=0.6; (c) Q=2.0; and (d) Q=5.0. —
0, — — 0p, and —-— M,
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Fig.6 Engagement ratio varies with excitation
frequency for M; = 0.556 and other parameters
in Table 2. -+ =10 and — a =50

which the clutch is engaged. Figure 6 shows the
engagement ratio across the practically important
frequency range for « =10 and 50 and other par-
ameters in Table 2. At low frequencies Q2 < 0.5, disen-
gagement does not occur because the deceleration is
mild. The deceleration is higher at high frequencies,
which leads to more disengagement. The exception
at ) = 1.8, where no disengagement occurs, results
because the engaged system naturally has a very
small response (and acceleration/deceleration) at
that frequency. The one-way clutch is not called on
to reduce vibration, so no disengagement occurs.
For a given «, more disengagement occurs near
modal resonances of the disengaged clutch system
dominated by the accessory—pulley such as ) =4.7
for @ = 10.

4.2 Impact of inertia ratio

For a ~ 1, the inertias of the pulley and accessory are
similar. In this case, accessory disengagement with
the pulley strongly impacts component response.
On the contrary, > 1 means that a small pulley
drives a large accessory. Disengagements reduce the
impact of the accessory on the system dynamics.
For large enough o (a ~ 40 here), further increases
of the accessory inertia have minor effect because,
other than the mode dominated by the accessory-
pulley, the modes of the disengaged clutch system
change only slightly (Fig. 2).

Figure 7 depicts how the engagement ratio vy varies
with a. For varying «, if an excitation frequency ()
induces resonance in either limiting linear system,
the disengagement intensifies. For example, ) = 0.9
is near the first-mode resonance of the locked

o
o)

o
=)

Engagementratio vy
o
.

0.2f " L 1

0 10 20 30 40 50
Inertia ratio o
Fig. 7 Engagement ratio varies with inertia ratio for
M, = 0.556 and other parameters in Table 2. — —
0=09;, -0=18——0=2.0; - Q) =4.2;
and --—- Q=71

clutch system dominated by the accessory—pulley,
and the rapid deceleration of the driven pulley and
accessory at resonance introduces large -clutch
disengagement. For small, non-zero inertia ratio,
there remains a near-resonant excitation frequency
0 =0.9, but the mode is that of the disengaged
clutch system. In this case, the high response of the
pulley further enlarges the disengagement. For
further increase in «, 0 =0.9 deviates away from
the disengaged clutch resonance and the disengage-
ment reduces. () = 4.2 is resonant during disengage-
ment at « =7, where Fig. 7 shows the clutch to be
most active and considerable disengagement
occurs. ) = 7.1 is near one of the natural frequencies
of both linear systems across the inertia ratio range,
and the response is large in both clutch configuration
phases. Hence, the disengagement is large. Under the
chosen external load M, = 0.556, () = 1.8 does not
introduce disengagement for any «. The locked
clutch system performs as desired (small vibration),
and no clutch action takes place. For lower load
values, disengagement could occur at () = 1.8.

For all inertia ratios, the dynamic response of the
accessory velocity is always lower than that of the
locked clutch case « = 0 (Fig. 8(a)), and so the acces-
sory benefits appreciably from the one-way clutch.
The pulley response, however, which is an important
practical consideration (for dynamic tension fluctu-
ations and belt—pulley friction noise, for example),
does not decrease monotonically (Fig. 8(b)).

4.3 Impact of external load

During disengagement, the velocity of the accessory—
pulley quickly re-approaches that of the accessory
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velocity and (b) the accessory pulley vary with
inertia ratio for M;=0.556 and other
parameters in Table 2. - - =09, —Q =
2.0; - 0Q=42;and -— QO =7.1

when the accessory experiences a rapid deceleration
from a large external load. Therefore, a higher load
reduces disengagement, and a sufficient load can
eliminate disengagement and the function of the
one-way clutch. A lower load results in more
disengagement.

Figure 9 shows the engagement ratio varying with
load for different frequencies and «=150. The
engagement increases with increasing load until the
disengagement completely vanishes. The frequency
branches Q =0.9, 1.8, 2.0, 2.7, and 7.1 have critical
loads for a locked clutch (y=1) at M{" ~ 15.1, 0.5,
1.0, 19.5, and 5.0, respectively. The large critical
loads for Q=09 and 2.7 are because these

o o
o ©

Engagement ratio y
o
s

0.2¢ i

0 5 10 15 20
Load M,

Fig. 9 Engagement ratio varies with external load
for « =50 and other parameters in Table 2.
--0=09 o O0=18 — O=20; -
O=27and --—- Q=7.1

frequencies are near resonances of the locked
clutch system (a = 0) dominated by pulley rotations.

The critical external load beyond which the system
behaves with the locked clutch can be only obtained
analytically. For the locked clutch limit, the accessory
response 0, = Bsin(Q + ) is sinusoidal, where B is
determined from the analytical r.m.s. solution of the
locked clutch system. The expression for the clutch
torque from equation (5) is expanded as

M, = maéa + cgéa + M,
= B,/(ma Q) +cZsin(Qr + 9+ ¢) + M (14)

where ¢ = tan_l(cg/(maﬂ). The condition M.=0
delineates the locked case from the non-linear one
with disengagement, so the lowest external load Mf*
that leads to a locked clutch for given frequencies is

M{" = B,/ (ma Q)+ (15)

To promote effective operation of the one-way
clutch (i.e. disengagement), a load satisfying M, <
Mt is desirable; otherwise, the two components
remain locked for the entire cycle.

Figure 10 shows two curves generated from
equation (15) for varying excitation frequency. The
critical load is large at the locked clutch resonances
where the modal amplitude of the accessory is
large, such as at {) = 0.9 and 2.7. At these frequencies,
the one-way clutch is active and disengagements
occur even for large loads (i.e. My < M"). Equation
(15) indicates that the critical load depends on
the inertia of the accessory. One-way clutches are
most effective when integrated with high inertia

20

18r
161

Cl
I
-
>~

12F

Critical Load M*"
S

Frequency Q

Fig. 10 Critical external load varies across excitation
frequency range for parameters in Table 2.
———a=10;and — a« =50
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accessories, where they are also active across the
widest range of accessory loads. From equation
(15), they are also active for the greatest range of
accessory loads at high excitation (i.e. engage)
speeds.

4.4 Impact on dynamic tension reduction

Dynamic span tension amplitude is an important belt
drive performance criterion. According to reference
[9], the linearized dynamic tension of each span rela-
tive to the system without the steady accessory
torque M, is

1
r; r
Py=n ——202+—191—ﬁ0tSiHB1+J wl.xwi‘yxdx
h h h 0
1
T r; e .
Pp=n ——363+—292+—t0tsm[32+J Wy xw; . dx
I I I 0 ’
1
r r:
Piz=n ——101+—393+J w3,xw§xdx
I3 I3 0 ’
(16)

where the w; (x) are equilibrium span deflections. The
rotations of the pulleys and tensioner arm dominate
the dynamic tensions in equation (16), where the
integrals involving the span slopes are small.

Figure 11 exhibits the time history of the
steady-state dynamic tension from equation (16) in
a single cycle at ) = 2.0, in comparison with that of
the locked clutch system. Dynamic tension is reduced
in every span. The non-sinusoidal shapes of the
dynamic tensions, especially shown in the second
and third spans, reflect the alternate engagement

20F ’//’ ‘\\\ i
= ”
0] S |
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2r /"’ §\~\ J
s
o Of hN = 1
2t S~ ~- ]
170 171 172 173
2 —=
/” ~\\
™ - X
a® Oof ~ Z 1
~3 ’,’
2k S N—em-” . . . . E
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Fig.11 Time history of dynamic tensions of three
spans for M;=0.167, 3 =2.0, a=50, and
other parameters in Table 2. —— non-linear;
and - - locked linear

Load M/

Fig. 12 Maximum and minimum dynamic tensions of
three spans vary with external load for ) = 2.0,
a =50, and other parameters in Table 2. ——
non-linear; and — — locked linear

and disengagement of the clutch. Figure 12 illustrates
the maximum and minimum dynamic tensions vary-
ing with the external load, where the benefits of the
one-way clutch are clearly evident at low loads. The
tension drop induced by the one-way clutch
decreases with increasing load until the tension
curves merge with the linear ones because large
load prevents disengagement. The maximum and
minimum values of the non-linear system are not
symmetric about the mean values of the linear
dynamic tensions because of disengagement in part
of a cycle.

Frequency Q

Fig.13 Maximum dynamic tensions of three spans
vary across the frequency range for M; = 0.556
and other parameters in Table 2. — — locked
linear; non-linear o =>50; and

non-linear o = 10
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Fig. 14 Maximum dynamic tension in span 2 varies

with inertia ratio for M;=0.556 and other

parameters in Table 2. - - 0 =0.9;, — Q=

2.0; - 0=32,—0-0=42;and -—-— Q=71

The maximum dynamic tensions varying with the
excitation frequency are shown in Fig. 13, where
they are compared with the locked clutch system.
The rotations of the adjacent pulleys dominate the
dynamic tension of each span. The pulley motion is
the key factor. When a one-way clutch is present,
the accessory motion plays no role during periods
of disengagement. Consistent with Fig. 4, the
dynamic tensions are significantly reduced because
of the one-way action except at frequencies near
the disengaged clutch resonances such as Q =4.
Figure 14 takes the second span as an example to
illustrate the impact of the inertia ratio on the
dynamic tension for a variety of frequencies. When
a small pulley is associated with a big accessory
(« is large), significant disengagement occurs during
a cycle, which releases the entire system from the
accessory inertia and its load. As a result, lower
dynamic tension results for large o compared with
the locked clutch case (a = 0).

5 SUMMARY AND CONCLUSIONS

The prototypical three-pulley serpentine drive with
belt bending stiffness is extended with a one-way
clutch that transmits power only in one direction
and disengages the accessory when the pulley and
accessory begin to move in opposite directions.
This model leads to a piece-wise linear system, and
the switching conditions are zero clutch torque
and zero relative velocity for engagement and
disengagement configurations, respectively. The
transition matrix is used to evaluate the system
response for each configuration using discrete time

series, which dramatically reduces computational
time.

For the periodic excitation from the driving pulley,
the steady-state periodic response is investigated
across the practically important range of driving
pulley (e.g. engine) excitation frequencies. The
active pulley—accessory inertia changes when the
clutch switches from engagement to disengagement.
Natural frequencies vary accordingly.

Compared with the locked clutch system repre-
senting the typical belt drive arrangement, the
rotational vibrations are noticeably suppressed, pro-
vided the frequency is away from the disengaged
clutch natural frequencies whose modes are domi-
nated by the accessory—pulley. This makes such
natural frequencies important design considerations
and key factors in establishing the speed/frequency
ranges where the one-way clutch is most effective.
The greatest vibration reduction, compared with
the systems without a one-way clutch, occurs near
resonances of modes dominated by the accessory-—

pulley.
For the span transverse vibration, non-linear
superharmonic resonances occur that slightly

increase the vibrations and dynamic tensions. Their
impact is small when compared with the overall
system vibration reduction. Not all span vibrations
decrease as a result of the one-way clutch, however.
The analysis of the disengaged clutch system
(requiring only linear analysis) indicates which
spans and excitation frequency ranges lead to
higher response, compared with the conventional
locked clutch case.

The inertia ratio « reflecting the distribution of the
fixed total inertia between the driven pulley and
accessory significantly affects the dynamics. For
large o (i.e. large accessory inertia with small
pulley), the disengaged clutch natural frequencies
can possibly be pushed outside the operating fre-
quency range, avoiding the negative performance
impact from resonance at these frequencies. In prac-
tice, one will likely have to be satisfied to tune these
frequencies to reduce the impact in the frequency
ranges of most importance.

The one-way clutch is of greatest benefit for small
accessory loads (torques). In this case, the accessory
load does not decelerate the disengaged accessory
as rapidly, so the disengagement that decouples the
accessory inertia from the rest of the system has
greater effect. An analytical estimate is determined
for the critical accessory load above which the
one-way clutch is inactive (i.e. the conventional con-
figuration). This critical load increases with accessory
inertia and excitation frequency.

The one-way clutch performance significantly
reduces the dynamic span tensions, especially for
low accessory loads, large accessory inertia, or near
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resonant excitation frequency. The dynamic tension
of the spans that are adjacent to the pulley integrated
with the one-way clutch experience more impact
from the clutch performance than other spans.
Smaller external load admits more disengagement
for a given frequency and thus more tension
reduction.
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