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The conceptual and physical design features, which include sizing, modal properties,
excitation, and instrumentation, are discussed with the goal of creating a controlled ex-
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cillatory period. Additionally, new measurements are compared to predictions from
simple reduced order non-linear models to verify the feasibility of the proposed experi-
ment. Finally, the utility of this experiment is demonstrated by comparing its measure-
ments to a prior large-scale experiment that accommodates a production vehicle clutch
damper with multiple stages. The hardening and softening effects in both experiments are
discussed in the context of double and single-sided impacts as well as the oscillatory
periods that vary with time.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Most torsional systems in vehicles and machinery contain one or more discontinuous non-linear features by design or
otherwise [1-9]. Such non-linear elements include clearances (e.g. backlashes between gears), multi-staged torsional
springs, pre-load and stopper features (e.g. torque transmission devices), and multi-staged dry friction components. Of this
group, the clearance or gap element is the most fundamental as it is required to assemble components without interference
while providing space for lubrication. Presence of such clearances in multi-degree of freedom systems induce conditions for
vibro-impact phenomena, depending on the value of mean and alternating loads. Gear rattle [4,9,10] and vehicle driveline
clunk [4-8] are common physical manifestations of such systems as evident from many noise and vibration issues in the
ground vehicle industry. While several researchers have developed non-linear simulation models, they often include many

* Corresponding author.
E-mail address: singh.3@osu.edu (R. Singh).

http://dx.doi.org/10.1016/j.ymssp.2016.07.026
0888-3270/© 2016 Elsevier Ltd. All rights reserved.


www.sciencedirect.com/science/journal/08883270
www.elsevier.com/locate/ymssp
http://dx.doi.org/10.1016/j.ymssp.2016.07.026
http://dx.doi.org/10.1016/j.ymssp.2016.07.026
http://dx.doi.org/10.1016/j.ymssp.2016.07.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2016.07.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2016.07.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2016.07.026&domain=pdf
mailto:singh.3@osu.edu
http://dx.doi.org/10.1016/j.ymssp.2016.07.026

M.D. Krak, R. Singh / Mechanical Systems and Signal Processing 84 (2017) 598-614 599

simplifications and/or incorporate assumed or empirical parameters. There is clearly a need for a scientific experiment that
could yield physical insight, accurate parameters, and benchmark time domain data for the validation of non-linear si-
mulation models. Therefore, it is the chief goal of this article and as such a new laboratory experiment with controlled
clearance element(s), while being distinctly different from the prior experimental studies [4-8], will be proposed.

2. Problem formulation

Couderc et al. [4] proposed a system-level rotating experiment to better understand gear rattle during engine run-up.
Their experiment accommodates several production components, such as a clutch damper and vehicle transmission, while
containing several clearances spread across multiple locations. Likewise, a different type of experiment must be considered
to study vehicle driveline clunk, typically induced by a sudden change in the mean operating point of the driveline (often
known as a tip-in or tip-out event) [4-8]. The simplest way to implement such excitation in a laboratory setting is to apply a
step-down torque under vibratory conditions, which is essentially free vibration about a static equilibrium. Few system-
level experiments that employ the step-response method have been proposed in the literature [5-7]. Common features
across all test rigs [5-7] include the following: i) Production vehicle driveline components are often utilized; ii) The systems
are made positive-definite to achieve vibratory conditions (i.e. at least one torsional component is fixed to ground); iii) Two
or more clearance elements are present; and iv) A step-down torque is applied via a variable mass-drop from a torsion arm.
Although these experiments [5-7] provide much needed system-level insight, it is also necessary to study non-linear dy-
namics at the component-level. For example, consider the experiment recently proposed by Krak et al. [8], which has been
developed to provide parameter estimation for a clutch damper under dynamic conditions. This particular experiment [8]
accommodates one or two production clutch dampers and is excited by a step-like torque like the clunk experiments [5-7];
however, the external torque is supplied by a pneumatic actuator rather than a mass-drop due to the relatively high torque
capacity of the device.

These aforementioned large-scale experiments [4-8] have the following intrinsic benefits: i) Interactions between
multiple non-linear features are maintained; ii) System and component-level dynamics can be studied under realistic
boundary conditions; iii) Real-world type excitation is more easily achieved; and iv) Parameter estimation has greater
fidelity [11]. However, there are also several inherent disadvantages, such as increased cost (e.g. labor, hardware, in-
strumentation, and laboratory space), a higher degree of complexity, and, most important, a lack of controllability. The latter
two are largely due to the use of production components, which can contain multiple (known and unknown) non-linear
features while being subject to variations in assembly and manufacturing. Therefore, the goal of this paper is to address this
critical need by proposing a more controlled and scientific version of prior large-scale experiments [5-8]. Accordingly, the
following specific objectives are defined: 1) Develop a new controlled laboratory (“bench-top”) experiment that exhibits the
step-response of a torsional system that contains one or two clearance non-linearities located at different locations (to allow
single and dual-clearance cases); 2) Verify the feasibility of the proposed experiment by comparing typical measurements
with predictions from simple, low-dimensional non-linear models and 3) Demonstrate the utility of the proposed experi-
ment (denoted X1) through comparative studies between a single-clearance configuration and to a large-scale laboratory
experiment (denoted X2 in this paper) [8].

3. Conceptual design considerations

First, it is assumed that clearance non-linearities (with torsional stiffness k(@), where ¢ is the relative angular dis-
placement) can be described by a general piecewise linear form as illustrated in Fig. 1. Here, &(9) is the elastic torque
transmitted through the clearance, subscripts I and Il denote stages (where stage I is the clearance), k; is the torsional
stiffness (linear) of stage j, and 6 is the angular transition from stage j to j + 1. For the sake of simplicity, the clearance is
assumed to be symmetric about = 0 and static stiffness values are known (and valid under dynamic conditions) while
ignoring contact mechanics. Accordingly, k(@) and @) are defined by the following expressions where sgn is the triple

valued sign function and = is the unit-step function:
k(6) = ki + (ky — k)=(161 - &), )
d(0) = ko + sgn(0)(ky — k(161 — @)=(16] — ©). )

Next, the proposed experiment (in its dual, single, and no-clearance configurations) is conceptually described by the
non-linear models illustrated in Fig. 2. Here, ] is the torsional inertia, k is the torsional stiffness (linear), h is the Coulomb
friction coefficient, T is the external torque, subscripts {A, B, C} are coordinate and element indices, and {6, 6, 4} are the
angular displacement, velocity, and acceleration, respectively (see Appendix A for a full list of symbols). The dual-clearance
configuration (denoted X1-2 and shown in Fig. 2a) is a three degree of freedom (3DOF) positive-definite system that
contains two clearance non-linearities (k,3(65) and k(6)) and has the following set of governing equations:
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Fig. 1. Illustration of an angular symmetric clearance element k(). Here, elastic torque transmission is given by &(), 6 is the relative angular displacement,
@, is the angular transition between stage I (clearance with torsional stiffness k; = 0) and I, k;; is the torsional stiffness of stage II, (¢,, ®,) is the initial
operating point, and (¢, &) is the final operating point.

1,64 + hy tanh(ndy) + hyp tanh(ndyg) + Bap(6a) = Ty(t),
J05 — hp tanh(ndyp) + hye tanh(ndsc) — @yp(6ag) + Kpclpc = 0,
Jebc = hyc tanh(ndgc) + he tanh(néc) — kpclpe + Dc(6c) = 0. (3a-)

Here, @,5(6,5) and &(0;) are the elastic torque transmissions (as defined by Eq. (2)) through k,z(6,5) and kq(6), respec-
tively. Clearance element k,p(645) (key and keyway) is located between torsional inertias J, (torsion arm and shaft) and J;
(jaw coupling hub), and kc(6c) (key and keyway) is located between J. (jaw coupling hub) and ground. It is assumed that
kap(Ohp) and kc(éc) are identical, and thus share the same values of @; and k;. A torsional spring (linear) kg (achieved via coil
springs between the coupling jaws) is utilized to couple J, to J.. Similar to prior work [8] concerning clutch dampers, it is
assumed that all dissipative elements (which include: h, (shaft and bearing interface), h,z (shaft and coupling hub interface),
hge (coil springs), and h. (shaft and coupling hub interface)) can be simply described by a Coulomb friction model (hy-
perbolic tangent approximation where 5 is a regularizing factor [12]). The hyperbolic tangent approximation is chosen
(instead of the signum function) to reduce the computational time for numerical solving algorithms. Lastly, system ex-
citation is provided by an external torque Ty(t) that is applied to inertia J, (T = Tr = 0); Ty(t) is a step-down at time ¢ = 0 from
initial Ty, to final Ty, torque values and is defined by the following:

Ta(t) = Tyo[ 1 = Z(1)] + TyE(t). @)

The single-clearance configuration (denoted X1-1a and shown in Fig. 2b) is a two degree of freedom (2DOF) positive-
definite system that contains one clearance element (k,5(645)) Here, kc(6c) — oo such that J. is fixed to ground. There is an
alternate version (say X1-1b) in which kc(6c) is the sole clearance element (. is free to vibrate but k,g(645) — ). However,
version X1-1a is favored over X1-1b for two reasons: i) Element k,(6,5) is closer to the excitation T,(t), thus it influences the
step-response more that k-(6-); and ii) The layout of X1-1a is analogous to a prior large-scale experiment [8] such that
kag(64p) is similar to a spline clearance (or a very compliant spring) and kg~ may be considered a linearized clutch damper.
The single-clearance configuration (X1-1a) is a simplified case of X1-2; hence, X1-1a has the following set of governing
equations, which are derived from Eq. (3):

1,64 + hy tanh(ndy) + hyp tanh(néyg) + Bap(6a5) = Ty(t),
JgO — hap tanh(nbag) + hge tanh(nbpc) — Bap(Oap) + kpcbp = 0. (5a-b)

Lastly, the no-clearance configuration (denoted X1-0 and shown in Fig. 2¢) is a single degree of freedom (1DOF) positive-
definite, linear time-invariant system as both clearance elements are removed (ksp(ds5) - oo and kc(6c) — o) so that J, is
rigidly attached to Jy(9, = 6) and J. is fixed to ground. Similar to X1-1a, configuration X1-0 is a simplification of X1-2;
accordingly, its (X1-0) governing equation is the following:

(Jy +Jp )6 + hy tanh(ndy) + hge tanh(ndsc) + kpcs = Ty(t). 6)

This configuration (X1-0) serves several important roles as it provides much needed no-impact benchmark data for
comparison while representing a special constant-contact case (where 16,51 > 6,5 ;) of the single-clearance configuration
(X1-1a). Crucial system parameters (including J, and h,) can be estimated from its step-response.

The following experimental design objectives are identified to ensure the relevance and applicability to the literature
[4-8]:
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(b)

(c)

Fig. 2. Conceptual illustration of the proposed experiment X1 with clearances as defined in Fig. 1: a) dual-clearance configuration (X1-2); b) single-
clearance configuration (X1-1a); and c) no-clearance configuration (X1-0). Here, {6, 6} is the angular displacement and velocity (respectively), J is the
torsional inertia, k is the torsional stiffness, h is the Coulomb friction, and T is the external torque. Subscripts {A, B, C} are element and coordinate indices.
Key: 1 - torsion arm, shaft, and disks; 2 - key and keyway (clearance); 3 - coupling hub; 4 - torsional spring (linear); and 5 - shaft and bearing interface.

1.

2.

The experiment must qualify as “bench-top,” meaning its footprint must fit on a typical table-top found in a laboratory
setting (say approximately 1 m by 0.5 m);

For sizing purposes, the first torsional mode of all configurations must have a natural frequency (w, ;) between 5
and 15 Hz (with a corresponding natural period 7, ; between 0.07 and 0.2 s), similar to a vehicle driveline and prior
experiments [4-8];

. The first flexural mode of the torsion arm within the plane of rotation must have a frequency greater than 10w,_, to avoid

interference with the dynamics of interest;

. Coulomb friction must be minimized so that non-linear behavior is controlled by the clearance elements;
. To ensure vibro-impact phenomena, the initial ((Gas_o @4p_o) and (e, Pc,)) and final ((Gpp_p, ap_p) and (Gc_o D))

operating points at the clearances must lie on separate stages (see Fig. 1); and

. The experiment must be instrumented to measure time domain angular acceleration signals, which is consistent with

prior work [4-8].
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4. Physical design, instrumentation, and measurement considerations

The proposed experiment is physically illustrated (for the sake of clarity) by the simplified solid model shown in Fig. 3.
First, a steel baseplate that has a footprint of approximately 50 cm? and can be bolted or clamped onto a laboratory work
surface is selected. Next, a sleeve bearing is chosen and bolted to the baseplate; a corresponding keyed shaft (of length Ly .,
radius Ry, and material density p,; ) is supported by the bearing. A torsion arm (of length L, ,, height L, ,, thickness
Lym_.» and material density p, ) is then rigidly attached to the shaft. Steel disks (with radius Ry, thickness Ly, _,, and
material density gy, ) are then adhered to bottom-side of the torsion arm at both of its ends; a symmetrical layout is chosen
so that the final operating point has a near zero torque (Tj = 0). These components compose ], as defined
by Jy =Jpare +aem + e Where Jo oo Lo, and J, o are the torsional inertias of the shaft, torsion arm, and a single disk,
respectively, and are approximated by the following [13]:

Jshaft R O'SﬂpshaftRShAftLS‘Laft' @

-]arm ~ parmLarm_xLarm_yLarm_z( Lazl'm_x + Lazrm_y)/]zy (8)
2

Jaisk ® ”pdisdeisk_zRgisk[(BRgisk + Liis_2)/12 + (Larmn_x — Raisi) ] ©)

Next, a jaw coupling set, consisting of an elastomer spider and two identical hubs with keyways and set screws (see [14]
for an example), is chosen. One of the hubs (J;) mates to the keyed shaft on the end opposite to the torsion arm; the other
hub (J.) mates to a separate short keyed shaft that is fixed to the baseplate. The key and keyway interfaces between the hubs
and shafts provide clearance elements k,5(645) and kq(6). The clearance gaps (6z and 6 ) are controlled by the key widths. It
should be noted that various gaps and stiffness values can be achieved by altering the dimensions and material of the key. If
the set screw is tightened at either location, the hub becomes rigidly attached to the shaft (i.e. kyp(65) = 0 and k¢(6c) — ).
The elastomer spider between the hubs is removed and replaced by six coil springs, each with translational stiffness kqying
(measured under static loading). Accordingly, torsional stiffness kg is defined by the expression ky- = 6k5pringR52pring where
Rqpring s the radial distance to the centerline of the coil springs:

It is assumed that the first torsional mode of all experiment configurations can be approximated by the natural frequency
of configuration X1-0, as defined by:

Wp_1 = [ch/(]A +]3)]O'5- (10)

Because the coil springs and coupling hubs are purchased components, it is easier to control @,_; through J,. For the sake
of convenience, torsion arm length L, , is selected so that 5Hz < w,_; < 15Hz. However, L, , must also be chosen so that
the frequency of the first flexural mode of the torsion arm within the plane of rotation (say w,, ) is greater than 10w,_;.
This is verified by approximating the torsion arm as a cantilevered beam of length L}, , = 0.5L,, , — 2R With a point
mass m’ = npdiskRgisdeisk_z + 2p,mRaiskLarm_ylarm_, at its end [15]. The characteristic equation of this beam is defined by the
following where subscript r is the modal index, g, is the rth wave number (8. = (@am_ 7, mEamdamm)>2)s %oy 1S the mass per
unit length of the torsion arm (., = p,. Larm_yLarm_2), Earm 1S the Young's modulus of the arm material, and I, is the area

moment of inertia of the arm's cross section (I, = Lf}m_ylarm_z/ 12) [13,15]:

[;’f{ ZVarm[l + €OS( B, Lym_x)cosh( ﬂrL;rm_x)] + o
2m’/;’r[ cos(ﬁrLa’rm_x)Sinh(ﬂrLe;rm_x) - COSh(/}rLa’rm_x)Sin(ﬁrLe;rm_x):I}
=0.
yarm[ Cos(ﬁrl'a,rm_x) + COSh(ﬂrLa/rm_x)] eN))

Fig. 3. Solid model of the proposed experiment X1 as conceptually described in Fig. 2. Key: 1 - torsion arm, shaft, and disks (J,); 2 - bearing; 3 - coupling
hub (J;); 4 - coil spring sets between coupling jaws; 5 - coupling hub (J-); 6 - electromagnet mass drop; and 7 - base plate.
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Next, Eq. (11) is solved (numerically) for the smallest positive value of g, yielding g, and subsequently
@arm_1 = (ﬂ14EarmIarm7;n]n)0'5

After the experiment is assembled, the torsional inertias are estimated using solid modeling software [16] (where p is
estimated from the measured mass and volume of the respective physical component) and the flexural mode of the torsion
arm is verified using commercial finite element code [17]. Additionally, kg is estimated by applying known torque values
(with finite increments of AT,) to the torsion arm (in configuration X1-0) and measuring the resulting relative displacement
A0, with a digital level to the nearest 0.1° [18] (see Appendix B for a list of hardware and instrumentation). The system
natural frequency o,_; is then checked by substituting the estimated values of J,, J;, and kg into Eq. (10).

Next, it is necessary to reduce the effect of dissipative elements (e.g. dry friction) and thus, the experiment is assembled
so that shaft, bearing, and coupling hubs are well aligned (this reduces the normal forces at radial interfaces). Additionally,
Teflon sheeting is adhered to sliding interfaces (where possible), such as between the coupling hubs.

Finally, an electromagnet mass drop is chosen to provide the external torque T,(t), similar to prior work [5-7]. For time
t < 0, the electromagnet (with additional mass) is attached to one of the steel disks on the torsion arm, as shown in Fig. 3. At
t = 0, a switch disrupts the electrical current and the electromagnet (with additional mass) falls away from the disk. The
amount of additional mass is determined by the torque required to fully displace spring k- (say by 8¢ max» thus
Tao = kpcOpc_ max)- This ensures that the initial operating point at each clearance is within stage II (i.e. contact), and max-
imizes the initial energy of the system.

To measure the angular motions, a translational accelerometer [19] (see Appendix B for specifications) is attached to each
torsional inertia at a radial distance R;, as shown in Fig. 4. The measured translational acceleration signals gy are recorded by
a commercial data acquisition system [20,21] and computer with associated software [22]. Measurement is triggered by a
threshold value of ¢,, which is judiciously chosen so that the step consistently occurs near t = 0 for all configurations.
Sampling frequencies of 12.8, 25.6, and 51.2 kHz are initially considered, and it is found that peak to peak values of g(t) (for
the single (X1-1a) and dual-clearance (X1-2) configurations) increase with sampling frequency. Although this is a significant
observation, a sampling frequency of 12.8 kHz is chosen because the truly impulsive nature of the response is not a primary
concern of this study. Next, it is assumed that measured signals g; are tangential to the corresponding angular motions, thus
angular accelerations 0] are calculated using the following equation:

g=GR', j=ABC 12)

Typical measured angular accelerations (normalized) for the no (X1-0), single (X1-1a), and dual-clearance (X1-2) con-
figurations are shown in Figs. 5-7, respectively; the typical external torque T,(t) (all configurations) is shown in Fig. 5b. Here,
time is scaled by 7, ; = 2z/w,_;, angular acceleration by 64z a1, and torque by kgpc mac Several important observa-
tions are made. First, the measured motion of the no-clearance configuration (X1-0) appears to be almost linear and its
oscillatory period 7. (defined by the elapsed time between extrema and then normalized) is nearly constant. Additionally,
the nature of the amplitude decay is neither distinctly linear nor exponential. In contrast, the measured motions of the
single (X1-1a) and dual-clearance (X1-2) configurations clearly exhibit rich non-linear behavior. In both X1-1a and X1-2, the
double-sided impact regime (denoted di) is observed across the entire response (with amplitudes about 20 times greater
than in X1-0). Prior work [8] has shown that these impacts occur when there is a sudden change from a relatively low (or
zero) to high stiffness level, such as from k;_; to k;_j at +6; ;. It is also noted that 7, increases (nearly exponentially) by
about 40% from the first to last oscillatory period (softening effect). Furthermore, the response durations of the clearance

CPU

o

Fig. 4. Instrumentation schematic for experiment X1. Here, § is the calculated angular acceleration, ¢ is the measured translational acceleration, J is
the torsional inertia, and R is the radial distance from the axis of rotation to the translational accelerometers [19]. Key: 1 - torsion arm, shaft, and disks;
2 - coupling hub; 3 - coupling hub; 4 - translational accelerometer; 5 - data acquisition device (DAQ) [20,21]; and 6 - computer (CPU) [22].
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Fig. 5. Measured (normalized) angular acceleration a) @(f) for the no-clearance configuration of Fig. 2c (X1-0), given b) step-like excitation Ty().
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Fig: 7. Measured angular accelerations for the dual-clearance configuration of Fig. 2a (X1-2), given step-like excitation Ty(f) of Fig. 5b: a) (9}(?); b) 5B(f); and
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configurations (X1-1a and X1-2) are much shorter than that of the no-clearance configuration (X1-0). This suggests that
there are additional dissipative elements in X1-1a and X1-2, such as the sliding interfaces h,; and h., and possibly impact
damping (though this issue is beyond the scope of the paper). In the next section, the proposed experiment will be verified
by comparing measurements to predictions from the non-linear models shown in Fig. 2.

5. Verification of the experiment via comparison with non-linear model(s)

Since all linear and non-linear model parameters must be estimated prior to the simulation, necessary parameters,
methods, and their procedural sequence are listed in Table 1. First, kg is estimated (as stated in Section 4) by applying
known static torque values (with relative amplitudes AT,) to the ], element (in the no-clearance configuration X1-0) and
measuring the resulting change in angular displacement Ag, with a digital level [18]; accordingly, k- = AT,/A6,. Next, a sub-
experiment (denoted X1-P1 and conceptually illustrated in Fig. 8a) is proposed to estimate torsional inertia J, and Coulomb
friction hgc. It is built by removing ], from the single-clearance configuration (X1-1a) and has the following governing
equation where Tg(t) is an impulsive external torque applied to J, via an impulse hammer:

JgOp + hgc tanh(nép) + kg = Ty(t). 13)

The angular acceleration f(t) is calculated from the measured translational acceleration gg(t), as shown in Fig. 4 and
given by Eq. (12). The value of J, (which includes the translational accelerometer) is then extracted from J, = ch(fosc_ﬂ/Zﬂ)z
where 7., is the average oscillatory period of the measured response dj(t). Due to similarity, it is assumed that J. = J,. The
value of hyc is estimated from the near-linear decay of the amplitude [15].

Next, the step-response (shown in Fig. 5a) of the no-clearance configuration (X1-0) is utilized to estimate ], (including a
translational accelerometer) and h,. Like the sub-experiment X1-P1, ], is estimated from J, = kBC(TOSC_F/sz')Z — Jy where 7o,
is the average oscillatory period of the step-response (Fig. 5a). It is assumed that the response amplitude decay is nearly
linear and that the total Coulomb friction amplitude h, + hp- can be estimated as before [15]; as hgc is already known, h, is
easily calculated. A second sub-experiment (denoted X1-P2 and shown in Fig. 8b) is proposed to estimate Coulomb friction
hyp. It is a modified version of the single-clearance experiment (X1-1a), where kqp(655) = 0 and J; is fixed to the ground, and
thus given by the following:

J,6s + (hy + hyg)tanh(ndy) = Ty(t). (14)

The external torque Ty(t) is applied to the ], element via a translational spring scale at the end torsion arm. Here, Ty(t) is
slowly increased from zero amplitude (at t = 0) until sliding (at constant velocity) occurs, and then it is slowly decreased
until sticking occurs (say at Ty(t) = Ty;q). It is assumed that hyp ~ Ty — ha.

A third sub-experiment (denoted X1-P3 shown in Fig. 8c) is proposed for the estimation of €y ; and kyp_y;. It is con-
structed by removing all components except J., kc(dc), and h¢ from the dual-clearance configuration (X1-2) and it is given by
the following:

Jefc + he tanh(néc) + oc(6c) = Te(t). 15)

Here, Tc(t) is applied to the J. element via a torsion arm with variable mass at its end (the subsequent measurements
occur under static conditions, thus the additional torsional inertia of the arm and mass is inconsequential). The angular
displacement ¢ is calculated to the nearest 0.01° using 6. = chI;rlobe where g is the translational displacement measured by
a probe [23] located at radial distance Ry, (Where it is assumed that g is tangential to 6c). First, J. is moved between the
two contact points of the clearance kc(f-) and the relative angular displacement (say 6,,,) is measured. It has been assumed
that the clearance elements are symmetric, thus &c_; = 0.56,,,. Torsional inertia J. is then positioned at either +6._; and
known static torque values (with relative amplitudes AT.) are applied to J. via a torsion arm and variable masses. The

Table 1
Summary of the necessary system parameters (including the sequence, method of estimation, and corresponding figure) for non-linear models of the
proposed experiment (X1).

Sequence of estimation Estimated parameter(s) Method and corresponding figure

1st ke No-clearance configuration X1-0
(static loading) - Fig. 2c

2nd Jg» Jo» and hgc Sub-experiment X1-P1 - Fig. 8a

3rd J, and hy No-clearance configuration X1-0
(step-response) - Fig. 2¢

4th hyp and he Sub-experiment X1-P2 - Fig. 8b

5th Onp_1» Oc_1» kag_y» and ke_y Sub-experiment X1-P3 - Fig. 8c
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(a)

(©)

Fig. 8. Sub-experiments of X1 utilized for parameter estimation: a) sub-experiment X1-P1 (estimation J; and hgc); b) sub-experiment X1-P2 (estimation
hag); and c) sub-experiment X1-P3 (estimation of €3 | and ksp_1). Here, {6, 6} is the angular displacement and velocity (respectively), | is the torsional
inertia, k is the torsional stiffness, h is the Coulomb friction, and T is the external torque. Subscripts {A, B, C} are element and coordinate indices. Key: 1 -
torsion arm, shaft, and disks; 2 - key and keyway (clearance); 3 - coupling hub; 4 - torsional spring (linear); and 5 - shaft and bearing interface.

resulting change in angular displacement A is measured and stiffness k._y; is calculated using k. _j; = AT-/Ad.. Nevertheless,
measurements reveal that k-_;, is very stiff compared to k- (say by a factor of nearly 200); thus, the value of kq_j is
approximated as k._; ~ 200kg.. Recall from Section 3, it is assumed that k,z ;= kc_; and €y | = 6.

After the parameter estimation process is complete, the step-responses of each configuration are predicted by nu-
merically integrating the corresponding governing equations (Eq. (3) for X1-2, Eq. (5) for X1-1a, and Eq. (6) for X1-0).
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Several variable order and time-step Runge-Kutta algorithms [24] are used and the maximum allowable time-step and
resolution of the resulting time array are set equal to the sampling period of the measurements (about 78.1 ps). Since there
is negligible difference between the integration algorithms, the non-linear simulation is considered successful. First, a
comparison between the measurement and prediction for the no-clearance configuration (X1-0) is shown in Fig. 9. The
motions have nearly equivalent oscillatory periods (in terms of duration and quantity) along with peak to peak acceleration
amplitudes, which are listed in Table 2. This agreement provides fidelity to the parameter estimation process as well as the
instrumentation and signal processing method employed. Next, measured and predicted motions of the single-clearance
configuration (X1-1a) are compared in Fig. 10. Additionally, peak to peak values and times of occurrence for selected impacts
(which are labeled in Fig. 10) are listed in Tables 3 and 4, respectively. Both predicted and measured motions exhibit the
double-sided impact regime and have very similar duration (about 18 impacts and 9 or 10 oscillatory periods). However, the
predicted motions seem to have a lead that increases with time as clearly observed in the times of occurrence in Table 4.
Although the reduced-order non-linear model fails to predict the precise peak to peak values of impacts in gy(f), it is
relatively accurate with respect to the impacts in dy(f) (say within a factor of 2) and long time-scale motions (which are
nearly sinusoidal with an oscillatory period of about 7, ; in both §y(F) and ().

Finally, a comparison between the measurement and prediction for the dual-clearance configuration (X1-2) is shown in
Fig. 11 and their peak to peak values as well as times of occurrence for impacts (as labeled in Fig. 11) are shown in
Tables 5 and 6, respectively. Most comments regarding the predictions of X1-1a also apply to X1-2 except for two notable
differences. First, the prediction (X1-2) exhibits one more oscillatory period (and about two more impacts) than the
measurement for some responses, and secondly, the leading effect of the prediction is much greater in X1-2 than seen
previously in X1-1a. Overall, the predicted and measured motions (for all configurations) exhibit similar quantitative (in
some aspects) and qualitative behavior, which verifies the feasibility of the experiment. To improve the accuracy of the
predictions, refined higher-dimensional non-linear models must be considered.

6. Relevance and applicability to a large-scale experiment

As stated in Section 3, the single-clearance configuration (X1-1a) is analogous to the large-scale experiment recently
proposed by Krak et al. [8] (denoted X2). The prior experiment [8] can be simply described by a 1DOF non-linear model with
torsional inertia J, multi-staged torsional stiffness element k(¢), multi-staged dry friction element h(®), step-like external
torque T(t), and angular displacement, velocity, and acceleration {6, 6, §}, respectively (see [8] for a schematic and full
discussion). In particular, the stiffness k(@) and dry friction h(#) elements are provided by a production vehicle clutch
damper. The elastic torque transmission ®(¢) for two example cases (denoted C1 [8] and C2) is illustrated in Fig. 12. Both C1
and C2 contain four-stages; stages II-IV are a pre-load feature, main operating stage, and stopper, respectively. Stage I has a

(

‘/
<1 W

~|

Fig. 9. Measured and predicted angular acceleration §A(E) (normalized) step-response of the no-clearance configuration (X1-0). Key: () —
measurement; and ( ) - prediction. Here, (jth) marks are the peak to peak values of their oscillatory periods.

Table 2
Measured and predicted peak to peak values for oscillatory periods in §A(f) of the no-clearance configuration (X1-0) given step excitation.

Peak to peak value (normalized) for oscillatory period number

2nd 4th 6th 8th 10th 12th 14th

Measurement 74 63 50 38 26 17 8.3
Prediction 72 62 52 41 31 21 10
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Fig. 10. Measured and predicted angular accelerations () and dg(f) (normalized) step-response of the single-clearance configuration (X1-1a).
Key: (, ) — measurement; and (| ) - prediction. Here, (jth) impacts are marked.

Table 3
Measured and predicted peak to peak values for selected impacts: a) in §,(f) and b) in dg(F) of the single-clearance configuration (X1-1a) given step
excitation.

Peak to peak value (normalized) for impact number

Ist 2nd 9th 10th 17th 18th
a) Gu
Measurement 2230 1420 1450 920 470 160
Prediction 78 80 66 65 33 18
b) Jp(®
Measurement 1910 1500 1830 790 350 140
Prediction 1200 1210 960 940 430 230

Table 4

Measured and predicted times of occurrence selected impacts: a) in é_jq(f) and b) in §B(f) of the single-clearance configuration (X1-1a) given step excitation.

Time of occurrence (normalized) for impact number

1st 2nd 9th 10th 17th 18th
a) i
Measurement 0.31 0.83 4.47 5.01 8.88 9.56
Prediction 0.31 0.82 4.39 4.91 8.59 9.19
b) Jp(®
Measurement 0.32 0.83 448 5.01 8.88 9.55
Prediction 0.31 0.82 4.39 491 8.59 9.19

very compliant spring (k; ~ 0) in C1 and a spline backlash (k; = 0) in C2. The abrupt change in stiffness from stages I to II (in
C1 and C2) is similar to the clearance non-linearity contained in the proposed experiment (X1-1a).

The measured angular accelerations d(f) for X2-C1 [8] and X2-C2, given a step-like external torque T(t) excitation (with
initial and final operating points as labeled in Fig. 12), are shown in Figs. 13a and 14a, respectively. Here, results are nor-
malized where the time is scaled by 7, ,; (natural period of stage IlI) and the angular acceleration is scaled by ©,y/72 ;. The
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Fig. 11. Measured and predicted angular accelerations (normalized) for step-response of the dual-clearance configuration (X1-2): a) @\(f), b) §B(E), and c)
Gc(D). KeY: () — Measurement; and ( ) - prediction. Here, (jth) impacts are marked.

Table 5
Measured and predicted peak to peak values for selected impacts: a) in ('J_A(E), b) in §B(f). c) in §c(f) of the dual-clearance configuration (X1-2) given step
excitation.

Peak to peak value (normalized) for impact number

1st 2nd 5th 6th 9th 10th
a) Gy
Measurement 1660 1220 1130 610 340 270
Prediction 80 70 70 60 50 50
b) g
Measurement 1540 1140 1160 506 170 210
Prediction 1170 1120 1000 950 720 670
@) Gc®
Measurement 2500 1310 2000 880 350 190
Prediction 1220 1170 1050 970 780 700

step-response of both X2-C1 and X2-C2 exhibit double (di), single (si), and no-impact (ni, though not shown for X2-C1 in
Fig. 13a) regimes [8,9]. The time of transition between these regimes are denoted by {4; (from di to si regimes) and £; (from si
to ni regimes). These regimes correspond to travel across stage transitions ©; and —@; as discussed in [8]. The responses can
be further characterized by the time-varying oscillatory period 7., which is defined here as the elapsed (normalized) time
between the jth and (j +1)th impact at @, with a corresponding time of occurrence £$. (median time between the jth and (j
+ 1)th impact at ,). Points (E(EQC, féQc) are labeled in Figs. 13 and 14a and shown in Figs. 13 and 14b (for the di and si regimes
only). Observe that points (fo(’;)c, féfs)c) exhibit asymptotic trends within each regime; for instance, the double-sided impact
regime (di) shows a softening effect (z%. - c0) while the single-sided impact regime (si) has a hardening effect (z), — 0).
This behavior is also exhibited by the single-clearance configuration of the proposed experiment (X1-1a); points (£, z0.)
from motion §B(f) are labeled in Fig. 15a and shown in Fig. 15b. Here, only the hardening effect is apparent because the entire
response is in the double-sided impact regime (di) only. This qualitative agreement clearly demonstrates the relevance and

applicability of the proposed scientific experiment.
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Table 6
Measured and predicted times of occurrence for selected impacts: a) in §A(f), b) in dg(E), ¢) in §C(f) of the dual-clearance configuration (X1-2) given step
excitation.
Time of occurrence (normalized) for impact number
1st 2nd 5th 6th 9th 10th
a) Gu®
Measurement 0.33 0.87 2.58 3.16 5.05 5.73
Prediction 0.31 0.83 239 291 449 5.03
b) dg(f)
Measurement 0.32 0.87 2.59 3.16 5.05 5.72
Prediction 0.31 0.83 2.39 291 4.49 5.03
<) Gc®
Measurement 0.34 0.90 2.61 3.21 5.09 5.81
Prediction 0.31 0.83 2.39 291 449 5.02
@ @(0)
(00 > @() )
(¢,-2,)
-6 -6
& 1 1 L ! IQH 1 I@IV >
1 T T T
Oy -6, 6, Oy 0
(b) @ (0
@) (0.0)
(6,.2,)
O, -6
il 1
< — ———t :@“ : :@'V >
O Oy 6, Oy v

Fig. 12. Characteristics of two multi-staged clutch dampers (denoted C1 and C2) that are utilized in a prior large-scale experiment (denoted X2) [8]: a) C1
(where stage I is a very compliant spring); and b) C2 (where stage I is a spline clearance). Here, ®(9) is the elastic torque transmission; see Fig. 1 for other
symbols.

7. Conclusions

The chief contribution of this article is a new scientific experiment that exhibits the step-response of a torsional system
that contains one or two controlled clearance non-linearities (single or dual-clearance configurations). Although it is similar
in several aspects to large-scale experiments proposed in prior work [4-8], this new experiment is quite unique since it
contains only well-known and controlled non-linear features while intentionally designed to be scaled (“bench-top”).
Typical measurements (for both the single and dual-clearance configurations) exhibit richly non-linear behavior, including
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Fig. 13. Measured step-response of clutch damper C1 (X2-C2) from the prior experiment X2 [8] with: a) angular acceleration 6(f); and b) impulse period
z0. (for double (di) and single-sided (si) impact regimes only). Here, fy; is the time of transition from double to single-sided impact regimes and f; is the
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Fig. 14. Measured step-response of clutch damper C2 (X2-C2) from the prior experiment [8] with: a) angular acceleration d(f); and b) impulse period féQc
(for double (di) and single-sided (si) impact regimes only). Here, fy; is the time of transition from double to single-sided impact regimes and {; is the time of
transition from the single to no-impact regime. Key: (mmmmmmm) = 0(f) QN0 (mmmy(m—) — 7.

the double-sided impact regime [8,9] and a time-varying oscillatory period. Reasonable agreement between the mea-
surements and predictions from simplified, reduced-order non-linear models verify that the experiment (in various con-
figurations) operates as intended. However, it is also obvious that more refined higher-dimensional non-linear models are
necessary to better describe the physics of the system. A qualitative comparison to a prior large-scale experiment [8] de-
monstrates the relevance and applicability to the literature [4-8]. Further, a redesign of the proposed experiment could
enhance its utility. For example, introducing asymmetry to the torsion arm would migrate the final operating point
(Oap_p» Pap_s) towards an angular transition +6y, |, thus increasing the likelihood of the single-sided impact regime (si).
Finally, the proposed scientific experiment should yield critical time domain benchmark data that is collected under la-
boratory conditions with well-known and controlled features. This dataset is essential for the validation of non-linear si-
mulation models, parameter estimation [11], as well as providing insight into the role of one or multiple clearance non-
linearities within a torsional system.
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Fig. 15. Measured step-response of the single-clearance configuration (X1-1a) of the proposed experiment: a) angular acceleration g(F); and b) impulse
period 7). Key: ( ) = Gp(F) AN (s Y — 75
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Appendix A. List of symbols

Symbols

Young's modulus

Coulomb friction coefficient

area moment of inertia

torsional inertia

torsional stiffness

translational distance (length)

translational acceleration

radius

time

external torque

wave number

mass per unit length

finite change

regularizing factor for Coulomb friction
0,¢  angular displacement, velocity, and acceleration

stage transition (angular)

material density

oscillatory period

elastic torque transmission

unit-step function

circular frequency

e " QI I QA =X ——~Tm

S

Subscripts

A, B, C  absolute coordinate and element indices
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AB, BC relative coordinate and element indices

arm torsion arm

di double-sided impact

disk disk

f final point

imp impulse

I, 1I, ... stage index

gap gap or clearance

max maximum

n natural

ni no-impact

0 initial point

0sc oscillatory

probe  translational displacement probe
r modal index

shaft shaft

si single-sided impact

stick sticking condition (dry friction)
X,y,z  spatial indices (length, width, thickness)
U average

Abbreviations

1,2,3DOF one, two, and three degree(s) of freedom

X1-0 proposed experiment, no-clearance configuration
X1-1a,b proposed experiment, single-clearance configuration(s)
X1-2 proposed experiment, dual-clearance configuration
X1-P1,2,3proposed sub-experiments for parameter estimation
X2 prior large-scale experiment (see Ref. [8])

Appendix B. List of instrumentation

Craftsman Digital Torpedo Level [17]:
® Measurement range: 0-360°
Accuracy of digital display: +0.1°
Accuracy of vials: +0.029°

PCB translational accelerometer model 355B02 [18]:
Sensitivity: 10 mV/g

Measurement range: + 500 g (peak)

Frequency range for + 5% accuracy: 1-10,000 Hz

Frequency range for + 10% accuracy: 0.6-12,000 Hz
Frequency range for + 3 dB accuracy: 0.3-17,000 Hz

Resonant frequency: > 35 kHz

Broadband amplitude resolution (1-10,000 Hz): 0.0005 g RMS

National Instruments analog input module model NI 9234 [19]:
Sampling frequency: 51.2 kHz per channel

Voltage range: +5V

Digital resolution: 24-bit

Dynamic range: 102 dB

Anti-aliasing filters

OMEGA translational displacement transducer Model LD500-2.5 [22]:
Stroke: + 2.5 mm

Spring rate: 13 g/mm

Voltage range: + 10V

Sensitivity: 73.31 mV/V/mm

613
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