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Abstract

The authors have recently proposed a novel variable friction damping device for semi-active control of civil structures. The
damping mechanism is based on a duo-servo drum brake technology, and leverages its self-energizing mechanism to produce
large damping forces using low energy input. Compared to other semi-active damping systems, the proposed device combines
the advantages of cost-effectiveness, high theoretical damping performance, mechanical robustness, and technological simplicity.
Here, a prototype is constructed by altering an existing duo-servo automobile brake. The dynamic behavior of the prototype
is characterized at low displacement under different velocities. Experimental verification shows that the braking technology
exhibits a linear behavior in damping forces when the rotation is reversed, and that non-negligible additional rotation is required
before the shoes slip on the drum brake to deliver a friction force. A three stage dynamic model is proposed. Stage 1 models
the friction using the LuGre model; stage 2 models a linear stiffness found in the system when the direction reversed, and stage
3 models the rapid build up of forces linearly. Results show that the three stages model leads to a good fit of experimental
data for different input forces at low displacement under different velocities.

I. INTRODUCTION

Supplemental damping has been shown to be cost-effective in reducing structural response under service and extreme loads.
Such damping can be provided by passive, active, semi-active, or hybrid systems. Passive control systems are now widely
accepted in the field of structural engineering. These devices do not need power to operate and are generally mechanically
robust, but their performance is typically limited within a given excitation bandwidth [1]-[3]. Conversely, active control
systems can cover a wide range of excitation bandwidths, but require significant power to operate and may destabilize a
system [4].

An alternative is to utilize semi-active systems. These devices have gained popularity due to their enhanced controllability
with respect to passive devices, low power requirement and inherent stability. Examples include variable stiffness [5], [6],
variable friction [7], variable fluid [8]-[10], and variable orifice [11] devices. The authors have recently proposed a novel
semi-active friction device, termed Modified Friction Device (MFD), theoretically capable of developing large damping
forces using low power [12]. The MFD is based on an automobile drum brake, a mature and reliable technology. The high
damping capability arises from the self-energizing mechanism of duo servo drum brakes, and the variable friction force is
obtained by varying the pressure on the braking shoes. The MFD arranged in parallel with a stiffness and a viscous element
mimics the dynamics of a magnetorheological damper [16]. In prior work, the promise of the MFD has been demonstrated
via simulations on a full-scale structure [12].

In this paper, we experimentally investigate the dynamic behavior of the MFD. While the friction mechanism of automobile
brakes is well understood in vehicle applications, the dynamics of friction at low displacements and low velocities is yet
to be modeled in both forward and backward rotations. The MFD is prototyped using a duo servo drum brake due to the
readily availability of the components, and characterized at low displacement under different velocities, at various pressures
(force input). A three stage dynamic model is proposed to model the dynamics of the MFD in both forward and backward
rotations. The model consists of a LuGre friction model to characterize the friction zone (Stage 1), and two pure stiffness
regions to characterize the dynamics of the MFD once the rotation is reversed and the braking shoes are sticking to the
drum (Stage 2), and the rapid build up of forces once one shoe is anchored to the pin (Stage 3). The model is validated
experimentally.

The paper is organized as follows. Section II provides background on the mechanical principle of the MFD, and describes
the prototype. Section III introduces the three stage dynamic model used to characterize the dynamics of the MFD. Section
IV experimentally verifies the dynamic model. Section V summarizes and concludes the paper.

II. MODIFIED FRICTION DEVICE
A. Mechanical Principle

The MFD is designed to dissipate energy via frictional forces developed by the contact of braking shoes onto a drum. The
eccentric location of the braking shoes with respect to the anchor pin produces a static moment term self-energizing effect,
which has the potential to substantially amplify the brake actuation force [13]. Fig. 1 shows a schematic representation of
the MFD describing the internal components (Fig. 1 (a)) and the diagram of forces (Fig. 1 (b)). This friction dynamics of the
MFD is described in details in Ref. [14]. Briefly, the actuation force W = pA, where p is the actuation pressure and A the
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area of the actuator, acts on the braking shoes (thick blue lines in the Figure) to create normal forces IN; on shoes i = 1, 2,
which in turn generates friction forces f;. The total damping force F' = f; + fo is directly related to the self-energizing
effect where F' = CW, with C being the self-energizing factor. Installed in a vertical configuration, the MFD is designed
to sit on two short support legs that produce opposite forces Fie; to counteract the moment produced by the friction forces.
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Fig. 1: Schematic representation of the MFD: (a) internal components; and (b) diagram of forces

B. Prototype

A prototype of the MFD has been fabricated by modifying an automobile duo-servo drum brake due to the readily
availability of the mechanical components. The braking mechanism has been modified to improve bi-directional performance
by increasing the frictional contact area [15]. The drum brake has been rotated under constant hydraulic pressure during
several hours in both directions to wear the lining surface. The drum has been mounted on a channel structural steel section
to enable a vertical axial loading, similar to the configuration shown in Fig. 1. The force W is generated by a hand-operated
hydraulic actuator.
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Fig. 2: Prototype of the MFD: (a) front view; and (b) side view

III. DYNAMIC MODEL

The dynamics of the MFD exhibits a typical friction behavior during most of its rotation. However, when the rotation is
reversed and the friction force is lost, the braking shoes will stick to the drum over a short distance, until the shoes hit the



anchor pin, after which there will be a rapid build up of the force until the brake re-enters into the typical friction dynamics.
It follows from this description that a three-stage dynamic model could be used to characterize the friction behavior of
the MFD, as illustrated in Fig. 3 for a typical loop. The proposed model is as follows:
o Stage 1 (Node 1 — Node 2) - the system is in a typical dynamic friction mode. The friction force Fj is characterized
using a LuGre friction model. This stage occurs until rotation is reversed.
o Stage 2 (Node 2 — Node 3) - braking shoes are sticking to the drum. The linear force F5 is characterized as being
proportional to a stiffness element k. This stage occurs over a drum displacement ds.
o Stage 3 (Node 3 — Node 1) - one braking shoe is anchored at the anchor pin, and there is a rapid force build up. The
force Fj is characterized as being proportional to a stiffness element k3. This stage occurs over a drum displacement

ds.
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Fig. 3: Dynamic response of the MFD under hydraulic pressure of 1200 psi: (a) force-displacement plot (0.05Hz); and (b)
force-velocity plot (0.05Hz).

Note that do can be modified (and almost eliminated) by change the design of the shoes themselves. A smooth transition
region between stages is provided by a C'°° function of the type [35]:

1
m(x) = —— (1)
1+e V2
where x¢ is the location of the new stage, and 7i, 2 are constants. Consider the transition from stage ¢ to stage j. The

total force F' is given by
F=(1-m(x))F; + m(z)F; (2)

A. LuGre Model

The LuGre model [28] is a dynamic friction model often used in the literature due to its capability to model various
friction phenomena, including the Stribeck effect [29]-[33]. Using the LuGre model, the friction force during the first stage
F is written as follows:

Fy =09z + 012 + 092
o || 3)
Z=X — 00— R
g9(&)
where o represents the aggregate bristle stiffness, o1 microdamping, o2 viscous friction, z an evolutionary variable, z and
% the displacement and velocity, respectively, and g(&) a function that describes the Stribeck effect:

g(#) = Fo + (F, — F)e” &) @



where 2z is a constant modeling the Stribeck velocity, F; the static frictional force, and F; the kinetic friction force. Due to
the surface irregularities, friction coefficients are different between forward and backward rotations, as evidenced in Fig. 3
by the difference in the maximum positive and negative frictional forces. Fs and F, are allowed to take two different values
whether the brake rotates forward (F rq and Fy r,q) or backward (F¢ pwq and F pypa).

The full dynamic model contains thirteen parameters to be identified: og, 01, 02, Fs fwd, Fe, fwd> Fepwd> Fepwd> k2, k3,
da, ds, 1, and 5. Some of these parameters (F., Fs, og) are pressure-dependent.

IV. LABORATORY EXPERIMENT
A. Methodology

To verify the proposed three-stage dynamic model, the MFD prototype has been subjected to different harmonic excitations
under various pressures. The prototype was installed in an MTS testing system and subjected to a uni-axial displacement.
Harmonic excitations of 1 inch amplitudes were used at 0.05 and 0.5 Hz. Five different pressures on the pneumatic actuator
were tested: 0, 500, 800, 1200, and 1500 psi, where 1500 corresponds to the actuator’s maximum allowable pressure. Force
and displacement data were recorded by the MTS data acquisition system at a sampling rate of 100 Hz.

B. Model Parameters Optimization

Model parameters were optimized for each of the individual tests performed on the MFD. Table I lists the obtained values.

TABLE I: Individual model parameters

0.05 Hz 0.5 Hz

500 psi 800 psi 1200 psi  1500psi | 500 psi 800 psi 1200 psi  1500psi
oo (kip - in~1) 4.054 4.754 5.054 6.254 4.054 4.754 5.054 6.254
oy (psi-s-in~1) | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
oo (psi-s-in~1) | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Fegwa(Kip) 0.142 0.239 0.403 0.530 0.143 0.260 0.412 0.536
Fpwa(kip) -0.181  -0.295 -0.549 -0.710 | -0.183  -0.340 -0.587 -0.710
Fpwa(kip) 0.152 0.251 0.417 0.549 0.155 0.269 0.417 0.538
Fpwa(kip) -0.185  -0.305 -0.563 -0.727 | -0.188  -0.341 -0.595 -0.730
ky (kip -in~1) 0.231 0.231 0.231 0.231 0.231 0.231 0.231 0.231
ks (kip-in~1) 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
da(in) 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500
ds(in) 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
Y1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
o (in) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100

Results from Table I shows that the model parameters can be estimated as independent on excitation frequencies, but vary
linearly with respect to actuation force p (pressure) in the form:

00 = QgyP + 00[p=0

Fefwa = K fwap

Jebwd = KepwaD (5)

Fy twa = K fwap

Fpwa = K pwaP
where a,, is constant, and o¢|,=¢ denotes the base value for oy at p = 0 kip - in~2. Table II lists the values of these
parameters computed using least square estimators.
C. Experimental versus Numerical Results

Figs. 4 to 7 show typical plots of experimental versus numerical values using the 3-stage dynamic model. Results show
that the proposed dynamic model provides a good approximation of experimental data.



TABLE II: Parameters for pressure-dependant variables

Parameter Value
Qg (i) 2x1073
ool p=o(kip-in=1) | 3.029
Kewp(kip - in™?) 0.341
Kegown(kip-in=2) | 0.457
K (kip -in~?2) 0.350
K down(kip -in=2) | 0.467
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Fig. 4: Model fitting of the MFD under 500 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-
displacement (0.5Hz); (d) force-velocity (0.5Hz)
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Fig. 5: Model fitting of the MFD under 800 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-
displacement (0.5Hz); (d) force-velocity (0.5Hz)
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Fig. 6: Model fitting of the MFD under 1200 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-
displacement (0.5Hz); (d) force-velocity (0.5Hz)
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Fig. 7: Model fitting of the MFD under 1500 psi: (a) force-displacement (0.05Hz); (b) force-velocity (0.05Hz); (c) force-
displacement (0.5Hz); (d) force-velocity (0.5Hz)



V. SUMMARY AND CONCLUSIONS

A 3-stage dynamic models has been presented to characterize the dynamic behavior of the MFD, a variable friction device.
Stage 1 models the friction using the LuGre model; stage 2 models a linear stiffness found in the system when the direction
is reversed, and stage 3 models the rapid build up of forces linearly. Both Stages 2 and 3 are characterized using stiffness
elements. A smooth transition between dynamic stages is ensured by a sigmoid function.

Experimental results show that the model can be used under different pressures (force input) using a linear dependence
of LuGre parameters on the pressure input. Numerical results show that the model provides a good fit to all experimental
results under various frequencies (0.05 and 0.5 Hz) and pressures (500, 800, 1200, and 1500 psi).

The proposed dynamic model furthers the understanding of the MFD for applications to structural control. Future work
on the characterization of the MFD’s dynamic will include a broader range of frequencies, various displacements, and
time-varying force inputs.
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