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Abstract

Control-based continuation (CBC) and phase-locked loops (PLL) are two experimental testing methods that have
demonstrated great potential for the non-parametric identification of key nonlinear dynamic features such as nonlinear
frequency responses and backbone curves. Both CBC and PLL exploit stabilizing feedback control to steer the
dynamics of the tested system towards the responses of interest and overcome important difficulties experienced
when applying conventional testing methods such as sine sweeps to nonlinear systems. For instance, if properly
designed, the feedback controller can prevent the system from exhibiting untimely transitions between coexisting
responses or even losing stability due to bifurcations. This contribution aims to highlight the similarities that exist
between CBC and PLL and present the first thorough comparison of their capabilities. Comparisons are supported by
numerical simulations as well as experimental data collected on a conceptually simple nonlinear structure primarily
composed of a thin curved beam. The beam is doubly clamped and exhibits nonlinear geometric effects for moderate
excitation amplitudes.
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Introduction

Experimental characterization of the dynamics of nonlinear structures is challenging for multiple reasons. The
characteristics of the structural response can be heavily dependent on the level of excitation of the structure. For
instance, the frequency at which the structure’s displacement and the force applied to it are in phase quadrature
can vary with the response amplitude. This relationship is called the backbone curve of the structure. Additionally,
several periodic orbits can exist for identical excitation signals. This can be illustrated by the frequency response
curves, the relationship between the structural response and the frequency of an harmonic excitation of constant
amplitude. Consequently, classical methods used to characterize linear structures encounter difficulties. For instance,
performing a sine sweep on a nonlinear structure can result in sudden jumps from one periodic orbit to another and
might not unveil all possible limit states (including isolated and unstable ones).

In recent years, new methods for experimental characterization using feedback control were introduced in the lit-
erature. The present work consists in performing for the first time the comparison between the phase-locked loop
method (PLL) [1] and the control-based continuation (CBC) [2]. Both method can directly obtain the backbone
curve in a single experiment. The consistency between the methods is studied as well as their capabilities.
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(a) The signals are the following: r(t) the measured response, p(t) the excitation phase, v(t) the measured phase lag, v*(¢)
the target phase lag, e(t) the error, y(t) the PID controller output with units of frequency, w the linear resonance frequency,
f(t) the excitation frequency, and the excitation signal u(t) multiplied by the gain F" to create the signal fex(t) fed into the
actuator of the experiment
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(b) The signals are the following: 7(¢) the measured response, r*(t) the target response, e(t) the error, y(t) the PD controller
output with units of voltage which is fed into the shaker; iterations are made on r*(¢) to cancel the non-fundamental harmonics
of e(t)

Fig. 1 Diagrams of the PLL and CBC methods, both using different feedback loops to impose respectively the
excitation-response phase lag and the response amplitude; the experiment comprises an actuator, sensors, and the
structure

Characterization methods

The phase-locked loop (PLL) method imposes a phase lag v*(t) between the structural response r(t) and the excitation
signal fexc(t) using feedback control. Fig. la shows the structure of the PLL feedback loop. The phase lag v(t) is
detected between the measured response signal r(t) and the oscillating signal w(t). The phase lag detector relies
on the fact that the product of two harmonic signals possesses a constant part whose value depends on the phase
lag. This constant part is isolated using a low-pass filter whose cut-off frequency is below the first harmonic of the



signals. Subtracting v(t) from the phase lag target v*(t) gives the phase error e(t) = v* —v(t) which is fed into a PID
controller. The purpose of the controller is to cancel e(t) completely. The resulting signal y(t) has frequency units
and can be seen as the frequency difference between the linear resonance frequency w and the excitation frequency
f(t) = w+y(t). The time integral of the excitation frequency is the excitation phase p(t). The cosine of p(t) gives
the excitation signal w(¢). In order to control the excitation level, u(t) is multiplied by a gain F creating the signal
fexe(t) which feeds the actuator connected to the structure.

Control-based continuation (CBC) imposes the response amplitude using feedback control as well. Fig. 1b shows the
feedback loop of CBC. The response r(t) is multiharmonic due to the nonlinearities in the experiment. r(t) is directly
compared to a response target r*(¢) to create the error signal e(t), fed into a PD controller. The resulting excitation
signal y(t) is fed into the shaker connected to the structure. Contrary to the PLL, the control error e(t) does not
need to be cancelled completely as the target signal acts only as a proxy for the system states. In this case, y(t) must
be a non-zero monoharmonic signal, and so must e(¢). The main challenge of the method is to find an adequate r*(t).
The first harmonic of 7*(t) is the parameter controlling the excitation level. However, if r*(¢) was monoharmonic, the
error signal e(t) would contain the harmonics of 7(¢) and the controller would be invasive, i.e. the excitation signal
y(t) would be multiharmonic whereas a monoharmonic excitation is desired. After reaching steady-state, the higher
harmonics of r*(t) can be replaced by the ones of r(t). This is repeated until the higher harmonics are identical in
both signals. At this point, e(t) is monoharmonic and so is y(¢): the controller is non-invasive.

Impedance head

Shaker

Fig. 2 Base-excited experiment comprising a shaker actuating the structure, itself composed of a rigid base and a thin
curved beam; sensors consist in a laser vibrometer and an impedance head measuring the force and the acceleration
at the shaker-base connection

Experimental results

Both methods are applied on the structure shown in Fig. 2. It is a slightly curved beam bolted to a base which
exhibits softening-hardening behavior. The base is mounted vertically on a shaker with an impedance head at their
connection to measure the force and the acceleration at this point. The velocity of the beam is measured by a laser
vibrometer (see Fig. 2). Backbones measured successively by CBC and PLL are shown and compared in Fig. 3 and
present a clear softening-hardening behavior. They are very consistent with one another, both methods measured the
same frequency for the fold bifurcation in the backbone curve. Fig. 4 shows the frequency response curves (FRCs)
obtained by moth methods. Fig. 4a shows the FRCs directly measured by the PLL method. Although FRCs could
have also been measured with the CBC method, they were interpolated from the data collected during amplitude
sweeps [2]. These interpolated FRCs are shown in Fig. 4c. Corresponding FRCs obtained by both methods are
compared in Fig. 4b. Because the experiments were not made successively, the backbones are not entirely consistent,
but both them and the FRCs show high consistency between both methods.
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Fig. 3 Comparison between the backbone curve directly measured with the PLL method and with the CBC
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Fig. 4 Frequency response curves either measured directly with PLL or interpolated from data measured with CBC



Conclusion

The phase-locked loop (PLL) and control-based continuation (CBC) were directly compared when applied to the
same softening-hardening structure. Both methods are capable of directly measuring the backbone curve of the
structure and give out consistent results. The PLL method can directly measure the frequency response curves
experimentally. The CBC method can in theory do the same but in this work, it has been used to measure the full
manifold of the structural response, from which the frequency response curves has been interpolated. The methods
give consistent results for the backbones and the frequency response curves.
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