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WAVE-BASED CONTROL FOR MECHANICAL SYSTEMS WITH FORCE
FEEDBACK

Neusser Z.'

Abstract: This paper presents wave-based control with force feedback and its incorporation into wave model
and subsequently into the wave-based control. The force feedback allows the suppression of the influence of
external forces acting on the system, which is a problem in wave-based control with position feedback only.
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1. Introduction

The concept of wave-based control (WBC) was presented in O’Connor and Lang (1998). The idea is
based on longitudinal waves propagating in a compliant structure. In a flexible system, due to an imposed
force (actuator, disturbance), the effect of a so-called launched wave is induced, which is at the same time
accompanied by a returned (reflected) wave in the system, schematically shown in Figure 1a.
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Fig. 1: The idea of a launched and returned wave in a mechanical system.

Based on this inspiration, the so-called wave model is developed, which describes the above wave behavior
using transfer functions.

Wave-based control is typically used for flexible, multibody systems. The WBC is used for one-dimensional
position control of mechanical systems O’Connor (2004); O’Connor (2006); O’Connor (2007b) as well as
for angular position control (O’Connor, 2005; Marek and Valasek, 2009). Flexible systems are treated
by WBC in O’Connor et al. (2009); Benes et al. (2018). Modal properties are investigated in O’Connor
and McKeown (2008); O’Connor (2011). There are some other applications suitable for WBC or control
inspired by wave-based technique. Control of synchronous machine Valasek et al. (2016), mass-rope system
O’Connor (2002); O’Connor (2004), adaptive cruise control for vehicles Martinec et al. (2014); Valasek
et al. (2016) are some examples of WBC usage.
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2. Wave model and wave-based control

An alternative model to the mechanical model is developed; Figure 1b shows schematically the wave and
mechanical models. The wave model is composed of transfer functions describing the launched (G;) and
reflected wave (H;). The mechanical model is connected to the wave model through the coordinates of the
individual bodies, as shown in Figure 1b. The interconnection is written in the equation (1).

T, = a; +b; (D)

Wave-based control is based on feedback, in this case measuring the position of the first mass. We cut
out everything behind the measured mass from the wave model, see Figure 1c. The reflected wave can be
determined based on the knowledge of the reflected wave and the aforementioned feedback. The control
law can be constructed based on the first mass measurement and wave model.

ro = ag + by ()
where
ag = GaQ,ssTd (3
a1 = Grap bo = Hiby “4)
b1 =1 — a1 (5)

with kg representing the spring between actuator zo and first mass x; and m; is first mass weight. The
launched wave ag in equation (3) is composed of the desired position of the first mass x4 and the coefficient
ap,ss, whose value is derived in Marek (2013); Valasek et al. (2019). The launched wave, reflected wave
and the relationships between their quantities are in (4); these are the relationships of the wave model. The
b1 magnitude in (5), used for determination of by, is obtained from the launched wave a; and from the
measured value of the first mass position z;. After substituting and adjusting, the control law is obtained

xo = Hiz1 + (1 — HiG1) ag ss (6)
w2 k()
=" H=-ag — /%
17 82 4 ws + w2 ! ! w my

where Hjx; represents output feedback and (1 — H1G1) ag s forward control with input x, as the de-
sired position of the system. Such control is called absolute wave-based control (WBC-A). The trans-

fer functions (G; and H; in (6) are determined as second order transfer functions according to O’Connor
(2007a).

3. Wave-based control with force feedback

Force and position feedback control, first used in the article O’Connor and Fumagalli (2009), is placed in
the context of the philosophy of the wave approach using force interaction, nested in the wave model. The
feedback in the control can also be implemented by force measurement (Fig. 2), which complements the
position measurement.
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Fig. 2: The wave model and the force between bodies.
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From the expression of the relative force acting between the bodies of the mass chain in Figure 2, the
relation for the reflected wave (quantity bg), can be obtained. The force acting on mass 1 is determined as:

Fy = ko (zo — 21) (7)

By introducing substitutions according to (1) we obtain the force expressed in the coordinates of the wave
model:

F1 = ko (ao+b0—a1—bl) (8)

From the equations of the launched wave (4), ag is eliminated, then, thanks to the z; position measurement
(5), the equation is converted to the coordinates of the reflected wave. Using the equations of the reflected
part of the wave model (4), the expressions are converted to a function of the variable b.
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1-G G1H{ -1
F1:k‘0< e 11‘1—1— lGllfIl bo) 9

Express the reflected wave on the actuator (bg):

G1 1-— Gl
bo =H Fy — 10
o= ((GlHl “Dky ' GiH - 1“31) (10)
The control law of WBC with position and force feedback is following:
G1 1- Gl
= H - 11
To = Go,ssTq + Hi <(G1H1 TR Gl - 1361> (11

with the measured force F7 and the position z; on the mass m;. This control is called absolute, force
wave-based control (F-WBC-A).

4. Simulation experiment

The system of three masses with springs and dampers is subjected to a step demand on position, force pulses
on the individual masses (in ascending order) and a constant force on the first mass.
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Fig. 3: Three mass system position behavior, WBC-A on the top, F-WBC-A (with force feedback) on the
bottom.

Figure 3 shows the response of the system with wave-based control (WBC-A on top) and wave-based
control with force feedback (F-WBC-A on bottom).
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5. Conclusions

The extension of wave-based control with force feedback is presented in this paper. In contrast to existing
work, the implementation of force in control is derived. A simulation comparison of WBC-A and F-
WBC-A (with force feedback) is performed. Both approaches suppress vibrations, and force feedback
also eliminates the influence of external forces acting on the body where the force is measured. Further
research will focus on removing the influence of forces on all bodies.
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