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DETERMINATION OF DISSIPATION FORSE IN OSCILLATORY
SYSTEMS

The problem of estimating the dissipation force arising during the motion of a linear dissipative
oscillator is considered. A method for determining the oscillator velocity and the viscous friction
coefficient using only displacement measurements is proposed. It is based on the synthesis of invariant
relations that allow us to relate the variables of a special extended dynamic system and determine the
unknown variables as functions of the known ones. The efficiency of the proposed approach for the
Duffing oscillator is demonstrated using numerical simulation.
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1. Introduction.

Mathematical models of oscillators are widely used for modeling, analysis, and
control in various fields such as mechanics, electronics, control systems, biomedical
research, geology, etc. This makes the problem of determining both their parameters and
state variables particularly important. Empirical methods for determining the dynamic
characteristics of oscillatory systems are widely used (see for instance [1]).

With the development of mathematical control theory, publications appeared focu-
sing on the construction of observers for differential equations of oscillators. Many
authors have explored methods for online estimation of unknown parameters of a
periodic signal. In particular, paper [2] considers an algorithm for the nonlinear re-
presentation of a sinusoidal signal with the subsequent use of a nonlinear Luenberger
observer to determine its parameters. The authors built a rather complicated construc-
tion of the corresponding observer based on the general theory of nonlinear observation.

In [3], after presenting the sinusoidal signal in a linearly parameterized form, several
adaptive laws were developed and applied to estimate the sinusoid parameters using
the methods of the sliding mode control theory. The use of methods for identifying
external sinusoidal signals led to the determination of parameters of oscillating objects,
such as phase, amplitude, offset and frequency [4]. In [5], an estimator for a multi-
sinusoidal signal was constructed using the standard gradient algorithm. For a biased
multi-sinusoidal signal an estimator is designed to identify the frequency, amplitude
and phase of each sinusoids as well as the overall offset. External force estimation has
been addressed by numerous authors (see, for instance, [6-9]).

The main contribution of this paper is the proposal of an online methodology that
allows reconstructing an unknown force of complex nature, namely the dissipative force
arising from the motion of an oscillator. The force itself is represented as the product
of the velocity and the dissipation coefficient. Here, both factors are unknown, only
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the oscillator displacement is measured, which is assumed to be known as a function of
time. A similar problem for determining nonlinear dissipation of van der Pol oscillator
was solved in |7]. In the mentioned work it was shown for the first time that the change
of coordinates (the Lienard transformation [10]) reduces the oscillator equation to an
affine form with respect to the unknowns. Such a representation of the original system
enabled to use the methods of constructing a classical observer in the original problem.

Unlike the article [7], we used the method of invariant relations for a slightly different
observer design. This method [11] was developed in analytical mechanics and was
intended, in particular, to find particular solutions (dependencies between variables)
in problems of rigid body dynamics with a fixed point. Its modification for problems
of observation and identification theory enabled the synthesis of additional relations
between known and unknown quantities of the original system which arise on the
trajectories of its extended dynamic model [12].

2. The problem of observing the dissipating force.
As a model of a self-oscillating system, consider the equation of forced motion of a
nonlinear oscillator in general form:

B(t) + f(x()(t) + g(x(t)) = u(t). (1)

Here, x(t) is the displacement of the point from the coordinate origin; &(¢) is the velocity
of this displacement. The product f(z(t))4(¢) and the function g(x(t)) describe the
dissipation law and potential forces, respectively. An external periodic force u(t) acting
on the oscillator will be further represented as a harmonic function of time

u(t) = Acos(wt + 7).

The output of the system is the displacement z(t) measured during the oscillations, i.e.
known as a function of time.

Remark. At present, in the qualitative theory of differential equations, many questi-
ons have been studied related to the equation (1) regarding the boundedness of oscillations,
the existence of periodic solutions, the presence of limit cycles, etc. Further, we will
assume that the problem of observing and identifying the process of permanent oscilla-
tions of a real object is being solved and its solutions are correctly defined in a certain
bouunded domain {x(t),(t)} C R2.

To determine the law of dissipation, we will assume f(x(t)) = § and then viscous
friction will be represented by the standard formula Fy;ss = d4(t), where the part of
the phase vector () and the coefficient § are unknown and must be determined from
data on the oscillator movement. Other components of the model, namely the function
g(z,t), the parameters of the external force A, w,~ are assumed to be known.

In order for the unknowns @(t) and the coefficient 0 to enter the equations of motion
linearly, we write the original equation (1) as a Liénard system [10], making the next
change of variables:

w1 (t) = 2(t), wa(t) = (t) + F(x(t)),



where F(z(t)) = [ f(0)do. As a result, taking into account the chosen dissipation
law, we get:

1 (t) = @2(t) — 0w1(t), d2(t) = —g(@1(t)) + u(). (2)

Thus, the unknown speed (t) expressed in variables of system (2) will be found by
the formula

(1) = 2o (t) — 621 (1)

after finding d, z2(t). Taking into account the boundness of variables x(t), (t), we will
further assume that the phase vector of the system (2) belongs to a certain bounded
domain S, = {(z1(¢), z2(t))} C R?).

For this system, the initial problem of determining the magnitude of dissipation
looks like the problem of evaluating the expression

Fiss = (w2(t) — dx1(t))0. (3)

Next we will solve the following problem.
Problem. Find for the system (2) asymptotically exact estimates of the phase vector
component x2(t) and the coefficient 6 based on the output data z1(t).

3. Invariant relations approach.

Now let us briefly outline the method of invariant relations that we propose. The
main idea is, being based on the data about the system motion, to obtain additional
relationships for the unknowns. Such information includes the output z(¢) and only
those quantities that can be obtained from the output. In particular, based on the
number of unknowns, we introduce into consideration the vector y = (&1, &2)7, which
we define as the solution of the Cauchy problem for a certain system of differential
equations,

§(t) = U(ty(0),21(), y(0) € B2 (4)

The next step of the method of invariant relations is to determine additional
coupling equations H (t,x,y,d) = 0 that arise for the known quantities x4 (¢), y(t) and
the unknown ones x2(t), c on some trajectories of the extended system of differential
equations (2) and (4).

In this case, the selection of the appropriate function U (t,y, 21(t)) must ensure that

the following conditions are met:
1 BH t7 ) 76 .
(i) rankiagxig) ) — 2;
(ii) the invariant manifold {(z,y,8) € R* : H(t,z,y,8) = 0} corresponding to
these additional equalities has the property of global attraction for any solutions of the
extended system. In other words, on any trajectories of the differential equations (2),
(4),
T [[H(t, 2(0), y(2).5)]| = 0.
— 00

To satisfy property (i), we will look for additional relations on the trajectories of
the system of differential equations (2) and (4) in the form:

6 =Wyi(21(t)) + &u(t), z2(t) = Wa(w1(2)) + E2(2). (5)
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Similarly to the right-hand side U(t,y,x1) of the differential equations (4), the
functions Wy(z1), Ua(z1) are still undefined. It is assumed that these functions are
continuously differentiable with respect to their arguments. In the space of variables
(z1,x2,&1,&2), equalities (5) form a two-dimensional manifold. Let us also introduce
into consideration the variables 1,9, that characterize the deviations from relations
(5):

e1(t) =0 — Wi(za(t) — &u(t), e2(t) = z2(t) — Wa(z1(t)) — &2(1). (6)

Thus, the magnitude of the dissipation force acting on the oscillator will be estimated
by the formula

Fiss = [Va(x1) + & + g2 — (Va(z1) + & + )] (Vi) + &1 +e1). (7)

If the equalities £1(t) = e2(t) = 0 hold on some trajectories of the extended
system for certain functions U(t,y(t),x1(t)), ¥1(x1(t)), Pa(z1(t)), then the relations
(5) become invariant and determine x5(t) and coefficient 0 on these trajectories. Non-
zero deviations e1(t), 2(t) appear on other trajectories.

Consider formulas (6) as a substitution of the variables x3 and ¢ in the original
system. Then the differential equations for 2 and § are transformed into differential

relations (here (.); means the partial derivative %’1))

G4é=-Tv &+ér=—g(@)+u— T, (8)

where
v=VUo+ & +e2— (V1 +& +e1)xy.

Let us determine the structure of the additional system of differential equations (4).
At the first step of the proposed approach aimed at determining the function U (t, y, z1),
we select from the previous equalities all terms that do not depend on deviations. As
a result we get

& = —Uy (U + & — (U1 + &),

. 9
§o = —g(x1) +u— Vol [Wo + & — (U1 + &)z ). ¥

In accordance with this choice, we have that if & (¢),&2(t) are any functions that
satisfy (9), then the terms remaining in relationships (8) form the following e (t), 2(t):

€1 = —\111;1(52 —e1x1), €9 = —‘1’2;1(52 —e121). (10)

System (10) has the trivial solution &;(¢) = £2(¢) = 0. So, we have obtained a family
of additional systems (9), depending on arbitrary functions ¥;(x1), ¥o(x;) and their
derivatives. Thus, the following lemma is proved.

Lemma. For any functions Uy (x1), Va(x1) differentiable with respect to their arqgu-
ments the corresponding system (2),(9) on trajectories with initial conditions &1(0) =
0—V1(x1(0)),&2(0) = 22(0)— Vo (z1(0)) turns the equalities (5) into invariant relations,
from which the coordinate xo(t) and parameter § can be directly found.



4. Convergence properties.

We do not know on which trajectories of the system of differential equations (2),
(9) relations (5) become invariant. Therefore, it is natural to consider the problem of
choosing the functions Wy (x1), ¥o(z1) in such a way that the deviations in formulas
(6) tend to zero. In other words, the trivial solution of equations (10) should become
globally asymptotically stable. The second stage of the proposed method is related
to solving this problem. There are several approaches to stabilizing non-autonomous
systems (see [13], [14]). At this stage, we assume that the appropriate method is selected
depending on the analytical form of the original dynamic system.

To stabilize trivial solution of the system (10), we use the partial derivatives of
uncertain functions Wy} , Wy! as a control. The purpose of control is to fulfill the
condition

lim [e3(t) + €3(¢)] = 0. (11)
t—o0

Let us consider the positive definite function V(¢) = 3[e}(t) + €3(¢)] and write its
derivative along the solutions of system (10),

V(t) = (U1}, 61 + ol €2)(e121 — €2).
Let us choose the remaining undefined functions by setting:
Uy (x1) = —Ax2/2, Wo(xy) = Azy, (12)
where A is a positive constant. Under such functions, the derivative
V(t) = =Aerry —e2)? <0.
and linear homogeneous differential equations for the deviations have the form
€1 = —Ax1(e2 —€171), €2 = —A(e2 —e121) (13)

That is, the function V' (¢) becomes a Lyapunov function with a negative semidefinite
derivative for system of differential equations (2),(13). In this case, the zero solution of
the equations in deviations is uniformly stable.

Let us show that it is asymptotically stable. To do this, we will use the LaSalle’s
invariance principle [15] for autonomous systems. In our case, equations (2) depend
on time, 21(t) = u(t). However, when this dependence the dynamic expansion of the
equations for deviations by the differential equations

21(t) = 20(t), #2(t) = —w?21 (1), (14)

Next we will consider the systems of differential equations (13) and (14) as an dynamical
extensions of the initial system (2).

Proposition 1. If the functions Uy(z1), Va(z1) are chosen according to formulas
(12), then the trivial solution of the system of differential equations for the deviations
(10) is globally exponentially stable.
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Proof. The phase vector of the extended system is
(1‘1,1'2,61,52,21,22) S S:E X SE X SZ C R67

where
Se = {(e1,22) : €1(t) + £5(t) < 7(0) +£35(0)}

is a ball in R? and
S, ={(z1, 22) : z%(t) + z%(t) = A2}

is a sphere in R?. Thus, the set S, x S. x S, = Q is compact and positive invariant.

Let E be a set of all points (1,9, 21, 22) where the derivative of the Lyapunov
function is identically equal to zero: V = —A(e1r1 — €2)? = 0. It is clear that the set
M = {(e1 = 0,69 = 0,21(t), 22(t)) } is invariant in E. If M is the largest invariant set,
then according to LaSalle’s invariant principle, all solutions with their initial values in
E tend to M, i.e. condition (11) is satisfied.

Let us show that M is the largest invariant set in E. To this end, let us assume
the opposite, i.e., the set E contains trajectories with non-zero deviations ¢;(t). From
the differential equations (13) it follows that these non-zero deviations are constant
ei(t) = ef,i=1,2. Hence, our assumption leads to the existence of the relationship

erzy(t) — e} = 0.

The last equality means that the x1(¢) is a constant, which contradicts our assump-
tion about permanent oscillations of the oscillator. The resulting contradiction proves
the statement that the set M is the largest invariant set in F, and therefore, according
to LaSalle’s invariant principle, conditions (11) are satisfied. Hence, the Proposition is
proved.

5. Final evaluation of unknowns.

In the proposed algorithm, all degrees of freedom have been fixed. Specifically, the
structure of additional differential equations is defined by equation (9). The choice of
functions Wi (¢, z1), Va(t,z1) according to formulas (12) determines the final form of
these equations:

& = M1 [(Az1 + & + (\a?/2 — &)1,

: (15)
§ = _g(xl) - [O\xl + &+ ()\$%/2 — 51)361] + u.

According to this scheme, the terms in formulas (6) become known and the deviations
e1(t), e2(t) asymptotically tend to zero, which allows us to directly obtain asymptotic
estimates for z5(t) and parameter §. Thus, the statement formulated below is proved.

Proposition 2. The formulas

0 = —Ax1/2(t) + &1(t),

) (16)
To(t) = Azy(t) + &ao(t),



where &1(t),&2(t) are the solutions of any Cauchy problem for system of differential
equations (14) give asymptotic estimates of the oscillation velocity xo(t) and coefficient
d for the system (2).

Taking into account (3) the estimate of the dissipation force, we find it using the
formula

Fyiss = (#2(t) — dz1(¢))d. (17)

6. Simulation results. Duffing oscillator.

Below are the results of some tests carried out to identify the possibility of imple-
menting the proposed methodology for the Duffing oscillator. The Duffing oscillator
model is a physical model of an oscillating system that consists of a material point
attached to a nonlinear spring and a linear shock absorber. The equation of forced
oscillations can be written as follows:

B(t) + 02 (t) 4+ ax(t) + Bx3(t) = u(t). (18)

Here, x(t) is the displacement of the material point; § characterizes dissipation in the
system; a and 8 are the linear and nonlinear stiffness coefficients, respectively; @(t)
and § are unknowns. It should be noted that if § is negative, the dynamics of the
trajectories are trivial, as all solutions of the differential equation (18) exponentially
tend to infinity. Hence, we consider the case § > 0. As in the general case, we assume
that solutions (18) are correctly defined in the interval [0, 00).
Let us rewrite equation (18) in the form of a system in the space of states by
substituting the Liénard variables. We obtain
fCl = T9 — 51‘1,

iy = —axy — B + u(t). (19)

The scheme proposed in this work was numerically tested within a wide range of
initial conditions and parameters of the dynamic system (19). This system was used
to obtain the output z1(t) and to find the asymptotic estimates of x2(t) and . The
parameters of the simulated system are equal

0=1; a=3; =02; w=05 A=1.
The auxiliary system looked like

& = Ay [(Azy + & + (\a?/2 — &)d],

. 20
2 = amy + Baf — [(Az1 + Lo + (Az]/2 — &)a] + u. 20

The corresponding modeling results (solid lines for estimated unknowns and dotted
lines for their exact values) can be seen in Figures 1 and 2. These estimates, in
complete accordance with the formulas (15), asymptotically tend to the true values
of the unknowns. In particular, the figures show graphs of the following functions:



N.V. Zhogoleva, V.F. Shcherbak

Fig 1.1 Fig 1.2

For the transformed system (19)
Fig.1.1 &9(t) vs xo(t); Fig.1.2 (t) vs J.
For the initial system (18)

A~

Fig.2.1 &o(t) — 6(t)x1(t) vs @(t); Fig.2.2 (z2(t) — 6(t)x1 (t))é(t) vs Faiss = x(t)0.

As shown in these graphs, the simulation results confirm the effectiveness of the
proposed method of asymptotic estimation of the velocity oscillator and parameters of
an external periodic force.

7. Conclusions.

A dynamic system has been considered that describes the oscillations of the Liénard
oscillator under the influence of an external load. The movement of the oscillator is
measured, and its position is a known function of time. It is required to solve the
problem of online reconstruction of unknown quantities, namely, the oscillation speed
and the coefficient of viscous friction. A method of asymptotic estimation is proposed,
based on the synthesis of invariant relations for the trajectories of an auxiliary dynamic
system with invariant relations reflecting the relationship between unknown and known
quantities on the family of solutions under study. The convergence of estimates of
unknown variables to their exact values is proven based on LaSalle’s principle of
invariance. An example of numerical simulation of the proposed approach using the
Duffing oscillator as an example has been given.
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H.B. 2KoroaeBa, B.®. I1lepbak

Busnauenusi ,H,I/ICI/IHaTI/IBHO.l' cnJin B KOJIMBAJIbHUX CHUCTeEMaxX.

Maremaruani MoesTi OCIIMIATOPIB MUPOKO BUKOPUCTOBYIOTHCS K CITOCIO MOJIETIOBAHHS, aHAJII3Y abo
HaBITh KEpyBaHHI y pisHUX cepax, TaKUX sIK MeXaHiKa, eJIeKTPOHIKa, KepyBaHHs, MeIMKO-0i0/I0riuHi
JOCJIIZKEeHHS, TeoJiorist Ta iH. [Ipupoaabo, 1m0 B 6ararbox BUMaIKaX HA IPAKTUI BUHUKAIOTH ITPOOIEMUA
BU3HAYEHHS CTAHY Ta MapaMeTpiB TaKUX MOJEJe 3a pe3y/ibTaTaMi BUMIPIOBAHHS BUXiTHUX CUTHAJIIB
y pexkuMi (PyHKIHIOBaHHS peajbHuX 00’eKkTiB. Tum nade, 1mo ojiHa i3 BarKJIMBUX CKJIQJIOBUX IUHAMIKI
PYXy OCHMJIATOPIB, a came, IUCHUIAIls €Hepril KoJMBaHb Mae CKaagHy disudny npupomy. [Ipobremy
BU3HAYEHHs CHiM JeMidipyBaHHs po3risinyTo y miii crarri. Cama cuiia npejcaBieHa sik J00yTOK

MIBUAKOCTI Ha KoedirienT aucumnarii. [Ipu oMy o0uiBa MHOXKHUKHU € HEBIZIOMUMY, BUMIDIOETHCSI JIV-
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111€e IepeMilleHHsI OCIUIISITOPA, siKe BBaYKAEThCs BijloMuM sik pyHKIsA dacy. [IpoBegeno 3aminy 3MiHHIX
BUXIJTHOT CUCTEMH, IMICJIsi KO HEeBiIOMI KOMITOHEHTH CUJIA JIMCUIIAI] BXOJATH JI0 IEPETBOPEHUX JIrde-
PEeHI[aJbHAX PIBHAHDb JIHIHUM YMHOM. 3aIpPOIIOHOBAHA CXE€Ma BH3HAYEHHS ACUMITOTUYIHUX OIIHOK
MBUKOCTI KOJMBaHb Ta MMapaMeTpa B’S3KOCTI CIOYATKY /I MEPETBOPEHOI, a MOoTiM 1 ajs BuximgHOT
cucreM. Jls1 oTpuMaHHs OLIHOK HEBITOMUX OyB BUKOPHUCTAHUN PO3POOJIEHUN B aHAJITHYHIN MexaHiri
MeTOoJ iHBapiaHTHUX CIIiBBiIHOIIEHb, MOAUMIKAIA SIKOTO y 3ajadax CIIOCTePEeXKeHHd, 1aeHTudikaril
JIO3BOJISIE CUHTE3YBAaTH JIOJIATKOBI CIIIBBI/IHOIIIEHHSI, 1[0 BUHUKAIOTH MiXK BI/IOMUMU Ta HEBIJIOMUMHU Be-
JIMYMHAMH 111, 9aC CIIOCTEPEXKYBAHOI'0 PYXY MOOYI0BAHOI CIEIiaJbHUM YMHOM PO3IIUPEHO] IUHAMITHOT
cuctemu. B pesynbrari B poboTi OyJ/I0 3aIIPOIIOHOBAHO HOBUII CYTTEBO HEJIHIMHUN METOM OTPUMAaHHSI
aCUMIITOTUYHUAX OI[IHOK CTaHy Ta HapaMeTpiB /IS IIePETBOPEHOI0 B PE3yJIbTaTi 3aMiHU 3MIHHUX CH-
cremu. UmcebHEe MOJIEIOBAHHS TIpOBeieHe st ocruisitopa laddinra miareepmkye edekTUBHICTD
[OI'0O CIIOCOOY KOHCTPYKIIT OHJIaliH itenTrdikaTopa /jisi BUSHAUYEHHsI 3aJIE2KHOCTI CHJIM JTUCUTIAIT BiT

Yacy 3a JAHUMU IIPO MEePEMIIeHHs.

Karowost caosa: ocyuaamop, idenmugdirauia ducunayii, itH8apiaHmHMi cni6eioHOWEHHA, ACUMNMO-

muvwHe OuiHTOGGHH.ﬂ.
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