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Abstract: In this paper, we deal with some applications of the network simulation method (NMS) to
the non-linear differential equations derived of a parametric family associated to stated problems by
Newton in and others like the parabolic mirror and van der Pol non-linear equation. We underly
the efficientcy of the (NMS) method, compare it with Matlab procedures and present figures of
solutions of the equations obtained by it on the mentioned problems. Additionally, we introduce
also the electric-electronic circuits we have designed to be able of obtaining the solutions of the
referred equations.
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1. Introduction
Differential Equations with

Singularities and Chaotic In many problems in science and engineering the network simulation method NSM [1]
Behaviour. Mathematics 2021,9,1442.  has demonstrated to be very efficient, for instance, in the simulation of the Frenkel-
https://doi.org/10.3390/matho121442  Kontorova-Tolinson model on friction of two sliding bodies [2].

Friction is a phenomenon present in all mechanical devices in which relative displace-

Academic Editor: Ioannis G. Stratis ments happen. There are different cases to be considered. One of them is the dry friction.
In this case the main magnitude is the force necessary to keep a sliding body moving at a
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the problems. Such parameters are the interaction force amplitude between atoms of the
Publisher’s Note: MDPI stays neutral  bodies, the stiffness between the atoms and bulk velocity.

with regard to jurisdictional claims in Such solutions are a good example of phenomenon where they can be obtained of
published maps and institutional affil- ~ an approximate way using NSM with a numerical process shorter than other traditional
ations. methods offered in the literature.

In this paper we apply the NSM for obtaining numerical solutions of three examples, a

parametric family of non-linear differential equations, the problem of the parabolic mirror

av and the well-known van der Pol equation. Such approach addresses several difficulties like

Copyright: © 2021 by the authors.  singularities or chaotic behaviours. The solutions are compared with the results obtained

Licensee MDPI, Basel, Switzerland. by Matlab. Additionally, the NSM can be implemented in a very efficient and open software

This article is an open access article  ysed in electronic circuit design, called Ngspice, which has the advantage of requiring a
distributed under the terms and  ghort computing times in comparison with other mathematical software.

conditions of the Creative Commons The design of the network model implies the following steps:
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

*  Select the equivalence between physical and electrical variables;
¢ Apply the initial and boundary conditions using the appropriate electrical devices.
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The open-source free-software called Ngspice, used in circuit design as numerical
simulation software, allows us short computing time by a suitable time step from the point
of view of convergence which is adjusted continuously.

2. Methodology

The selected problems are a family of differential equations with infinite slope in some
points, the differential equation of a parabolic mirror and the differential equation for the
behaviour of van der Pol oscillator.

These equations whose solutions are examples of functions setting out singularities
and chaotic behaviour and will be useful to check the capacity of the NSM.

The network simulation method consists in transforming the studied system into
electrical circuits with the same governing equations. Physical variables from original
system have their equivalent in electrical variables. For example, the variable y in the family
of differential equations with infinite slope in some points is equivalent to the voltage
in a condenser node, as it will be explained more clearly in the applications of the NSM.
Once the circuits equations are solved, using the traditional numerical integration method
but with the same efficient techniques used with very-large-scale integration (VLSI), we
will have the solution of the physical problem. Only it is necessary to consider again the
equivalence between the electrical and the physical variables. Thus, the NGSpice software
allows us to simulate electric circuits and analyse the response of them.

In the works of Solano et al. [3] there is a more detailed description of the precision
of the NSM in some cases where it is difficult to get the convergence. The equivalent
electrical network used for this method is solved by Kirchoff’s laws and a convenient time
step considering a stable convergence [4-7]. In the aforementioned paper, the interaction
between the parameters called relative tolerance and chaotic behaviour of the system is
analysed. As results of that study the solution stability is guaranteed.

The algorithm used by the software reaches the convergence for any iteration k when
the following condition is achieved:

|of+1 — k| < RELTOL -V, + VNTOL )

where v, is the voltage in the node n and
Vi = MAX ([057, [941) @)

These two parameter, RELTOL and VNTOL, are related to the time step. The values of
RELTOL and VNTOL is chosen by the user considering his experience from other solved
problems or checking the same problem with several values of these parameters. Besides,
several works have been devoted to truncation error using PSpice, from which NGSpice
comes from [8-10].

From the Vladimeresku analysis using circuits with condenser in which the exact
solution is available, Forward-Euler (FE) expression is more liable to the value of time step
than the Backward—Euler (BE) expression. The criteria used by software as Ngspice is that
the Local Truncation Error (LTE) of constitutive equations for each branch must be limited.

The FE expression provides an inappropriate solution when the time step exceeds a
certain value related to the capacitance of the condenser, 7, used in the analysed circuit.
The voltage in the nodes belonging to the analysed circuit in which the right solution is
zero is assessed by BE expression as a value which decreases over time. On the other hand,
the Trapezoidal (TR) procedure provided a solution which oscillates with a decreasing
amplitude around zero if time step is greater than 27. The time constants associated to the
electrical networks have time constants utterly different, thus their governing equations
define stiff systems. The methods aforementioned must be stiffly stable, that means that the
time step can be higher than any time constant of the electrical network. Only the explicit
methods are not stiffly stable.
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The stability properties of the Gear method with order higher than 1 is good. The
simulation provides a solutions according to the selected integration algorithm. The
characteristics of Gear and TR algorithms are different despite of the coincidence in the
solutions. Speaking about the TR algorithm convergence it was mentioned his oscillatory
behaviour. This oscillation is related with the fact that the time step are not smaller than
a threshold value. Conversely, the Gear expression of order 2 introduces damping in
the solution.

Another advantage of NSM is that it supplies relationships between v/ (t) and y” () in
cases of second order differential equations. In most cases NSM gives the solutions is easier
than other metohds like Matlab. In order to obtain the solution by numerical methods of a
second-order differential equation like Runge-Kutta, the second-order equation must be
transformed into a system of first-order equations with the difficulty that this implies.

3. Examples of Applications of NSM
3.1. A Family of Differential Equations

We are interested in the analysis of solutions of the components of the following family
of differential equations depending on a non negative real parameter 4. Some of them are
formulations associated to problems stated by Newton on the movement of bodies in the
space [11].

In the family, there is a common map F(t,y) = t/(1 — y) plus a parameter a. Such
parameter increases the slopes of the curves which represent the solutions.

'(t) = L~ =a+F(ty(t >0
{]/() ‘1+1,y(t) a+F(ty(t) a> @)
y(0)=0
F(t,y(t)) is a real analytic function defined in the open rectangle:
Rty)={(ty):0<t<1,0<y<1} 4)

and for |y(t)| < 1itis% =14+tQ+y®) +yt)2+-+ - +y®)"+---) =1+

E o y(6)"
When a = 0 the equation

y(0) =0

is the unique of the family which can be integrated by the separation variables method
obtaining the unicity of solution for real analytic functions by application the Cauchy
theorem on existence and unicity of solutions [12]

{yl(t) e 5)

yo(t) =1—v1—-1t% 0<t<1 (6)

Figure 1 shows this solution where two methods NSM and Matlab, give the same
graphic y(t) for t < 1. The circuits designed for NSM are represented in Figures 2 and 3.

When a > 0 it is not possible the explicit integration of such equations. However,
the use of power series allows us to solve all cases. Such approach was introduced by
Newton [13].
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Figure 1. NSM and Matlab solution for t < 1.
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Figure 3. Circuits to generate the values of y(t) and y/(#).

Solutions for a > 0 are given in the following result where with y,(t) we denote the
solution for each a:

Theorem 1. Let a > 0 in the family (3). Then for every a there exists a unique solution of the
equation in the interval (0, t,) which is real analytic in the same interval where y,(t;) = 1.
Proof. Since F,(t) =a+ % is real analytic in the rectangle set S,(t,y) = {(t,y) : 0 <
t < ty,y < 1} using the theorem of Cauchy [12], for each a > 0 there is unique solution
which is real analytic. Then: y,(t) = 528" a;t' where a; > 0 are real numbers and the
power series is absolutely convergent.

The coefficients a; can be obtained recursively if we have obtained y,(t),ya.(t)?,
..., ¥a(t)", ... For this we are using the Cauchy product of series.

In fact, we have

(12 =Y pit )
i=0
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where
pi =apa; +aa;1+...+ajag and i€N (8)
and
i=o0 )
ya)" =y" (1)) = Y (pm)it' and Vm eN )
i=0
where
(pm)i = ao(pm—1)i + a1 (pm—2)i + -+ am—1(Pm—1)o (10)

The recurrence to obtain the above coefficients come from the equality
yo(t) = ay + 2apt + 3a3t> + ...+ na t" 4 (11)

yh(t) = a4+t +ya () +ya () + ...+ ya () +...) (12)

where in the (12) we introduce the series obtained in (9) developing y(t) in power series
with unknown coefficients,

y(t) = ag +art +axt® +azt> + . apt™ + ... (13)
In the case of (3) since y,(0) = 01is a9 = 0, and using the first derivative:
Y (t) = ay 4 2apt + 3azt® + dagt> + ... + mayt" 4 (14)
On the other hand (3) can be written as
vy =a+tA+y(t) +y®)>+y®)P+.. . +y®)"+...) (15)

if y(t) < 1, equalling the last two expressions of i’ (t) we obtain relationships among the
unknown coefficients, a1, ay,...,0, . . ..
After calculating some of them we have fora > 0

ap=0,a1 = a,2a, = a1,3a3 = a,4a4 = ar + a%, ...... (16)

We have generated the coefficients automatically by using a recurrent method, Figure 4.
It is not difficult to see that the coefficients are the components of a sequence of positive real
numbers convergent to zero. Therefore, in the interval (0, y,(t,)), where t, is the moment in
which y reaches the value 1, the power series y(t) exists and the same for all its derivatives.
The variable y(t) is increasing in the former interval and since y” () is positive the map is
convex in the same interval. In = 0is ' (0) = a and lim; - (y(t)) = +o0. O

Figures 5 and 6 show the results from, Matlab, and the NSM by Ngspice. The solutions
become different for t > 0.5.

For t > t, it is not possible to obtain an explicit solution of any equation. Therefore,
we have to use numerical approximations to solve it and to study and interpret graphically
their behaviour.

The circuits designed for NSM for this case are represented in Figures 7 and 8.

A particular case of the family (3) is when a = 1

YO =1+ 1 5 w0)=0 (17)

When t > t, from Figure 5 we observe the oscillation around y = 1.
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Figure 6. Solution from NSM for a = 1.
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Figure 8. Circuits to generate the values of y(t) and v/ (t).

In the interval (t,,t1), where t1,ty,...,t; are the times greater than t, in which the
slope of the function y(t) tends to infinity, the curve is decreasing holding v/ (t,) = —oco
and v, (1) = 400 and increasing in (t1, ;) with y,(#1) = +oc0 and y,(t2) = —oo. The shape
of the solution in the interval (0.5,0.9) for Matlab code can be seen in the Figure 9, and
in the interval (0.5446, 0.5449) for NSM in the Figure 10. Additionally, in f,,f1,f, ...the
curves are non-differentiable. Additionally, in t4,t1,t5,. .. the curves are non-differentiable.

After zooming in on both Figures 9 and 10 the branches obtained by the NSM showing
the convexity changes more precise than using Matlab code.

0.75 0.8

0.65

Time (s)

Figure 9. Zoom of the Figure 5 with Matlab code.
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Figure 10. Zoom of the Figure 6 with NSM.

Now we will deal with other properties of the solutions of the equations of the family
of differential equations when t > f,. In fact, we use the notion of total variation denoted by
V} of a continuous map f : ] C R where | is compact. In fact, we follow the definition in
the work of Hewitt and Stromberg [14].

np—1
Vi(f) = supp ;) |f(xig1) — f(xi)] (18)
where
P ={xo,.. - Xnp} (19)

is a finite partition of | being x and x;,, the extremes of |.

There is a connection between the total variation of a map f and the property of
sensitive dependence on initial conditions. It means that if we take e > 0and d = |yo — 11| < €
where ¥, 11 are initial conditions for ¢ = 0, there exists a t¢ such that for all ¢+ > f, the
distance d is greater than €. The following result can be seen in [15] for discrete dynamical
systems on a compact interval of the real line. However, doing simple changes in the
statement of the result we adapt the result to differential equations. In fact, we obtain

Proposition 1. The family (3) depending on a has sensitive dependence on initial conditions and
it holds

limi—eo (y(t)) = o0 (20)
for every closed subinterval of [w, B] for « > t,.

3.2. Solution of Differential Equation of a Parabolic Mirror

In the well-known book by Newton [11], we can find the definition of parabolic mirror.

By symmetry, such a Mirror will have in space R the shape of a surface of revolution
generated by rotating an APB curve as indicated in the Figure 11. We can applied the
theorem on existence and uniqueness of solutions used in Theorem 1.

The ray that exits with angle 0 exits parallel to the axis OX as indicated in the Figure 11.

From the reflection law, « = 8, as show Figure 11, considering the triangle OFP.

For the geometry of the problem ¢ = pand 6 = a + ¢ = 2 since tan 0 = tan(2f) =
2tan B/ (1 — tan? B) = y/x, results:

y o 2y(x)
r 1oy @D
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and solve for y'(x)

(22)

Figure 11. Parabolic mirror.

What is the homogeneous differential equation that verifies the APB curve. Rewriting

the (22) in the following way,
xdx +ydy = £1/x% +y? (23)

d(x®>+y?) >
+ 8T o 2y (24)

is +1/x2 + y2 = x + c with ¢ € R and simplifying x? + y? = x? + 2xc + ¢?, it results that

or

y2 = 2xc+c? (25)

it is the equation of all the focus parabolas at the origin and axis OX.
Now, we try to solve the (22) with the NSM. In this method, the spatial variable x is
replaced by ¢, the time:
2ty +yy* —y =0 (26)

The software used only provides the solution for ¢ > 0. In order to obtain the solution
for t < 0 it is necessary to turn the curve around the y axis, which is equivalent to multiply
t by negative sign. In this way, the (26) is written as

—2ty +yy? —y =0 (27)

or
2ty —yy? +y =0 (28)

Figures 12 and 13 shows the electrical circuit equivalent to the Equations (27) and (28).
u —

B1 B2 B3 n
OO0+

= VPI

%

Figure 12. Circuit equivalent to equation Parabolic Mirror.
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y(t) yp =y (t)

FIlT — FIgT Ry

Figure 13. Circuits to generate the values of y(t) and y’(t).

If we turn around the Y axis, the solution from the corresponding circuit and call x to
t, the Figure 14 is obtained.

2.5
2_
1.5

—_~~

-

N
>

057

O L I L
-0.5 0 0.5 1 1.5 2

Time (s)
Figure 14. Parabolic mirror from NSM.

3.3. Van der Pol Equation

The well-known differential equation of van der Pol oscillator without considering
excitation force is:

y'(t) —a(l—y(®)?)y'(t) +y(t) =0 (29)
where a > 0.
The equation for the same system considering sinusoidal excitation force is:

Yy (t) —a(1—y(t)*)y' (t) +y(t) = Asen wt (30)

where a = 8.53 is a typical value in the literature. For a detailed treatment of Equations (29)
and (30) see [16].

We apply a theorem of existence and uniqueness to see that the equation fulfils the
theorem. Now, only numerical approach to solution is possible to be done. That is why we
directly apply the NSM method.

In this case, the designed network for (30) is shown in Figure 15 and the solution in
Figures 16 and 17. For a > 1 the equation is stiff. In Figure 16, we appreciate the typical
oscillations of solutions up and down of y = 0.

I B1 B2 B3 B4 Lu
At QOO0

VPI

Figure 15. Circuit equivalent to van der Pol forced equation with a = 8.53.
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y(t)
o

0 50 100 150 200 250 300
Time (s)

Figure 16. Solution obtained from NSM.

15 ’

10

y®)
Figure 17. Phase diagram obtained with NSM.

4. Conclusions

The former examples show the capacity of the NSM to address equations with some
singularities or chaotic behaviour like the mentioned family of differential equations.
Besides, the use of this method in case of system of equations can be implemented with
more easiness as other methods because it is only necessary to copy the networks already
designed with the only care to change the denomination of each network.

Additionally, it can be implemented also for solving non-linear systems of differen-
tial equations.
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Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Mathematics 2021, 9, 1442 12 of 12

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.  Gonzélez-Ferndndez, C.F. Applications of the network simulation method to transport precesses. In Network Simulation Method;
Research Signpost: Trivandrum, India; 2002; pp. 1-31.

2. Alhama, E; Marin, E; Moreno, J. An efficient and reliable model to simulate microscopic mechanical friction in the Frenkel-
Kontorova-Tomlinson model. Comput. Phys. Commun. 2011, 182, 2314-2325. [CrossRef]

3. Solano, J.; Balibrea, F.; Moreno, J.A.; Marin, F. Analysis of Chaotic Response of Frenkel-Kontorova-Tomlinson Model. Symmetry
2020, 12, 1413.

4. Andreev, V,; Ostrovskii, V.; Karimov, T.; Tutueva, A.; Doynikova, E.; Butusov, D. Synthesis and Analysis of the Fixed-Point
Hodgkin—-Huxley Neuron Model. Electronics 2020, 9, 434. [CrossRef]

5. Kaplun, D.I; Tutueva, A.V.; Butusov, D.N.; Karimov, A.L; Toming, ]. Memristive Circuit Simulation Using the Semi-Implicit
Multistep Method. In Proceedings of the 2019 42nd International Conference on Telecommunications and Signal Processing
(TSP), Budapest, Hungary, 1-3 July 2019; pp. 98-101.

6. Leonov, G.A.; Kuznetsov, N.V. Time-varying linearization and the Perron effects. Int. |. Bifurc. Chaos 2007, 17, 1079-1107.
[CrossRef]

7. Tutueva, A.; Butusov, D.; Okhota, A.; Pesterev, D.; Rodionova, E. The dynamical analysis of the modified rossler system. In
Proceedings of the IOP Conference Series: Materials Science and Engineering, Kazimierz Dolny, Poland, 21-23 November 2019;
Volume 630, p. 012006.

8. Vladimirescu, A. The SPICE Book; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1994.

9. Skowronn, D.; Li, D.; Tymerski, R. Simulation of networks with ideal switches. Int. J. Electron. 1994, 77, 715-730. [CrossRef]

10. Constantinescu, F.; Gheorghe, A.G.; NITESCU, M. The energy balance error for circuit transient analysis. Rev. Roum. Sci. Techn.
Electrotechn. Energ 2010, 55, 243-250.

11.  Newton, L. Philosophiae Naturalis Principia Mathematica; typis A. et ]M Duncan: London, UK, 1833; Volume 2.

12.  Coddington, E.A.; Levinson, N. Theory of Ordinary Differential Equations; Tata McGraw-Hill Education: New York, NY, USA, 1955.

13.  Youschkevitch, A. The Mathematical Papers of Isaac Newton; Cambridge University Press: Cambridge, UK, 1983; Volume VIII,
pp. 1697-1722.

14. Hewitt, E.; Stromberg, K. Real and Abstract Analysis; Springer: Berlin/Heidelberg, Germany, 1965.

15. Chen, G.; Huang, T.; Huang, Y. Chaotic behavior of interval maps and total variations of iterates. Int. J. Bifurc. Chaos 2004,
14,2161-2186. [CrossRef]

16. McMurran, S.L.; Tattersall, ].J. Cartwright and Littlewood on Van der Pol’s equation. Contemp. Math. 1997, 208, 265-276.


http://doi.org/10.1016/j.cpc.2011.06.006
http://dx.doi.org/10.3390/electronics9030434
http://dx.doi.org/10.1142/S0218127407017732
http://dx.doi.org/10.1080/00207219408926096
http://dx.doi.org/10.1142/S0218127404010540

	Introduction
	Methodology
	Examples of Applications of NSM
	A Family of Differential Equations
	Solution of Differential Equation of a Parabolic Mirror
	Van der Pol Equation

	Conclusions
	References

