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Motivation

* Measurements and simulations become more
and more powerful

* Present some insights based on combination
of theory, measurements, and modeling

* Present some open questions
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Contents

« Examples of nonlinear circuit design

 Design: focus on theory and engineering
methods (as opposed to numerical analysis)

“Goal of computing is insight, not numbers”

* Modeling related to measurements

» Volterra series, ANN, resistive R -> R

R ->R vs.F: X > X
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Useful examples

1. Linear Resonator ¥ 4+ X 4+ @°X = u(t)

2. Van der Pol X+ f'(X)X+w’X =u(t)
3. Duffing X+aXx+g(x)=u(t)
4. Pendulum X+ aX+sin(x) = u(t)
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Resonator

v(t)=Ves, i(t)=lest !
V, =sL I, *
o =sC Vg Y -
V=R Iq ]
Z(s)= =2 o,
| s"+as+w X+aX+ o X=u(t)
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More engineering tricks
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Van der Pol

X+ef' (X)X+0°x=0
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More dimensions
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Nonlinear design

« Harmonic balance — Galerkin method

* Measurements y, (A) and Models:

« Harmonic balance
 \/olterra series
 Neural networks

* Insight from harmonic balance
* Averaging
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Harmonic balance

X(t) = [ h(t—7) f (x(z))d,

X() =D xe",
Fx() = f,em

X, = > HNo) f, (X, ,...)
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Describing function
X =H(®)1,(0,%,0,...)

H(w) 1/, (x,)
le‘xn‘z is small
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Solutonto A’ =F(A)/Q

S~
WL

X(t) = A(t) cos(at +¢t))
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Summary

Phase plane is still very useful with proper models

Harmonic balance/describing function offers powerful
insight (via the combination of simulation with circuit
and ODE theory)

Measurement and simulation capabillities increased,
especially harmonics measurements (since sinusoids

are easy to generate)

What next: Volterra series, ANN, more needed
Error estimates, h*f(x) -> F: X -> X
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