ME242 - MECHANICAL ENGINEERING SYSTEMS

LECTURE 18:

e Nonlinear Compliances and Inertances 3.6
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ENERGY STORAGE: COMPLIANCE & INERTANCE
Power: P= ef
Energy: E = IPdl‘ = jefdt

Energy Storage Mechanisms

Compliance — Potential Energy
Store energy by virtue of a generalized displacement

E=|efdt = |eqdi = je(Zdt = [edg,e = e(q)

Inertance — Kinetic Energy
Store energy by virtue of a generalized momentum

E=Jefar= prar=[C pit= fap.f = £
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LINEAR vs. NONLINEAR COMPLIANCE

Chordal compliance

e| Linear | € [Nonlinear /

C C
both cases
C is constant C=C(q)
q q
| 1 _de(q)
Tangential compliance — = —
C oq
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POTENTIAL ENERGY STORAGE

Potential Energy = Ie(q) dg=V
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CHARACTERISTIC

Given: V =V (q)

Find: characteristic

Recall: V = je(q) dq

a V Governing
Thus: a ¢ (q) olvavtz}iynt(;(q)
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COMPLIANCE ENERGY STORAGE

e

q

= C

where

e=e(q) and gq=q(e)

!

alternative description of compliance characteristics
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COMPLIANCE - CAUSALITY

Integral Derivative
@~ O
| q'(e) |

based on
q=q(e)
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NONLINEAR COMPLIANCES - EXAMPLES

Mechanical Springs

Linear Spring
F
F=kx

X
k 1s the spring rate,

spring constant

spring stiffness
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L
Faﬁ?ij“-ﬁ

A Hardening Spring Model

F
F =kx+kx’
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NONLINEAR COMPLIANCES - EXAMPLES

A conical-shaped tank ends in a small orifice of area Ap. Determine its fluid
compliance as a function of the volume V' of liquid in the tank. Then, give a
fully annotated bond-graph model, and write a solvable differential equation
in terms of V', with @4, treated as an input.

lo
need V as a function of h

need h as a function of P
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NONLINEAR COMPLIANCES - EXAMPLES

Solution: The compliance relation can be found as follows:

v /krrzd' f"‘r 2 tan? ad 7 tan® a h? ?rtallzcx(P)3
= Ti v = T by = = e
0 0 3 3 rg

This result is Inverted to get the desired form > = P(V'):

37 1/3
P= —_— .
g (Wta.nz &)

The expression P = V/( still applies, although at this point finding (' is an
unnecessary extra step:

SO Lo i
“P(V)  p 3 :
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NONLINEAR COMPLIANCES - EXAMPLES

The fully annotated bond graph below includes the effort P(V) above, and
the orifice flow resistance relation Q(F?).

S

Jo
PV) o _PV)

e

Using Bernoulli’s equation for the nonlinear resistance that gives Q(I7),

av 3 5V RME
= Qum— = Qi — Aoy =P = Qg — Ap4[2 : _
dat Qin Q(P) Qi — Ao ,OP Qin “10\/ g (thlg o/,) ’

This equation is solvable, since the only unknowns on its right side are the
given excitation @, find the state variable V.

numerically
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EQUIVALENT COMPLIANCES

add e's for common ¢

€ e l/fg’
—_— ]l —
q \Czj

add ¢'s for common e

(a) individual characteristics (b) combined characteristics
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LINEAR vs. NONLINEAR INERTANCE

Linear Nonlinear

Chordal inertance

1
b both cases
I=1(p)
p p
~
Tangential [lwn‘anc'e—l = g (p)
op
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KINETIC ENERGY STORAGE

Kinetic Energy = f dp= f(p)dp=T,-T,
/ ;ilc_ ETnlergy
Ui

P

Kinetic Coenergy
Tz _Tl

A\

for nonlinear
T,-T, #
T2 B Tizl
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CHARACTERISTIC

Given: T =T(p)

Find: characteristic

Recall: T:jf(p)dp

aT Governing
Thus: | —=f(p) | vaveo
op ( ) obtain f(p)
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INERTANCE ENERGY STORAGE

e=p
/
where

p=p(f) and f=f(f?)

alternative description of inertance characteristics
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INERTANCE - CAUSALITY

Integral Derivative

=7y | O

based on

p=p(f)
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NONLINEAR INERTANCES - EXAMPLES

relativistic mechanics magnetic saturation

|
|
1
1
|
1
1
1
1
|
1
C

f=¢=x J=q=i
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