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Motivation (courtesy of Malcolm)

Passive Network Synthesis Revisited Malcolm C. Smith
THE MOST GENERAL PASSIVE VEHICLE SUSPENSION
mg
I"’J""; Replace the spring and damper with a
{ 2 : general positive-real impedance Z(s).
My But is Z(s) physically realisable?
ket
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Motivation (courtesy of Malcolm)

Mechanical Electrical

£ E=klvw-w) | s G=1lr-w)
F Fk>o i I 1>0
— e T e . el L
val, vil, spring V2 V1 inductor

N = i Y
F ] F b>o0 i C>0
val, Vil inerter V2 capacitor

1 F=c(va—w) R i=%(v—w)
F F i i
IS oL - 0 ! R > 0
val, vil, damper V2 V1 resistor
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Minimal realisations

MINIMAL: least possible number of elements
MINIMALLY REACTIVE: impedance degree = no. reactive elements

Minimal and minimally reactive

Degree Series-parallel  General

Bilinear

Biquadratic
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Minimal realisations

MINIMAL: least possible number of elements
MINIMALLY REACTIVE: impedance degree = no. reactive elements

Minimal and minimally reactive

Degree Series-parallel  General

Bilinear Cauer and Foster forms

Biquadratic  Lin
Jiang & Smith
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Minimal realisations

MINIMAL: least possible number of elements
MINIMALLY REACTIVE: impedance degree = no. reactive elements

Minimal and minimally reactive

Degree Series-parallel  General
Bilinear Cauer and Foster forms
Biquadratic  Lin Reichert

Jiang & Smith  Chen & Smith + Zhang, Jiang & Smith
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Minimal realisations

MINIMAL: least possible number of elements
MINIMALLY REACTIVE: impedance degree = no. reactive elements

Minimal and minimally reactive

Degree Series-parallel  General
Bilinear Cauer and Foster forms
Biquadratic  Lin Reichert

Jiang & Smith  Chen & Smith + Zhang, Jiang & Smith

BUT minimal realisations need not be minimally reactive (Hughes &
Smith + Hughes)
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Minimal realisations

MINIMAL: least possible number of elements
MINIMALLY REACTIVE: impedance degree = no. reactive elements

Minimal and minimally reactive

Degree Series-parallel  General
Bilinear Cauer and Foster forms
Biquadratic  Lin Reichert

Jiang & Smith  Chen & Smith + Zhang, Jiang & Smith

BUT minimal realisations need not be minimally reactive (Hughes &
Smith + Hughes)

CONJECTURE: minimal and minimally reactive realisations of the
PnS"+Pn—15"""+...+po

oo ia T 1o (degree n) contain (at most) n+1 resistors

impedance
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A (very) useful result

The Zobel/Norton transformation:
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A (very) useful result

The Zobel/Norton transformation:
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A minimal generating set

3 inductors or 3 capacitors: SOLVED

Consider 2 inductors + 1 capacitor

1 inductor + 2 capacitor by freq.
inversion

other cases by duality
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A minimal generating set

3 inductors or 3 capacitors: SOLVED

Consider 2 inductors + 1 capacitor

1 inductor + 2 capacitor by freq.
inversion

other cases by duality
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A minimal generating set

- 5 networks with 3 reactive
elements and (at most) 5
resistors

Il
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A minimal generating set

- 5 networks with 3 reactive
elements and (at most) 5
resistors

- Set each of the series

resistances,/ parallel
conductances to zero in turn:
-
- 25 networks with 3 reactive

elements and 4 resistors (some
duplicates)
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A minimal generating set

3 X e bd
Ri=3 R=39 R=32 G =231

Bdo' 'Y}'Yly
Ry = 0w [ =2 [,=—wn = —P&S
5T Bggs T1T R P2 bz 73

RSITY OF
BRIDGE




A minimal generating set

— ﬁ — 3353+3252+a15+a0
Z(s) = b(s) — bss>+has?tbisthy

Ri=2 Ro=% Ry=732 Gy = bdorr

b2’ = bdy ' vt
3 2
= TFYA’Y?’ = l = l\/—_,\ 471 = A—_b %S
Rs Bas’ L B Lo bz ¢ 73
_ 7 ~db 7da
. 3(x) = a(—x), b(x) = b(—x), 1 = 3% — b2z
gjgﬁi’i’;ﬁgg 0 12xx* 0 12xx* 0 0 12xx* 00
0 b b 0 0 0 1 2xx 0 0 1 2xx 0 1 2xx~ 0
S=|g 2l Ol do=|bs by by by 0|, h=—|bs b by by 0 |, do=bs bs by bo O |,
0 0 b3 by by by 0 a3 a a1 ao 0 a3 a a1 a 0 a3 ap a1 ao
0 0 a3 a a1 0 b3 by by by 0 b3 by by 0 bz by by bo
0 550 150 o _[b10
_ x _ X _ X _ | dy d _ | d d
Q= |maaal OO " |amaaalr 07 |aana 80" "2 =g ci|v MB=G c8|1
b3 by by by bs by by bo bz by by by
dy do dy di do dy di do di do 0 ¢ 0
Y4 = clc()’v Yo =|2a |, Y= |%2a % Y= |ddid|, V8= dy do
0 dr d 0 a o €1 Q G ca Q
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A minimal generating set

_ als) _ ass’taps’tarstag
Z(s) = b(s) — bss®+bys2+bys+bo
_ 3 _ mx _ 1% _ bdoyr
Rl B’ R2 B2 ! R3 Z)do ' G4 W,
2 73 12
. a3 _m _ —Yam _ —b’dyS
/:\’5—1,3(1025v L=% L= B Cl—T

Jx > 0 such that one of the following holds:

(@)h>07>07>05>0,5>07%<0,v<0, ¢ <0, d <0;
(b) b>0,77<0,7>0,5>0,3>0,7%<0,73<0, >0, d>0;
()b<0,7%>0,7>0,5§>03<0,7%>0 >0 ¢<0, d>0;
(d)b<0,7%7<0,71>0,5>0,3<0,7%>073>0,¢>0,d <0;

Show that if any one of conditions (a)—(d) hold, then x can be altered to make

either 3=0, ¢ =0, 77 =0, 73 = 0 or x = 0 (without violating any of the other
inequalities)
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Higher degree

Minimally reactive

Degree Series-parallel General
Bilinear 2 resistors 2 resistors
Biquadratic 3 resistors 3 resistors
Bicubic 4 resistors

Degree n
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Higher degree

Minimally reactive

Degree Series-parallel General
Bilinear 2 resistors 2 resistors
Biquadratic 3 resistors 3 resistors
Bicubic 4 resistors

Degree n 2n — 1 resistors
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Higher degree

Minimally reactive

Degree Series-parallel General

Bilinear 2 resistors 2 resistors

Biquadratic 3 resistors 3 resistors

Bicubic 4 resistors

Degree n 2n — 1 resistors (n+1)(2n 4+ 1) resistors
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Note on mechanical design

- Considered problem of realising bicubic impedance with a
series-parallel network containing 3 reactive elements (no limit on
no. of resistors/dampers)

- Case of 3 inductors or 3 capacitors is known. Considered 2 inductors
+ 1 capacitor (case of 1 inductor + 2 capacitors is similar)

- Showed impedance is always realised by one of < 50 series-parallel
networks, each containing 3 reactive elements and 4 resistors

- Realisability conditions of form: 3x > 0 such that fi(x) =0,
fa(x) > 0,..., fm(x) >0,...

- Quantifier elimination can remove x, but not pretty!

- In practice: root finding algorithms give (approximate) realisations




