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A method for the simulation of third order linear systems with only one
operational amplifier is outlined. A particular case of the general third order
systems, that is systems with double lead, is considered. .Three networks
each consisting of one operational amplifier, three capacitors and five
resistors are presented. The circuits are analysed and the conditions
discussed and obtained under which each circuit for the simulation of the
given system is physically realizable. The design formulae and procedure
are also given.

INTRODUCTION
The author (Wadhwa 1962¢) has outlined a method for the simulation of

third order linear systems with only one operational amplifier. The circuits
capable of simulating, under certain conditions, the systems of the type

by
Flo) = - ags3+aq82+as+1
and
_ b18
Fe) = — 6583+ 6952 +a 5+ 1

have been discussed and the design formulae and the conditions of physical
realizability given in earlier communications (Wadhwa 1961, 1962b, ¢, 1963a)
on this subject.

The purpose of this paper is to discuss in detail the simulation of systems
whose transfer function is of the form

bgsz
@388 +asst+ay8+1

where by, a;, ag, @3 are positive and real constants.

A circnit and the conditions under which it can simulate the system of
(1) has been presented and discussed elsewhere (Wadhwa 1963b). The other
three circuits, each employing three capacitors and five resistors, are presented
and discussed in this paper.

F(s) = (1)

* Present address : Directorate of Electronics, Defence Research and Development Organiza-
tion, New Delhi 11.

VOL. 29, A, No. 1.



SIMULATION OF THIRD ORDER SYSTEMS 47

SIMULATION OF THIRD ORDER SYSTEMS

A network for the simulation of third order linear systems is shown in
Fig. 1 and its transfer function has been shown (Wadhwa 1963a) to be

EQ = Y1Y3Ys
1

E

Simulation of the system of (1) with the network of Fig. 1 is possible, if
the admittances (y’s) are properly chosen; and furthermore, it should be
obvious from (2) that at least three of the appropriate admittances will be
required to be purely capacitative.

M

lYl r_Y_l‘ r.-Y—1 <
|1| IJI |5| l/

: 0o |
—1

Fic. 1. Network for the simulation of third order systems.

-
—_—
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Four circuits, each employing three capacitors and five resistors and
capable of simulating, under certain conditions, the system of (1), are possible.
One of these circuits has been discussed in detail elsewhere (Wadhwa 1963b)
and the other three will be discussed here.

(@) ¥1, ys and yg capacitative

A network for simulating the system of (1) with

Y1 =380
Yg = 8cg
Yo = SCq
and : (3)
Ye=Ys=Y1=Ys= 3
1
Ye = aR

is shown in Fig. 2(a).

" yely1+ye+ys) Wst+¥atys+ Y1) Hysyeyat ys +yn)Fysyrlyr +ya+ys+ys)+ysysys

2)
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Substituting (3) into (2) and simplifying

_E_o _ . f}Rchcssz (4)
=
P SR 0383+[ Ra+1) peg o 6+(4“+1) R26303] s24[3Be, + Ros+ (2a+1)Regls+1
Equations (1) and (4) will be identical if .
b2=12‘T1T3 e .. .« .. .. . (5)
a, = %T1+T3+(2G+I)TB . . . N (6)
20+4+1) 4a+1)
4y = (“"' ) ip g4 “"' Yy .. .. @
a
= —2'T1T3T6 . . . ‘e . . (8)
where
T, = Rc,. -, .. .. .. . )]
' _ 1
2r 2e 3
s [ aR
;—-—ll—*—-—ﬂ—-‘ —
7 gE x in °
—i -
(a) =
J'R 3 C7 %ak
< Rf2 £,
g
. ? R ‘fR °
() =
{“ T4 s0r
R/, < € 9
4 ir R .
® - °
(C) =

Fie. 2. Networks for the simulation of -g—: - M_:Twﬁ'
~ Now, simulation of the system of (1) with the network of Fig. 2(a) is
~ possible only if the values of a, T, T's, T¢ obtained as the solution of (5)
through (8) are real and positive. It is required to determiine, therefore,
a, Ty, T3, Tg in terms of the known real and positive constants bg, a,, as, as;
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and find the conditions, if any, under which a, 7';, T, T can be real and
positive. )
Elimination of @, T'; and T'¢ from (5) through (8) gives a quartic

T3~ (a1be+205) To+(20ghy +2bo +H) To—20b5Ts +26, =0 .. (10)

which, as is obvious, can have no negative real roots. Now, if its discriminant
A is negative then (10) will have two positive real roots, and as shown in
Appendix 1, if

2a4
ay > —
1 by
(@1by—2a3)® > 4b] R P 1
A2
s (8]
as )
and, either
0Q>0B>0P>04 .. .. .. .. (12)
or
OB>0Q>04>0P .. .. ce .. (13)
where
04 = (a1b2—2a3)—‘/(albz—203)2—4bg
2bg
0B — (@1be—2a5)+V (a1be—2ag)2— 453
2bg
0P — gy — V 0253 —16aZb,
4&3
0 = bt V/aZbz—16aZb,

4a,

then one set of positive real a, Ty, T's and T exists. But if & is negative and
(11) is satisfied then two sets of positive real a, T';, T'; and 7T'¢ exist for either
one of which the circuit of Fig. 2(a) is physically realizable provided that

0Q>0B>04>0P .. .. .. .. (14

But, if its A is positive then (10) will have either no real roots or four
positive real roots. Now, if A is positive and (11) is satisfied, then either one
or three sets oﬁ positive real values exist, if

OB>0Q>04>0P .. .. .. .. (15)
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and three sets of values exist if
0Q>0B>0P>04 .. .. .. .. (6

But if A is positive and (11) is satisfied then two sets of positive real
values exist for either one of which the circuit of Fig. 2(a) is possible provided
that

OB>0Q>0P>04 .. .. .. .. (a7

Combining and summarizing the restrictions on the inequalities of ex-
presgions (11) through (17); if

204

Cl1>'y2“ }
(abe—2a5)® >4 L .. .. .. .. QA
: 4(13 z )
”2>(a—2)
and, either 0@ > OB > OP >0A)
» O ¢ 1-)
or OB >0Q > 04 > OP)

then, irrespective of whether the discriminant of (10) is positive or negative,
at least one positive real set of a, 7'y, T'; and T's exists. But, if

A <O )
. e (19
and 0Q > 0B > 04 > OP |
or, if A>0
(17)
and 0B >0Q > 0P > 04

then two sets of positive real a, T';, T'; and T's exist for either one of which the
circuit of Fig. 2(a) is possible.

For the design of the network, circuit component values are required to
be determined. The proper procedure for design would be first to check and
see if the conditions of expression (11) and any one of the three expressions
(14), (17) or (18) are satisfied. If these are satisfied then the circuit of Fig.
2(a) for simulating the given system of (1) is physically realizable. The next
step then would be to solve for 7’3, the quartic of (10), by methods that are well
known and discussed at length in textbooks (Uspensky 1948) on higher
algebra. Substitution of the positive real value(s) of 7'; so obtained into
(6) gives the corresponding value(s) of 7';; and Ts may then be obtained by
solving (6) and (9). Having thus determined a, T';, T3 and 7'y and choosing
arbitrarily a convenient value for any one of the capacitors the remaining
component values can be conveniently obtained with the aid of (3) and (9).
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(b) Y1, ys and yy Capacitative

Another possible circuit for the simulation of the system of (1) is shown in
Fig. 2(b), in which

Y1 =8¢
Y5 = 8Cs
Yq = SCq

y 1 - .. . .. (19)
y2=§3=y4=y8=§

. _ 1
Je——aR

Substituting (19) into (2) and simplifying

@ B2 ces2
By _ 4R 1058
B, 2), .1
! %R30165C783+ [é R20165+%R20107+3R20507] 824 [g Rcl+(ai )Rc5+§ R‘f'7]3+1
Equations (1) and (20) will be identical if
by = 2T T5 (21)
4
3 a+2 1
a =m0 o, (22)
as =Tt 1 2 (23)
2 8 145 8 1+ 7 ) 54 7
a *
a3=-8—T1T5T7 N . .o . .. (24)
where
T, = Re, PR ¢35}
Elimination of @, 75 and T; from (21) through (24) gives a cubic
372 —8a,T7+8(dap+b5)T,~128a3 =0 .. .. .. (26)

which can have no negative real roots and will have either one or three real
positive roots depending on whether its discriminant A is, respectively,
positive or negative. If A is positive and

@
a1>-b-i l

(a1be~az)? > 353 (27)
a7 Y 2
o (2]
ag
and
0Q >0B>0P>04 .. .. .. .. (28)

(20)
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where

4(a,by—ag)— J 16(a;bg—a3)2—24b5
3b5

4(asbg~ag)+ J 16(a,by— ag)2—24b7
- 3b,

25bg— N/ 4022 —16a%bg

. 04 =

OP =

2@262+N/4a2 o lﬁazbz

then, as shown in Appendix II, one set of positive real a, T, T's and T'; exists.
But if A is negative; that is

A=4p34272<0 .. .. .. .. (29

8 84,
3(4““’”2) 3( 3 )
_ 128 2 (8a5)®
q= a'3+27 %(40-2'*'62) — 5,7(-3—)

and (27) is satisfied then one and possibly two or three positive real sets can
exist.

To summarize, if (27) and (28) are satisfied then either one or three sets of
positive real a, T, T's and T'; exist, depending respectively on whether A is
positive or negative. But if (27) and (29) are satisfied then at least one and
possibly two or three sets of positive real values can exist.

where

(¢) ys, ys and y; capacitative
Another possible circuit is shown in Fig. 2(c), in which

Y3 = SCg

Y5 = 8Cp

Y7 = 8Cqy

1 .. . .. (30}
&=%—%—%—R?
=L
yﬁ - o .R
Substituting (30) into (2) and simplifying
a
& ~ 532030535 | a1
E, 1 ' S
g R3cgegeqsd+ [(ai— ) Re2cgey +iR26367+aRz(3507] 824 [5Rc. +4Rc5+4Rc7].s+ 1

4B
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Equations (1) and (31) will be identical if

b,=;-‘1'3'.r5 O )
a; =56T3+4Ts+4T; .. .. .. .. (33)
1 1
ay = (“1' )T3T5+Z ToTo4+alsTy .. .. (34)
a
ag=gTTsT7; .. .. .. .. .. (3)
where
T.=Rc, .. O & 1)
Elimination of a, T's and T'; from (32) through (35) gives a cubic
5T3—a,T5+8(205—by)Tg—64ag =0 .. .. .. (37

which will have either one or three real roots depending on whether its discri-
minant is positive or negative. If, as shown in Appendix III,

ay > %93 ’
: (38)

20y > b >32( ~ )2 J
2 2 2&2—-62

then the real root(s) of (37) will be positive, and one corresponding set of
real positive a, T's, T7 will exist, if

bo(2a5—bo)+V b%(2ay—by)2— 3247, g (a1b2—8a3)

be(2a5—bg) — V/ b2(2a5—bs)E—32a2b,

= 2a5 (39)
But, if
(albz—&za) - be(2a5—bg) —V/ bZ(2a5—bs)2—32a%b,
Sbg 2as .. (40)
and
4p3427¢2 < 0
where :

_8 1 (ay)®
p= 5 (209 —bg) — 5('5—)

64 8 2 (a1)®
g=-— 3‘“3+.75“1(2az—b2)—§§ (gl)

then either one or possibly two sets of positive real @, T's, T and T'; can exist.
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ArPENDIX 1

CONDITIONS UNDER WHICH THE CIRCUIT oF FIGURE 2(¢) 1S PHYSICALLY
REAL1ZABLE

Simulation of the system as characterized by (1) with the network of
Fig. 2(a) is possible only if @, T;, T3 and Tg obtained as the solution of
equations

1 .
b2=§T1T3 .. .« . . .o .. (]..].)
1 .
G1=§T1+T3+(2(E+I)Tﬁ .o . . . .o (12)
2a+1 da+1
a2=( a;- )T1T6+( (Z;“ )TSTB .- . . (1.3)
a
a3=§T1T3T5 .o .o .. .o . . (1-1)

are real and positive, where b,, a;, @s, a3 are real and positive constants.
It is evident that (1.1) through (1.4) are non-linear; and graphical
methods may perhaps be a convenient means of determining the conditions
under which their solutions caun yield positive real a, T';, T3 and T.
Elimination of @ and T from (1.1), (1.2). (1.4) and (1.1), (1.3), (1.4) give
the following two equations

2a b
T =(a ——3)——2—T c .. (1.5)
6 \ 1 b2 T3 3
a262T3+ 2(1:3()2
Te = —2a34+——"—"——— 1.6
6 T a1 (1.6)

The intersection of the curves of (1.5) and (1.6) in the first quadrant of
the T'3-T'q plane will give both 7’3 and T as positive and real. It is obvious
from (1.1) and (1.4) that the corresponding 7’; and a will be also real and
positive. It should be clear, therefore, that only the portion of the curves
lying on the right of the T's-axis are of interest.

The branch of the curves of (1.5) lying on the right of the T's-axis will cut
the T'y-axis (i.e. T¢ = 0) at two real points A and B whose T'; co-ordinates
may be obtained by equating to zero the right-hand side of (1.5) and solving
the resulting quadratic

bl (arby—2ug) I3 +b;=0 .. .. .. (L7)
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The roots of (1.7) are

= (a1b2—2a3) + '\/(albz—2a.3)2—-4bg
Ty, = 5 C L8

which Vwﬂl be real, if

(a1bs—2ag) >4 .. .. .. .. (L9
and also positive, if
a1>2b—“—3.. B ¢ B (1))
- .

Similarly, (1.6) will cut the 7';-axis at two points P and @ whose T'5 co-
ordinates are

asby £ V aZb2— 1607,

Ty, q) = Tag (1.11)
Now, P and @ will be real and poxitive, if
2
bz>(4ﬂ) O ¢ 1 0
4]

Therefore, if the conditions as expressed in (1.9), (1.10) and (1.12) are
satisfied then it is possible for a portion of each curve of (1.5) and (1.6) to
exist in the first quadrant, and it may be possible, under certain conditions,
for these to intersect each other at one or more points in that region.

Elimination of T'¢ from (1.5) and (1.6) gives a quartic

Ty —(a:1by+ 2a5)T5 +(2agbe+2bg +b2) 15— 266273 +- 265 = 0. .. (1.13)

The real roots of (1.13) give the real points of intersection of the curves
of (1.5) and (1.6). It is obvious that (1.13) can have no negative real roots;
therefore, the curves do not intersect at real points on the left of the T¢-axis.
If the discriminant A is negative then (1.13) will have two real positive roots
signifying that the curves intersect each other at two real points on the right
of the T'¢-axis; and if A is positive then the curves can intersect each other at
four points or cannot intersect at all. The manner in which the curves of
(1.5) and (1.6) can possibly intersect to yield one or more points in the first
quadrant of the 7'5-T's plane is shown in the sketches of Fig. 1.1.

Now, as is evident from Fig. 1.1 if the points 4 and B interlace with the
points P and @ in the manner shown in the sketches, then irrespective of
whether A of (1.13) is positive or negative the curves intersect each other at
one or more points in the first quadrant; both the 7’5 and 7'g co-ordinates of
which are positive and the corresponding 7', and a for which are also real
and positive. That is, if either

OQ>OB>0P>OA}
OB > 0Q > 04 > OP

or (1.14)
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A<0O
M

O|A] /P B \Q@ —

(i) oQ>o0B>0P>0A

M

(AN

(i) oB>o0Q>o0a>0p

W

07A

I

A>0

(Yii) 0B>0Q>0P> 0OA

common point in the first quadrant.

a>0
% M R
s
o[al/P = .
B\,
o
(iv) oe>oB>o0p>0a
M R
y
B
O/ P/ [A — -
T
/ AN

(v) oB>o0Q>0Aa>o0p

II Tg=—

2a4b
204 +aebaTa+ ;s 2
2by+ T2

57

Fre. 1.1. Conditions under which the ourves oan intersect each other and have at least one
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where

. (t1by—2a3) —V/ (arby—2ag)*— 4b
2b;

(@13 —2a3)+ V/ (asbs—2ag)" —4b]
b,

agbe—"V aZbi—16aCb,
4(1,3

_ abo+Vajbi—16a3b,

4ay

then one or more positive real sets of @, T';, T'; and T'¢ exist.

But, if the points 4 and B lie in between the points P and @ and & of
(1.13) is negative, or if the points P and @ lie in between the points 4 and B
and A is positive then the curves intersect each other at two points in the
first quadrant. That is, if either

A <0

d 1.15

an 0Q>OB>0A>0P} (1.15)

or

and A>0 } N S ()
OB> 0Q > OP > 04

then two positive real sets of a, T';, T's and T exist for either one of which
the circuit of Fig. 2(a) is physically realizable.
To summarize, therefore, if

0Q > 0B > OP > 04

or ; .. .. o (LT
OB>0Q >04>0P!
or A<O )
.. (1.17a)
and 0Q > 0B > 04 > 0P
or A>0 {
; ‘e . .. (1.17B)
and OB >0Q>0P>04)
and also, if
@ > 24
1> 3 )

(aby—2a9? >4t ~ . 11y
by > (22)”
2 P

then it is possible to simulate the system of (1) with the circuit of Fig. 2(«).
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ArrEnDIX IT

CONDITIONS UNDER WHICH THE CIRCUIT OF FIGURE 2(b) 18 PHYSICALLY
REALIZABLE

If the values of @, T';, T's and T'; obtained as the solution of equations

a

b2=1T1T'5 . .o .. .. . .o (21)
3 a+2 1

(23] =§T1+( 1 )T5+§T7 . . .o (22)
1,,,, 1 a

: a2=§T1[5+éTlT7+§T5T7 .. . .. (2.3)

a i .

g = §T1T5T7 .o .. .. . .. (24)

are real and positive, then it is possible to simulate the system of (1) with the
circuit of Fig. 2(b).

Elimination of ¢ and T'; from (2.1), (2.2), (2.4) and (2.1), (2.3), (2.4) gives
the following two equations

abs—a b 3
T=2[L2————3——2——T] N X
5 b2 T1 8 1 ( )
2&3 8( 4(13)
Ty=——+—— a3~ .. . . 2.6
5 b_: Tl 2 Tl ( )

The intersection of the curves of (2.5) and (2.6) in the first quadrant of
the T',-T; plane will give both T'; and 7’5 as real and positive. It is evident
from (2.1) and (2.4) that the corresponding @ and 7'; are also real and positive.

The curve of (2.5) will cut the T'y-axis (i.e. T'5 == 0) at two points 4 and
B whose T'; co-ordinates may be obtained by equatiug to zero the right-hand
side of (2.5) and solving the resulting quadratic

3boT3—8(abs—ag) 1 +8bE=0 .. .. .. QI

whose roots are given by

4(ayby—ag) £ V 16(a;by—a5)*— 248
T4, 5=~ Th S .. (28)

Now 4 and B will be real, if
(a1by—ag)” > L X))

and their co-ordinates will be positive, if

a1>g§ R 8 (1)
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Similarly, (2.6) will cut the 7T';-axis at two points P and @ whose T,
co-ordinates are

2aghyck , / 4aZbi—16aZb,
Typ,0) = “/as 22 L e
and which will be real, if ’
2
b2>(::) R % U
Elimination of T'; from (2.5) and (2.6) gives a cubic
373 —8a, T+ 8(4as+ b)) T1 —128a3 =0 .. (213

which will have either one or three real and positive roots depending on
whether its discriminant A is positive or negative. '

The branches of the curves of (2.5) and (2.6) lying on the right of the
Ts-axis in the T';-Ts plane and the manner in which these can possibly inter-
sect at one or three points in that region with one or more common points in
the first quadrant are sketched in Fig. 2.1.

Now, as is evident from Fig. 2.1, if the points A and B interlace with the
points P and @ in the manner shown in the sketches 2.1(i) and 2.1(ia) then
irrespective of whether A of (2.13) is positive or negative, at least one set of
positive real a, T'y, T's and T'; exists. That is, if

0Q >0B>0P>04 .. .. .. (2.19)

where

4{arbg—az)— J 16(a1by —ag) *— 246
355

4{a,be—ag)+ J 16(a;b,—a)®— 245
T

_ 2asb— J 40252 —16a%b,

04 =

OB =

2agbs+ J 4a§b§—16a§b2

ag

then either one or three sets of positive real a, T';, T'; and T exist depending
respectively on whether A is positive or negative.

But if
A=484272<0 .. .. .. .. (215)
where

p=3 arrt— 3 (52)’

128 64 2 (8a;\
¢ = = 3 dgt5z a1(dag+be)— 55 (-—3—)
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A>O
T
ol A/ /P
(ia) OQ>OB>0P>0A
12t e 2|
2a. 8 4a.
12y = - e (o )
A<O A<O
M
T5 L M 1},1
N
3) P B\@N\ 7~ o P/A Q
I L
I
(i) oe>oB>0P>0A (ii) oB>0Q>0A>0P
A<O
Tg A<O TST M
M
L
N
3] P ol P/ /A B/ \@ —
T
L N
1
1
(i) oB>0@>o0P>0A (iv) og>o0B>0A> OP

F1a. 2.1, Conditions under which the curves can intersect each other and have at least one common
point in the first quadrant.
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then one, two, or three sets of positive real values are possible depending on
the manner in which the curves of (2.5) and (2.6) intersect each other.
To summarize, if

as
Gy > -2
ba—ag)? > S8
(@102 —ag)® > 50, . .. .o (2.16)
2
by > (%)
Qg
and either
0@ > OB > 0P > 04 .. .. oo (2.149)
or
A=4p34272<0 .. .. .. .. (2.15)

then it is possible to simulate the system of (1) with the circuit of Fig. 2(b).

ArpexDIx IIT
CoONDITIONS UNDER WHICH THE CIRCUIT OF FIGURE 2(¢) 18 PHYSICALLY
REALIZABLE

Simulation of the system of (1) with the network of Fig. 2(c) is possible
only if @, T'5, T's and T'; obtained as the solution of equations

b2=%T3T5 O e 0 )
ay=5Ts+4Ts+4T; .. .. .. .. .. (32
s = ‘“I”T,,TSH TTrtalyTy . . (33)
ag = g ToTsT R € )

are real and positive.
Elimination of ¢ and T'; from (3.1), (3.2), (3.4) and (3.1), (3.3) and (3.4)

gives the following two equations :

8
5T34-4T5 = (al— %’) . .. .. (3.5
2
and
. 2(13 4 bg _ 4(13)
Ty = b2+T3(a2 57,; ‘e .. .. (3.6)

The sketches of the straight line of (3.5) and the branch of the curve of
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(3.6) lying on the right of the Ts-axis are shown in Fig. 3.1. The straight line
will make positive and real intercepts with che T';-axis, if

and the curve will cut the 7';-axis at two points P and Q whose T'; co-ordinates
can be obtained by equating to zero the right-hand side of (3.6) and solving
the resulting quadratic

agTs —by(2a5—bs) T3 +8agby = 0 .. . .. (398
The roots of (3.3) are given by

by(2a3—bs) £ V b (2a5—by)2—32a2hs

Tap, 0 = Sag (3.9)
which will be real, if
2
ag
.. . .. .10
>3 (o) (3.10)
and also positive, if
by .
= .. .. .. 1
g > 9 . (3 )
Elimination of 7'; from (3.5) and (3.6) gives a cubic
5Ty —a,T% +8(2a5—bg) Ty — 64a; = 0 e (312
T\ST
o] P A Q —T,
a
!

OA>OP

I (01— %“;‘i) = 5Ty+ 4T

1 7y = oy B ) 2o
L o

Fie. 3.1. Conditions under which the straight line and the curve can intersect each other and
have at least one common point in the first quadrant.

which, in view of (3.11), can have no negative real roots. Therefore (3.12)
will have either one or three positive real roots depending on whether its
discriminant A is positive or negative.
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Now, the straight line will cut the 7';-axis at a point 4 and if the point A
lies in between the points P and @ then irrespective of whether A is positive
or negative one set of positive real a, T's, Ts and 7T'; exists. That is, if

bo(285—by)+ ,\/ b%(2a5—bs)® —32a%b, . (albz— 8a3)

2@3 5b2

bo(2a—bg) — N/ b%(2ag—bg)® —32a%b,
2@3

(3.13)

then it is possible to simulate the system of (1) with the circuit of Fig. 2(c).
But if the point A4 lies on the right of @ then for a positive real set of
values to exist the A must be negative. That is, if

(albz— 8@3)  bal2oa—be)+ A/ ba(2a2 —ba)® —32a5b, 610
5b2 2“3 ’
then
A=4p342T8 <0 .. .. .. .. (3.15)
where
8 1{a,\?
P=z (2ag—by) — 3 (gl)
64 8 2 {a,)®
9= — 5%+ a1(2ag—bg) — o7 (31)
To summarize, if
8@3
al > b—‘ ’
: ot (3.16)
a3
2(12 > bz > 32 (20,2—b2) J
and either
be(2a5—by) + \/ b%(2a;—bg)? —32a2bg (albz_gas)
>
2@3 5bz
ba(2ag—bg) — » / b2(2a5—bs): —32a2bg
“/2% (3.13)
or
(albz—&zs) . ba(2a5—bg) —  / By(2a5—bs)*—32a5b,
Bbs 203 .. (3.17)
and

A =4p8427¢2 < 0
then it is possible to simulate the system of (1) with the circuit of Fig. 2(c).





