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PROCEEDINGS OF THE ILR.E.

Analysis of Problems in Dynamics by

Electronic Circuits”

JOHN R, RAGAZZINI{, MEMEER, Lr.E., ROBERT H. RANDALL, Anp
FREDERICE. A, RUSSELLS, MeMuEe, L.

Surtmury—This paper dsseribes o method for ohtaining an engl-
neering selution for integrodiecentizl equations of physical systems
waing an ¢lestronic system. The components conslst of standard
Plug-in feed-back amplifier enite. A= the interconpeetions nre wires,
resistors, ond ¢apaciters, oo complicnted mechonical [ayout prob-
lem iz involved aod o penerally floxible anolyzer noed nof be set u,
furitis a simple matter to assemble the particilar circnit for any gya-
tem of equations for which solutions are desired. The system should,
thorelure, b of interest to thoss invelved in 3 stody of e dmambcs
of physical sygtems,

I. IxTrRODUCTION
T HE FORMULATION of electrical analogs of ey

namic problems in felds other than electrical has
long Leen wsed to obtain solutions for such proh-
lems.t Then, in most cases, 2 physically realisable net-
work may be synthosized to fit the equations and a
network used te obtain the electrical outputs represent-
ing the solution of the cquations.? For complicated prob-
lems this methed docs not usually result in & network
whoar individual prrametors eorrespend to the individ-
val parameters of the original system, so that experi-
mentation in the nature of varying the parametars is
not simple. This objection is largely overcome through
the generous use of iolating amplifiers within the elec-
trical network, Until the modern methods of feed-bacl
stabilization were developed, the vse of amplifiers in-
trauliced complicating circuit elements which altered
with variation in tube characteristics. The ether method
of attack on problems of this type has been through
the wi¢ of the mechanical differential analyzer? having
as its basic tool an ingenious mechanical integrator,
recently improved through the wse of & polarized-light
servo-operated torque aimplifer, B
The technique described herein employs as its hasic
tool a stabilized feed-back amplifier of standard design,®
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which by mere externad changes in connection will serve
as integrator, differentiator aned sign changer. Professor
I. B. Russell of Columbia University first brought these
technigues to the attention of the authors in the circuits
emplayed in the Westers Electric M-I antizireraft gun
director.? As an amplifier so connected can perform the
mathematical operations of arithmetic and caloulus on
the voltages applicd to its input, it is herealter termed
an “operatinnal amplifier.” The operations can be per-
formed to any desired degree of precision, providing
power supplics of excellent repulation and circuit com-
ponents of high precision are used, For most engineering
computations, ordinary circuit components are ade-
quats.

II. GrepatroNal AMPLIFIERS

The term “operational amplificr” is a generic term
applicd to amplifiers whose pain functions are such as
to enable them to perform certain useful operations such
a5 summation, integration, differentiation, or a com-
bination of such operations. In view of the fact that
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Fig. I—Dircer-cucrent amglifier far use in electronic computer,

many operations Invelve steady or slowly changing
inputs, the inherent frequency response of such ampli-
figrs must extend down to zero frequency. The base unit
in the operational amplifier is generally a direct-curcent
amplifier having an odd number of stages. The unit
shewn in Fig. 1 was developed specifilly for general
laboratory wse. However, any well-designed, stable, di-
vect-current amplifier having en odd number of stages,
or an equivalent phase shift, is adaptable to the uses
which will be describad,

T Instruction hooklet prepared By the Bell Telephone Laborntories
fee the Weztern Electric M-IX antiaimralt gun direstor,
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11. Historia
Technology

Tl's OPA2188: first
zero-drift, 36-V
operational amplifier
(2012)

ADI's HOS-050: a
high speed hybrid
|C op-amp (1979)

Early FET input
AD op-amp (1970)

GAP/R's model
PP65: a solid-state
op-amp in a potted

'f = module (1962)
GAP/R's model

P45: a solid-state,

discrete op-amp
(1961)




Operacny zosilnovac
operational amplifier, Op-Amp

U |dealny zosilnovac:
O

— 1) A=
U, uout 2) Rust = o
h 3) Rwst=10

O I
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Operacné zosilnovace

V-
. .. Operacny zosilhovac s napajanim.
inverting input P Y bal

— output
noninverting input N
V+
T __1+
o——+ -
'JilD o
a.) symetricky vstup - asymetricky vystup L o+
Poznamka: Uy Up Uy
Je to najbeznejsie pouZitie a zapojenie OZ R
_,#,




Operacné zosilnovace

_1 ’
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Operacné zosilnovace

Zakladné druhy

Technolégia

e monolitické
e hybridné

Prevedenie

e kovove diskové puzdro TO ( 8 vyvodov)
e plastové radove puzdro DIL
e plastové puzdro SMD




Operacné zosilnovace
Napajanie

Sumerné

e sumerny = Ucc

e sumerny s jednym zdrojom
umely stred

Nesumerné

e jeden zdroj

vhodnejSie pre ~ signal (oddeleny kondenzatorom)
odpory R a R1 posuvaju prac. bod do stredu Ucc
nulova uroven vstupu i vystupu je potom 0,5Ucc
uv - len kladné hodnoty

Poznamka:
Lepsie vysledky davaju OZ priamo urcené pre
Jeden napajaci zdroj (presnejsie, mensie drifty)
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Operacné zosilnovace
Invertujuci zosilnovac

u R
_S___qu
R, R
R R
Rk: S s
R,+R, E]Ik L
R~R a R~ ' 3
vt — g d yst
N S 2
e plati Asv << Ao (Asv < 0,01 Ao) Rf
U,———U,
e pre odpory plati Rs

velké — prudy zrovnatelné s INo
malé — prudy < IVmax



Operacné zosilnovace
Neinvertujuci zosilnovac

. =B, = ( Ry )H
* Y \Ry+Rf T

B — Cinitel spatnej vazby

Rp
1+ B;Zl{]

RFSE‘ = RCAM 1‘E5p RF.S'!" —




Operacné zosilnovace
Napat'ovy sledovac

Neinvertujuci zosilnovac€ s A=1

e Au je 1, tedaus =uv

o Rvst=10°Q, Rwst =103 Q
(pre bipolar. vstupy)

e impedancny prevodnik




Operacné zosilnovace
Prevodnik | — U

Paralelna siet’ z napat'ového vystupu
Riesenie: u, =0,i_ =0

vst

R.— 0aR — 0(nulove su pre idealny OZ)

o uv
] =
s
Rf
PL-N Re




Operacné zosilnovace

Aktivhy mostik

Cast’ mostika tvoria SV obvody zosilfiovaéa

RiesSenie:
R R
L 41> AR = uy~ —UgL £ AR
RS Rs ﬁ 1
R;: °F
© menej suciastok
© linearita U Ry
© uv nezavisi od pomeru Rf/Rs B ‘ R .
© lahsie vyvazenie obvodu Rs , R =R,=AR f

® treba kvalitny OZ s velkym CMRR, Ao a malymi INo

, R ~
a ak zvolime pomer odporov R—f >> 1 u =~ — ( +AR

Ay



Operacné zosilnovace

Integrator
Ry =0
Priddo OZ=0 — -i, =i Uy
W
—
- _ i _ o, duy
=R =Ty
uy ., duy |
T = [ i
R.C,

Poznamka: Kondenzator - kvalitné dielektrikum, aby zvodové prudy neboli na urovni
kfudovych prudov. Nie su vhodné elektrolyty.



Operacné zosilnovace
Derivator

Pre vstupny uzol (-) na obr. plati

*Tar R, u=——R,.C —
f v f St

Poznamka: Kondenzator - kvalitné dielektrikum, aby zvodové prudy neboli na urovni
kfudovych prudov. Nie su vhodné elektrolyty.
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1. IsTRoDUCTION

HE FORMULATION of clectrical analogs of dy-
! samic problens in Gelds other than electrical has
long Leen usedd to obtain solutions for such prab-
lems.! Then, in most casos, o physically realizably not-
wock may be synthostzed to fit the equations and o
metwerk wsed to-obtain the clectrical outpues represent-
g the solution of the cquations.? For complicated prob-
kems this method dics not wsuaily cesult in a network
whose individual parametors correspond to the individ-
uitl paramcters of the orfginal system, so that experi-
mentation n the nature of varying the parameters is
aot simple. This objection is largely overcome through
the generous wse of iselating amplifiers within the obec.
trical metwork. Until the madern methods of feed-bacl:
stabilization wee duveluped, the use of amplikers in-
teoduced mrpﬁc:mng circuit cloments which altered
with variation in tube characteristics. The other method
of attack on problems of this type has been through
the use of the mechasieal differential analyzer® having
ae its basic tool an ingenious mechanical integrator,
recontly impeoved through the use of a palarized-Eght
servo-agerated torque amplifier, .+
The technique described herein employs s its hasic
teal a stabilized feed-back amplifier of standard design,?
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anid sign changer. Professor
] B. Russell of Calumbin University first brought these
techniques to the attention of the authors in the cireuits
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director. .M ar amphﬁ« 33 coanoeted can perform the

of ic and ealculus on
the voltages applied to its imput, it i hereafter termed
an “operational amplifier.” The operations can be per-
farmed to any desired degree of precision, pu'uvx'ding
power suppdiea of excellent regulation and circuit com.
ponenbsqnu;l\ precision are used, For most engineering
computations, ondinary cireuit components are ade-
quate.

1L Oresatronat AMILIFIERS

The term “operational amplifice™ i a generic term
applied to amplifiers whose gain functions are such as
to wnable (Imm to per(nm oertmn unc!ulupcrabmu such
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lmmmn of such operations. In view of the fact thae
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wany operations involve stoady or slowly changing
inpats, the inherent frequency response of such ampli-
fiwrs must extend down 1o zero frequency. The base unit
in the opesational amplifier is penerally a direct-cirrent.
amplifice having an edd number of stages. The unit
shown in Flg. | was developed specifically for general
laboragory use. However, any well-designed, stable, di-
victcurrent amplifier having an odd number of stages,
or an equivalent phase shilt, is adaptable to the uses
which will be described.
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11. Historia
Technology

TI's OPA2188: first
zero-drift, 36-V
operational amplifier
(2012)

ADI's HOS-050: a
high speed hybrid
IC op-amp (1979)

AD op-amp (1970)

GAP/R's model
PP65: a solid-state
op-amp in a potted
module (1962)

GAP/R's model
P45: a solid-state, NN
discrete op-amp N
(1961)




Operacny zosilnovac
operational amplifier, Op-Amp

Idealny zosilhovac:

= 1) A=
l u+ UOUt 2) Rust =
l 3) Rwyst=0

fha

5) Uout = 0 ak udif = 0

uout= A (u+ = U_) 6) Umax =



Spétné VéZba Input e Output
k \L
Uour = (’/‘INP_[3 uOUT) Ay B
Uoyr =Up Aop—UourP Ao,

Uoyr T Uour P Aor=unp Ag,
uOUT<1 +p AOL):uINPAOL

S Ao,
our — INP(1+BA )
oL
ak plati A>>1
1

Uour = U np B




Operacné zosilnovace

V-
. . . Operacny zosilfhovac s napajanim.
inverting input N

- output
noninverting input N >
V+
5 ___________ b |
+
o 5

.h.

) S——t
a.) symetricky vstup - asymetricky vystup o = +
Poznémka: u); UP Uy,
Je to najbeznejSie pouzitie a zapojenie OZ " v Q5o
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Operacné zosilnovace

Komparator

A = oo
i \“\>
e
K| = ]
T ®.0000 = T ®. 0000 = T:T1 @. 0000 =
g 28 . 0000 v o L
Vel =6.9647 WV e VEZVE
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Operacné zosilnovace

Zakladné druhy

Technolégia

e monolitické
e hybridné

Prevedenie

e kovové diskové puzdro TO ( 8 vyvodov)
e plastové radové puzdro DIL
e plastové puzdro SMD

(viewed from above)




Operacné zosilnovace
Napajanie

Sumerné

e sumerny * Ucc

e sumerny s jednym zdrojom
umely stred

Nesumerné

e jeden zdroj

vhodnejsie pre ~ signal (oddeleny kondenzatorom)
odpory R a R1 posuvaju prac. bod do stredu Ucc
nulova uroven vstupu i vystupu je potom 0,5Ucc
uv - len kladné hodnoty

Poznamka:
Lepsie vysledky davaju OZ priamo uréené pre
Jjeden napajaci zdroj (presnejSie, mensie drifty)

spoloénd kostra
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Operacné zosilnovace
Invertujuci zosilnovac€

u R

R

RS RS ’
_ R/R,
“ R,+R,

1%

Rvstz Rs d Rvj}st = B A
0

e plati Asv << Ao (Asv < 0,01 Ao)

B A4 R S
e pre odpory plati 5
velké — prudy zrovnatelné s INo
malé — prudy < Ivmax



Operacné zosilnovace
Neinvertujuci zosilnovac

! . e RN’ J
u, =Buy = (RN+R;' Uy

B — Cinitel spatnej vazby

Rp
1+ BAo

Rys = Rem resp. Ry =

R RsRy

Ryyer = [ 5 = Rp+Ry




Operacné zosilnovace
Napat'ovy sledovac

Neinvertujuci zosilhova¢ s A=1
e Au je 1, teda us =uv

e Rvst=10° Q, Rvwyst =102 Q
(pre bipolar. vstupy)

e impedancny prevodnik




Operacné zosilnovace
Prevodnik | —» U

Paralelna siet’ z napat'ového vystupu
RieSenie: u, =0,i_ =0

? Tvst

R.— 0aR,, — 0 (nulové su pre idealny OZ)

A
4. e e v s o f



Operacné zosilnovace

Aktivny mostik

Cast mostika tvoria SV obvody zosiliiovaéa

RieSenie:
ieSenie %y

Ry . Rr +AR [&
R—S+l>>AR = u‘.z—LBR—SEJr] RS

= u-|"

f f ]Iu+, e

© menej suciastok -
© linearita U : ..
© uv nezavisi od pomeru Rf/Rs B . R ¥
© rahsie vyvazenie obvodu Rs | R=R,*AR f

3%
® treba kvalitny OZ s velkym CMRR, Ao a malymi INo

- R ~
a ak zvolime pomer odporov E{ >> 1 u ~— ( +A Rx) UB

5



Operacné zosilnovace
Integrator

Prad do OZ =0 — -, =

v

1
e T u =—chfu1dt

Poznamka: Kondenzator - kvalitné dielektrikum, aby zvodové pridy neboli na urovni
kfudovych prudov. Nie st vhodné elektrolyty.



Operacné zosilnovace
Derivator

Pre vstupny uzol (-) na obr. plati

ﬁ
Ry

s = —

duy  uy _
T +Rf_0 = uv:_RszE

Poznamka: Kondenzator - kvalitné dielektrikum, aby zvodové pridy neboli na urovni
kfudovych prudov. Nie st vhodné elektrolyty.



