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          Controllable Coethcient Integrator Using

                                                    .                         Switching Operation

        Isao MizosHiRi*, Suemitsu MiNAMoTo** and Kazuo MiyAKosm**

                            (Received November 15, 1971)

        This paper deals with principles and applications of a controllable coeflicient integra.tor

     using switching operation. Filters of controllable parameters can be obtained by well usmg

     the controllable coethcient integrator. The filter is constructed with the integrator and

     switch connected in series to its input terminal. The coethcient of integration is controlled

     with the external control signal which controls on-off of switch.

        Principles of the controllable coethcient integrator are mentioned and errols of the

     circuit are discussed in detail. The construction of centrollable parameter filter is one of

     the most useful applications of the controllable coeflicient integrator. The experimental

     results of the low pass filter of controllable cut-off frequency, the band pass filter of con-

     trollable center frequency and the auto frequency analyser are discussed.

                                 1. Introduction

    The controllahle coefllcient integrator has been built by using an integrator and a

multiplier. The Miller integrator with a series switch in its input terminal shows the charac-

teristics of the controllable coefficient integrator.

    The switch repeats on-off in higher frequency compared with the frequency of the

input signal of the integrator, and the ratio of cn-time to repetition period is contolled by

the external control signal. The relation between the integration coefficient and the external

signal is kept in the same relation between the conducting interval (on-time) and the external

signal. This relation may be chosen voluntarily not to mention linear relation.

    This controllable coefficient integrator can be recognized as the combination circuit of

Miller integrator and the time-sharing type multiplier. By combining with Miller integrator,

the smoothing low pass filter can be eliminated from the time-sharing type multiplier.

    Princlples of operation, error discussion and applications of this controllable coeflicient

integrator is described.

                        2. Principles and circuit analysis

    Fig. 1 shows the fundamental circuit of the controllable coeflicient integrator. As the

relation between the external control signal voltage ec(t) and the coethcient of integration

is kept linear, on-off repetition of the switch Sw is controlled by the rectangular pulse rc,(t)

whose width is modulated by the external control signal voltage ec(t). The average value

of the input current to the operational amplifier is in proportion to both the input signal

voltage ein(t) and the external control signal voltage ec(t). The output signal voltage eo,et(t)
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              Fig. 1 Fundamental construction of controllable

is obtained as the integrated value of ec(t)･ein(t). When

control signal voltage ec(t) is limited in. much lower frequency range

ein(t), the coeMcient of integration can be controlled by external

                                              /
Using notations of Fig. 1 and applying Kirchhoff's laws, next

                          ee (t) = {i! (t) ff i(t) +iD (t) }Rin

                          eotet (t) "= -A {e, (t) + eD (t) }

                          e,(t) ff eottt(t) = 5 Si.i(t)dt

                                 i                          ii (t) ="                                   {ein (t) - ee (t) } rcg (t)
                                 R

From Eqs. (1)N(4), the output signal voltage eo,tt(t) is obtained

            eot`t (t) = cRA(i l i/A) iE.¢ (t') ･ e,,,t･ (t') dt'+ui (t) +u2 (t) +u3 (t)

where

                    di (t') == rcg(t') +R/Rin

                   '                    "i(t) =Sl. cR(1}1/A) ein(t')rcs(t')dt

                    U2(t) `=St. cR(1i:1/A) {di(t')eD(t) +Ri.(t)}dt

                    u3(t) = (i +-ii/A) eD(t)

Eq. (5) is Volterra type integral equation of the second kindi)

next Eq. (10).

            eotet (t) =ul (t) +u2 (t) +u3 (t)

     ' +hg.,{ CRA (il l/A) }" SCn.ipn (t, t') {Ui (t') +U2 (t') +u, (t,)}dtt

where

N N
  ×
  //

coeMcient integrator

 the frequency range of external

          compared with that of

     control signal voltage ec(t).

   four equations are derived.

                        (1)

                        (2)

                        (3)

                        (4)

       as follows'
                '

                        (5)

                        (6)

                        (8)

                        (9)

    and its solution is given as

(10)
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                 :i.i`tl`tl)):k':iSlit")･¢,"i(t",t)dt", (n=2･3･ )] `'i'

From Eqs. (8), (9), it is clear that u2(t), u3(t) are composed of drift and off-set components

and they can be reduced to zero by means of proper compensations and adjustments. In

general, the operational amplifier, for the integrator, is used under the condition of ACR>1,

and infinitive series of Eq. (10) is approximated to the first term.

            e.,,t(t) =Se.. c-Rl ein(t)rcs(t)dt

                 + (c]ili)2A it. !Z'. {rcg(t') +R/Rin} ein(t")rcs (t")dt"dt' (12)

Where rcs(t) is the switchlng function and its value takes unit while the switch S. is con-

ducting and zero while it is cutting off. rcs(t) may be recognized as the unit-amplitude

rectangular pulse width modulated wave whose lezding edge is modulated by the external

control signal voltage ec(t)(IO) and it is represented by next Eq. (13).

            rcs(t) = 21I ec(t) +.=Xco.....i]21h {1-ej(2zaiTe)mMee(c)}ej(2ny'To)mt

                             m)iO

                == M[z.b-e, (t) +.z"=e, i, [-sin- Z'i-mt+sin27ZIm{A4e, (t) +t}] (13)

VKihere 1/7'b is the repetition frequency of the switch and M is the arbitrary constant

which represents modulation degree and satisfies

                                  Mec(t)S7'b (14)

Using Eq. (13), Eq. (12) is rewritten as follows;

            eotet(t) == - clR ' il{ St-..ec(t)ein(t)dt- clR']i(t)+r(ci'li")2AA2(t) (15)

    The first term of the above equation is the desirable output signal and the second and

the third terms represent error factors. When the repetition frequency 1/7b of the switch

is chosen suficiently higher beyond the frequency ranges of ec(t) and etn(t), error factors

tii(t), A2(t) can be calculated as follows;

            Ai(t) ==SS-.ein(t).jl.i, .1, [-sin-2cll-b'･-mt+sin 27'-b m{Mec(t) +t}]dt

                 !=iein(t).il.;,r2J.ll']l-r,[cos-27i-!rbmt-cos-t--'m{Me,(t)+t}] a6)

     A2 (t) == Sfi-. St-'.. ( ll,f, ec (t') +'.ii.;.,Jili'[- sint2['z'bT'mt' +sinJZ7'msmm {Mec(t') +t'}] + tt7.r)

         × ( i)I! ec(ttt) +t,S., 71n [-sin-lcll-ltrmttt+sin-2clr-b'-m{Me,(L") +ttt}])ei.(ttt)dtt,dt,
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       t=iSl.SZ'..( illll )2ec(t')ec(t")ei,(t")dt"dt'

         +{ lll ec(t)+ RR,,}.=O=O,zrlll,l'-.2:i'[-sin 2['z-len mt+sin 27'-h m{Me,(t)+t}]

         +SC.. illlf e,(t)ei.(t)dt.=O=e,2il]i,, [cos 2[T'6 mt-cos'27'-s m{Mec(t)+t}] ' '

         +ig..t9., } ['sin 2z'-h it+sin 2cT'6 i{Me,(t)+t}]

                                                                 '                    ×.zO=e,2111]:, [cos 27'.6 mt-cos 2[im'6 m{Me,(t)+t}]dt a7)

                                                              '
where it is assumed that the initial values of integrations are zero.

                   a(t) -- clR Ai (t)+ (c]il-l)-,J?l-A, (t) (ls)

                                                               '                                                                  '
n(t) of the above equation (18) represents the total error, displacement from ideal output

signal, in the time-amplitude Plane. The maximum value of A(t) can be calculated as

fo11ows; '
                    Id(t)l$ clR iA,(t)I+ -(-c-Rl),A iA,(t)[ (19)

Using Riemann's C function, next inequations are derived,

                   1 Ai (t) 1 $ [ ein (t) lt.O.e...', .l.{l'2-

                         $7b lein(t) lc(2) (20)
                            n

and

      l a2 (t) l s. Sl. SC-'.. (-li)ll-I･ )2e, (t') e, (t't)ei, (tt')dtt'dtt

            + l{ ec(t)+-RRE;.;. S..,2.[I,Hli'lli,+ Si. i>II ec(t)ein(t)dt .z".e.,.3.iP,

            + SC-.. 2z7t'bn2 [cos-171'ltrmt-cos 27tTh m{Mec(t)+t}]dtl

            $ St.. !II'1. (rC'lll-)2ec (t') ec (t") ei, (t") dt"dt,

                                                                  tt
            + ;lf ec(t)+ RR,. +1 27.'b224(3)+ SZ.. i;II ec(t)ein(t)dt [ill} 4(2) (21)

    The terms of errors in Eq. (20),the second and the third term in Eq. (21) are caused

by the switching operation, and these errors can be eliminated by means of choosing the

repetition frequency 1/ 7h of switch suMciently higher beyond the frequency ranges of ein(t)

and ec(t). The error of the first term in Eq. (21) cannot be elminated by making 7-5

small, but it is ahle to neglect from Eq. (18) by making the voltage gain A of the operational

amplifier suthciently large.

    As the resUlt, the butput voltage eet`t(t) can be expressed in next Eq. '(22)`
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                      eotet(t)=-clR M7-b SE.ec(t)ein(t)dt (22)

From Eq. (22), it is shown the circuit in Fig.1 has the function of the multiplying

.mtegrator.

    When the frequency range of external control signal voltage ec(t) is limited lower

enough than that of input signal voltage ein(t), Eq. (22) is reformed as follows;

                      eout(t)=-ciR McTh ec(t)Sl.ein(t)dt (23)

It can be seen from Eq. (23) the circuit in Fig. 1 operates as the controllable coethcient

.Integrator.

    The frequency response of the controllable coethcient integrator is shown in Fig. 2.

In Fig. 2, 5V;ms sinusoidal .voltage and oc parameter voltage are used as the input signal

voltage ein(t) and the external control voltage ec(t) respectively. The solid line shows the

theoretical value and the symbo1 o the measured value. In Fig. 3, the output voltage wave-

form and the external control voltage waveform are shown. The rectangular wave and

the triangular wave are used for the input voltage ein(t) and the external control voltage

ec(t) respectively. The rectangular input voltage ein(t) is integrated to be the triangular

wave and its amplitude is controlled by the external control voltage ee(t) of triangular

wave. As the results, the output voltage eot`t(t) appears as the arnplitude modulated tri-

angular wave by the external control voltage ec(t) of the triangular wave. In this control-

lable coeMcient integrator, the repetition frequency of the switch is chosen at 10kHz and

it operates for about 1 kHz input signal voltage.

                       6
                    o-                    /i' U :;6" sv io,

                    -ge i 2v

                    Ga
                    g= lv
                    - eU                    o tu

                       8
                       -

                                                           11v
                           mp.ut signal voltage 9v
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                                    sinuseidal 5v

                       r CR ==O l#FX IOk9
                       9

                                      i02 410
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                Eig. 2 Frequency response of controllable coethcient integrator
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            Fig. 3 External control voltage waveform and Qutput voltage waveform

                  of controllable coeficient integrator

               3. Application to the controllable parameter filter

    When the external control signal voltage ec(t) varies'very slowly compared with the

input signal voltage etn(t), the controllable coethcient integrator may be considered to be a

circuit having the variable transfer fup,ction.3)

    Fourier transform of the both side of Eq. (23) can be expressed as follows;

                                 IM                                               1                  Eot`t(j'to, t) == ' c,R '.fzJh 'ee(t)'7-,, Ein(1'w, t) (24)

    The right hand side of Eq. (24) represents the Fourier transform exeept the external

control signal voltage ec(t). Ein(7'ca,t) is Fourier transform of the input voltage ein(t),

when ein(t) does not contain ec(t), it may be expressed Ein(7`o). The variable transfer

function So(J`to,t) is defined as follows;

                                                1 M ec(t)
                                                        ･. (25)              S, (ju, t) = Iiotbt (1'to, t) /Ein(ju't) = - CR ' 7'b 7c

                  Eotet(J'tu) t) =So(jto, t) Ein(j'tu, t) (26)

                  eotbe (t) = i. S:.So(1'(O, t) 'Ein(7'`ti, t) ejWtd(D (27)

    As the pulse width modulated wave rcs(t) which controls on-off of the switch is modulated

linearly by the external control signal ec(t), the variable transfer function So(1'te, t) contains

ec(t) and varies linearly according to the external control signal voltage ee(t).

    Using the variable transfer function So(7'to,t), the controllable parameter filter is dis-

cussed as an application of the controllable coethcient integrator.

3.1 Low pass filter with controllable cut-off frequency

    As the representation of the low pass fiIter, the 2nd order Butterworth filter is discussed.

It is constructed as shown in Fig. 4 using the controllable coefflcient integrators. The

composite variable transfer function SB(1'(v, t) of this filter is represented as follows;

              SB(7'to' t) == 1/So2(1'to, t)-in2 /S,(j'to, t) +1 (28)



Substituting Eq.

           Sn(1'tu, t)

and

From Eq. (30),the
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external control
            Pulse Width res(t)signal vo]tage
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   Fig. 4 Low pass filter with controllable cut-off frequency
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        (      CRTo
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    As the resuks, the cut-off angular frequency tuc can be controlled linearly by the

external control signal voltage ec(t). The frequency response of this Butterworth low pass

filter is shown in Fig. 5 regarding the .external control voltage ec(t) as the parameter.

The solid line represents the theoretical value and the symbo1 o the measured value. The

measured value agrees with the theoretical value for practical use.

3.2 Band pass filter with controllable center frequency

    As the same manner of Butterworth low pass filter, the band pass filter whose center

frequency is controlled by the external control signal voltage ee(t) can be constructed as in

Fig. 6 using controllable coethcient integrators.

              external control
              signal voltage pulse width Xs(t)
                    ec(t) Modulator 1
                                    :
                     r---H-------""'L------H"'---m--1
                     l O.05"F 2okg l O.05pF

     1
     1
     1
20k9 r

    SWI

20k9

.input signal

      1
14.14kst I

     SW2

14.14k9 14.14k9

output signal

                 Fig. 6 Band pass filter with controllable center frequency

    The composite variable transfer function Sbn(J'to,t) of this band pass filter is expressed

as follows;

              Sbn(7'te,t)mi/s,2(i･.IZIIi?)l211t-/jWs',t()7･.,t)+i (32)

Substituting Eq. (25) into Eq. (32), it results

                                  -v:2r( ]Iiii5.:,l) )ju

              Sh"(ju' `) ="(fl}/Il,Z,l) )2(ju)2+v2-( ]fl}{l,:l,l) )ju+i (33)

and

                            n( fi5,k,r)to

              IS'"(7'bl, t)1-vl+( ]fll}{},:;tg) )4of , . (34)

From Eq. (31), the center angular frequency tocn of this band pass filter is represented by

                                 M                          tocn=cR7s ec(t) (35)
                                                                           '
As the results, the center angular frequency wcn of this band pass filter can be controlled

linearly by the external corrtrol signal voltage ec(t). The frequency response of this filter

is shown in Fig. 7 regarding .the external control valtage ec(t) as the parameter. The salid
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line represents the theoretical value and the symbo1 o the measured value.

value agrees with the theoretlcal value for practical use.
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        Fig. 7 Frequency response of band pass filter with controllable center frequency

3.3 Auto frequency analyser

    When the quality factor Q of the band pass filter shown in Fig. 6 is sufliciently high,

sweeping the center frequency of the band pass filter by e,(t), it may be an auto frequency

analyser as the center frequency blcn can be controlled by the external control signal voltage

ec(t). The block diagrarn of the auto frequency analyser is shown in Fig. 8. The quality

factor 2 is improved by making the coefficients of the first order terms of 1'w in Eq. (33)

small and by cascading two filters.

    The frequency response S.t(]'w,t) of the frequency selective part of this analyser is

expressed as follows;

             sdt(]'tu, t) -[ imo.oi g',O(ii-S.: (tj)'cat k),,(7･., t) ]2

                      ===[(xi}s,{:,g,)?(li121gfci'ii)E)ill/i%,,,),..,]2 (36)

and

                        " e.oooi(-X2illlZti?)-)2.2

             iS"t(7'W' t)iM [i-( ti{Il,:itl) )2of]2+o.oooi( M/ll,iftt)-)2of (37)
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Fig. 8 Block diagram of auto frequency analyser Fig. 9 Frequency response of auto frequency
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                                                                    '
    The center angular frequency wat of this frequency selective filter is also represented by

                          Wat=T(T/iC'{/ilm ec (t) (38)

            '
    The output signal voltage of this frequency selective part is detected by absolute value

circuit and smoothed by low pass filter, and it becomes the output signal voltage of the

analyser. In Fig. 8, the absolute value circuit for detection is constructed with two operational

amplifiers and two diodes, and the second order Butterworth filter whose cut-off frequency

                                                         .is O.5Hz is used for the smoothing low pass filter.

    The frequency response of Sat(1`tu, t) is shown in Fig. 9 regarding the external control

signal voltage ec(t) as the parameter. The solid line indicates the theoretical value and the

symbol o the measured value.

    Experimental results are shown in Fig. 10. The external control signal voltage e,(t) of

O.OOIHz sinusoidal voltage is employed to sweep the abscissa of the frequency. Fig. 10(a)

represents the spectrum of the 35 Hz saw-tooth voltage waveform. The amplitude of the n-th

harmonic component reduces to 1/n as well-known. Fig. 10(b) represents the spectrum of

the amplitude (balanced) modulated waveform whose carrier and modulating signal are

200Hz sinusoidal voltage and 5Hz saw-tooth voltage respectively. Experimenta1 results in

Fig. 10 indicates this auto frequency analyser is available enough for practical use.

external

controlsigna
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lv 5v
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                         Fig. 1() Analvtieal results

                                   4. Conclusion

    The controllable coetlicient integrator uslng the switching operation is discussed. This

eircuit may be recognized to be the combinatlon circuit of the integrator and the time-

sharing type multiplier. In general, the time-sharing type multiplier requires the smoothing

output low pass filter. Combination with the integrator. however, never require it and the

eontrollable coefHcient integrator can be realized simply.

    The eontrollable coefllcient integrator crircuit. which has the series switch in the input

terminal, is analysed and the error of the disp]aeement in the time-amplitude plane from

the ideal output signal voltage is dlscussed in detail. The frequency response of this integ-

rator is measured in experiment regarding the external control signal voltage e.(t) as the

parameter, and this circuit may be reeognized to be the circuit which realizes the variable

transfer function. Using this ¢haracteristics. the controllable cut-off frequency low pass filter,

the controllable eenter frequency band pass filter and the auto frequency analyser are

constructed. Frequency responses of these circuits are discussed theoretically and experi-

mentally, and the agreement of theoretical and experimental values is examined. Some of

periodical voltage waveforms are analysed using the auto frequeney analyser and satisfactory

results are obtained.

1) K.
L)) L

3) K.
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