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PREFACE

Because of the inconsistency of data, and the diffi-
culty of spplying same to the practical problems confronting
Radio Engineers and Amateurs in the building and selection
of parts to form & consistant and effective filter, these
data were formulated. It is the aim of the author to present
all facts involved in the calculation and construction of
filter circuits in a clear and concise way, and, so far as
possible, in a non-technical way in order that those without
technical training may follow it intelligently. This work
is primarily intended to answer the question, "With what facts
shall I start, and how shall I build a filter to serve my
purpose? It is designed to get at the underlying principals
involved.

The author does not attempt to go into the field of
application of filters to telephone work, for there it be-
comes very complicated and involved. The data given herein
is applied only to radio work where smooth direcet current is
required from an alternating source.

The mathematics of these circuits may be applied to
eircuits of any mégnitude so long as the voltage applied to
the spparatus is reguarded, and the parts selected according-

ly.
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Uses and Types of Filters.

Filters first became prominent with the develop-
ment of the present complicated telephone system. By this
means several messages can be sent over the same wire simul-
taneously, which is indeed advantageous to the telephone com-
panies in view of the large saving in transmission facilities.
The several messages are transmitted over the line, each at a
different frequency. At the receiving end of the line the
filters are so connected and tuned to pass currents of only
one band of frequencies. In this way the several messages
mey be separated, each being directed to the proper telephone.

The Bell Telephone Company has probably carried on
the most extensive research work in connection with filters
of any compeny in the world, but their work was directed to
their own interests, and is by far too complicated to be
readable to the majority of technieal men, to say nothing
of amateur radio workers.

The development of the radio and the use of alternat-
ing currents as a power source has sent up a large cry for
effective filter systems, Poor filtration of current used
in this manner gives birth to & hum that may be of such mag-
nitude as to completely overpower the signal being sent or
received, and render it insudible. ZEven if it does not reach
this magnitude, a malicious hum will accompany the signal,
rendering unbearable that which otherwise would be delight-

ful and pleasing to the ear.




Filters may be claessified in a number of ways.

o

The

most frequently used classification for radio work is high

pass,
filters, as

of high and

low pass, and band pass filters.

High and low pass

the neme indicates, are designed to pass currents

low fregquencies respectively, stopping all others

up to or from the required point, as the case may be, while

band pass filters are designed

to pass currents within a

certain range or "band" of frequencies, excluding all others.

It is with the latter type telephone companies are concern-

ed. For filtration of current

work they may be classified as

filters, the former being used

"

miss"™ way, while the latter is

economical. It is the purpose

analysis of filters, using the
ing to show

tages of the "tuned trap" type

for power supplies for amateur

-

"prute-force™ and "tuned trap"
most frequently in & "hit or
by far the most desirsble and
of this treatise to make an

latter classification, attempt-

the characteristics of each, and show the advan-

filter.




Rectified Currents.

Presctically the only source of power available to
radio workers is alternating, this being almost universally
used for house lighting. To adapt this to radio work calls
for some form of transition from A.C. to D.C. This may be
accomplished by means of a rectifier, but this slone is in-

sufficient to make it adaptable

. Volit
as can be resdily seen from 5

————— Cuvrent.

Fig.l, an oscillogram of the
voltage from a full wave rec-
tifier. The current and volt-

age does not become negative,

but becomes zero every half

cycle, thus furnishing an A.C.
component. It is for the pur-
pose of smoothing out this wave that filters are designed.

The fundsmental frequency doubles in the process of
rectification as can be seen by reference to Fig.l. It is
to be expected then, that the major A.C. component of the
current will occur at this frequency, and at the same time,
as in the case of the unrectified current, all the hermonios
will be present, but doubled in frequency.

The megnitude of the voltage can be caleulated from
the gnalytical expression for the wave, but the process is
very laborious and little is to be gained from such an
analysis. To give some idea as to the magnitude of the volt-

age to be encountered at the load for the different frequen-
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cies in comparison with the D.C. voltege, an experimental
analysis made by Robt. S. Kruze, which appeared in the April

1929 issue of Radio Broasdcast will be given.

frequency Voltage at load

Delcii v eiinncery s D000
BO e viiaecnessraning 25.0
BB, s eeessis o ces 845.0
T8O s oo aivins oo Lo 1.2
BB St e e et waie 17.6
GO0 s sic et ae 0.16
360.. ... PG o oisie 12.5
I AR T O o ote 7.5
600 ccoesssssnsioasion 6.7

WEE i i3 s wondte,emysis o oo R
840seeceoscns TR, . 1.285
900sccecscens Sialoneys oiy 0.51

This analysis was made with an elaborate set-up by which the
frequencies could be differentiated. It is interesting to
note that the voltage at 120 cycles is approximately half
that of the direet current voltage. A condition similar
to this one may be expected in the case of any rectified
current.

The ideal filter section would be one by which all
the alternating component of the rectifier current would be
suppressed with no accompanying loss of D.C. potential. As

the A.C. component is attenuated,though, the loss of D.C.
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potential increases due to an

lhe problem,
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tion with a minimum loss of D. C. postential, at the san

keeping the cost of such s
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"Brute Force™ Filters.

"Brute force" filters are probably the most frequently
used type of filter by amateurs. This condition arises from in-
consistent data with regard to such circuits and the inapplica-
bility of seme to the problems arising in the ceonstruction of
filters. It is only by "Brute force" that the attenuation fac-
tor is decreased, and at the same time a great potential drop
is experienced due to the excessive resistance of the choke
necessary for such a circuit. This, of course, is of no con-
sequence in small, low potential circuits, but becomes extreme
importance as the voltage of the circuit is increased, for this

means a large potential drop across the choke coil.

o
1 iy

Fig-l.
To determine the characteristics of a "brute force"

:

filter, the above arrangement of one iron core reactance and

one capacity shall be considered. In this consideration, the
resistance of the load is assumed to be extremely large and the
reactanee is assumed to have no resistance. The voltege,Eo,

ig the vector sum of the potential drop ascross the choke and the
potential drop ascross the capacity, or

Eo = Zbl il ZCI (1)
as E, and E, are at 180° phase relations, and the drop of poten-

tial across the capascity is
B.o=gt (2)

Deviding equation (2) by (1)
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_:E_‘l'. - ZGI
E %l » L, X 48)
or Bo= B %c )/ %Ze = 2.

In this equation, the fraction Zc/Zc-ZL is the attenuation
factor of the filter.

In the above derivation, Z,= X, and Z.= X. « A care-
ful inspection of the equation reveals that when the induc=
tance I=0 consaquently Z.=0, meking the attenuation factor
unity regardless of the capacity used, When L=oco, then Zl=oo
thus, causing the sttenuation factor to become infinitesimal.
Applying the same reasoning to the capacity, when C=0, then
Zec=oeo and the sttenuation factor approaches one, but when
C=00 then Ze=0, and the attenuation factor becomes zero.

As X = QWL and Xc = 108 it can be seen from

2T fe
the foregoing discussion that as the frequency is increased,
the filtering effect will increase. Thus one 1S safe in
assuming that when the maximum economical filtration is de-
signed for the fundamental frequency, the components of the
other frequenciem are suppressed to insignificance.

The practice for commercial filters of this type is
to use & 30 henry choke in conjunction with the proper size
condenser. TFig.(3) gives the variation of the attenuation
factor for various capacities the inductence being fixed at
30 henries,

The commercial type filter is usually made up of
one choke and two condenses or two chokes and three condenses,

the condenses being shunted across the line between the chokes.




Attenuation Factor.

l 2 3 4+
Capacity of Condenser (Mf)

3
Variation of Attenuation Factor.

Inductance Constant, (30 Henries.))
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It has been shown that the choke in conjunction with the con-
denser shunted across the line on the load side forms of the
filter network, and the mammer in which it operates has been
discussed. Next let me consider the first capacity and its
funetions in conjunction with the filter section.

The electromotive force applied to the filter is of
complex wave form, and may be expressed analytically by the

following formula.

—

c=2 E-4_ xE Cos 2wt -4 BE;Cos 4wt --

rr BT e 3
Where B is equal to the maximum value of the voltage and w=
29rPf. The current through the first condenser will then be
o complex wave which may be expressed for a full wave recti-
fier thus:-

1= J72I sinwt+.34I sin (2wT+24) + ,09I sin(3wt+77)

+.06T sin (4wT = 31)+ ,0341 sin dw -----

The abovepquation wes teken from the work of Clyde Farrsr on
filter cireuits (see bibliography)-

The function of the first condenser is to store energy
during that part of the cycle when the rectifier is passing
eurrent and to give up its store of energy during that period
when the current from the reectifier is zero, the assumption be-
ing that the filter will keep constant current during the time
in which the rectifier is passing current. We are then in-
terested only in current through the first condenser during
the discharge period. From the equation for the discharge of

s condenser, the proper size to maintain constant, or nearly

constant current may be obtained. That equation is =

; R
i1 = % E: RC




i
where R is the resistance of the load, E the applied volt-
age and C the capacity of the condenser. PFor i to remain
sensibly constant

€-§c
Must be as near one as possible at all times. To accomplish-
this, the product RC must be large, as t is approx. 1/4 cy-
cle.

The initial discharge current for the condenser is
fixed by the load and not the size of condenser, therefore
the initial condenser current is independent of the capacity.
With a fixed applied voltage and & fixed load resistance,
varying C only varies the exponent of € , and has no effect
on the discharge current expect to maintain the current more
nearly constant during discharge. Assuming to have a con-
stant value of 0.004 sec. Fig.(4) shows the effect of adding
capacity. TFrom this curve it is easily seen that capacities
over 4 mf. improves conditions,but slightly.

Before leaving the subject of "brute force" filters,
a few comments shall be made. The economic value of the
first capacity, from the foregoing discussion was shown to
be something around 4 mf. Capacities above this point are
by all means usable, but the advantage of large ones are not
sufficient to justify the additional cost in obtaining them.

As has been stated, the commercial practice is to
use 30 henry chokes in filter design. In the selection of
a8 condenser to work in conjunction with this choke to form
the filter network, it must be remembered that Xe== 10-6

2T G
or that the inductance decreases as the éapacity of the con-




in Milliam ps.

Variation

Current

2 4 6 8

Capacity of Condenser (Mf.)

.

Current Change for Constant
Time. (0.004 seconds.)

Dn'schargc
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denser is inereased. To reduce the attenuation factor, it is
essential to reduce Xc to a minimum. Again we are confronted
with the problem of economies. Iig. (5) shows the variation
of Xe with given changes in the capacity, which is the graphie
representation of the equation given above. From this it is
seen that capacity of the condenser has reached its economical
limit at about 3 to4 microfarads.

Further attenuation is accomplished by the addition
of other filter sections, as the efficiency of a single sec-
tion has reached its economic maximum at the points stated
above. It should be kept in mind that the attenuation factors

vary in geometrical progressions with the number of sections.

=000 ===




Condensive Tnductance.
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"Muned Trap" Filters.

-11-

"Brute foree" filters perform their work well and are

very serviceable, but have some disagreeable traits.

They &are

large ,heavy, and the chokes must necessarily have a fairly

high resistance to keep their size from being prohibitive.

This last fector will,usher in the problem

age drop.

of excessive volt-

It is the aim of the author to show what can be ac-

complished with small capacities and chokes in the way of fil-

tration by arrangement inte a "tuned trap."

This type of fil-

ter is becoming more and more popular for radio work because

of its economy.

The tuned filter or "trap" consists of an induection

coil and a condenser connected in parallel, and inserted in

one
for

The

side of the line.

The induction coil furnishes the pass
the direct current while both form a pass for the A.C.

trap, however, is tuned to the desired frequency, and by

resonance will offer s high resistance to that component of

the current.
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Figure (7) is the vector diagram for the current
above the resonsnt frequency. In this case the current leads
the voltage, the simplified circuit being one containing a
condenser and a resistence in series. Fig. (8) is the vector
diagram for resonant frequency, the voltage and current being
in phase, and the equivalent circuit being pure resistance.
Fig.(9) represents the conditions when the impressed frequency
is below the resonant value. The current in this case lags
behind the voltage, and the convalent circuit would be one con-

teining a resistance, and inductance in series.

From Fig.(6)

Z, = R,+ jwl
it TR = 7k
& = &C
ok~ - s M S 2 1
4 % 4, RFIjwh'ERg-7 1
w(
(Re = j_1) + (R+jwk)
= w(
R+ Jw X)) (R ] 11]
wC
(Re+ § wI) (Re~ § _1)
Then 2 = wi
(R, + R+ jlwk - 1)

e
>}

Rationalizing and collecting terms:

Z = Ro(RI+wl)+ R.,(Ré+(_;)“m(wm:+ (__1_))-_1@Z+ SL*)
wC w w(

(Ry+ Re)"+ (wT - 1)
wC




s 51

= (ReR(Re+ R, HRWL'+ RLl__l)‘Hrj RolL - Rt 1 - L{w L - _1)
w( wC C wC‘

(R RV fobiw B)
w(C

Dividing this expression into its two components, letting
rl equal effective resistance and It equal the effective
reactance, we have

(ReRy (Re+ R, ) + Re(w L)+ RL{__lr)

R & w G

(R, + Re) + (wlh - 1)°
w(

cwl «R{f 1 -5 (wl 1)
wC c wC

(Rg+Re)*+ (wi -_%)"

(78}

In case the resistance of the inductive branch is
large as compared to that of the condensive branch, the above
equation may be simplified to the following spproximetely
correct terms.

R} R
B> R* C +(m™ "}
T

)Z
R> ¢ + (m*- 1)
T

mnx R‘_%-{»(m’*- 5§ ha (2)

Total actual resistance of the circuit.
Actual capacity in farads.

Actual Inductance.
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m= 2"rrfm

The above equations (1) and (2) will be referred
to later.
It will be remembered that resonance occurs when

X, = ZXe ; that is when

ETTfL = 1
2T 10
From this equation
L = i1

0§ 6% d B
Figure (10) shows this relationship calculated for the funda-

mental frequency of 120 cycles.

Refgrring to equation (2) it is seen that for resoneance
m =1 and L; is thus equal to I, which reduces to zero.

The effective resistance, however, as resonance is approached,
becomes large and is seen to increase with the decrease of
the actual resistance of the circuit. From this can be seen
the importance of reducing the circuit resistance as low as is
economically possible.

The effect of shunting & condenser across the line
gside of the filter section and the economical size of such &
condenser has already been discussed in the previous chapter.
With this discussibn in mind, & 3 to 4 microfarad condenser
may be shunted across the line side. ILikewise & 3 to 4 micro-
farad condenser is found to be of intrinsic value on the load
side of the filter.

The tuned trap with a condenser shunter across the




Capacity (Microfarads)

I 2 3 4 5

Inductance (Henries)

o)
C and L To Produce Ressnhance At (20 Cyc,)e.s.
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line on either side of it will attenuate the alternating
component sufficiently for radio work except in extreme cases
where some hermonic assumes an important place. In this case
a second tuned trap must necessarily be added., Conditions of
this kind are very rare, however.

It can be seen from the foregoing discussion that a
Pilter of the "tuned trap" type can be constructed very cheap-
1y, its chief sdvantage being compactness, reduction of weight
and high efficiency. By use of the small choke or chokes,
the sctual resistance of the unit is reduced to practically
nothing, while the attenuating effect mounts high. A filter
of this type eliminates bad voltege drops so often experienced

by radio workers.,
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Filter Chokes

The question of the design of filter chokes, while
of great importance to the radio jndustry, is very involved.
It is thought advisable, however, to summaerize the essential
facts brought out in the work of C. R. Hamna, 1. Bpooner;

Herbert F. Wareing and others. (See Bibliography)

The filter choke differs from the ordinary reactance
in thet it must be designed to carry, we might say, two currents,
i.e., & direct current and a super-imposed alternating current.
This gives rise to new terms to be reconed with.

Permeability is defined by the equaltion.

For a coil carrying both A.C, and D.C., & new per-
megbility is introduced known as ineremental permeability.
When the direct current passes through the choke, the flux
density rises to a certain point on the permeability curve.
At this point the alternating component causes the flux to
describe a small hysteresis 1loop. This is not the per-
meability (4 ) but & smaller value 045) which is equal to
the slope of the line drawn through the tips of the loop.
As H due to the D.C. inereases,the hysteresis loop moves
up end the value (MA) becomes smaller. The method of ob-
taining (M A) can he found in a paper by T. Spooner publish-
od in the A. I. E. B, Journal of Jan. 1929, Fig, (11) and
Fig., (12) gives permeability and inecremental permeability

respectively.




Permea bility (M x10%)
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Permeabiliy Curve for Westinghouse “‘MA" Steel.
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Westinghousc "MA" Steell.
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Both the permeability and incremental permeability
curves were made use of by Hemna in preparing his design
chart for reactances carrying D.C. with a superimposed alter-

nating current. Hanna's method was as follows:

Using the following notations:-
B = Steady flux density in iron and air gap expressed in

gausses.

Number of turns in winding.
= Direct current in Amperes.

2
Ares of core section and air gap in cm .

= length of iron path in cm.

- B ST T
]

A.C. inductence in henries.

M= Normal permeability = B
H
MA = Incremental permeability = %%

We have

+
and ns 0.4 AX1®

from (1)
N= B(&k+s) (3)

Substituting in (2)

2 2
L <38 (& +8) AXI0
0,471 (%5 + &)

2 2
e - B s +¥) 1w
R L O
gy S |




Letting 1A the volume of iron in the case,

(5)

(6)

For any essigned value of g (the per cent. air - gap)

1
equations (5) and (6) may be considered as parametric
Zj

equations with B as the parameter, and a curve of LI
v

against NI can be plotted. To do this, several values

E
of B are assigned, and the value of sm and)AA(zorreSponding

to B obtained from the curves of Fig.(11) and (12). These

values are substituted in equations (5) and (6) to determine
2

corresponding values of LI _ end NI . NI represents the
steady ampere tunes for eZch cent%meter o% iron length, and
;g? is a guentity, which if divided by the square of the
gurrent gives the inductance per cmg. of the core. Fig.(13)
is Hanna's design chart.

The above chart is used in the following way, the
desired inductance L and the direct current I being known:

1. It will now be necessary to asSsume Some chre
size, and the height for the stack of laminations. Then
determine the area of the core A and the length of the mag-

netic path? =457 Ak
2

2, Compute LI
v

3, Prom the design chart, find the value of %;
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2
corresponding to the above value of LI

4, The total number of turns to be used is then
found by dividing the above value of NI by I and multiplying
)
by 1.

5, The approximate length of air gap determined by

) number nearest the point on the curve used

noting the (2
1
in getting NI. This number is multiplied by 1 to get a.
1

6. If it is now found that the proper number of
turns cannot be gotten in the winding space, or that the
space is unnecessarily large another assumption must be

mede for d and the design followed through again.
O (=
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CONCLUSIONS

From the foregoing discussions we may say that the
most effective "brute force" filter circuit may be con-
structed using a 30 henry choke with “a . three or four
microfarad condensers shunted on either side of it. As
has been pointed out, this will form the most effective
filter for the most nominal coét of constructing same.

If further attenuation is desired it can be obtained more
economically by the addition of another filter network
consisting of & 30 henry choke and a three to four micro-
farad condenser.,

It has been pointed out that resonance can be
produced for the principle frequency (120 cycle) by any
number of sizes of chokes connected in parallel so long as
they are balanced. Selecting a 1.2 henry choke as en example,
we find by calculation the accompanying condenser should be
somewhere near 1,5 microfarads to produce resonsnce at 120
cycles. Therefore, an effective filter may be constructed
using s l.2 henry choke in parallel with & 1.5 microfarad
condenser connected in one side of the line, and a three to
four microfarad condenser shunted across the line on either
side of the above trap.

In either of the above cases the current the network
is to carry should be taken into consideration, otherwise

undue heating may occur.
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