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Audio-Frequency Ripple from D.C. Power Supplies 
in Communication Engineering. 

I. Introduction. 

Owing to the heavy current consumption at large 
modern telephone exchanges, particularly those at 
which V.F. signalling apparatus is to be installed, it 
was decided that the batteries should float across the 
output of the generators which were used previously 
for charging purposes only. This will result in a 
reduction of the size of the batteries required for the 
heavy load. 

Again, with the successful development of standby 
power plant, which includes the automatic starting 
of a prime mover in the event of a mains failure and 
having regard to the disproportionate cost of repeater 
station batteries, if operated on the charge-discharge 
principle, and, further, the growth in the number of 
unattended repeater stations, it has been decided that 
in future the batteries at these stations should normally 
float across the output of generators or rectifiers. 

Some smoothing equipment connected between the 
generator and battery is generally necessary in order 
to reduce the undesirable effects of audio-frequency 
fluctuations from the generator. In the past, a single 
choke was used. No actual values of inductance 
were specified for the choke. The specification was 
met if the voltage drop with D.C. across the choke 
did not exceed 1 volt, if the iron used in the core was 
not saturated by the D.C. ampere turns and if the 
extraneous field from the choke was sufficiently 
small. As a result of the investigations described in  

the present paper, smoothing circuits can be designed 
and the required performance of the components can 
be specified and checked by comparatively simple 
measurements. 

It must be mentioned that other apparatus such 
as motors, interrupters, oscillators, etc., operating 
from a D.C. supply must be regarded as sources of 
interference, and steps should be taken to reduce any 
ill effects arising from them. Hence, when the 
maximum noise which can be permitted across the 
batteries has been determined, it will be necessary to 
specify the maximum contribution of each source, 
since generally the R.M.S. law of addition will apply 
for such indiscriminate noises. 

2. Noise, its effect and measurement. 

The measurement of the magnitude of a pure tone 
and its effect on conversation is comparatively an 
easy matter. When several pure tones having 
random relationships as regards magnitude and fre-
quency occur simultaneously, the result is a noise and 
this will be continuous if the individual components 
are maintained. The co-relation of the results of 
measurements made by simple means and the actual 
effects of such a complex disturbance is extremely 
involved. However, approximations can be made. 
Obviously these can only be regarded as a temporary 
expedient and must be reviewed as science progresses. 
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Noise in a telephone circuit results from several 
causes and it is desirable that the contribution from 
each should be as small as possible and that a common 
method of measurement should apply in all cases. 
At the present time line noise, caused by induction 
from electric power supply systems is measured by 
means of a circuit noise-meter'. In this instrument 
the magnitude of a noise is expressed as that voltage 
of a pure tone at a frequency of 800 c/s which will 
produce the same impairment as the noise. Since the 
effect of a disturbance will depend, inter alia, on its 
frequency the C.C.I.F. has specified the response 
characteristic of the circuit noise-meter so that each 
frequency is given a definite weighting. The weight-
ing curve is reproduced in Fig. 1. 

The noise produced in the receiver of a subscriber's 
instrument, due to the power supply at exchanges or 
repeater stations, is of the same type as that from 
power induction and hence the circuit noise-meter can 
be used for its measurement. 

3. Permissible Noise Voltages across 
Batteries. 

When batteries are floated across rectifiers or D.C. 
generators the maximum values (measured by 
psophometer) which are at present specified for noise 
P.D. across the batteries are as follows: 	 

(i) Exchanges. 
50 V supply 	 ... 	2 mV. 

(ii) Repeater Stations. 
(a) 24 V. " A " supply .. 	0.5 mV. 
(b) 1:30 V. " B " supply... 	5 mV. 

(originally 7 mV). 
It should be emphasised that these are the maximum 

values permitted and, hence, if the output is provided 
by operating several machines in parallel, the con-
tribution from each machine should not exceed the 
above values divided by the square root of the number 
of machines used, since, in general, the R.M.S. law 
of addition will apply. 

As regards (i), this limit was fixed as the result of 
actual observations made at the Sloane Exchange by 
a number of representatives from different branches 
of the E.-in-C.'s Office. The source of noise was one 
of the generators normally used for charging. 

The ratios of the voltage across the subscriber's 
receiver to the voltage across the exchange battery for 
the circuit shown in Fig. 2 are given in the curve of  

observed that 2 mV at 800 c/s across the battery 
terminals will only cause 0.084 mV across the receiver. 

The limits which must be specified under (ii) will 
be governed to a large extent by the decoupling 
arrangements incorporated in the repeaters themselves, 
and by the type of repeater in use. It might be 
argued that the instrument used for measuring the 
noise across repeater station batteries should have a 
weighting curve different from that of the circuit 
noise-meter as the latter is used for measurements 
across the line terminals. However, different methods 
of decoupling are used and it is undesirable that a 
modification should be introduced to cater for each 
one. 	For the present standard types of audio- 
frequency repeater it has been found that, assuming 
the batteries are the only source of noise, the noise 
output is almost entirely due, and is of the same order 
as the noise voltage across the " A " battery. 

4. Floating Battery Power Equipment. 

Apart from its D.C., E.M.F. and internal resist-
ance, any source of D.C. supply can be regarded as 
a noise E.M.F. in series with an impedance. In 
floating battery power equipment the D.C. generator 
or rectifier can be considered as a source of noise, 
consisting of an E.M.F. in series with an internal 
impedance, coupled to the load by means of an 
electrical network. A battery forms part of this 
network in order that the D.C. load may be main-
tained under conditions of supply failure. 

The noise P.D. which is produced across the load 
will be governed by— 

(i) The magnitude and frequency of the noise 
E.M.F. 

(ii) The internal impedance of the source. 
(iii) The impedance of the battery circuit. 

(This is shunted across the load impedance 
which is usually much greater in magnitude.) 
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Fig. 3. It will be seen that any modification of the 
weighting curve of the circuit noise-meter, when used 
for measuring noise across an exchange battery, will 
only affect the lower frequencies, and these have 
already a small weighting factor. Further it will be 

1. See Bibliography. 
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(iv) The electrical constants of any smoothing 
circuit connected between the source and the 
battery. 

5. Noise E.M.F. of D.C. Generators and 
Rectifiers. 

(I) D.C. Generators. 

The composition of the noise E.M.F. from a D.C. 
generator is usually extremely complex, since it con-
tains components at the following frequencies= : - 

(a) The fundamental frequency, f, generated in 
the armature and its harmonics 2f, 3f, etc. 

(b) The slot ripple frequency and its harmonics. 
(c) The commutator ripple frequency and its 

harmonics. 
Analyses taken on a particular machine are given 

in Table 1. These are representative of measure- 

Now the slot ripple E.M.F. is generated in (i) the 
armature, (ii) the shunt field winding, (iii) the inter-
pole field winding of a shunt wound D.C. machine. 

With an open slot armature, the generator is 
effectively an alternator having salient poles on the 
rotor. Hence, an alternating E.M.F. will be generated 
in the polar windings. On a particular self-excited 
shunt wound machine (20 volts, 70 amps) the ripple 
E.M.F. at full load was 200 mV in the armature and 
6,000 mV in the shunt field. 

The effective ripple E.M.F. from the generator was 
200 mV, which is equal to that generated in the 
armature alone. 	This is to be expected since, 
although the E.M.F. generated in the field winding is 
considerably greater than that in the armature, the 
shunt field winding has such a high impedance (its 
inductance was 45.7 mH) as compared with that of 

TABLE 1. 

ANALYSIS OF NOISE E.M.F. FROM D.C. GENERATOR. 
(Details of Generator-Shunt field ; 13/15 A, 175/131 V, 1500/1440 r.p.m. ; 4 poles ; 

4 interpoles ; 32 skewed slots ; wavewound armature ; 128 commutator segments.) 

Remarks. 

Full load. No load. 

Ripple E.M.F. Ripple E.M.F. 
f f 

Direct. Weighted. Direct. Weighted 

cycles per 	 cycles per 

	

sec. 	mV. 	mV. 	sec. 	mV. 	mV. 

	

50 	 48 -- 

	

100 	227 	3.4 	96 	116 	1 85 

	

150 	73 	3.3 	144 	 10 	0.41 

	

200 	16.7 	1.75 	192 	 27 	2.43 

	

250 	15 	3.0 	240 	 7 	1 19 

	

300 	43 	12.9 	288 	 32 	8.3 

	

350 	16 	5.6 	336 	 28 	9.5 

	

400 	22.7 	9.1 	384 	 11.5 	4.6 

	

450 	4.2 	1.83 	432 

	

500 	7.5 	3.54 	480 	 10.5 	4 8 

	

550 	5.9 	3.04 	528 

	

600 	15 5 	8.7 	576 

	

650 	12.3 	7.9 	624 

	

700 	5.7 	4.0 	672 

	

800 	125 	125 	 768 	1750 	1590 

	

1600 	57 	20.1 	1536 	 41.6 	14 9 

	

3200 	11 	1.21 	3072 	 54 	7 0 

Fundamental. 

Slot Ripple. 
Commutator Ripple. 

1590 mV. R.M.S. 	 128 in-V. 

Circuit 
Noise-meter 	 140 mV. 
reading. 

1840 mV. 

ments made on a variety of D.C. generators. It will 
be seen that the noise E.M.F. increases with D.C. 
load and that this increase is almost entirely due to 
slot ripple. 

A series of oscillograms taken on the same machine 
has been reproduced in Fig. 4. The fundamental 
ripple was obtained by means of a low-pass filter con-
nected between the terminals of the machine and 
oscillograph. A band pass filter enabled oscillograms 
of the slot ripple to be taken. 

From the above it will be apparent that the noise 
E.M.F. at full load is almost entirely due to slot 
ripple. 

2. See Bibliography. 

the armature (inductance 0.82 mH). The actual 
ripple P.D. across the machine terminals due to the 
E.M.F. generated in the shunt field winding was only 
30 mV (calculated). 

Since the number of turns on an interpole or com-
mutating pole winding (which will 'be connected in 
series with the armature) will be few, the slot ripple 
E.M.F. induced in them will be small. 

In order to determine the origin of slot ripple, the 
shunt field winding of the D.C. generator in a motor 
generator set was disconnected. Direct current was 
fed into the generator armature via a suitable choke 
and the machine was rotated at normal speed. The 
noise voltage across the armature was measured at 
various values of armature current. The results 
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have been plotted in curve B of Fig. 5. It 
will be seen that this curve is almost identical 
with curve A, which gives, the noise E.M.F. from the 
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machine when operating normally. Therefore, slot 
ripple is almost entirely due to current in the armature. 
This is in agreement with the results obtained in 
Appendix I where an attempt has been made to 
derive, from theoretical considerations, the magnitude 
of the slot ripple E.M.F. generated in the armature 
of D.C. machines. Incidentally the numerous factors 
governing the magnitude have been demonstrated. 

Referring to the conclusions arrived at in this 
Appendix and to Fig. 5 it will be noticed that :— 

(i) The slot ripple E.M.F. generated in the 
armature of a D.C. machine varies with load 
current and is almost directly proportional to 
it from a small load up to full load. 

(ii) At full load the magnitude of this E.M.F. is 
approximately 1.5% of the D.C. voltage. 

(iii) The magnitude of the noise E.M.F. at full 
load can be taken as 1% of the D.C. voltage. 

Further it will be realised that in order to reduce 
the slot ripple E.M.F. 

(a) the reluctance of the magnetic path per slot 
should be large, and 

(b) the rate of change of this reluctance should be 
small. 

Greater reluctance can be secured by using open 
slots and large air gaps between the pole shoes and 
the armature. The effect of removing the pole shoes 
on a particular generator is clearly shown by curve 
C, Fig. 5. However, large air gaps will reduce the 
efficiency of the machine. 

The change in reluctance can be reduced by several 
methods: — 

(i) 'Completely enclosed slots—i.e., a smooth core 
armature. Early D.C. generators for tele-
phone purposes were of this type and little 
trouble from noise was experienced. How-
ever, they were of non-standard type and 
therefore costly. In addition, the D.C. 
efficiency was not high and, since this con-
struction increases the inductance of the 
armature, commutation was difficult. 
Special brushes and a large number of com-
mutator segments were necessary in order to 
reduce sparking. 

It has been suggested to one manufacturer 
that an approximation to completely en-
closed slots could be obtained if a " stalloy " 
strip were associated with the slot wedge on 
a standard design of armature. 

(ii) Skewed slots or skewed pole shoes. 
(iii) Chamfered pale shoes. 

The above modifications will also reduce the E.M.F. 
induced in the polar windings. 

Any concentration of magnetic flux will cause an 
increase in the rate of change of reluctance. Hence, 
interpolar windings and interpole shoes should be 
carefully designed to counteract flux concentration. 
This will also result in a reduction of noise due to 
commutation. 

If too high a flux density occurs in the armature 
teeth, the noise E.M.F. will be increased in magnitude 
on account of intermodulation products. 

In spite of the above, it must be realised that the 
reduction in interference from slot ripple obtained by 
careful design is small in comparison with that secured 
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machine when operating normally. Therefore, slot 
ripple is almost entirely due to current in the armature. 
This is in agreement with the results obtained in 
Appendix I where an attempt has been made to 
derive, from theoretical considerations, the magnitude 
of the slot ripple E.M.F. generated in the armature 
of D.C. machines. Incidentally the numerous factors 
governing the magnitude have been demonstrated. 

Referring to the conclusions arrived at in this 
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Greater reluctance can be secured by using open 
slots and large air gaps between the pole shoes and 
the armature. The effect of removing the pole shoes 
on a particular generator is clearly shown by curve 
C, Fig. 5. However, large air gaps will reduce the 
efficiency of the machine. 

The change in reluctance can be reduced by several 
methods:— 

(i) Completely enclosed slots—i.e., a smooth core 
armature. Early D.C. generators for tele-
phone purposes were of this type and little 
trouble from noise was experienced. How-
ever, they were of non-standard type and 
therefore costly. In addition, the D.C. 
efficiency was not high and, since this con-
struction increases the inductance of the 
armature, commutation was difficult. 
Special brushes and a large number of com- 
mutator segments were necessary in order to 
reduce sparking. 
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sine wave can be ex- 

by a low-pass filter. Hence, in general, a high D.C. 
efficiency should be aimed at. 

(2) Rectifiers3. 

The rectification of a pure 
pressed by the following series: 

m 
y = - -sin 	 1 +2 

1E =1 

where ni is the number of phases. 
Hence, if the effective value of the D.C. E.M.F. 

is known (allowing for voltage drop in the rectifier 
itself), the approximate value of the noise E.M.F. can 
be calculated by multiplying the amplitudes at the 
ripple frequencies by the corresponding weighting 
factors and obtaining the R.M.S. value of the pro-
ducts. This has been done for the cases of (a) Single 
phase, full wave, and (b) Three phase, full wave, 
rectifiers in Tables 2 and 3, assuming a supply fre-
quency of 50 c /s. 

TABLE 2. 

(a) Single phase, full ware. 

R.M.S. 	2.5% 

TABLE 3. 

(b) Three Phase, Full Ware. 

Weighting 
Frequency. 	% of D.C. 	Factor (of). 

D.C. 	100 
300 c/s. 	4 	 0.3 
600 	0.99 
	

0.56 
900 	0.44 
	

1.4 
1200 	0.246 
	

1.26 
1500 	0.157 
	

0.419 

R.M.S. 	1.5 % 

The above values of noise E.M.F. will apply only 
in the case of a high impedance resistance or induct-
ance load. For other types of load the calculation is 
very involved. 

3. See Bibliography. 

6. Self Impedance of D.C. Generators and 
Rectifiers. 

(1) D.C. Generators. 
The bridge method which was developed in order to 

measure the impedance of D.C. generators, when 
running and delivering load, is given in Figs. 6 and 7. 

A high resistance, non-reactive potentiometer " R " 
and the primary of a standard, variable mutual 
inductance " M " are connected across the output 
terminals of the generator. The electrolytic condenser 
eliminates D.C., but must be of high capacitance, and 
its equivalent series resistance must be low in com-
parison with " R." The primary of the fixed mutual 
inductance " m " is joined in series with the genera-
tor. Details of this are given in Appendix I. The 
settings " S " and " M " are adjusted until balance 
is indicated on the tuned detector. The solution of 
the method is given in Appendix II. 

As a result of measurements on a large number of 
machines it has been found that the impedance of a 
generator is mainly inductive and that the inductance 
does not change appreciably under any conditions of 
running or load. Hence, it is now only necessary 
to measure the inductance, when the machine is 
stationary and any normal A.C. bridge can be used. 
The Owen Bridge given in Fig. 8 has been found to 
be very convenient for this purpose. 

It has been shown elsewhere' that the inductance 

I See Bibliography. 
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of a D.C. generator is given by 

L = K.  V Henries. 
I.N. 

IA here : — 
K is a constant. 
V is the rated output voltage of the generator 

(Volts). 
I is the maximum output current of the generator 

(Amps). 
N is the speed of the machine (R.P.M.). 

The average value of K has been found to be 1.4 
from a large number of measurements. 

(2) Rectifiers. 
The internal impedance of a rectifier installation is 

composed of the impedance of equipment connected 
on the supply side (e.g., leakage impedance of the 
transformer, etc., anode chokes in the case of mercury 
arc rectifiers), and the resistance of the rectifier itself. 
In the case of metal rectifiers the latter can be 
calculated from the static characteristics of the discs 
used. Measurements on actual rectifiers have con-
firmed this. Typical results are given in Table 4. 

TABLE 4. 
INTERNAL IMPEDANCE OF 24 V. AND 130 V. COPPER OXIDE 

RECTIFIERS. 

Frequency 
c/s. 

Impedance. 

24 V, 8A, " A " recti- 
fier, type 4-8-16 (A). 

130 V, lA " B " recti-
fier, type 4-32-2 (A). 

150 

250 

1.0 

1.1 

/5° 

/9° 
350 42 /7° 

450 1 34 /27° 42 /10° 

650 1.47 /34° 43.2 /16' 

850 1.6 /36° 43.5 /21° 

1050 1.8 /38' 43 7 /25° 

1250 1.97 /40° 47 /28' 

1450 2.16 /43° 

1650 2.39 /46° 52.5 /32° 

These values include the voltage regulating resist-
ances, the leakage impedance of the rectifier trans-
formers and the impedance of the leads from the 
power board to the rectifier rack. 

8  

7. Impedance of Batteries. 
The actual values of noise P.D. obtained across the 

load will be practically proportional to the impedance 
of the battery circuit, since this is generally much 
lower than that of the load. 

From the point of view of impedance to A.C., a 
battery circuit can be considered as resistance in 
series with inductance and capacitance. 

(I) Resistance. 
The total resistance of the battery circuit has two 

components : — 
(i) The resistance of the battery itself, and 

(ii) the resistance of connecting leads. 
As regards (i) it has been found by actual measure-

ments that the resistance of a secondary cell battery 
to A.C. is much less than its D.C. resistance, and also 
changes less with the state of charge. The results of 
comparative measurements on a typical 6-volt, 20 Ah 

battery are given in Fig. 9. It has been found that 

the resistance can be taken as K 	 
Ah 

where 
N is the number of cells of the battery. 
Ah is the capacity of the battery. 
K is a constant which can be taken as 0.25. 

Tests on particular batteries have given values of 
K as low as 0.13 but, for the types of cells usually 
employed in exchanges and repeater stations, 0.25 
has been found to be the most reliable value of K. 

This value is also quoted by Turner.' and Vinal5. 
The effective resistance of the leads connecting the 

battery to the power board will usually be greater than 
their D.C. resistance on account of skin effect at the 
noise frequencies. 

4,5. See Bibliography. 



(i) By means of a series choke. 
(ii) By a low-pass filter. 
(iii) By bridge methods. 
(iv) By means of mutual inductance. 

(i) When only small direct currents are being con-
sidered, a choke is usually adequate to reduce the 
ripple to a negligible amount. In some cases the 
inductance of the generator itself may be sufficient. 
For heavy current machines the size and weight of a 
suitable choke would be far too unwieldy. 

(ii) With the development of electrolytic condensers 
it has become possible to provide simple low-pass filters 
for the reduction of interference. A typical filter 
suitable for a large generator is shown in Fig. 10. 

L, L 2  

BATTERY GENERATOR 

0 	 0 

FIG. Pi—SMOOTHING CIRCUIT 
sFcrio,). 

The general expression for the attenuation ratio of a 
low-pass filter is given in Appendix V. The principles 
of design of such a filter are given in Section 0. 

(iii) A bridge method has been suggested by Mr. 
J. A. Sheppard and is the subject of the provisional 
British Patent Specification No. 403/38. This 
method was developed after the impedance of a large 
battery was found to be equivalent to that of an 
inductive resistance. Fig. 11 gives a diagram- 

AIR-CORED 
INDUCTANCE 

FIG. 11.-BRIDGE METHOD FOR SMOOTHING THE 
Tl'I T FROM D.C. GENERATORS. 

matic sketch of the bridge circuit. The normal 
conditions of balance obtain in this case, viz., 
Z,Z, = Z,Z3. Since the battery inductance is 
usually only a few microhenries, it will be realised 
that the balancing chokes required for this method 
are extremely small and are preferably air cored. To 
overcome the disadvantage of having two batteries, 
the modification shown in Fig. 12 was suggested. 

The modified bridge circuit is satisfactory if the 
frequencies to be eliminated are high. The method 
has been tried experimentally and the results are very 
promising. 

It will be appreciated that the cost of a simple low-
pass filter for heavy current machines will be very 

In the case of batteries having a large Ah 
capacity, the resistance is negligible in comparison 
with the reactance. 

(2) Inductance. 

The inductance of a battery depends on the dis-
position of the cells and a simple formula which gives 
satisfactory results is:— 

L4.10-9  ((a 	b) log,  gab  
r 

- b log, (b + d)) Henries. 

a and b are the lengths of the sides of the rectangle 
formed by the cells (ans.) 

d is the length of the diagonal, i.e., d = a2  + b2  
r is the radius of the conductor (cms.) (for cells r 

can be taken as 0.02 (Ah)°•7  - Ah is the capacity 
of the battery). 

The inductance of the leads is given by 

L = 4.10-" r  
1 is the length of the leads (cms.) 
d is the separation (cms.) 
r is the radius of each conductor (cms.). 

It will be appreciated that for low inductance the 
separation of the cells and leads should be as small as 
possible as also should be the length of the connecting 
leads. Measurements by means of the Owen Bridge 
have given the following values of overall inductance. 

TABLE 5. 

Inductance (ILH). 
Batters' 	Number 
Voltage. 	Tested. 

24 22 9.5 32.5 17 
50 14 9.75 23 	i 18 

130 17 22.5 60 38.5 

It cannot be emphasised too strongly that any pro-
posed lay-out of a battery should be considered from 
the point of view of minimum inductance consistent 
with ease of maintenance. 

(3) Capacitance. 

The magnitude of the capacitance component is 
only appreciable in the case of batteries having a small 
ampere hour capacity and, even then, it is rarely 
comparable with the resistance. For practical pur-
poses it can generally be neglected. 

Results of measurements on a particular small 
battery indicated that the capacitance could be taken 
as:— 

C 	
Ah 

20,000 	 (py.).  

8. Smoothing the Output from D.C. Gener-
ators and Rectifiers. 

(1) D.C. Generators. 

There are at least four methods of reducing the 
audio-frequency ripple generated in the armatures of 
D.C. machines:— 

9 
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ELECTROLYTIC 
CONDENSERS 

FTC, 12.—BRIDGE METHOD FOR SMOOTHING THE 
OUTPUT FROM D.C. GENERATORS. 

heavy. The proposed scheme would therefore effect 
a tremendous saving in such cases. 

(iv) This method was suggested by Mr. R. 0. 
Carter. With reference to Fig. 13 

ZG  

FIG. 13.—MUTIT IL INDUCTANCE METHOD FOR SMOOTHING 
THE OUTPUT I ROM D.C. GENERATOR. 

Mil  = (Z + 4 + z) i, - zi, 
M + z _ 	 

Z + 	+ z ZI 
 

E + Mi, = (4 + Z„ + z) it  — zi, 
E =(Z+ + z) (Z + Zs  + z) 	s 

(M+z) 1VI + z 

Now, V = Zi, 

E 

(Z, + Z, +z) (Z + Zs  +z) — (M+z)2  
Hence, V -= 0, if M + z = 0 

i.e., M = — z 
If the resistance of a battery can be neglected then 

z 	r + jw/ jw/ 
juriM = — jw/ 

or / = —M 

This scheme has not been given a practical trial, 
but should be encouraged. The mutual inductance 
" M " could be quite small and air cored. When 
large capacity batteries are used their effective resist-
ance is small and the method should be very 
satisfactory. 

(2) Rectifiers. 
The smoothing often used for heavy current multi-

phase mercury arc rectifiers consists of an air cored  

choke in series with the output from the rectifier, 
followed by shunt -resonant circuits tuned to the 
various harmonic frequencies. The arrangement is 
shown in Fig. 14. 

FIG. 14.—SMOOTHING CIRCUIT FOR RECTIFIERS. 

Since the internal impedance of a rectifier is low, 
particularly at full load, a choke must always le 
connected directly in series with the output. The 
performance of the tuned circuits is not entirely satis-
factory, and Fig. 15 indicates the effect of frequency 
drift on the efficiency of the smoothing. 
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10 

9 

8 

ORIGINAL 7 
SHUNT 
CIRCUITS 
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PERCENTAGE VARIATION 
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20 
MEAN SUPPLY FREQUENCY 

FIG. 15•—FACTOR BY WHICH NOISE INDUCED FROM RECTIFIERS 
TO JUNCTIONS MUST BE MULTIPLIED FOR CH ANGES IN SUPPLY 
FREQUENCY. 

Again, resonant shunts would be impracticable for 
smoothing the output from single and three phase 
rectifiers owing to the number of prominent ripples 
present. Any of the methods described for D.C. 
generators should therefore be adopted. 

9. Design of smoothing circuits of the Low-
pass Filter type. 
(I) Data required. 

The data required for the design of a smoothing 
circuit of the low-pass filter type for floating battery 
equipment is 

- Z 
(4+ Zp+z) (Z + 4 +z) 

(M+z) M + z 

- Z • 	
(M +z) E 



KNURLED 
NUTS 

RP CONCRETE 
PIER 

FUSES N° 20/10 

FROM 
GENERATOR 

TO 
POWER BOARD 

TO BATTERY 
AND LOAD 

(i) The noise E.M.F. of the generator or rectifier. 
(ii) The frequency of this noise E.M.F. 

(iii) The self-impedance of the generator or 
rectifier. 

(iv) The impedance of the battery circuit. 
(v) The permissible limit of noise P.D. across the 

battery. 
The above may be calculated, measured or assumed 

from previous experience on similar installations. 
For the purpose of designing smoothing equipment, 

the noise E.M.F. of a generator may be taken as 1% 
of the D.C. voltage and as occurring at the slot ripple 
frequency (see Table 1). In the case of rectifiers, the 
noise E.M.F. at the main ripple frequency is required, 
since the attenuation of a prototype low-pass filter at 
the higher frequencies will be considerable (the fre-
quency of this ripple would be 111(1 c/s for a single 
phase and 800 c /s for a three phase circuit assuming 

If the impedance of the battery circuit cannot be 
measured, the inductance may be assumed to have the 
average value given in Table 5 or it can be calculated 
as described in Section 7. The resistance can be 
calculated from the empirical formula given in that 
Section. 

The usual limits of noise P.D. across the discharge 
leads are given in Section 3. 

(2) Arrangement of the Filter. 

In order that the maximum smoothing effect shall 
be obtained from the filter components their arrange-
ment must be carefully chosen. Leads carrying alter-
nating current in opposite directions should be run as 
close together as possible in order to reduce the 
external field produced. The inductive impedance of 
condenser leads will be reduced by this method. The 
length and resistance of condenser leads should be as 

CU LINKS 

FIG. 16 -50 V. & 60 V. AUTOM ITIC EXCHANGES. DIVIDED BATTERY FLOAT POWER PLANTS. 
TYPICAL ARRANGEMENT OF FILTER EQUIPMENT. 

full wave rectification of a 50 c/s supply). To 
calculate the magnitude of this ripple from Tables 2 
and 3, the D.C. E.M.F. must be known. However, 
it has been found from experience that the noise 
E.M.F. at the main ripple frequency can be taken 
as:- 

1.2% of the D.C. output voltage for a single 
phase, full wave rectifier, and 

1.5% of the D.C. output voltage for a three 
phase, full wave rectifier. 

To obtain the self impedance of a D.C. generator, 
1.4 V' 

the formula given in Section 6 (1) L =. 	 ) can 
I.N. 

be used. The resistance component can be neglected. 
In the case of rectifiers, the self impedance can be 

neglected in comparison with the input impedance of 
an adequate smoothing filter. 

small as possible and the rating of fuses used with 
condensers should be as high as possible. 

The ideal lay-out of a filter unit is that in which 
the generator positive and negative leads are brought 
to the unit, and the smoothed output is taken from 

MAIN EARTH BAR 

FIG. 17. 
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the filter by a separate pair of leads. This arrange-
ment is illustrated in Fig. 16. Where this lay-out 
cannot be employed, a satisfactory filter can be con-
structed, provided that the principle of pairing leads 
carrying approximately equal alternating current in 
opposite directions is maintained. This principle is 
illustrated in Fig. 17. 

When it is not possible to make use of the ideal 
filter lay-out, a capacitance of 4,000 ,aF. is the 
maximum which can usefully be employed. Each 
condenser bank should be divided into at least two 
separately fused units. Furthermore, the capacitance 
of unit should not exceed 2,000 µF. 

(3) Design Factor. 

In order to offset any inaccuracy in the data 
employed, and bearing in mind the assumptions made, 
it is necessary, when designing a smoothing filter, to 
allow a design factor or ratio between the calculated 
attenuation and the actual value. The factor taken 
should be between 1.5 and 4, depending on (a) the 
accuracy with which the quantities involved are known 
and (b) the total cost of the filter. 

(4) Design of the Filter. 

Knowing the generator E.M.F., the permissible 
limit of noise P.D. across the battery and the design 
factor, the required attenuation of the filter can be 
calculated. The relative values of capacitance and 
inductance in the filter will depend upon economic 
considerations ; for minimum total cost of the filter, 
the cost of each choke should be approximately equal 
to the first cost plus the present value of the annual 
charges necessary to maintain the capacitance of each 
condenser bank during the life of the plant. 

The simplest method of designing a filter is to 
try various reasonable values of inductance and 
capacitance and then to calculate the attenuation 
ratio at the required frequency by means of the 
approximate formula given in Appendix V. Little 
advantage will be obtained by using different sizes of 
chokes and condenser banks in a multi-stage filter. 

Care should be taken to ensure that the resonance 
1 

frequency ( Jr = 2--
Tr 
 \/  LC ) is less than 200 c /s,  

in the case of D.C. generators—in order to provide 
adequate attenuation for any large components in the 
generator noise E.M.F. at frequencies less than the 
slot ripple—or the lowest ripple frequency in the case 
of rectifiers. 

In general, the larger the number of stages in a 
filter designed to give a certain attenuation, the smaller 
the total inductance and capacitance. However, the 
resonance frequency will increase with the number of 
sections and will set an upper limit. 
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Z 10-8  Volts c = 	 

	

2cx 	dt 

APPENDIX I. 

Magnitude of Slot ripple from the armature 

of a D.C. Generator. 

Let 
N = speed of rotation in r.p.m. ; 
Z = total number of armature conductors ; 
B,, = flux density in air gap ; 
D = diameter of armature in cm. ; 
/ = length of armature in cm. ; 

polar arc 
7  - pole pitch 
c 	number of circuits in parallel between 

brushes ; 
x 	number of slots in the armature ; 

R 	reluctance of magnetic path/slot ; 

e 	induced e.m.f. /slot ; 
total slot ripple E.M.F. generated in the 

armature. 

Then, Conductors/slot = 

Conductors in series /slot = 
cx 

Direct Current/conductor 
	I 

The flux produced/slot 

47 I Z 
10 	c 

R 

2cx dR dt 

	

Z 	do 	dR 
10-b Volts 

4r I Z 
Z 
  . 	. 	 

10 c 	dR 
- 	•     • 10' Volts. ..(1) 

cx 	R- 	dt 

But R cc  1 

1 
and 

dR 
 cc — • Nx 

dt 	1 

	

Hence, 
1 	dR 

• dt  CC Nxl 

	

Z2 	I 
e a • N1   	(2) 

	

cx 	C 

But the full-load current from a D.C. generator can 
be shown to be 

7Dr,tf, 

	

I _ 	 • c  

slot width 

	

- 	slot area 
= current density in copper. 

Thus,-
I
- cc 	 

	

e cc Z 	 • DN/ 
cx 

The total E.M.F. induced in the armature will prob-
ably be the R.M.S. sum of the individual E.M.F.'s 
per slot, viz. : 	 

E = 0'12 	e2 2  + e5 2  + 	..e2, 

CC e x 

	DN 1 •  1 
. 

Now the E.M.F. developed in the armature of a 
D.C. generator is given by 

V = 60 	c 
Z13 	7  ,7D/ 	 • 10-4  

Ea 
 V 

cc s/x 

Thus, it would appear that the slot ripple E.M.F. 
generated in the armature of a D.C. machine is 
independent of the actual full load current, but is 
directly proportional to the D.C. voltage. The re-
sults of measurements carried out on a large number 
of machines are summarised in Tables 6, 7, 8, 9, 10 
and 11. 

It must be remembered that the machines, details 
of which are given in these tables, are of different 
types, supplied by different contractors and of 
different outputs. Hence, it is rather surprising that 
the values of E N/x do not show a wider variation. 

Conclusions. 
(1) It has been found in practice that the mean 

value of the slot ripple E.M.F. from a D.C. 
generator is approximately 1.59/o  of the D.C. 
voltage. 

(2) When designing smoothing circuits the magni-
tude of the noise E.M.F. can be taken as 1% 
of the D.C. voltage of the machine. 

(3) From equation (2) above, it will be apparent 
that the magnitude of the slot ripple E.M.F. 
generated in the armature of a particular 
machine should be directly proportional to 
the direct current in the armature. This has 
been demonstrated by actual measurements 
(see Section 5 (1), Fig. 5). 

(4) From equation (1) 
(a) the larger the reluctance of the magnetic 

path per slot, and 
(b) the smaller the change in this reluctance, 

the smaller will be the induced E.M.F. 

13 
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where r, = 
slot pitch 

t = depth of slot 
net copper per slot 

(copper space factor) 



TABLE 6. 

NOISE AND RIPPLE E.M F. FROM D.0 GENERATORS AT FULL LOAD. 
1. Repeater Station " A " generators. 

a. Earlier types. 

D C. Output. Noise 
E.M.F. 

E' (mV ) 
E' 

X100 
Speed 

N (R.P ) Slots 
Armature 

 

Slots 
 

Slot-ripple 
frequency 
N . r 

61) 
	 c/s 

Slut-ripple 

F (niV ) 
X100 

E 

Volts 	Amps 
V. I. 

TABLE 7. 

NOISE AND RIPPLE E M.F. FROM D.C. GENERATORS AT FULL LOAD. 
1. Repeater Station " A " generators. 

b. New machines. 

D.C. Output. 
Noise 

E.M.F. 
Et (mV.) 

I 
' 

El 
v X100 

Speed 
N (R.P M.) 

_ 

1 	Slot-ripple 	, 
Armature 	frequency 1  

Slots 	N x 
1 	60 	c/s  

- - 

Slot-ripple 
E M.E. 

E (mV  ) 

E 
,,_ X100 

E 
-N- ‘' s Volts 

V. 
Amps 

I. 

25 60 246 0 97 1440 19 	I 	456 560 2.24 97.6 
25 60 198 (179 1440 19 	456 450 1.8 78.4 
25 75 200 0.80 	I 1450 32 	770 	222 0.89 50.0 
25 75 306 1.22 1450 32 	1 	770 	1 	340 1.36 76.8 
25 75 266 1 06 1450 32 	770 	296 1.18 66.8 
25 75 247 0.97 1450 32 	770 	276 1.10 62.4 
25 120 124 0.50 1500 57 	1425 	248 0.99 74.8 
25 120 265 1.06 1500 57 	1425 	530 2.12 160.0 
25 120 81 0.32 1500 

57 	II  1425 	163 0.65 49.2 
25 120 264 1.05 1500 57 	I 	1425 	528 2.11 159.2 
25 120 201 0.80 1500 57 	1 	1425 	402 1.6 121.6 
25 120 288 1.15 1500 57 	1425 	576 2.3 174.0 
25 150 229 0.92 950 35 	555 	444 1.76 105.2 
25 150 194 0.78 950 35 	555 	376 1.50 88.8 
25 200 188 0.75 950 40 	632 313 1.25 79.2 
25 300 196 0.78 950 40 	632 318 1.27 80.4 
25 300 176 0.70 950 40 	632 286 1.14 72.4 
25 300 164 0.66 950 40 	632 266 1.06 67.2 
25 300 157 0.63 950 40 	632 255 1.02 64.4 
25 300 255 1.02 950 40 	632 414 1.66 104.4 
25 	 300 282 1.13 950 40 	632 458 1.83 116.0 
25 	 600 247 0.99 1000 64 	1065 132 11.53 42.0 

Mean (a) 0.86% 1.42% 90.5 

Standard deviation 

(r) 
0.22% 0.50% 28.8 

0 0.26 0.35 0.32 

a 

TABLE 8. 

NOISE AND RIPPLE E.M.F. FROM D.C. GENERATORS AT FULL LOAD. 
2. Repeater Station " B " generators. 

a. Earlier types. 

D.C. Output. Noise 

	

E.M.E. 	El 

	

El (mV.) 	̀.X100 

I Armature 
Speed 	Slots 

N (R.P.M.) 

Slot-ripple 
frequency 
N. x 

60 	ci s  

Slot-ripple 
E M.F. 
E (mV.) 

V X100 
E 

V V x  Volts 	Amps 
V. I. 

130 	15 1170 	i 	0.90 930 	29 450 2660 2.05 110 
130 	15 815 	0.63 930 	29 450 1850 1.42 77 
130 	25 	 4370 	3.36 1200 	26 520 8930 6.87 350 
130 	25 	 2080 	1.60 1200 	26 520 4950 3.81 194 
130 	50 	 1430 1.10 1000 	74 1230 	1190 0.79 68 

Mean 1.52% 2.99% 160 

14 

25 	 200 80 (1.32 951) 101) 1581) 191 0.77 76.4 

25 	 250 118 0.47 1285 63 1350 193 77 61.2 

25 	 300 354 1.42 935 72 1120 212 (1 85 54.8 

25 	 300 197 0.79 935 72 1120 118 (1.47 30.6 

Mean (1 75% 0 71°0  55.7 



TABLE 9. 

NOISE AND RIPPLE E.M.F. FROM D.C. GENERATORS AT FULL LOAD. 
2. Repeater Station " B " generators. 

b. New machines. 

D.C. Output. Noise 
E.M.F. 

El (mV.) 

El 
X100 

V  

Speed 
N (R.P.M.) 

Armature 
Slots 

x 

Slot-ripple 
frequency 
N. 2 
- cis 

60 

Slot-ripple 
E.M.F. 
E (mV)  

E 
X100 

 V 

E 
- ,./ 
V • Volts 

V. 
Amps 

I. 

130 
130 
130 
130 
130 
130 
130 
130 
150 
150 
150 
130 
130 
130 
130 
130 
130 
130 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
30 
30 
40 
40 
40 
40 

I 	45 

1820 
1780 
1510 
1780 
1180 
1260 
1800 
1040 

880 
1010 

1 	90 40 
1 	- 	- 880 

1100 
670 
480 
800 
750 

[ 370 

1.40 
1 37 
1.16 
1.37 
0.91 
0.97 
1.38 
0.80 
0.68 
0.78 
1.55 
0.68 
0.85 
0.52 
0.37 
0.62 
0.58 
0.29 

1440 
1440 
1440 
1440 
1440 
1440 
1440 
1440 

710 
950 
950 
950 
950 
950 
950 
950 
950 

1000 

19 
19 
19 
19 
32 
32 
32 
32 
47 
35 
36 
35 
35 
35 
35 
35 
35 
49 

455 
455 
455 
455 
770 
770 
770 
770 
555 
555 
570 I 
555 
555 

1 
1 	555 

555 
555 
555 	' 
820 

4040 
3960 
3360 
3960 
1410 
1500 
2030 
1240 
1720 
1980 
3740 
1720 
2160 
1320 

930 
1560 
1480 

360 

3.11 
3.05 
2.59 
3 05 
1 08 
1.15 
1.56 
0.95 
1.15 
1 32 
2 49 
1.32 
1.66 
1.01 
0.72 
1 20 
1 14 
0.28 

135 
132 
112 
132 

61 
65 
88 
54 
79 
78 

149 
78 
99 
60 
42 
71 
67 
19 

Mean (a) 0.91°0  1.60% 84 

Standard des iation 
('r) 

0- /a 

0.37% 0.84% 34 

0.41 0.52 0.41 

TABLE 10. 

NOISE AND RIPPLE E.M F FROM D.C. GENERATORS AT FULL LOAD. 
3. Exchange generators. 

a. Earlier types. 

D.C. Output. Noise 
E.M.F. 

El (mV.) x 

El 
v X100 

Armature 

N (R.P.M.) 
Speed 	Slots 

Slot-ripple  
frequency 
N x 
0  ch 

Slot-ripple 
E.M.F.EME 
E (mV.) 

7X100 
\ 

E - 
v s  0. 

Volts 
V. 

Amps 
I. 

57 110 	273 0.48 	1000 50 833 241 0.42 29.9 

50 	 180 	1250 2.50 	950 40 634 2050 4.10 259 

50 	 180 	1130 2.26 	950 	40 634 1860 3.73 235 

60 	 190 	1440 2 40 960 	40 640 2360 3 93 249 

60 	 190 	1360 2 27 960 	40 	 640 2230 3.73 235 

50 	 220 	344 0.69 960 42 	 672 506 1.01 65 6 

50 	i 	220 	328 0.66 960 	42 	 672 497 0 99 64.5 

60 	 280 	415 0.69 1000 	. 132 	2200 1840 3.07 352 

60 400 	1750 2.92 	800 52 	 695 2500 4.16 301 

60 	 400 	805 1 34 	800 52 	 695 1150 1.92 138 

50 	 480 	2170 4.35 	1000 48 	 800 2170 4.35 300 

57 	 800 	730 1.28 750 75 	 937 471 0 83 71.6 

69 	 850 	1060 1.54 590 92 	 900 757 1 10 93.0 

50 	 900 	246 0 49 600 	180 1800 852 1 70 229 

69 	1000 	480 0.70 	750 	68 850 400 0 58 47.7 

50 	1200 	533 1 06 	600 	94 	 940 338 0 68 65.6 

50 	1200 	730 1 46 	600 	94 	 940 462 0 93 89.8 

57 	1200 	850 1 49 	600 	110 	1100 480 0 84 87.5 

50 	I 	1600 	137 0.27 600 	80 	 800 137 0.27 24.0 

50 	1600 	270 0 54 600 	179 1790 910 1.82 243 

50 	1600 	380 0.76 600 	179 1790 1280 2.56 342 

50 	1600 	375 0 75 600 	179 1790 1260 2 52 337 

50 	1600 	230 0 46 600 	179 1790 775 1 55 207 

50 	1600 	720 1.44 600 	180 1800 2490 4 98 670 

50 1600 	620 1 24 600 	180 1800 2150 4.30 578 

50 1825 1200 2.40 600 102 1020 656 1.29 133 

50 
_ 

1825 590 1.18 400 108 720 777 1.55 161 

Mean 	 1.39% 2.18% 208 
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1 + 

loge  

15 cms 

Zz 61 

TABLE 11. 
NOISE AND RIPPLE E AI F. FROM D.C. GENERATORS AT FULL LOAD. 

3. Exchange generators. 
b. New machines. 

D.C. Output. Noise 
E ALF. 

El (mV.) 
El X100 

Speed 
N (R.P M.) 

Slot-ripple Armature 
frequency Slots 
N. A 
b0

-c;',  

Slot-ripple 
E.M F. 
E (mV ) 

- X100 
V 

E 

V Volts 	Amps 
V. 

50 	 100 	490 	0.98 	950 	36 	 570 920 	1.84 110 
.50 	 100 	I 	420 	0.84 950 36 	 570 790 	1 58 94.8 
50 	 100 	550 	1.10 950 36 	 570 1030 	2.06 	123 
50 	 100 400 0.80 950 36 	 570 753 	1.51 	90.3 
50 	 100 425 0.85 950 36 	 570 800 1 60 	96.0 
50 	 200 	316 0 63 950 37 	 585 574 1.15 	69.7 
5(1 	 200 	320 0 64 	950 37 	 585 582 116 	707 
50 	 200 310 0.62 950 37 	 585 563 	113 	685 

50 	 300 520 	1.04 950 32 	 307 1080 	2.16 	122 

50 	 300 630 1.26 950 32 	 507 1310 	2 62 	148 
50 	 300 680 1 36 	950 32 	 507 1420 	2 83 	160 

50 	 400 490 0 98 960 52 	 833 433 	0.87 	625 
50 	 400 680 1.36 960 52 	 833 602 	1.20 	87.0 
50 	 800 262 0.52 730 56 	 680 391 	0 78 	58.5 

Mean (a) 0 92% 	 1.61% 	97 

Standard des iation 
(s.) 

0.29% 0.6% 	31 

T fa 	 0.32 	 0.37 	0.32 

APPENDIX II. 

Design of Mutual Inductance. 

Fig. 18 shows a suitable robust form of construction 
for the mutual inductance. The primary is con-
veniently a copper or brass rod of sufficient cross-
sectional area to carry the maximum D.C. required. 
An earthed screen completely surrounds the primary, 
but is insulated from it. The secondary consists of a 
toroidal winding having a large number of turns 
wound on a split wooden core secured as close as 
possible to the primary. 

The design is influenced by the following con-
siderations. With reference to Fig. 19 

in I- H 

Flux enclosed by core = 0= id 	H dr.  . 1 

. (a --2-) 

where ,u = permeability of the medium 
(„ 

= til 	
2 	'2 I _ - dr 

\ 10 r 
2 

t 
1 + 

9a 

1 -- 

If -
t
- is small, then 

2a 

(t 	1 	t \
\

2 

2a 2a ) 
+ etc. 

- 2 
2a 

( t  )2 
- etc. 

2a 	2 	:26t  

u/ I log 

0)- 

12" 

FIG 	18.-FIXED TUTU 	INDC CT ANCE. 
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FIG. 19 

Errors introduced. 

Capacity between screen and primary 
K 	1 

2 locr
be 

 D1 	9 
D 

In an actual mutual inductance the value of this 
capacity was 800 µµF., and this will act as a shunt 
across the impedance under test. In practice it is 
necessary to use fairly long leads from the secondary 
of the mutual inductance, and these will increase the 
effective self capacity of the winding. 

The effect of capacity across the secondary of a 
mutual inductance is considered below. 

With reference to Fig. 20. 

toC 	 7 	1 
Y 	iLOG 

	
= 2 71 

If m' is the effective mutual: — 
jwmli = v 

10-" Farads. 

a 
2 

••• 	
]Oa 

Mutual inductance: 	 

nt 	tp—
T 

- 10-6  _ 

For m to be large a should be small and 1 as great 
as possible. If t is increased substantially, the above 
formula will not apply and the increase in mutual 
inductance will not be proportional to t. 

Again, if m is to be constant over a frequency 
range, µ should be constant. The medium should be 
air, i.e., µ = 1. 

The diameter of the primary bar is given by: 

	 D2 	
= -1 	1000 

e.g. If T = 5000 
t 	1 cm. 
l = 15 cms. 

and a = 3 cms. 

m 
= 
	10a ltT • 10-2  !LH. = 50 µ H . 

The self inductance of the secondary is 

	IT 
10 

or 7121  
1 — co 21C 	jwCr 

Thus, as the frequency is increased to 
1 

V LC 
m1  will increase and afterwards decrease. 

This is shown by the upper curve of Fig. 21, which 
gives the results obtained with a mutual inductance 

H 
71 

70 

69 

0 
	

200 	400 	600 	GOO 	MOO 	1200 	1400 	1600 
	0300 C1:15 

FREQUENCY 

FIG. 21.—C ALIBRATION OF MUTU AL INDUCT CES. 

17 

In 

10a µ/tT • 1( (-5  Henries 

a 	
It 	10-'' Henries 

277 

= Tm. 
This affords a good check of winding. 

16 
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V 

caL tan 1 
 -> c 

(unit, 

 

V 

wmi 

FIG. 22.—X E.cDR DIA(,R \MS. 

or 

capable of carrying up to 1500 amps. D.C. in the 
primary bar. 

There are other factors which affect the variation 
of mutual inductance with frequency. For example, 
with a design in which two flat coils were fixed on 
opposite faces of a rectangular copper bar, the 
variation obtained is shown by the lower curve on 
Fig. 21. This has been proved to be governed by the 
variation with frequency of the flux distribution round 
the rectangular bar. 

APPENDIX III. 

Solutions for Method of Impedance 
Measurement. 

Referring to 
(a) 	Fig. 6 we have :— 

V = Ziz  = (R + j(01,)i 

. 	)2 
" 
, i 
	

V 
i .e. , 

z 	Z 	- R+jw1.- 
At balance : — 

jwmi, + (S + jo)M)i = 0 

or 	jwm 
V 	

(S + jwIVI) - 	 
Z 	 R HV j0,1, 

R + /col- 
or 	Z = - jcont • 	 

	

S 	jcoM  

(b) Fig. 7. 
As above: — 

V 	 V  
& i _ 

R + jtoL 
'1 

	

I = i + = V z 	 + 	
1  

R +  poL 
At balance:— 

jam/I + (S + jwnt)i = 0 

	

/  1 	1 	\ 

iwm 	Z 	R + j(01,) V 	(S 	' 

_0V 
  

1 	S + jw(M + ;n) 
jwm • 	 + 	 _ 0 

Z 	R + /tut, 
R + jwL  

& Z = - /tom 
S + jo,(M + m) 

This method is very useful for comparing mutual 
inductances. For, if Z is known, we have :— 

ZS + joy(M + m)Z = - jwmR + wmL 
Equating the unreal terms 

MZ + niZ = - mR  

m 	Z + R M  
The negative sign indicates that 

m must be reversed for balance. 
The vector diagrams in Fig. 22 

illustrate the balance conditions of 
the two methods for the cases: — 

(a) When the angle 0, of the 
impedance under test, is greater 

(01, 
R 

and (b) ¢ < tan-' 

= 0 

R+jwL  

or 

than tan-' 

wL 

R 
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But V= Z, /4  
E 	1 

" V 	ZB  Z4 Z, 

i4 

(Z,+ Z4 + Z5) ( (Z, + z5 + Z„)(4+ 	— z2b) VG + ZJZ25  

(Z3  + Z4 ± Z13) [(Z2  + Z4 + Z5)((Zi ± Z5  + Z€) . (4+ Z6)—Z2 6 	Z2, 

— Z 24 (z, z,- z, z„) • (zG + 	z2,,]_ z, z, Z6  E= 0 

. [(z3 + z4+ ZB) - (Z2 + Z4 + Z5) (Z, + Z5  Z,) (ZG  + Z„) — Z2„ 

ZG 	ZG + Z, 
Z6  + 

(ZG  + Z4)  (Z2 +  Z3) 

ZB  

ZG  + Z, + Z, 
Z4  

Z,(ZG +  Z1  + Z2) 
ZB  Z4  

APPENDIX IV. 

Solution of 4-stage network. 

Referring to Fig. 23 
ZG 	+ Z, (i, — i,)= E 
Zii, + Z5  (i, — i,)+ Z, (i, — 
Z, i3  +Z4  (i, i4) + Z5 (i3 —i2)=0  
Z,i, ZBi, + Z4 	— i,)= 0 

Rewriting :— 
(ZG + Z,) i,= E + Z, 
(Z, + Z5  +Z h)T2 — Z 5 i3 — Z6 T1 =0  

(Z2 + Z4 + Z5) i,— 	Z5  i2=0 
(Z, + Z4) i4 — Z, i3  + ZG  i4 = 0 
(Z, + Z4 + ZE) z, — Z, i3=  0 

Whence, 

FIG. 23. 

 

E+Z,i, 

  

    

Z, + Z, 

((Z, + Z;  + Z,) (4+ Z,) — Z2, . — Z5  (ZG  + Z,) — Z, E=0 

i _ 	Z5(Za+Z6)i,+Z6E 
o  

(Z, + Z5 + Z,) (Z, + Z,) — Z26  

[(Z., + Z4 + Z5) ((Z, + Z5 + Z,)(ZG + Z,) Z2, ) — (ZG + Z,)Z25] 23 

— Z, ((Z, + Z5 + Z,) (Z, + Z,) — Z2, i4  — Z5 Z, E _+ 0 

Z4 ( (Z, + Z4 + Z;  + Z,) (Z, + Z,)— Z2, ) i4  + Z5  Z„ E 

Whence 

V 
	_ 1 + 	  

Ze +Z +Z2 + 
Z„ 

ZG(Z, +Z2 + Z,) 
ZB  Z, 

ZGZ,(Z, + Z2) 	ZG  Z1 	Z2 	ZG  Z1 	Z2 Z3 
ZB  Z4  Z6 	 Z, Z6  + ZB  Z4  Z, Z6  

	

For 
V 
	 to be large, it is obvious that ZB, Z4, Z5  

should be large. 

APPENDIX V. 

Solution of Low—Pass Filter networks having 
equal series chokes and equal shunt 

condensers. 

In the following expressions given in Figs. 24 / 29 
G = inductance of generator 
B = inductance of battery 
L = inductance of each series choke 
C = capacitance of each shunt condenser 
E = alternating E.M.F. of generator 

= 24 where f is the frequency of the E.M.F. 
V = P.D. across battery.  

—Z2, ((Z, 4- Z, + Z5  + Z„) (Z, Z,) — Z2„)] 

Ze, Z, 	Z,(ZG  +Zi) 	ZG(Z, +Z„) 
Z 5  Z, 	z, z5 	Z, Z, 
Z,Z,(Z, + Z,) 	ZGZ,(Z, +Z,) 

Z, Z, Z5 	z, z, zb  

and Z, should be small and ZG, Z1 , Z, and Z3  

APPENDIX VI. 

Design of a Low-Pass Filter type smoothing 
circuit for a typical generator. 

Details of generator: 
Voltage, 25. 
Full load current, 100 Amps. 
Speed, 1500 R.P.M. 
No. of armature slots, 37. 

Details of battery : 
Inductance of circuit, 20 pH. 
(calculated from proposed lay-out). 
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L. 

SINGLE CHOKE 
FIG 24 

= 

ONE SECTION 
FIG 25 

L.G 	(9 2  CG  (1-1- 
a 

T SECT/ON 
FIG 26 

zle  _ 

TWO SECTIONS 
FIG 27 

=i4- 2L
B
-1-G _ c.)2 C 12(L ,  • 3G)4- B(Lt 2G)) 4- Ai° 

 8
c 2  LO 

TWO T SECTIONS 
FIG 28 

E  = 	 — 	L(4L+.5G) ,B(L-,  
(LG)(L-,8) 

T 	T  
THREE SECTIONS 

FIG 29 
- 42/ (44La 6G)a BOL-a 34 

a 	,
F7

S11 	(La5G) 8(i+ 40] — 4)6
,
f33 L2G  6-4 

APPENDIX V (continued). 	 APPENDIX VI (continued). 
Maximum P.D. across battery due to floating 

= 0.5 mV. 
Noise E.M.F. of generator = 0.01 x 25 V. 

250 mV. 
.*. Required attenuation ratio of filter 

250 
0.5 = 500 

For a generator of this rating a design factor of 4 
should be used. 

Calculated attenuation ratio should be 2000. 
Generator slot ripple frequency 

1500. 37 
60 

100. 1500 Henries 
	233 H. 

Using a single choke inductance L uH. 
L— B G 
	 =2(100 

B 
L = 2000. 20 — 233 — 20 
= 40000 — 253 = 40 mH. 

This would be a very large and expensive choke, 
therefore try a single section filter (see Fig. 25). 

Try L = 2 mH. and C = 4000 
E 2000 233 20 
✓ — 	20 

58002. 4000. 233 (2000 — 233) 
20. 10" 

= 113 — 3500 
— 3400 

This is too large, therefore use C = 3000 ,uF. 

	•  = 	2500 this is satisfactory. 
V 

It may be more economical to use a T section filter, 
therefore try L = 1 mH. and C -= 3000 uF. 
E 	 58002. 3000. 1233. 1020 
V 
	=110 	  

20.1012  
= 113 — 6300 = — 6200 this is excessive. 

Try L = 700 H. and C = 2000 p.F. 
E 	1623 	53002 . 2000. 933. 720 

_ 925 c s. 

0, 	27,1  = 5800 
Generator self-inductance 

1.4.25 

✓ 20 	 20. 10" 
=81 —2260-=2180 this would be satisfactory. 

It is probable that the total cost of the second filter 

T`  

(T section) would be less than that of the first. The 
V 

total capacitance and also the total inductance is less. 
It must be remembered, however, that the voltage 
drop of each choke must be half the permissible total 
for the filter. 

The resonance frequencies should be checked. 
Single section L = 2 mH. C = 3000 ,uF. 

	

1 	/ 	1 	1  	101

fr

2 
_ 	 

	

27 	/ GC — 2, 	233. 3000 

	

1 	10' 
   _ 191 cfs 

- 27 V .7 
this is satisfactory since Jr < 200 c s. 

T section. L = 700 ,uH. C = 2000 F. 

— 
fr 	27 N LC 	27 N,/ 2. 10" 700. 2000 

1  / 

	
/ 2 	1  

= 191 c 
this is satisfactory. 
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