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Carbon Piles for the Automatic Voltage Regulator.
By

Dr. Kunio HAYASHI
(Professor of Electrical Machinery)

(Received March. 31, 1953)
Abstract.

This paper deals with the characteristics of the carbon piles and
a graphical solution of the constant voltage apparatus, and with the
theoretical considerations of the procedure in design.

1. Introduction.

The carbon pile is now widely used as a component part of con-
stant voltage apparatus. Its characteristic merits are that it is very
gsimple in mechanism and durable against mechanical vibrations. But
on the other hand, the demerits are the relatively large voltage re-
gulation and hysteresis. Moreover there are not yet available reason-
able specifications for the carbon pile and this is the great obstacle to
designing and using it.

This paper deals with the characteristics and the graphical soltion
of the operating characteristics of the constant voltage apparatus.

2. General characteristics of carbon pile.

Among several characteristics of the c.p. the relations between
registance, compressive force and the contraction thereby, are impor-
tant., These characteristics are subject

C.pile generally to hysteresis but that can be
\@ largely eliminated by shocking. Fig. 2 &
3 are obtained by shocking. Fig. 2 shows

the properties of the K S type c.p. of a

Rolley train generator and Fig. 3 shows that of
\we.'ght a lamp voltage regulator. The K S type is
Fig. 1 Measurement of now used by the Japanese National Rail-
Resistance. way. It is difficult to obtain consistent

Caybon pile.

Glasstube G tube
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Fig. 2 Characteristics of the carbon Fig. 3 Characteristics of the c. p. for
pile for the train generator. the lamp voltage regulator.

results at all times, The characteristic curve is favorable to be straight
within operating ranges, and the inclination must not be too steep as
mentioned later. The resistance is mainly upon the contact resistance.
As an example the K S type e.p. is considered, of which the dimensions
are as follows:

Diameter :—48 mm,

Thickness :—2,0 mm and 0.8 mm alternately.

Total number of discs:—46 (2.0 mm x 23, 0.8 mm x 23),
If the resistance be assumed to be one Ohm, the number of contacts
per disc to be three, the contact resistances to be all equal, and the
shape of contact point to be a circle with its radius 7, then 7 can be
caleulated as follows: «

R : contact resistance

p : conductivity

¢ : radius of the contact circle
according to R. Holm we obtain

R = p/(20) «oooeeeee i (1)

Therefore assuming the resistivity p to be 0.004 £-cm, we obtain;
r = p/(2R) = 0.31 mm,

Thus the contact area is very small compared to the dimensions. In
accordance with the increase of contact resistance, the radius of contact

decreases inverse proportionally,
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The resistance distribution in the carbon pile is not uniform as
shown in the following Table 1.

Tasre 1. Resistance distribution per each contact.

C rossi i .
%g;%:ﬁ;:ye Tlgﬁgnlejfn?f Contact resistance per each contact m&
760 0.8 48 61 39 B6 37 3B 38 33 3 21 3 29
2.0 15 21 18 12 11 18 23 18 17 31 10 19
160 0.8 60 51 66 83 68 83 65 62 48 62 64 88
2.0 3 85 24 20 18 21 50 33 33 21 42 30

3. Temperature Rise.

Electrical heat is generated in the c. p. and therefore the tempera-

ture rises. If the temperature is too high, then the device will soon
deteriorate.

(1) wmeasurement of temperature rise

The temperature rise at the contact points consists of two, elements
one of them is the surface temperature rise of the discs observed as
a solid block and the other is that temperature which lies between
the contact point and the surface of the block. Thus the temperature
rise at the contaet points or the maximum temperature rise is the
sum of the two. In the experiments, the surface temperature was
measured by a copper-costantan thermocouple (Figs.4 & 5) and on the
other hand a mercury thermometer was used by placing the bulb in
contact with the surface of the pile.

The temperature distribution was c
measured by the thermocouple o0 T
160 |

@
120 | MM\/
go} 1

40

3

o

0 10 20 30 40 50 60W
Fig. 4 Hole containing a ther- Fig. 5 Temperature rise of the e.p.
mocouple. for the train generator.
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(Fig. 6); the temperature is higher in the middle range than at either
end. The unequal distribution of temperature is probably due to the
unequal distribution of resistance. The temperature-rise time curve
is given in Fig. 7; the pile is 48 mm in diameter and 65 mm in length.
The thermal time constant is 12 min., from the figure.

Power: 194 W Power; 25 W

e '

100 g C. Pile

8o X

6o ]

apl W

200 :

20 Room e
ot fRaom Temperatine. Is} D i L ' . v
0 10 20 30 40 50 6o hw

Fig. 6 Temperature distribution of the Fig. 7 Temperature rise-Time curve of

c. p. for the train generator. : the ¢. p. for the train generator.

(2) The temperature rise of the contact point (calculation).

If it be assumed that R. Holm’s formula® is applicable to this
problem, the temperature rise is given by the formula

B == V2J(B) +-ovvreere e (2)

In this expression V is the potential difference between two bodies,
k is the thermal conductivity (W/°C-em?) and p is the resistivity (£-em).
By the way, if the voltage at the c.p. terminal is 25 volts, then we
obtain

V = 0.55 volts.

Assuming £ =0.2 and p==0.005, ‘we o
obtain §=38°C. If the temperature at 100y

the surface of the pile observed as a solid g0l .
block is 119°C then the temperature at
the contact point or the max. tempera-  6of M\"'
ture will be 157°C. These numerical 40} e
values are applicable to the K8 II type “\M
train generator at 1800 r.p.m. - Ror
In order to decrease # in expression 0 bbb )
(2), it will be effective to limit V per O 20 40 6o 8 /0W

one QOntaCt. Fig. 8 Temperature rise of the c.p.
KS type lamp voltage regulating for the lamp voltage regulator,
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carbon pile is 68 mm in diameter and 115 mm in length. Its thermal
time constant is about 25 min, according to Figs. 8, 9 & 10.

° Y] R OWEY; 45w
o § Power; 100 w 5 o e
1067 & ) a ¢
C Pile - 7100
80 E = 8
W W 0
60 o 60
40 4 40
20 7 Room Temp 20|+ Room Temp,
[ le] . L L L o L
Fig. 9 Temperature distribution @ 20 40 60 80 /o0 f20
of c. p. for the lamp Fig. 10 Temperature rise-Time curve
voltage regulator. of the c.p. lamp regulator.

In these above experiments, the temperature was rather uniformly
distributed, but it was by chance observed that the temperature at
one contact was extremely high and red hot points were observed.

4. On the vertical pile type.

The writer studied the relations between the vertical pile form

and the horizontal type. o

(1) Preliminary test. 50t

By the device illustrated in Fig. 4o
12 the resistance was measured with
a measuring current of 1 Amp.

The upper electrode was made of 20}
copper, 32 mm in diameter and 4.8 gr.

30

. . /0L
in weight and the surface was cleaned

with sand paper. The c.p. consisted 00 P S mm.
of discs of two thicknesses, 2 mm and - Fig. 11 Effect of currents upon
0.8 mm alternately. to a total number the resistance of c.p.

of 46.

The lower electrode C was 48 mm in dia-
meter, 5 mm in thickness and made of carbon.
D was made of copper 4 mm in thickness. The
effects of the weight of the upper electrode upon
the contact resistance are known by Table 2,

Fig. 12 The weight W of the upper electrode has
Vertical method. great effects upon the resistance.
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Tanre 2. EBEffect of metal electrode upon contact resistance.

2.0 mm X 23 0.8 mm X 23
W gr. i

Rac REne Ran Rac RBac Ran
0 11.6 9.8 12.0 19.0 18.0 20.0
b 10.0 9.1 10.4 16.2 ]5.0 16.2
10 4.b 8.5 9.6 14.8 13.4 14.7
20 8.9 7.9 3.5 127 1.8 12.8
60 5.9 5.4 6.5 8.7 7.6 8.9
100 5.0 4.7 5.5 7.2 6.4 7.3
2()0 3.5 3.3 ) A0 4.8 4.1 5.1

(2) Resistance by the vertical pile type.

The resistance R,, was measured and given in Table 3. In this
table column II shows the resistance when the uppermost dise in
column I was replaced at the lowermost position while the others re-
mained unchanged.

Tanre 3. Resistance after shocks.

2.0 mm X 23 0.8 mm X 23
W er. .
I L v |y v v v v
o | 75" s1 | sa | s5 | o0 | 139 | 10 | 152 155 | 158
5 67 | 63 | 74 | 75 2 | 125 | 132 | 131 | 134 | 132
10 68 | 64 | 71 | w1 o4 | o1ns | 121 | 120 1 121 | 119
20 6 | 59 | 63 | 61 | 66 | 94 | 103 | 108 | 104 | 103
60 42 | 41 | 44 | 42 | 46 | 69 | 765 | 76 | VO | 70
100 3, 20 | 33 | 83 | 86 | 48 | 58 | 55 | 54 | b4
Tanre 4. Resistance by no shocks.
2.0 mm X 23 : 0.8 mm X 23
W gr. t r / ’ ’ ’ ‘.—;m
I pln W | v w]ow| oy
0 05" | o 3 | 104 | 85 | 152 | 156 | 162 | 166 | 162
5 84 | o1 | 87 | 06 | 80 | 140 | 134 | 141 | 142 | 142
10 79 | 86 | 83 | 87 | 74 | 130 | 124 | 124 | 128 | 126
20 66 | 71| 71| 7a | es | 117 | 108 | 1.0 | 116 | 113
60 44 | 48 | 48 | 50 | 46 | 71| v | 74 | v1 | 72
100 a5 | 87 | 89 | 89 | 87 62 | 52 | 56 | 62 | b6
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Colummns IlI, IV& V are similar. The resistances shown in Table 3
were obtained after giving shocks to the table on which the apparatus
was set up, and the onesg in Table 4 were obtained when no shocks
were given. Comparing these two tables it is noticeable that the
resistance will become smaller by giving shocks. Table 5 also shows
the effect of shocks upon the ec. p. resistance.

Tasrre B, Effect of vibration on the Resistance, Ry, Ohi.

ol Vertical Horizontal ent | Vertical [Horizontal] _ Vertical
First set shock shock re-set shock shock re-set shoek
9.8 9.1 8.4 9.4 « 91 8.3 9.4 3.9

(3) Resistance by the horizontél type carbon pile and relations between the
horizontal and the vertical types.

Table 6 gives the resistance K, in I'ig. 12 by the horizontal type pile.

Tasrte 6. Resistance by the horizontal method.

\Rf:fce 2.0 mm X 23 0.6 mm X 23

Force ™ | | I M | Mesn | 1 | I | I | W | Mean
bg. 33 29 20.2 30.4“ 29 32 29 29 29.8 ¥

10 | o1z | 924 | 215 | 27 | 235 | 256 | 24 248 | 244

15 156.1 16.2 16.5 15,9 20.5 21.4 19.8 20.0 20.4

2 | 129 | 134 | 160 | 141 | 182 | 104 | 174 | 180 | 183

ab 9.4 9.4 9.6 9.5 13.0 1856 2.5 14.0 13.8

60 68 | 71| 7o | 69 | 93| 94| 87| 98 | 93

100 43 | abs| 47 | 4b2| 695| — 60 | 72 | o

160 3, 25 | 8. 227 | 51| — 465 | 465| 48
200 o | ess| ov | ema| a1 | — 405 | 400 | 405
260 2.1 2.1 —_ 2.10 3.46 —_ 3.25 3.25 3.8%
2000 088 | — — 038 | 061| — — — 0.61

Now we will find the relation between R, and E,, where R, is the
resistance by the vertical type and R, is the resistance by the hori-
zontal type.

Fig. 13 gives the relation between B, and the pressure; now, in
Fig. 14 the compressive force between the uppermost dise and the
second is ‘
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PRE R Bossne R
Fig. 13-a Resistance-pressure curve of Fig. 13 b. Method of approximate
the c. p. at the horizontal position. calculation.

P1:P0+w

where P, is the sum of the weight W and the weight of the upper
electrode, and w is the weight of one element dise of the pile., The
compressive force between the second and the third dises is

P, = P, + 2w
Similarly we obtain
Pn = P,+nw

If the discs are all homogeneous, then the resistance between the
first and the second disec in Fig. 14 is 1/# times as large as R, cor-
responding to P, in Fig. 18.

A R=B+ w

el B= Rt 2w
3 B=A+3w
" s R=REnw

Fig. 14 Pressure distribution by the
vertical type c.p.

Thus
Rv:(R},{_RQ_J{_R*._{_... +_Rn)/:n .............................. (3)

To simplify the above caleulation (3), an approximate method is proposed:
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R +RAR,A R+ +R, +R,

_ &  B+R B +R, R,
2 - 2 ot 2 + 2
— (le!?’") + wlf, f ﬁ ! 4_!‘?3, W v R“ it P" W } ‘
w | 2 2
SRR, 1 e (PLABP,) oo (4)
2 W .
From (3) and (4), we obtain
R R+ Area (P, ABP”) ........... (5)

9 % No. oi pxles Total weight of pile

Table (7) was caluclated from Table (6) by means of expression (5).
By comparing this table with Table (3) we can recognize the cor-
rectness of expression (5).

Tavrz 7. Calculated value by the expression (5)

By (2)
W gr. N -
2.0 mm 0.8 mm

O 2

0 7.92 16.4

b) 7.23 14.6

10 6.70 13.3

20 5.86 11.2
60 4.13 ) 7.24
100 3.23 5.72

(4) X8 type lamp voltage regulator c.p. (Vertical type)

The measurement was made by the method illustrated in Fig. 12,
As for the effect of the surface film, there were no very distinguishable
differences between the clean copper electrode and the one which had
been exposed to the air for several days. ‘

The lower electrode was made of brass. Table 8 gives the re-
gistance by the vertical type carbon pile, of which the measuring
current was 1 ampere.

In this table “average” expresses the mean value of I, II,---and
VI, and the “calculated ualue” expresses the value determined by
formula (5). The value used in the above calculations is adopted in
the following Table 10.
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Tasre 8. Measured value of resistance by
the horizontal type carbon pile.

W gr. Rap Rzp Rac W gr. Rap Rep Rae
a ) a i [0 ) (0 7
0 3.3 1.75 L7 | 1,000 0.62 0.41 0.38
20 2.4 1.54 1.48 ‘i 2,000 0.35 0.29 0.26
B0 1.80 1.25 1.22 4,500 | 0.21 0.16 0.145
100 1.41 1.02 0.96 9,000 0.12 0.080 0.070
200 1.12 (.32 0.76 20,000 0.07 0.046 0.041
500 Q.78 0.6 0.62
Diameter 68 mm Thickness 5 mm
No. of discs 23 Weight of each dise 23.5 gr.
Tapre 9,
W gr. I I Ul i v VI Average vglilgu(é)
7 0 g 7 q 2 7 a
\] 1.70 1.32 1.44 1.80 1.80 1.72 1.63 1.80
20 1.48 1.21 1.39 1.h8 1.62 1.55 1.47 1.48
50 1.22 102 | 119 1.38 1.47 1.28 1.29 1.24
100 0.96 (.95 ‘ 1.10 1.18 1.21 117 1.09 ' 1.06
200 0.76 0.80 0.79 0.8 0.79 0.78 0.80 0.77

Tavrue 10. Resistance by horizontal type carbon pile.

. Resistance (2) - Resistance ()
force force- l -
gr. I I I gr. k} l ,,H - I .
20 11.0 8.6 —- 2,2b0 0.20 " 0.20 0.285
50 4.3 4.4 — 4,260 0.121 0,115 0.160
100 2.8 2.4 - 4.500 0.111 0.109 —
200 1.42 1.40 — 9.000 0.067 0.060 0.075
300 1.08 1.06 — 18,000 —_ —_ 0.036
500 0.72 0.77 0.56 19,000 0.039 — —
i,000 0.46 0.4b 0.36 20,000 0.036 0.33 0.053

(5) Summary

(1) In the horizontal type carbon pile every element of the carbon
pile has about an equal resistance, but in the vertical type the
clement at the topmost position has a larger registance than the
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bottom one. ,
(2) The upper electrode has large effects on the resistance in the
vertical type.
(8) The metal electrode such as copper or brass which eagily rusis
has large contact resistances.
(4) The contact resistance will become smaller after shockings.
(5) The resistance by the vertical type carbon pile is calculated by the
formula from the values secured with the horizontal type.
Note,
The relation between the compressive force and the contraction
x, in the vertical type carbon pile will be calculated from the values
in the horizontal type. Similarly to equation (5), we can obtain
T+

T, = ., area (P,ABP,)
2n nw

5. Constant voltage apparatus with a carbon pile.

The constant voltage apparatus with a carbon pile has been adopted
in the train lighting equlpmem by the Japanese National Railway
(Figs. 15 & 16). In Fig. 15 G is the
shunt generator, ' is the field winding
TTh . CP with the carbon CP in series. The
m MHH]H\“\ electromagnetic force acting on CP
F % =S s is produced by the electromagnet M,
' L which is connected to the terminal of
Fig. 15 KS type automatic voltage  the generator G with the resistance 7,
regulator for the train - i, gopies I the voltage is small and
generator. .
M does not act, then the spring S

compresses CP,

Now, if the generator speeds
up and the voltage begins to in-
crease, then electromagnet M will
act, the compregsive force decrease
and the current following through
F will decrease while the voltage
will decrease, too, Owing to the I
self-inductance and the eddy cur- Fig. 16 KB type automatic voltage

rent, flux change of F' has time regulator for train lighting.
lag therefore the voltage of G does not yet decrease to a favorable

. Lampr
[e]exe} E,

Source
Volt.
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value in spite of the resistance of CP having a favorable value,

After the resistance of CP increases above the favorable value,
the voltage of G decreases and some time later the voltage will de-
crease to the value determined by the resistance of CP and the voltage
will be less than the favorable one., Next, thus decreased voltage has
to recover its value contrary to the former phenomena.

Thig is the hunting of the carbon pile voltage regulator. To sup-
press this the dash pot DP is adopted., IFig, 16 shows the connection
of the lamp regulator and the apparatus keeps F, constant in spite
of I, being variable. In order to realize this, CP is controlled by the
electromagnet I M operated with the load voltage £,. In case of
smaller F,, CP will be compressed by the spring SP, by means of* 1, 1,
and L. If B, increases, then K. will also increase and the electro-
magnet £ M will make the resistance of CP lager, and therefore the
voltage drop in it will become larger, and thus £, will be kept con-
stant. As well as in Fig. 16 a dash pot has to be used to suppress
hunting,

(1) Theory of the operation of Fig. 15. Ks 7
The forces CP, M and 8 in Fig. 15 will - :E,
be converted at the position of the plunger ' Ko
indicated in Fig. 17. ‘ mmm“ X
Fig. 18 explains the operation : the curve prat
K, shows the relation between the force of Ky
S and the displacement x of the plunger. K, Fig. 17
shows the relation between the foree of CP Simplified equivaleht
and x, and K, shows the reration between voltage regulator.
for the force of the plunger and its displace-
Kq ment. When the three forces are in
2 ~ equilibrium, the plunger will be at a
N e standstill.

A =
- KS+ Kp
/ -’Kp} KE Kg -+ Kp——-I{C = B (7 >

In Fig. 18 z, is the plunger position
when the voltage is F and x;, in case
of B,

In Fig. 19, if the inclination of K, is

/ not larger than that of K, + K, then there

Fig. 18 : D . .
Stabie charasteristics of the fmllu beﬂonly‘one.mtelseetlon, but if t}'1e
c.p. voltage regulator. inclination of K, is larger, then there will

mm

X, x 2 ($hoka)
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be two intersections. In this case A is
stable, and B is unstable. [If the voltage
E rises gradually, then the displacement
x will become larger and arrive at the
point z,, Beyond this voltage, x will be-
come infinity. Thus in the statie charac-
teristics of the plunger the region to the
vight-hand of «, is unstable and the left-
0 Fo T X, dhofie pang region is stable, In general, it is

Fig. 19 Stability of the static favorable that the curves K, and K,+ K,
characteristics. coincide®.

The operating characteristics of the constant voltage apparatus
shown in Fig. 15 are treated graphically in Fig. 20, In this Fig. the
first quadrant is the same as in Figure 18. In the second quadrant,
the curve gives the relation between the generator voltage K and the
plunger pull at x=0; in the theird quadrant the curves give the relation
between the resistance and the generator emf. at several speeds; in
the fourth quadrant the curve gives the relation between the plunger
displacement and the c. p, resistance,

At first, if we take the
plunger displacement z arbit- KE‘(Ez,Oi\
rarily, such as the point 4/, then 3)
the resistance of the pile » will \
be decided, and the generator
voltage A and the force of the
plunger K, will also be decided.
Ag to the forece of plunger, the EMm
value at the position =0 will
be decided at first, and next
the point A is decided by the ’[/?wé

. . . . ¥, Resialance
static characteristics. The point
A is on the operating characte-
ristic K,. Repeating the above
operation we can obtain the operating characteristics K,. Of course,
for some other value of the speed, we have another curve for
K, At one speed m,, the inter-section B of K, and K.+ K,, of which
z—coordinate gives the plunger position, the generator voltage E will
be given in the order of B, C, D and K. Thus the generator voltages

Y(x)

Fig. 20 Method of obtaining the
donamical characteristics.
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at several speeds are obtained and the voltage-speed relations are
obtainable Figs, 21, 22 & 23).

E
34"t
32 |
A 7 .
ﬁ" 3o w
28 7
26
24/_ 'y 5 1 . ] )
600 1000 Moo 1800 2200 2600
RPM

— M

n, 1, " M.

Fig. 21 a The voltage-speed curve. Fig. 21 b Voltage speed curve of
train generator (KS type).

Force.

- Force.
Ke(E,0) _ o o ~ o
e / Ke T
g AL A
Kst Kp
4 B Kst+K,
B
t £ f{f\&m T, ot Stop
7 o N Tt
Z,N\\\s\ | o G stop E ns Emin, ij\,.n e
n‘&\\ G H
)15\ Y{x)
\ r(x)
Fig., 22 The minimum speed 7z at which Fig. 23 The maximum and the mini-
the plunger begins to operate. mum output voltage.

I. The effect of the resistance of the electromagnet.

As the pull of the electromagnet is decided by the current flowing
through it, even if the terminal voltage of the electromagnet is con-
gtant, the pull will change according to the resistance change. The
generator voltage will rise in proportion to the resistance increase.
For this reason, we have to use the coil, of which the temperature
coefficient of resistance is negligibly small. In TFig. 19, we used the
voltage corresponding to the point C for the sake of convenience of
explanation, but we had to use the current for the sake of correctness.
Denoting this eurrent 7,, the maximum voltage F... in the Fig. 15,

Blus == By ceveerrrreen et (8)
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where r; is the total resistance of the electromagnet.

IL. Theory of operation (Fig. 16.)

The graphical solution of the apparatus in Tig. 16 is given in Fig.
24, in which the first quadrant gives the characteristic of the plunger,
Foree Fhe ca,r}‘gon pile and the spring. K,
| Ksl Ky /:,, is the force of plunger and K,+ K,
yy’//é’ is the resultant force of the carbon
g @/a;m/“ pile and the spring. The second
2 / hon. quadrant gives the relation between
x the voltage £, and the plunger force
KStoke gt x=0, The third quadrant gives
the relation between E, and 1-+R/r
at the constant value of source volt-

age I,
R ig the resistance of ¢, p. and

R R(x)

IR .
: ' N r is that of the load, then
Fig. 24 The method of obtaining the
dynamic characteristics. E, = E/1+Rfr) - (9)

The expression (9) was used in drawing the curve,

The fourth quadrant gives the measured curves between the re-
sistance of the carbon pile and the displacement of plunger x. - Changing
the scale, the curves R (x) represent the curve, i1+ Rr; and by using
this method the operating characteristics were obtained. That is to
say, at first selecting the position of plunger at the arbitrary point z,
then the pile resistance R (x) is decided thereby, then the plunger
force Gx will be obtained in the order represented by the dotted line.
The point G is on the operating characteristics, which will be obtained

by representing the above process. The
£

inclination of the operating character- A N quihical (s Foq 25)
istic is not so steep as that of the con- 25 % observed (s Fig. 28)
stant voltage generator in Fig. 15 so 3;

24 | v=a6 G2 .««4"’&

that it is necessary to minimize the ' e
frictions of the moving parts. Accord- 23 //
. ) e ) ) 22

ing to the variation of the source Vo

24 25 26 27 28 29 30V

voltage I, the operating characteristic 21
wﬂ% be a élfferexft.o?le and the plung.er 5 vottage £,
position will be obtained thereby. Fig. \ .

. i . Fig. 25 Characteristics of
25 is obtained graphically from the lamp regulator.
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above descrived drawings. In order to learn the change of the load
voltage F, due to the charge of the load current at the constant source
voltge I/, we have to select the cerresponding curve 1+ R/r according
the load resistance r in the fourth quadrant and then E, will be
obtained. '

III. The hysteresis.

In the constant voltage apparatus the electromagnet and the carbon
pile have the hysteresis phenomena which disturb the operations. Fig.
21-b (cf. Fig. 15) shows the voltage speed '
curve of the KS type generator at 780
-2680 r.p.m. The voltage at accelerating
speed is about one volt higher than that
at the lowering speed. Fig. 26 (ef. Fig.

&

N
Nﬁ%

Foad Vottage

I

16) shows the hysteresis of the load 2or

voltage F, when the source voltage I, /6 } 7/

rises from 16 volts to 4o volts and lowers /6%

itself again.. The hysteresis dependsA ’4/ p 2;} 24 2;3 ~3'2 3'6 4;07
upon the magnetic hysteresis, greatly. J’maelfa{l’ayeE/
Next a description will be given of the  wFig 26 Relations between the
hysteresis phenomena of the apparatus source voltage and the

shown in the Fig. 16; use was made of load voltage (observed).

the lamp voltage regulating apparatus of the K35 type generator (30 V,
70 A)). The source voltage £, was raised from 19.2 volts to 40.6 volts
and then lowered to 15.4 volts with the results as given in Table 11
and Figs. 26, 27 and 28. 4 '

52
gﬁzav oqo |
8 24t f\"""ﬂi .

_...J Q30

/9l 020}
761t ’ orot f;,,///

1%+ w e
/2 et 0.00 PRV YU VO YO WU T Sy ”
234 856789 0u™m 2345¢ 78 qm00"
x, x
Fig. 27 Relation between the load Fig. 28 Relation between the resistance
voltage and the displacement ) of e.p. for the lamp regulator

of plunger (observed). and the displacement of plunger.
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Tasre 11,

E s AE x I R
‘E;Sﬁxgge V({fgsge =F1— K Contraction: { Load current = —A;I?—
A\ v v mm A 2
19.2 17.0 2.15 2.9 98.2 0.0763
20.2 18.0 2.2 a1 29.3 0.0751
21.0 18.7 2.3 3.2 30.0 0.0767
22.5 19.8 2.7 3.8 32.5 0.0831
23.7 20.8 2.85 4.1 33.7 0.0846
24.3 211 2.2 4.7 35.0 0.0915
26.1 92.6 34.5 5.0 26.0 0.0958
26.8 23.2 3.6 5.2 36.0 0.100
0.7 23.4 4.3 3.2 37.5 0.115
28.5 24.0 4.5 6.4 37.5 0.183
29.7 24.4. 5.3 ‘ 7.0 38.5 0.138
311 95.4 5.7 7.3 8.6 0.148
817 24.7 7.0 7.8 39.0 0.180
32.7 24.8 7.9 8.2 39.0 0.202
33.6 25.3 .3 8.5 39.5 0.910
35.0° 24.5 10.5 9.2 39.5 0.266
37.0 - 249 12.1 9.6 29.5 0.306
39.7 25.0 147 10.4 29.9 0.375
40.6 95.2 15.4 10.6 39.0 .395
397 24,0 15.7 10.6 38.0 0.413
38.9 93.5 14.7 10.6 7.2 0.395
5.8 22.8 13.0 10.5 36.2 0.359
32.5 216 10.9 10.2 35.5 0.307
29.6 91.7 7.9 9.4 35.0 0.226
26.0 20.9 5.1 8.2 33.5 0.152
93.5 19.9 3.6 7.2 315 0.114
21.2 18.5 2.7 6.1 99.5 0.091
19.5 17.3 2.2 5.0 26.5 0.083
17.0 15.1 1.9 3 24,0 0.079
15.4 13.9 1.5 3.4 22.0 0.068

Analysis of the data.
Figs. 29, 30 and 31 are for explaining principles; curves I and IT
are the load voltages F, when increasing E, and I’ and I’ are E, when
decreasing E,. If there is no hysteresis and the relation between



Fig. 29 Explanation on the hysteresis
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$

E, Swwree v x

effects of the Fig. 26.

Fig. 30 Explanation on the hysteresis
cffects of the Fig, 27.

Tavras 12

B B, x Rr |Rrto| Ew | RY |R+v| Eoo | Eo | Bra— B | Boy —Eea
VTV wm 9 o v U g v v v ] v
297 251 1 10.4 | 0.365) 0.990 25.0 ; 0.864 0.989 25.1 | 24.0 4+ 0.1 ~ 1.1
38.2 | 2b1 9.9 0.33 0.96b | 25.0 | 0.282] 0.907 | 26.3 | 23.b + 1.3 — 2.8
368 | 26.0 9.35 0.282| 0.902 24.8 | 0.224 0.849 | 26.4 | 22.8 -+~ 1.6 — 3.6
32.6 | 249 8.2 | 0,202 0827 | 246 | 0.162 0777 | 26.1 | 21.6 -+ 1.5 — 4.5
20.6 | 24.56 7.0 | 0.144 0.769 | 24.1 | 0.112| 0.737 | 2b.1 | 217 + 1.0 — 3.4
26.0 | 22.6 5.0 | 0.097] 0.722} 22.56 | 0.083| 0708 | 238.0 | 20.9 - 0.5 — 21
23.56 | 20.6 4,0 | 0.085] 0710 | 20.7 | 0.074] 0.699| 21.0 | 19.9 + 0.3 — 1.1
21.2 1 18.9 3.2 1 00781 0708 | 18.9 | 0.069] 0.694| 19.2 | 186 - 0.3 — 0.7
19.5 | 17.3 3.0 1 0.076] 0.701 | 17.4 ] 0.0681 0.693! 17.6 | 17.3 -+ 0.2 — 0.3
17.0 | 156.1 2.9 | 0076 0.700 | 152 | 0.068] 0.693; 15.3 | 151 + 0.1 — 0.2
7 r
where T = Iy Bre= Bipn

E, and E, is given by I in the Fig. 29, then one can obtain E, cor-

R

Fig.
Explanation on the hysteresis
effects of the Fig. 28.

31

responding to K, by means of the curve in
Fig. 26. Table 12 gives such values. In the
table @ is the plunger displacement obtained
by Fig. 27 by means of the method repre-
sented in Fig. 80; R, & R, are the resist-
ance of e.p. obtained by Fig. 28 by means
of the method represented in Fig. 31; R,
is the resistance when raising the voltage
and R; is the one when lowering the volt-
age; r is the load resistance. K., is the
value of K, when there is no hysteresis and
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FE,. is the value of E, when the resistance of c. p. has hysteresis, F,
is the measured value of ..
Then F,,—F, = due to the hysteresis of the pile.

Fy—H,, = due to the hysteresis of the plunger.

In this way it is possible to analyse the hysteresis phenomena of
the apparatus. Table 12 has thus been obtained which explains that
the hysteresis of the plunger operates to reduce E, and that of the
pile operates to enlarge E, and the former predominates as the result
of it, as shown in Fig. 26. The apparatus shown in Fig. 16 has an
electromagnet with a yoke, which is the main cause of the hysteresis
in its operation.

6. On the Design.

_I. The theory of constancy of 7, (Load Voltage). ;

In order to keep constancy of the load voltage K, it is necessary
that favorable relations be kept between the plungel dxsplacement x
and that of the carbon pile z.

oF, oE, dR dE,
L= 222 dF + 2, . 2 A, e 1
ok, ' oR  dE. dE, (1)
I,/ oF
AE.JdE, = 3 U UUU RO UPRRRTPRUPRIP 2
‘ o/ [ ol AR (2)
, oR oA
and
dR dz dx .
AR AR, = Fv 08 OF 3
/ dz dx dF, (3)

on the other hand

R, B+ K. (o) + K, (2) fm = 0 ‘:f: i.h‘.HﬂE\ y&
'y

.............................. (4)

where

m = dxfdz (5) Fig. 32

and R is the pile resistance, K, is the source
voltage and E, is the output voltage.
From expression (4) we have

7(15 +E+K /m) de oK, _ o .. (6)

dF, ok,
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= 3K, /ol
17, = P "
Ao/ dE, 1 9K, (7)

R T
A m o
Substituting (3) and (7) into (2), we have

. CIONEI
D) I — ! 2L : e (2Y
M = o, 7 R < (2)
Ak dz m (K+ (>+_Ha£p
o2

To keep F, constant in spite of the change of F, the denominator hag
t0 be infinitely large, namely
1 5K,

wﬁ(KJF}()Jr,, D e (8)
m o7
= de _ [laKerl
m= A e )
where ‘
k, = oK, /ax and &, = —aK,/ox . From (9) we have
by =Fk,— > ARy (10)
Ill“ 574
And algo from (9) we have,
)
6= B 72 11
v Nkl J., VIaK, o] ‘ 4
If K =FK,z=0, 2—=2, and m=m,; then we have from expression (4)
K0, B) 1K O+ LBy () =0 v (12)
0
and
by =k, — - [(3 AR e (10Y
mg

From (10) we have

dzx 1 -
= — - N 7 2 9 ’
My (dz . T, e (SI{I,/az)O (9)

Equation (11) will be transformed into the following:—

m, ® _ _
e 5 vz e 11Y
= g )Y KR an)

The maximum value of % or x, corresponds to the maximum value ofz
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or z, when R becomes the maximum value R,, and

d,
g
Z e
T
7
if? }Z
S x, Stuf
b

Fig. 33 One method to determine
the curve of the cam.

1 S i N/ T
Ly = e Lt N ¢ /A
Nk, —k, %

%o

and we have

r J 753@21 - dz

jm /\/“ a_t{p . (lz
oz

(11)”

(11)///

If the relation between z and z which is given by the above expres-
sions is maintained by a suitable mechanism, then the output voltage
E, will be kept constant in spite of the change of H, or the source
voltage. of course, it is necessary to minimize the mechanical friction

and the magnetic hysteresis.
As to Fig. 15, we have

i = 2 gp B AR dE g,
on sR  dE  dn
dEdn = 2L 1"
_ Bk dR
sR  dE
dR  dz da
AR/l = %2 Y
t dz do dE

where K is the terminal voltage of the generator

n; the r.p. m. of the generator.
R ; the resistance of the carbon pile.

Asg for the balance of the force we have the same expression as

(4) and the value of dx/aF will be the same as (7).
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Therefore we have

=Y
aE _ E2
dn -y eH AR 1 oK oB
axr . m a2

The above expression is the same as the result obtained by inserting
n and E instead of K, and K. respectively into equation (2Y.

II Procedure in Desing.
The procedure in designing the constant voltage apparatus will
properly be as follows:— ‘

(1) Assuming the upper and lower limits. of the source voltage
E... and E,.., the upper and lower limits of resistance R,ax and R,
are decided.

(2) The dimensions and number of dises of carbon are determined
by the maximum consumed power and the maximum voltage drop.

(3) The elongation of pile 2,, will be determined by the above two.

(4) Assuming the plunger stroke to be a suitable value z,, we
have the value of m, by (11).

(5) Assuming the value of k., the spring constant %, is obtained
by (10Y.

(6) The stability® of operation has to be discriminated and if it
is unstable then it is necessary to change the value =z, and the kind
of the carbon pile.

(7) The relation between x and z will be obtained by (11Y.

(8) K,(z) is determined by R..,, and from the expression (12) we
have

K(0) 2 1
8(0) = Kp (ZO)

My

and
Ke (xmr E_’) _+- KS (xm) - 0

Thus the forces of the spring and the electromagnet are decided.

7. Conclusion,

The present paper describes the measured values of the two im-
portant characteristics namely resistance and contraction affected by
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compressive forces,

As to the temperature rise, experimental and calculated values
are given. The significance of the vertical type carbon pile was made
clear. The graphical ‘solution of the operating characteristics of the
constant voltage apparatus was described.

A procedure for designing such apparatus was proposed from the -
point of view of theoretical consideration.
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