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STUDY ON THE DESIGN OF INDUCTION WATTHOUR METER
By

Seikichi JimMno

SYNOPSIS

In this paper, it has been-intended to offer the materials for the design of the
induction watthour meter.

In the first two chapters, the driving torque and the retarding torque have
been investicated theoretically, supposing that the magnetic flux are uniformly
distributed within the boundary circles.  The author has proposed the geometrical
constants which have the important meanings for the design and the criticism of
the meter.  General principles on these constants have been established which will
be available to simplifying the calculation of the torque. This constant for the
driving torque where the boundary circles intersect mutually has been deduced.
It has been illustrated how these constants depend on the relative dimensions of
boundary circle with respect to the disc and that the reasonable value of these
of the radius of boundary circle to that of -

constants depends merely on
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the dise. The geometrical constant for the brake magnet has been deduced
approximately.

In the second two chapters, the driving torque and the retarding torque have
been investigated experimentally. Tt has been cleared up that the experimental
results are in good agreement with the theoretical results about a meter especially
made.  Various finished meters have been eriticized 'accor(]ing to the geometrical
constant and the configuration of flux distribution, which are obtained experimentally,
and the methods of improving these constants have been pointed out. The frictional
torques have been measured on various kinds of bearings, in order to resolve the
relation belween this torque and the weight of the rotating part, and it has been
pointed out that the semi-ball pivot bearing will be recommended.

In the third two chapters, the load character and the temperature character
have been investigated. The complete equations of these characters have been
ostablished and these characters have been analized experimentally. The methods
of improving these characters have been explained. The relations between the
temperature coefficient of permanent magnet and the ratio of its air gap to its

length have been cleared up experimentally.

In the final chapter, the characteristic constants have been proposed which

arc closely connected with the intrinsic character and the durability of accuracy,

and the principal course of design standing on thes: constants has been presented

with many valuable data. A numerical example where the magnetic flux are |

uniformly distributed within the boundary circle, has been shown.
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CHAPTER I. INTRODUCTION.

TP s Tt

1
) @« & & & % ¥ b @ 3 llSllll t n" 1 ' g | . .
: afr, Co A There are many literatures on the induction watthour meter, while any data

pertaining to the design of meter have not been found.
intended to offer the materials for the design of meter. Some parts in this

rescarches have been already published,®0DC and it has just completed in this
paper.

BT L . Moment of Inertin, Angle, Coeflicient
O R T TN T . . Damping Coefficient, Angle, Coefficient

Y « + o« Frictional Torque

In this paper, it is

........Damping Factor, Length of Air Gap
B3 i pen s ke der JYRTOR

RIS en oA i Angle

A+ ... Perpendicular Distance

In the chapter IT and III, various torques are theoretically studied from
some assumptions. In the chapter IV and V, these torques are experimentally

studied. In the chaper VI and VII, the load character and temperature

£« oo Distance, Resistance character are analytically studied.

; 5 G In the last chapter, the principle of design
Blassivies o Conductivity of Dise standing on the characteristic constants is explained.  The author thinks that the
‘)‘ ’ s o - . .
o ARG IS T 2nf results presented in this paper will be available as a compass for the design as
@54 i . « Angle

well as the improvement of meter,
Bl o v e b ors 4 sATglS

Eisie i nre o DI
WAIh bt & rani d/R
; CT hudied s v oot BB LG
B ks ot Ly T e 101G

In this paper, the deduction to be easily obtained is omitted, and the term of

circle which denotes the boundary circle, in which the flux are uniformly distributed,

s frequently used. All quantities in this paper are expressed in c.g.s. units excepting

the torque which is especially given in cm-gr.
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CHAPTER II. THEORETICAL STUDY ON DRIVING TORQUE.

1. Introduction.

The author now proposes the geometrical constant which will be of important
meaning on the design as well as the criticism of the meter, and the theoretical
study on the torque is nothing but that on this constant.  Any researches on this
problem presented hitherto stand on some assumptions.  The author thinks that it
will be impossible to solve this problem, unless any assumptions, which are as
nearly actual state as possible, are supposed.  Prof. Rogowsky’s works,"® applicd
the principle of inversion, will be splendid to simplifying the solution. A complete
solution has been already obtained by Prof. Otake and Kato,™® applying logarithmic
potential, while it will be regreted that the case where the circles intersect is not
concerned.

In this paper, the author has baen obtained a complete solution derived by the
other method, applying the principle of inversion.  The results in the case where
the circles do not intersect coincide that™®® presented already, hence in this point
there are not any noticeable results, however the following points will be noteworthy :

(1) The geometrical constant is generally represented by the ratio of the
perpendicular distance from the rotating axis to the line through two centres to the
distance between these centres, considering the centres and the inversions of these
centres.

(2 ) 'The solution.in the case where the circles intersect can be obtained. The
first point will be valuable to simplifying the calculation of torque, and the second
point will be indispensable to the practicable result.

In this paper, the following assumptions are supposed :

The magnetic flux are uniformly distributed within a circle and the phase

angles of magnetic flux are constant everywhere in this circle.

2. General Principles on Geometrical Constant.

We now consider an infinite plane sheet of homogeneous conductor whose
conductivity is o, and the alternating magnetic flux @ within a boundary area on
the sheet is perpendicular to the sheet.  In this case, the current density ¢ at any

point ean b2 obtained by solving the following equations,

= " e T R _ i
— =
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33'!"- a'.. —0
il

.Sitw(ida)ds=—a%f_............(1)

where the line integral must be performed around a clesed cirenit which does not
intersect with the boundary of flux distribution, and ds denocts the clementary length
along the circuit.  When the boundary of flux distribution is infinitesimal small,

the stream line of current is obviously circle, and we have

- L ﬂ
i=—)

I;.f ﬁ L] L] L] L L L L] - L] L] L] L] L] L] L L] ( 2 )

whete » is the distance between the flux and any considered point.  Considering
that the magnetic flux is positive, when the direction of flux is from the upper
side to the sheet, the direction of current is always in the right angle to the line »

measured clockwise around the considercd point.

- ~
e
/ Y

, \

Fia. 1,
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Even if the flux are uniformly distributed in a circle, the stream line is also
circle and the current density at any point outside of the circle can be similarly
found, considering that the total flux concentrate at the centre of circle.

When the sheet is a circle as shown is Fig. 1., where the flux concentrate
at a point £ the current density can be readily obtained, considering the inversion
of, P with respect to the circular sheet or the dise. In this case, the radial
component of current density i, must be zero at the circumference of dise. Let
the radial component at a point @ due to @ at P and that due to -@ at the
inversion of I” be i,, i,/ respectively, then we have

: 1.9 f

t,=—)——sing @ iI’=+j_ﬂ_giuT.g
f I

LFA i - e Ly — e AT - = — n—
L g mmﬂ.imf"‘-‘rﬂ E BT LT TS Far

g ] S gl = U
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While 4OPQ is similar to JOQPF’, therefore we have
iﬂ'}'iu,:o

Even if the flux are uniformly distributed within a boundary arca S, we can
similarly obtained the current density considering the inversion of S with respect
to the disc.

When the boundary of flux distribution is circle, we have obviously to-consider

the centre of circle and the inversion of the above centre with respect to the disc.

Commutative Law.

Now we consider a case as shown in Fig. 2, where &, @, are uniformly

distributed in the boundaries 5, S, respectively.
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Putting While dJOP'Q is similar to 40Q'P, then we have
' '
D = wjﬂJ(mt-l-'u-'r-) de: 'de
[ ‘
. . . . L] - . . L] . . . - ( '3 ) Tllerefnrc
J(wt+Y,) '
ﬁr — ¢t C
X 4 qﬁqu= ;ﬁ:”-, . . . . . . . . . . . . . . * . ( B )
The current density at the point ¢ due to the eclementary flux d@, at the Generally the Commutative Law on the driving torque holds, without regard
point P can be written to the boundary of flux distribution.
i ( 1 1 ) i@ : Geometrical Constant where the Circles do not Intersect.
P i . die ; r
r o

We will consider here a case as shown in Fig. 3, where the alternating

The elementary torque due to dz, and the elementary flux d@, can be given by

dS, dS,

- acf : A ,
d qj'f:r:=—6. —(p_,,@,‘, 811 (9"’1*_ h"’) ' ( r & ) :

e ."H'

Then the torque ¥, due to @, and the current induced by @, can be written

ac ®
?F,,I,f=-_5f_ (Pl,fﬂq sin ({’fﬁﬁ_(‘flq) . Gd;;q ol e - e e SRR IR s e ( 4 )

i

(., is Geometrical Constant proposed by the author and it follows,

A 1 A e AN
{'rij= 5. ‘.; jS 55 ( A L ) (prdhqq . . . . . . ( 5 )
') i ig:"l S} ’J' ?I

’ -9 q.?

The direction of torque is counter-clockwise, when its sign is positive.
'| On the other hand, the torque ¥, due to @, and the current due to P, is

similarly obtained.

!]*"‘,W=_f':’* TR RV T ¢ RS A S G

2!‘”

where

Gl,,,,,-_ﬂ.__,li_..ﬂ ” (3 = o4 Y, oy )
S Spdd 8\ 7 P Fia, 3.

e
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magnetic flux are uniformly distributed in two circles on an infinite plane sheet While evidently

respectively.  In this case, the geomerical constant can be represented by R e P e e e R (@=10)

Therefore we have

G;,[=_]'._'§j. "'A_" d‘s',; L] L] . . . . L] * . . . - L] ( 9 )
S, Js, r |
G - f?/b L] L - L] - L] - L] L] L] . L] L] . L] L] L] ( 1 l )

or
8 5 ) The geometrical constant where the eirel i d -
G'd=.‘2{" rier)dl /S” (r2 —r2)d8 ge : .mrceﬂ do nct interseet can be generally
) -, —0, represented by the ratio of the perpendicular distance from the rotating axis to the
While line through two centres to the distance between these centres.
The above principle will hold when the boundary of flux distribution is in
A=7, 008 (a,+0) such manner as to satisfy the relation given by the equation (10),
d=r, cos a, 3. Geometrical Constant where the Circles Intersect.
S e Now we consider a case as shown in Fig. 4, where two circles intersect. In
this case, we must concern two cases, at one case /4 =020, or 22>x>,/79
Putting and at the other case 732> 02> x/4, or v/ 222> 1, where x=b/a.
20 =1+ 1 2rg=r—1,
Then we have
v ‘];1 01: . ua‘-l
G,=d {.‘ . Mo COS fl —tan ﬂ,,S 1 SiN ﬂdﬂ} / S . 7ot (0
While
ro="0y/cos* 1 —cos* 0,

I, and

{ﬂ .
SJ g 81N 0:10:%_ [cos 0/ cos* 0 —cos 0,
-0, -

Oa
— CO8" 0:: lOg ({.‘OB 7} + '1/(3[)5“’ ! —cos® ¢, )]—-B =)

il

Therefore -

I]u nu
G’d=d£ o, Yo COS 0o / S-ﬁ ror,df . 0
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At the former case, we have And
y Pa d I‘)Sﬁ" (r,—ts) mﬂrm_}'j% (?‘ i a—1rs )GOB thlﬂ} Iﬂiulﬂm 0ddl = _“1 {Aaﬂin ﬁ.._._}_(d sin 0-{-—1—- sin~'( sin ﬂ))}
A T\ gt —0y'\" 3a’ A% 2 x
“ . 1 4 - .
SR gﬂﬂ (r,—7.) cos a0 — S“ﬁ ( 1 (?'E )1_15"""_2_)“}30{?0 IJms ﬂdﬂ=T{dﬂln0+_l_'51“-l(x ol ﬂ)]
T et ma J—n,\ 3 \ a a 3 - x J

where the first term is obviously d/b, then G, can be written

jvos‘ﬂdﬂ: : { i Hinﬂccs“ﬂ+siuﬂmﬂ+ﬁ}

G (L b) 0 s At B s T o S A

Therefore

where

i A v ~
By lsm?ﬂ,,(l+—§—)-—2ﬂb(r-—l)}. B SRS 1)

ot ] b o g LY AT )_ s ﬂ)mﬂfm
l"'-TS_g,,( 3\ a a 5 3

At the latter case, we have

where

t,=cos™"' x/2

l Then the term £, is dependent on x only,
Gﬁ‘=_}}_‘ (1 _l-.r+k.rr)

4. Practical Case.

where Y, e ' Lt n Fi
consider the practical case as shown in Fig. 5. Let Oy, Oy, Oy’

[ 2X r( HELL e )( Ty kNt T -1) cos 00
> T Jh\NG a Ja

While the last term is negligible, so that G, can be gencrally expressed by

be the inversions of Op, Oy, Oy, respectively, then we can immediately obtained the
equation of driving torque from the equations (11 > (12) and (13).

v, — 20¢f

the equations (12). 7

A TR T Y e S R e A (+14>)

l, can be obtained as follows, putting

putting {=a/R, §=b/R, 3=d/R

d=1/T—28n 0 Then we have

‘! Then we have

- 2 [ ]
1 ("ﬂ ):-._ Ta o - = 4 J:"Eill"'()J+(-;-——I')J
3\ & ( o 3 3

Gu=(1—k,—F,) N N L R R ey T 165)

where

1 :
K'—,:-n—{51112(?,,(1+ 2 )_20,,(:5—1)} for 22

=0

4 n o o 2
4+ —x'cos* 0 —x msﬂ-l-—é—-

(16 )
for > 2
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e
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|
d
I
|
40' @, 020 o6
!
0.3 04
Fia. 6a
S R I B e ey e e — e Y]
b e e (1) | ; ‘
(1—7) +& ] : @ o0
In the design of meter, the geometrical constant must be chosen as large as : 5 | 8 g.11
N . 0 12
possible, while this constant depends on &, 7 and £, so that it will be important - ar @i |
| matter to determine these values reasonably. 30 @ 014
. : 4
I The relations between 7, and these values are shown in Table I. (35 ) > 2 © o5
The relation between G, and &, where » and ¢ are given, is illustrated in S “ ' @ 0/7 .
. . . A 20
u Fig. 6 A, and G, is maximum approximately when 20 ® o2
: By §-{é;
E=1/T‘?‘-C . . . * . . . - * . . ™ ™ - ™ . - ( 18 ) 8 - - b e
-* - o —
The relation between G, and 7, where §=4/2(¢ is shown in Fig. 63, and | |
(7, is maximum when (£ ]
| R
?jﬂl=0'9-1'4c - . . . . - ™ . . - L] L ] - . . ( 19 )
e 0.8 0.9 1.0

Fic. 6mn
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Therefore G, is maximum when §z=1/2¢, and 7=7,, and in this case

we have

QleXe) b Qb i st A e S L 7 201)

These results will have important meaning on the design of meter, and the

author thinks that in actual case the similar relations shall be established, though
it may be somewhat complicate.
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CHAPTER III. THEORETICAL STUDY ON RETARDING TORQUE.
1. Introduction.

In this chapter, we will consider of the . electromagnetic retarding torques.
There are two kinds of torques, one of them is the torque due to the alternating
magnetic flux and the other is that due to the brake magnet.

On the former, a complete result has been already performed by Prof. Otake
and Kato.® This torque will not be important such as the driving torque, hence
in this paper the approximate solution will be given.

On the latter, there are not any complete results, while the solution will be

more complicate.  In this paper, the approximate solution, which will be available
in practice, can be obtained.

The following points will be noteworthy :

(1) The geometrical constant for single pole can be generally represented by
the square of the ratio of the distance from the rotating axis to the centre of circle
to the radius of circle.

(2) The geometrical constant for the interaction between two poles can be

generally given by I”i 7 cos (a,+a,), where r, and », are the distances from the
rotating axis to thu?centrcs of circles, » the distance between these centres and a,,
a, the angles between » and 7, r, measured in same direction from the line r
respectively.

(3) The geometrical constant due to brake magnet can be obtained. The
first two points will be available to simplifying the calculation of retarding torque,
and the last point will give a important material on the design of brake magnet.

The results on the retarding torque in practical case presented in this paper, of
course, coincide that obtained already."*®

2. General Principles on Geometrical Constant for Retarding
Torque.

Now we consider a case where the magnetic flux are uniformly distributed in
a circle on an infinite plane sheet as shown in Fig. 7, and assume that the linear
velocity of disc is 27fa, everywhere in the circle; in other words, the circle is
very small compared with the disc.

e T . FETR b  e T e "
. o Mlﬂ!m‘m‘tﬁ;n.ﬁw.,..u} . A

B
AN P UR ) i

n= A W - a%
] . kRt e ! i | gy | A% ng el by ar
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0
Fia. 7.

The change of flux per second at an elementary length of the circumference
4@, is written

0
dd,= — 2ay &,sin ¢ - dg .
a

SRR RO AR ST £ GO0

where ¢ is measured clockwise from the line r, around the centre 0,

Single Pole.

Let the components of induced current be i,, i, respectively, then we have

LTy j: { sin ¢ sin ¢, sin ¢’ in &,/
t,=——"r_¢ Sz g Sl 2 1 sin ¢/ | . 7
» ; ; : -+ lf -+ ‘; I =111 ¢ ¢

BT e N TR TIE T L S g S
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where ¢,=~ P,PO,, ¢.=~2P.PO, ¢/'=2P/P0O, ¢'=LP/PO,
While

pd =a*+1'—2ar cos (p—10)
p =a* 41+ 2ar cos ($+0)
pr=a*+r*—2ar cos (p+0)
p* =a +r*+2ar cos (¢—0)

Now putting u=r/a, then v 1.

Let
2u
h=—= <1
14wt
’ ’ - ]"'-H. f
k =y ) oy M it 1%
Then we have
SRS 2af,r, P Sl[ sin (¢—0)
r ra*(1+ut) Jy L 1=k cos* (—0)

- ain (g -H0) IgE . s ) S g (22
e Fooet (3407} 51119595 ( )

a . r
e e s - PSS-S W, Y-Sk SEm——

While
sin*gdg 1[4 s ian-t tan ¢ }
S 1 —* cos® ¢ k* lgﬁ 5 4
S hlll¢ %?{¢_ﬁ_ lﬁg(L‘{)Sﬁl——IT—
1—Fk* cos® ¢ 2k* K
Therefore
i gin (¢—0) sin ¢ J a(1—=F) s sin (/ o 72 sint 0 —1
S“ 1—17* cos® (¢—10) pr 2k 2k* b k* cos® 0 —1

1—k cos® ($+0) 2k

sin (¢+ﬁ) sin ¢ a(1—=Fk) __sind k# sin® 60— 1
l, iyl i O
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Therefore we have

i,= "ﬁfrﬁ,, By e et SR I G R RS T RO

Similarly we have

% f : s .t WAL
fo=——ldTp ﬁps {"”” 1 08¢y -, con 1, 08§ | sin ¢dg
4 ! Os 1 P:

e ".d“"rrgpsinﬁ...........--(24)
&

From these results, we have

Y ey Prt R R 2 13

g e L N Pt T ra s i L ety (0 - 3B%)

Now we know that the current densities are constant everywhere in the circle
and its direction coincides that of 7,

Therefore we have

acf ;
e 2;}'09(",1,.............(Eb)

where

G;,,,-:?‘,:J/ﬂﬂ . - L . . . . . . . . . - ® " . (_ :3? )

Interaction Between Two Poles.

In Fig. 8, let the component of current density outside of the circle be i, i,

respectively, then we have

Lo Ghy aps%{ain(gﬁ.—ﬂ) sin (§+0) , sin(§+0)

n o Py N

yean ‘(f;”) } sin gdg

L E_'J?I.QJ\J--’. L en el T -

T LB e T =00 Al '
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pt =(144%) (1+cos ($+0))
i p=1*(14+%) (1~ cos ($+0))

p=r'(1+0%) (14 cos ($—0))

Therefore

aj,nr
ir=— ‘fi, X ﬁp COS”
 j

Similarly we have

. a . .
= -——%&-ﬁp sin

Now putting =«, then we have

aj,r
l,-=—"——'“-;i—ﬂ-¢pcmﬂp . . - . . . 9.8 . . . v . ( 28’ )

. af,r .
lgz—. .?:::Il ﬁpﬂlu ap N . . . - . . . . . . . ( 29 )
Therefore
M ﬂflrn
l=__..__.__l_.- = ﬁl’ . . - # . . 0 . . . * . . . . ( 30 )
?
Fis. 8. The current density at any point outside of the circle can be easily obtained
by considering the centre of circle ax tween 1 P e _
li- Puthng ‘omalr, thenio e 1) andtlet . g id the angle between ¢ and » is always equal to
." s s i that between » and »,
e T - Even if the plane sheet is a cirele, the current density at any point on the
‘ T disc can be obtained by considering the inversion of the centre of circle with respect
vy | to the dise. In this case, the radial component of current density on the
e -..—.:...-..= oLy - . ‘ . . . .
UV=y/T—1 e w1 circumference of the disc must be zero. Now considering on Fiz. 13, we have.

| Then

g =r*(1+4v*) (1—=Lcos (¢—0))

IR I s T el v
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J
i =Ll s =)0,
While 400,Q is similar to 40Q0,/, then we have

£H+£R,=0

Now the retarding torque can be easily obtained by the preceding assumption,

quW:_ d;:;; wp(pqm(sbp_‘;by)am . - . . . ° . ( 31 )

where

GW=—1E.¥1M((‘!P+09) - - - . N ™ . . . . . ( 32 )
The geometrical constant for the interaction between two poles can be generally
represented by —2.% cos (@,-+a,), where 7, and r, are the distances from the rotating
ot
axis to the centres of circles, » the distance between these centres, and a, a, the

angles between # and #, or r, measured in game direction from the line » respectively.

3. Practical Case.

Now we consider the practical case as shown in Fig. 5. ILet @, be the
magnetic flux at the middle pole, and @, the magnetic flux at the outside pole.

The retarding torque due to @, is written

P "};f XY Ml S e R S T

G,,,::;‘-‘{;J—(l_’{"ﬁg} el Py AN S

The retarding torque due to @, is given

'y,-g%,:_ a;‘ﬁ' (p;Gw s @ . . . . . . o . . . . ( 35 )

o A e B I T
3 et

it N
]

P IR s AN L b S bae s T S 2 i
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au=(E+1( G+ 5 )= =y

cos 7
s (R SRR V86

The numerical relations between G, or G, and &, %, ¢ are shown in Table IT.
The relation between G, and 7 is shown in Fig. 9. When 7=y, the relation
between G4, and { can be written

G U A T e b i e DS S i 875

The relation between @,, and & is given in Fig. 9 ¢, and that between G,
and 7 when §=4/2¢ is shown in Fig. 9. When §=1/2¢ and 7=7,, we have

w080 e S R Rt L8 Ly e s s L (887)

Now we consider the characteristic constant C,, €, which are closely related

with the load character or the voltage character.
Putting

(/L= y’},,/ !Fd . . . . . . . . . . . . . . . . ( 39 )
ekl AR ST e A S RN e BT SN SR

From the above equations, it follows,

C},=k,,—‘ﬁ,i-—-_(‘§L..............(41)
?

e N IS B b e e
YL, e

where

kjl - Gby/4 Gd' . . . . . . . - . . . . . . . . ( ‘13 )
kq — G{.J/E Gd . & Tatis &9 4 BT Sl Y Ry . P SN T . ( 44 )
When §=¢/ 2¢, and =7,, we have

bl O B e e N S e e, e T Loe o (AAB)

L - I gk ey — a . ol ——_— . " " i | " p— T
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kq=0'85/c . » . . - . . . . » . . » - . " ( 46 )

These values have the important meaning on the design of meter.

4. Geometrical Constant for Braking Torque.

Now we consider of single magnet as shown in Fig. 10. We assume that the
magnetic flux are uniformly distributed in a rectangular boundary and the linear
velocity of the disc is constant everywhere in this boundary.

100

S0
N /
£ 60 @
-
S 4 () B=o025
< @ B =030

0

156° 30° 45° 65° 76° 90°
Fia, 10.

A R B o P TP L B L T - ey U, LLr o SR PCr it D LAl RPN

ARG ol s L S ey vk

el EL S ET A ey

L= - - - i - s i— sl & il =y Y N - -
R —— e
& e &
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Let the component velocities be f,, f,, then we have

Je=F.cos 0
} R A R A (4T

j; -_-j:; Bill 0

The flux change per second at the elementary length of the circumference of
the boundary can be written

40, = ._2%_%-_ O, dc )

m

40, --‘.?.:rj}%"'—(ﬁ',,dy |

where S, is the area of boundary.

Let the components of current densities in the boundary be 7,, 7,, then 7, due
to 4@, and 7, due to 4@, are very small, then we have

i = uqﬂ,-f.sl:'"_ D, {ﬁr——{:a, -|-I’L_.+ﬂu+f£4)} sin 0

i S (2401

i,= —af, _ri?_ (O a+a,) cos 0

where (a;+a,+a,4a;) is a function of *x and ». Now let its mean value within
the boundary be a,, then it follows

m (bm
@,= 1_ Sﬂ SJ tan™’ b+y » dxdy

=2r—4 t.un"‘(_a"“ )+(1— Oom ) {1 +_b'“— log /1 _a"‘z )}
bﬂl bm ai‘ll s \ + bﬂlﬂ

Putting f=tan™! a,/b,, then 3 is very small quantity (< 1/3) in our case,
then approximately «,=(27+1)—06 3, while this value will a good approximation
to (27—4f3). Therefore we can suppose that the current densities are constant in

the boundary and the value is the current density at the centre of boundary, i,
and .
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And we have
: d, ;
to=—40f, S AP, sind

R E TR0 %Y

: d,
!'ﬂ=—4ﬂ'f:‘ S“ ( Z —ﬁ)@,coeﬁ
Neglecting the effect of the inversion, we have

;rr,,=-.2_“;’f:!.w@,..............(51)

where

G,.=t;‘":(;+ms20-(f21-—2ﬁ)) it iR Gt CAS e T

The relation between G,, and B is shown in Fig. 10. We know that f is
smaller, the braking torque is greater, while in actual case there is a limit of f.

(7,, is proportional to the square of d,, while it is nearly proportional to 0,

then it will be recommended to finely adjust the load character by means of the
adjustment of 0.

5. Foundamental Equation of Performance,
When the disc is rotating at a constant speed, we have
yrnr+ !F,-}- Wf‘]" qrm'i" Wr-p'l‘ qrbq—_—o Sizal® . ( 03 )

where 7, denotes the torque due to the light load compensation, the frictional
torque, which can be written

B (L D e e S S T e S (B A

while the second term is slightly dependent on the load character, then putting

V-7
C _— : fl . . . . L] L] L L . L . . L]
/ Wd

. (55)
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' TasLe Il1IaA,
I'. KP
g 0.05 0.10 0.15 0.20
"
1,17 0,934
1.49 1.20
1.83 1.61
2.20 1.91
2.90 -
_——E
Tapre Illnb.
K.
Rec kS 0.05 0.10 0.15 0,20 ‘
" ‘"“«-.k\_&
0.4 7.69 4.30 3.41 3.12 - |
I 0.5 9.62 5.20 3.97 3.61 As shown in Fig. 11, we have
0.6 114 6.20 4.65 4.06 ” i Eejmr
D P
! 0.7 13.3 7.29 5.47 4.70 T o B A (R (56) I
m' d,=K, Tej(m-ﬂ
rf"_ q

Therefore the foundamental equation of performance can be written

-

_ | fo=f-3~=352 Elsin ($,—¢,—$) - (14 G~ G=C) . ( 57)
|

V)

where C,, C, and C, are dependent on £ or I and K, K, ¢,, ¢, are also dependent
on F and I as resolved in the latter chapters,

'ih %
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CHAPTER 1IV. EXPERIMENTAL STUDY ON DRIVING TORQUE.

‘ | 1. Experimental Study on Flux Distribution.

As mentioned already, the geometricaal constant proposed by the author is an
important factor. This constant will enable us to justify how efficiently the
¥ | magnetic flux are used. This constant is closely’ related to the dimension of
| flux-boundary as well as the configuration of flux-distribution. In the above
chapter, the author has been shown this constant where the flux are uniformly

distributed in the circles. However, in actual case the above assumption shall not

be held, therefore the mathematical solution can not te practicable, while the results
will be still available as a compass for the design as well as the improvement of
the meter,

The geometrical costant is closely connected with the configuration of flux-
distribution, then in this chapter firstly this point will be investigated abont
various meters.

In the experiment, the modified a,c. potentiometer as shown in Fig, 12 is
used, where N, is a search coil, G vibration galvanometer, A/ variable mutual
inductance, and 7, 7, non-induective variable resistances.

Iet B, B, be the density of pressure flux or that of current flux, and ¢, ¢,

the phase angle between E and B, or I and B, respectively, then from the condition

Fia, 12.

of balance, it follows

The search coil is wound in a form of ellipse, 3 mm in length and 2mm in

_ JFFENT E width and has 20 turns of enameled copper wire S. W.G. 48. The effective area

"= 1 44fAN, R - 10° o A e T T ) 5 of coil A, is determined by the comparison with a standard search coil, because
_' ¢ —7/2=tan"' wL/p the determination of the area from the dimension will not be satisfactory.  The
*l standard coil has 5 turns of S.W.G. 45 silk-covered copper wire wound on a
l | R 1-/9"'-1_-_:;1“-'1![‘3 . T.10° t'lrnu]uf' thin ebonite 'dlﬂt‘, 0.9'3:6 cm in diameter 0.6788 cm? in effective area. These
@ "= T L44fA N, e AT A S A 8T 15 two coils are placed in the uniform magnetic field due to a solenoid and a variable

mutual inductance is connected in series to the solenoid. The induced electromotive
force in cach coil is measured by the mutual inductance and a vibration galvano-
meter.  These electromotive forces are, of course, proportional to the pn_:rduct of
the effective area and the number of turns of coil, hence the effective area of the

coil under test can be easily obtained. In our experiment, A, is 0.04905 em?,

i ¢ =tan"' p/ol,
} where

1 | p=ryr/(r+r+1ry), or rRI(BR+r +rg)

A R IrRERmm——..
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The measurements are made on the finished meters, type from A to G. These

2. Method for Measurement of Driving Torque.
results are shown in Fig. 13. There are some local secondary reactions due to

The most usual instrument of measuring torque is a torsion balance which
depends on the torsion of fine spring.

to the elastic fatigue of spring.

! | the metallic substances in the air gap. In order to eliminate these reactions from
£ the results, the quadrature component of pressure flux to E, B, and the same
1 phase component of current flux to I, B, are shown in the above results. From
i these results, we know that the actual configuration of flux-distribution is complicate.

Fspecially at Type 4, C and D, it is remarkable, owing to the influence of the

magnetic shunt.  While the flux densities are nearly constant within a certain
| boundary which is usually large compared with the magnetic pole. At Type D
{ | | and F, it will be noticeable that the boundary of pressure flux is remarkably large

This instrument will not be reliable owing

The author designed a torque meter as shown in

Fig. 16, based on the dynamical balance. In this meter, a magnifying lens and

a scale with a vernier are provided to obtain the precise reading. The weights

from 0.1 to 10 gr are prepared and the angle can be measured with the accuracy

of 10 minutes.  If the balance take place at 45°, the accuracy in torque is about
0.3 25,

compared with that of current flux. It will arise obviously a remarkable consequence 3. Experimental Results

! on the geometrical constant.

In order to verify the theoreti i . 2
In order to investigate the magnetic reaction due to the current in the disc 4 retical results in the chapter IT, the experiment is

made on the special meter as sh . g
the author designed a special meter as shown in Fig. 15.  The disc is 4.5 em in own 1n Fig. 10.

radius and 0.118 em in thickness, and the weight of disc is 25.6 gr and the moment

The driving torque can be
calculated by the equations (15), (16) and (17), supposing that ¢=3.4.10-* and

{=(a,+0,)/R==0,15 where a. d : A ‘
of inertia is 157.8 cmgr. Three independent magnetic poles are arranged and ; » denotes the radius of pole and 4, the length of air gap.

these positions respecting to the disc can be varied at will. The cores of poles

are made of soft iron to be the shape of pole as nearly circle as passible.  The

v
7 4
1.6 wd

1.0
radius of these poles are 0.45 cm and the length of air gap is 0.2 em. In the

experiment, the middle pole is excited by an alternating current, 0.6 ampere and

50 cycle, and the outside poles are removed.  The experimental results are shown

in Fig. 14. The flux-distribution along X-axis is symmetrical, while that along 1.0

1.0

Y-axis is slightly unsymmetrical, owing to the stray magnetic flux from the core.

It can be considered that the flux densities are mnearly constant in a cireular

boundary, and it is obvious that the magnetic reaction due to the eddy current B,

is not remarkable. However, the phase angles between the applied flux and the

0.5

0.5
resultant flux ¢ is not constant everywhere, although they are constant under the

pole.  But it will not give any remarkable influence upon the torque, because the
flux densities are very small outside of the considered boundary. However, the

slicht deviation between the configuration of flux-distribution supposed and that in

e

- 0
' actnal state will give a remarkable difference between these torques at the extreme 0 o1 02 03 04 05 06 07 08 09 1.0 {}03 -
. . . : ! ; . ' ’ ' 0.6 0.7
{iAh case where the poles are placed very near the edge of dise. So that it will not 7 .
| be agreeable to compare them at such a case. Fio. 17
r L
[1
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;i; - The calenlated values and the measured values of torque are assembled in ?: e
IJ % Table TV. We know that these values are in sufficiently close agreement with g" 2?0-:
q each other, excepting the extreme case. 3N i
:'_ | The same measurements are made on the finished meters, and the geometrical E /00
113 constants are calculated by the following equation, ] -
i.': S i
7 ¥ g
| & 5 G.= 262 - é,:' o -% i -0
These results are assembled in Table V.  According to these constants and the %;.- | -200—
configuration of flux-distribution, we can criticize on the driving torque. z_-m I = 3
In Type D and E, the geometrical constants are very small. Tt is, of course, Tt i l Facae
resulted from that the boundary of flux-distribution is remarkably large. In order T ',ﬂ: < 400_-
to utilize the large pressure flux unless the retarding torque due to this flux I- __140. -’f‘: ! H{ﬂl f o 2 3& 40 %
increases, it may be considered to enlarge the boundary area of pressure flux, But Milli- Me ?re_
the author does not recommend such a scheme, because the driving torque does not ‘
increase proportionally, owing to that the geometrical constant (7, decreases, and on Vo TR
the other hand, the voltage character will not be important.
In Type C, the geometrical constant is remarkably large. It is caused by
that the enrrent flux cut twice the disc.
We will know that the geometrical constant is nearly inverse proportional to A7
the relative dimension of boundary with respect to the disc, excepting some special ”‘E
CASCS. ﬁ 300
The similar relation as shown in the equation (20), will be held in the actual y .
case.  As it is obvious in Table V, the geomci:riml constants in actual case are 8 | | iy
w usually small compared with the theoretical values in Table L. The author thinks E I# i E Ma:
| that it will not be impossible to improve these constants according to the theoretical E i | !, { A
i. results presented in the chapter 1L % ,\' I 1.?5{'--} = i D
: N | | ~100 -
| _%: ! J"Li - 200~
! S
f.; = s
e ; -400
: il {a‘ /].9 | :.70] Bf I -4'_—-|6 1 | f ] Eﬁ_; :le A
| Milli—=Metre
ié Fio. 138
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Wa (measured) 1,06 1,23 1.29 1,16

Wy (calculated) 0.76, 0.91, 1.00, 0.96,

Ratio 1,39, 1.34, 1.28, 1.20,
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|
CHAPTER V. EXPERIMENTAL STUDY ON RETARDING TORQUE. |
1. Method for Measurement of Retarding Torque. |
In this chapter, the frictional torque and the retarding torque due to the alternating |
magnetic flux will be investigated experimentally.
There are the few literatures™® on the method of measuring the frictional |
|
torque, while any methods have not been available for the measurement of the
TABLE V. electromagnetic retarding torque.
The author proposes a method in which the retardation of revolving disc can

be automatically recorded. This method bases on the utilization of photo electric

Meter

cell ag shown in Fig. 18, In this method, a bridge consists of a photo electric |
cell, a variable high resistance R, and two batteries ¥\ and £,. When the photo
cell is not exposed, F, is so adjusted to impress a sufficient negative potential on the |
grid of triode valve to be the plate current nearly zero. When the beam of light J
reflected from the mirror on the spindle of disc falls on the photo cell, the internal
resistance of cell will quickly decrease; in this case, if' the internal resistance of

cell is nearly equal to R.E\/E, the grid potential becomes zero, and the current

Ux 20/-A UxiIti

Al 1}--=il1|1}

Chronograph

Le @
(LU

. [-Illllllllllllll = A

Fig, 18) . 1

o —
i e e e e e I ————— ——
e e — T R e ——

o 1oAY T g b A (T e, e b e R s s Aty Ouesd & & p e S AT SRR SIRARAR L SR Ll Y GRS WIS R B P L o



T A L L AL D TP e M LA L F RIS TUTINOE Y A o L Y T T A O L T AT SR L I e T T S e el S T e T Ty T T T (R g
s L= [ T i o Y] ‘. o e L 3 Pl B B I R T 2 — . . L : - —
et ' i ool o 7 hm:‘-{ﬁll“"!'t'ui' Mo i A R B i

il e - i e - ——— - ———— ey s A S R
. _— . e sl il Ly — - . -

S. Jimbo : Study on the Design of Induction Watthour Meter, 33 |

32 Rescarches of the Electrotechnical Laboratory No. 235

where d=//a and v=7/p.

triker of chronogragh in
record a dot on the paper flows through the stri S a

sufficient to

the plate circuit.
Fig. 19 shows the relation between the number of re

volutions of disc N, and kyes A,e_&’+ e

. . |
the time ¢, The methed of computing the frictional torque from this relation has : ' | l
been already known ; however, the method available for the retarding torque has where A, and B, are integral constants. |

5 : 1 ” 1 > n
t been found. Now the author proposes the following method of computation of To transfer the origin from O, to O, putting |
10 . !
! !
retarding torque. | : \ s 1
In Fig. 19, O, denotes the beginning of record and O, the point at which the | |

dise stopped. 1t is difficult to determine the point 0., and only a portion of the R

retardation curve OO, can be obtained. Then:it follow

tr""_'— 0, | .

n=Aeu+B+1:£

From the following conditions,

t=0, n=0 and =1, n=n, ".

we have

at
zu=*na(e° —1) 4ot

where

ﬂu=(ﬂ‘—vt‘)/(ea“— 1)

In our case, the second term will be negligible small, so long as ¢ is not too |

small. Hence, we have

L S L B R R TR A T e i A e S ) |

—— — — — ——— —

where n, is usually from 0.5 to 2.0 in actual case, then by means of trial method

using a semi-logarithmic section paper, the value of n, satisfying the above relation

: - can be easily determined. = When the relation is satisfied, the retarding torque can |
t of inertin, the damping coefficient and the
Tet @, B and 7 be the momen -

1 T be given by f@d in cm-gr.
frictional torque respoctively, then the retardation carve can be written, g y fa ar

III thﬁ measurement 'Uf moment Df inertill a, lliﬁc iB E“Sl}(‘lldﬂd b}' a ﬁllﬂ
d*n > ld’“l o T

@y strip, and two metallic rings are prepared. By the substitution method, the
ay}  db
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moment of inertia of dise can be determined from the period of oscillation at each

case where one of the rings is mounted on the disc.

For the computation of frictional torque, the author adoptes the method already

known.®

2. Frictional Torque.

As mentioned already, the frictional torque ¥, is given by

B T B ) i e Sy B s G e (DA )

The starting torque ¥, is chiefly caused by the friction between jewel and pivot or
ball, and %, is arisen from the air friction on the rotating disc, which is nearly
proportional to the surface of dise, by the previous paper.”

There is no need to attend to the latter, because it scarcely affects on the load
character, while the former gives a remarkable effect on the load character at light
load. In some paper,*”*” it has been obtained that the starting friction is
proportional to W where W den tes the weight supported by the pivot,

A series of measurement are made of the relation between the starting torque
and the weight of moving part about various kinds of bearing. In our experimens,
the rotating disc is 8.5 em in diameter and 0.14 e¢m in thickness, and many sheets
of tin-foil which have the same dimension as that of the dise, are provided to

obtain the different loads.

The results are shown in Fig. 20, and the empirical formula for each kind of

bearing are given as follows,
7,=0.0264 W'#.10"° in cm-gr for pivot bearing

¥, =00421 W'#.107% in em-gr for semi ball pivot bearing: ( 60 )

7,=0,1343 W.107* in cm-gr for ball bearing

The above results for the pivot bearing are in sufficiently close agreement with
the previous results.

It will be noticeuble that the performance of semi ball pivot bearing is similar
to that of pivot bearing, while the frictional torque in the former is slightly large

compared with that in the latter, because the surface of ball touching jewel is

= L 4] .mﬁfr;',-':- “_.;:”;.:_J_:,;J-‘iﬁli_;.—'.‘t*.rﬂ, S
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usually greater than that of pivot. ~While there are troublesome in finishing

the pivot, therefore the semi ball pivot bearing will be recommended in our case.
The ball bearing is suitable for the large load, while in our case the weight

of moving part is not large, then the ball bearing will not be recommended in our

case.

3. Retarding Torque.

In order to verify the theoretical results in the chapter III, the measurement
of retarding torque is made of the special meter as shown in Fig. 15. Firstly, the
middle pole is excited by the alternating current which is so adjusted that the total
flux at the pole are always 500. Secondly, the outside poles are similarly excited.

The experimental results are shown in Fig. 21.

On the other hand, the torques are calculated by the equations (32), (33),
!Ii}‘p ' yfh} y}'fn;
¥
0.10 bp 0.20 0.20
0.09 l 0,18 0,18
0.08 - g"bg— 0.16 0,16
§=04
0.07 : X 0.14 0.14
\
0.06 0.12 0,12
o \
0.05 \ 0.10 0.10
\
0.04 0.08 0.08
e
0.03 0.06 0.06
0,02 0.04 0.04
0.01 0.02 0.02
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/] §
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'
(34) and (35) respectively, These results are assembled in Table VI. At Type |
F and C, the pressure flux cut twice the dise as shown in Fig. 13. Then in X i
these types the geometrical constants @, are large. At Type B, this constant is _.,L_f__.._ s_; !
large, owing to the small boundary of flux-distribution. At Type D, E, these |
constants are remarkably small, owing to the large boundary of flux-distribution. i
Tt is noticeable that at Type G the constant is very small in spite of twice cutting |
of flux through the disc. It will be arisen from that the fiux density is remarkably N ’
«emall under the centre of pole where the current density will be maximum. Such |
|
a configuration of flux-distribution on the stand-point of the retarding torque as o |
well as the driving torque will be recommended. 2k ‘
The geometrical constant Gy, is greatest at Type G, and at Type A and D T
these come next. It will result from steeply changing in the direction of flux.
However, there is not a remarkable variation in the series of these constants. [
1N
| x oS
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TasrLe VI.

fd =1 rp.s.

E
I N 0.4

cm-gr
I Measured Value 0,040

I —— S e — e ———————

cm-gr
Calculated Value 0.037

Ratio 1.0,

e a

£=04 ﬂ;: 1rps.

Em-gr
Measured Value 0.12 0.18, 0.16, 0.17,

cm-gr
| Calculated Value 0.15 0.18, 0.22, 0.26,

Ratio 0.8, 0.7, 0.6, 0.6,
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CHAPTER VI. STUDY ON LOAD CHARACTER.

1. Equation of Load Character.

Among various characters of watthour meter, the load character will be most
important, while the equations of this character presented hitherto are tco simple to
explain the actual character. The author now presents a complete equation.

The fundamental equation of performance has been already obtained, that i8

ﬁl-—-ﬂ f'-'f gd : K(Z‘If:; .EIBin(‘rbp_‘J!’u—qs)'(l-l'q'_q’—q') ( o7 )

0.119 In this time, £ and f are constant, and ¢ is zero. '

Putting |

' Meter fu P, Wog Gitg C=afp, and C=&P . ¢« o ¢« o o o o « + (61) |

rp & & cm-gr 47, |

A 111 830 9.809 23, where p is the ratio of any load current to the rated current. K, 1s not constant |

B 1.C0 620 0.119 89 and it will depend on the magnetic. permeability at the path of current flux; in I

o 0.69 670 0.055 7.9 other words, the nmguetic saturation. Hence, K',, can he expresacd b}' |

|

0.4 |

1) 0.89 900 0.328 I
E 0.60 760 0.122 7.8 K=k(14+@up—ap) s o o o o + + o o o o o o (62)

5 e i Vg > Supposing that K, ¢, and ¢, are constant, then the equation (57 ) becomes I

a 0.25, 820 0.042 10.5 !

— S

Jo=K, (1+a,p—(a:+a5) p+%[p)
Therefore the load character is given by
e=c+a p—(tta)p+a/p + « « o o s e e ( 63 )

This equation will be available in practice.

9. Experimental Analysis of Load Character.

In order to ascertain the above equation, the relation between the driving torque
and the load current is measured. These results are shown in Fig. 23. From these

results, we know that the driving torque does not follow the load current, and the

e St | BTl L S s s 5 i I e & 4 B e Rt S % poub s el g e it i S o L R Nl R o L RN TR
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relation is similar to the saturation curve. Supposing that the relation between the
driving torque and the load current result from that between K, and the load current,

we can determine the coefficients @; and . The coefficient @; can be obtained from

the experimental results already mentioned. Applying these coefficients into the
equation (63 ), the error can be estimate, considering that «/p is negligible small

at the heavy load.
The errors estimated and measured are assembled in Table VIII. These values

are in sufficiently close agreement with each other.
Strictly speaking, the above relation between the driving torque and the load

current will result from the following factors,

(a) the relation between @, ¢, and p,
(b) the relation between @, ¢, and p,

S, Jimbo : Study on the Design of Induction Waithour Meter. 39

and R. Schmidt have shown a work™ on this point, while the methcd will be
troublesome. The author succeeds in this analysis by using a simple method as

shown in Fig. 25 a.

In this figure, R is the non-inductive resistance, r the variable resistance, M
the variable mutual inductance, ¢ the vibration galvanometer. A main search coil
S. is to be placed at the middle point of the pole arrangement. If the current flux
are distributed symmetrically, the electromotive force due to the current flux shall
be zero. While actually this coil is not free from the electromotive force due to the
slight unsymmetry in the current flux. To compensating this electromotive force,
an auxiliary search coil S, is used, and the compensation can be readily obtained by
placing S, at such a position that it will interlink the current flux only. Strictly

epeaking, a perfect compensation can not expected, unless the phase relation is

(¢) the relation between the geometrical constant (, and p. concerned ; while this is not noticeable actually. . From the condition of balance,

Now, the experimental analysis are- performed as follows, we have |
|

(a) It will be quite difficult to analyse the relation between &, ¢, and p, D = EV 7 @Fyo' IE 10°
r AR
because the pressure flux and the current flux coexist in the air gap. H. Schering 444 fN, R

o T B0 L (£64)

s T =m“_,m£|f
o '—_“‘2

JJI

where the reactance in the primary coil of A is neglected compared with R. The

experimental results are shown in Fig. 26.

From these results, we can speak that the pressurc flux @, and the phase angle .

¢, are nearly independent of the load current. |

(b) The similar method as shown in Fig. 25 » is applied to investigate the |

relation between the current flux @

» the phase angle ¢, and the load current. |

In the figure, S, is a main search coil which is made up of two equal coils

wound in opposite direction, and S, is an auxiliary search coil to compensate the

clectromotive force due to the slight unsymmetry of the pressure flux, From the '

condition of balance, we have

/2 STE '
O =V"rtuow M= p 108
v g i e

IEE AN et s s ) (657

=tan T
sb'? wM

Fia., 25A.
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where p is the resistance of shunt.

O

— e ————————

|||| o |
—A |
D |
|
{ |
P SRR }
Rh |
|
|
Rl s B e i s Fig. 2iB ‘
" The experimental results are shown in Fig. 27. From these results, we know <

that the relation between K, and p are generally similar to that between ¥,/p and p.

|\ METER

8 At Type A and D, this relation is remarkable owing to so called magnetic

chunt which is clearly illustrated in Fig. 24. However the magnetic path between

two adjacent current poles will cenerally serve as a magnetic shunt, so that all

neters have the similar relation more or less, and this peculiar relation is remarkable

= —

in the meter having so-called magnetic shunt.

Now we will consider the relation between ¢, and p. At Type A and D, a
pecnliar relation will be found, which is caused by the magnetic shunt. At Type B,
o remarkable relation can be found and it will be arisen from the phase compensating

coil.  Excepting these cases, it can be considered that ¢, is nearly independent from p.

(¢) Now, the relation between the geometrical constant G, and the load current

is investigated. Tn’ this “time,” the confizurations of flux-distribution at different

! currents are required. The method in Fig. 12 will be to complicate in this case,

|
|
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\
p=156 | p=15 =2.0 p=2.0

. P » # . e "
Meter %ginZe | @y in % | ayin 2 Measured | Caleulated Measured Calculated

Error Error Error Error

N

%0
~2.6 —5.3 — 6.4

e \e

a‘[ ].9,. ""2.61 5.41 _2.

o 13., 3.4, 1.9, —~0.9 +0.2 —24 —~ 24

D 16., 3.0, 6.9, —1.7 —44 ~5.9 —137

y o 3.0, 0.0, 2.6, —1.2 —0.6 - 3.2 — 4.0

I 13., 4.2, 2.1, —2.0 -1i1 —4.9 — 54

e

G 12, 3.5, 0.7, —0.9 +0.9 —-1.0 — 0.3 |
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Hence, a simple method satisfactory to give an outline is used. In the method,
the pressure coil is excited by the direct current and the current cojl by the required
alternating current.  An extremely small search coil connected to a vibration
galvanometer is slowly displaced with a constant speed, on the other hand, the
deflection of galvanometer is recorded on a film wound on a rotating drum which }
rotates slowly with a constant speed. The working resonant sharpness of vibration
galvanometer has to be considerably small. The measuring device has not been ’7
|

completed hitherto, while in the preliminary experiment any remarkable changes in
this point can not be found.

After all, we can conclude that the relation between the driving torque and

the load current depends chiefly on that between K, and p, and the load character
can be generally represented by the equation (63 ),

3. Method of Improving Load Character.

The over-load chardcter of meter has attracted a great attention everywhere. i
In order to improve the over-load character, the following methods must be used.

The first method is to utilize a magnetic shunt. The most important factor, which

makes the over-load character worse, is, of course, the coefficient a,, Then to
compensate it, the magnetic shunt must be designed so as the coefficient o, is
sufliciently large, unless @, increases, ( Public notice of patent, No. 2036, 1928)

The other method is pertaining to the geometrical constant G, By varying

e i —

(7, with the lcad current, we¢ can improve the load character, while (7, is the
function of &, » and £. It is quite difficult to vary { with the load current, so
that G, must be varied by changing & or 7. R. M. Fichter has already succceded
in varying 7 at over load. (Patent No. 72464, 1927)
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CHAPTER VII. STUDY ON TEMPERATURE CHARACTER.

1. Equation of Temperature Character.

The temperature character will be also important. The tcmperatm:e' error of
meter will be caused by the variation in resistance, magnet and Ijermonblllty due- to
temperature change. The last point has not been much concerned 'ltlthertn. | ,:&mnrd:ni
to T. Spooner’s work,"® the temperature coeflicient of permeablhtyr of silicon stee
will amount to +0.0012, so long as the flux density is not large. “The temperature

coefficient of resistivity of copper wire is usually about 0.0043,
Now we can represent the relation between the magnetic flux and temperature

as follows,

(ﬁl': (p;!ﬂ (1+al" T) } S N AT R ( 66 )

(ﬂg: (qu (1 +ﬂq T)

ireui i ' a, is usunall ater
The magnetic circuit of pressure flux is nearly closed, then «, y gre

than «,

As it i8 clear in Fig. 11, we have

¢p—7[2=Pn—n
while w=Rj/wL and R=R,(14+3.T), L=1I, (1+5T)
Hence

=+ (B—F) T
Putting

B =B:—f,
Then we have

s!’pl o s’lplﬂ + ﬁ »” T
Similarly

';E'pi=¢’pm+ﬁp! T

T o . P S —— W S i
— e ——— ] g T AT I il [
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Therefore we have
glp—-l'l'/2=¢!m—‘qu .
where =t —me and B,=8,—4.,

Similarly we hawe

9”,,=1,".,¢-—;9,,T SR Ll S < S R SR g T S (E687)

Iet a, be the temperature coefficient of brake magnet, then «, is usually from
—0.0005 to —0.0002, Then we have

A R e S R R . £

From these equations, we can represent the temperature character as following
cquation,

e=s,,+(a,,+aq+2a,,,)T—(ﬁ_,,—ﬂ,;)tan¢ ) R s ( 70)

where ¢, denotes the error independent of temperature and 3, B, are given in radian.

2. Experimental Analysis of Temperature Character.

The experimental analysis on the temperature character is performed as follows.
In our experiment, a bath with a thermostat — Bulb mercury type thermo-indicator
with electric contact — ig used, and an electric heater, Bavaria type refrigerator and
temperature recorder are provided in this bath. We can keep the temperature in
this bath within the average deviation less than 0.5°C from —30°C to +50°C.

The temperature characters are measured on the finished meters and these results
are shown in Fig, 29 and 30,

The temperature coefficients of %, @, [3, and 3, are measured by a search coil
and a portable a.c. potentiometer. These results are chown in Fig. 31 and 32,

The temperature coefficient of brake magnet, which is most important, is
measured by a differential method as shown in Fig. 33. In this measuring device,
two thin mica discs, in which a semi-circular coil is mounted, are firmly attached to

o rotating shaft, and these coils are wound in opposite direction. The difference of
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The change of magnetic flux in the magnet is balanced by adjusting the current
through the upper coil which can be precisely measured by potentiometer method.

In this method, the precise result can be expected, The experimental results are
shown in Fig. 34,.

From these results, the temperature coefficient at unity power factor (a,+a,+
2a,) and that at low power factor, (#,—8,) tang are separately given. These

Gore caleulated values are in sufficiently close agreement with those measured. l
Therefore the temperature character can be generally represented by the proposed
equation (70),

2 3. Method of Improving Temperature Character. |
Polenlio-meler

The temperature coefficients in the standards™-® of various countries are as

follows,
Standard Temperature coefficient
1 Jﬂpﬂﬂﬂﬂﬁ 0.1 %6 |
British 0.1 9;
| U. 8. A, 0.12 95
Swiss 03 ¢

{ g o / mg% : |

In these standards, it is clear how we attach great importance to the temperature

character. Now the author is going to explain the method of improviug this

character,

The temperature coefficient at unity power factor is (a,+a,+2a,). If we can

the temperature coefficient a,, is positive, (#,+0,+2a,) will tend to zero. For this

'//J o iﬁﬂ_?_—ﬁ EC}F f‘bm:{é purpose, a magnetic shunt of thermoalloy (Cu 3025, Ni 66.595, Fe 2.2%) is

utilized. This device will be suitable for a double type poles only, hence it will

—

|z e

Fia. 33, not be recommended for bringing down the production cost. Now the author propose

a methcd which is based on changing the geometrical constant (7,, with temperature.

: _ . ‘ 0ot tified by a commutator and then e
electromotive force induced in each coil is recti y This method will be sunitable for single pole type.

supplied to a long period galvanometer. The magnet under test is placed in a bath

* '].‘Il(? Ilu”lﬂr t]lilll{ﬂ illﬂ.tu tlle tem wrature co ﬂi i nt f rmanent m t ."
1 H 4 rl l 1 ﬂgllﬂ Wi
: 1 \ ‘e werature 18 (?Dntl'ﬂlled by th{ﬂ lIlOBtat. .[llﬁ Blﬂﬂh C clilcie 0 W' rma
fﬂlt‘{] “'lt]l l‘lﬂ.l"llmll Ull “]l[lﬁe teml il

result from mechanical cause. In order to ascertain this point, a series of measure-

' he
T . - to produce no stray magnetic flux. T : ; AT .
heater in this bath is carefully wound to j y ments 1s made on the magnets which are supplied from Nihon Tokushuko Co. The

upper coil is troidal type, in order to produce no stray magnetic flux.
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magnets under test consist of Cl 0.7-0.8%, Si 0.1395, Mn 1.5-2.0%, Cr 3%, and
these magnets are quenched at 850° C and anncalled at 800° C and matured at 100°C

for one hour. The results are shown in Fig. 345, According to these results,

we know that the temperature coefficient is nearly proportional to the ratio
| of air gap to the total length of magnet. Therefore the air gap of magnet must
| be as small as possible, in order to improve the temperature coefficient as well

as the demagnetizing factor.

The temperature coefficient at low power factor will be improved by diminishing
B, While B,=Pu— By then we must make f3,, to be nearly equal to B This

can be realized by means of properly designing the temperature coefficient of time

constant at the phase compensating circuit.
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TasrLe IX,

%[enaured %ﬂculnm Measured |Calculated

: empera- | Tempera- Tempera- | Tempera-
Meter &p % o ture ture Bp Be ture tuge

Coefficient | Coefficient Coeflicient | Coefficient

% % o % % % % % %

A 0.06, (—0.01, | 005, | 0.1, 014, | 011, | 0.05, | 0.04, 0.06,
B 0.06, 0.03, 0.02, 0.14, 0.14, 0.16, 0.10, 0.084 0.06,
C 0.02, 0.00, 0.04, 0.12, 0.12, 0.10, 0.00, 0.04, 0.09,
D 0.08, 0.01, 0.03, 0.13, 0.16, 0.19, 0.09, 0.05, 0.09,
E 0.05, | 001, | 002 | 010, 011, | 011, [ 003, | 0.05, 0.08,
F 0.01, 0.02, 0.03, 0.08, 0.11, 0.16, 0.03, 0.08, 0.134
G 003, | 001, | 002, | 001,* | 010, | 007, [ 0.02, | 0.2, 0.05,

* With Temperature Compensating Device.
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CHAPTER VIII. PRINCIPLE ON DESIGN OF METER.

1. Characteristic Constant.

The character of meter can be readily adjusted at will, hence the principle of

design will stand on the intrinsic character of meter,

Now the author proposes the following characteristic constants which are closely
related with the intrinsic character as well as the durability of accuracy,

Jo =Revolutions per second at the rated uunditiunl

C.=V,/lf, in cm grosee
Ce=Y,/W in ¢m
Gl et
C=Y,%, in 2;
|
C; = ’Ffw/ y':; 11 2%
G=W/E in Watt per Volt J

These numerical values are assembled in Table X. The meanings of these
constants are explained as follows,

(a) The rated speed of dise £, will be closely related with the durability of
accuracy. When f, is large, this durability will decrease, owing to the defacement
in pivot or ball and the demagnetization in permanent magnet. However, f, is

smaller, the production cost will increase. Usually, £, will be chosen from 0.5 to 1.0.

(b) €. is a measure of the braking torque. At the double poles type, this
constant 1s remarkably large, but it will not be considered to be economically
ciicient. If we can obtain the magnet which are always uniform, it will not be

difficult to be C, so large as 6 or 7 at the single pole type.

(e) G, is closely related with the load character as well as the durability of
accuracy, because the starting friction is nearly proportional to W and the defacement
in pivot or ball is, of course, dependent upon 1V and Joo While C, is greater, the

production cost will be greater. Usually C, will be chosen from 0.2 to 0.4,

(d) G, and C, are closely related with tho voltage character and the load

character. These constants are smaller, the characters are better. While, one of
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them is smaller, the other is, as necessary CONSEqUENCE, greater. So that it will be

reasonable to determine these constants as nearly equal as possible. These constants

are usually from 2% to 5%.

(e) The specific power loss in the pressure coil is a measure of power loss in
the supplier. Then this constant must be as small as possible. Recently, we will
find C, as small as 0.005.

9, Principle on Design.

The author establishes a principal course of design according to the characteristic
constants above mentioned.

Firstly, we will consider of the pressure coil. The specific power loss -in this
coil can be given by

- ]; -
' -

Hence, we have

R O e T L 7 s 41 st Sy s G 1)

lrm {

where N denotes the number of turns, 7, the mean resistance per turn and (7/2—¢)
the phase angle between F and the exciting current I..

Althogh the magnetic flux @, and @,, are mnot in the same phase with the
exciting current, owing to some netallic substances in the main path of pressure flux,
we now suppose that those are in same phase, because the above phase deviations
are usually very small. Let L be the offective inductance in the pressure coil, L is,
of course, proportional to the square of N and inversely proportional to the length
of air gap 0, in the main magnetic path.,  Putting ¢=100 @,/®,,; then we have

0,,,/0,=q. 0, is nearly constant in actual case, then we have

'J’r’jﬂ = R/lﬂ]; = quﬂ/kﬂl fN
or

q:kmfiv ‘.l!'pl/rm . . . . . . . . . . . . . » ( 73 )

T .'._'_.j:' J.I'HHLJ'I I-_--_.L s
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where £,, is a constant, of whi
, of which the mean v 1 -5
alue is Ilearly 6.4.10°% gas shown in

Table XII.

On the other hand, we have

E=444fN @, 10-*

m

Therefore we have

wpz 14 £ ﬁ'hp Fn

S (L

L] L] L] w L] L] - - - - ( 75 )
The phase '
angle ¢, in the abov ' ' i
: ve equations will be considered as an auxiliary

characteristic hi 1
acteristic constant which is closely related with the frequency character

?,,=100 (pp/ q

The f
ie frequency error will chi ' ]
juency will chiefly result from the change in the phase angle of
o

ressur '
pressure flux, and the frequency character will be written as
er=8—u 4,

where ¢, den r i C4h

| o denotes the error independent of frequency, ¢, the phase lag due to the
hase compensati wvice it ' ) l
1 pensating device, d, the percentage variation of frequency. On the othe
hand, we have 2

-
In=ta—¢,

While ¢, is nearly constant and 0.2 as shown in Table XIII
Neglecting €, we have

c,h,l-—::'/_‘r__o.z
PL =2 ‘Jf . " . . . . . . & . . ( 76 )

Standard as in % €7 in 22 ,\f i; in radian
Japanese b 1 0.45
British 5] 1 0.45
U. 8. A ] 1.O 0'55
Swiss 10 3 0:65

R R —————. . ————— e ————

n .
srefore ¢ . :
Fherefore ¢, must be ordinally less than 0.25 radian
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As already mentioned, we have

AR
Y= . P ==
( 5 J wff |f

o v T 1 £ AT S (A 7T)

('.:1 — A*"J' —%?_ J%i )

Jl

Putting
r=a/R  &=b/R p=d/R

1 ' 4 vodis '« beltween
where @ is the radius of equivalent circle of flux-boundary, & the distance betwe ;
i (1 y » tua

two udiuucnt pulus, d the distance from the rotating axis to the pU]{. In ac

I . h { & 1 1 1 .lth

depend on £ only. Now we put

k=Pt and k=Q[C & ‘i 4 teswty el e s e (78 )

From these relation, it follows

0.0 B0 Sl o A Tl MR DR 5 e D)
=" o0C

pe Je QA L SR VRS Sl SRR L R B 80%)
A 2 T 50

Similarly we can suppose

1o SNty
¢ SN | s P T TS NP ENTY, W RE 20 s AT (

On the other hand, we have
y'.rf =f o (':.rl. )

Y q.ri 3
2!’1"- ‘ﬁ,, ‘p,’ f".;

C=
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ILet k, be the ratio of W to the weight of dise itself, %
Then we have

R =/ qj‘d T 1 . . * . . L . . . . . . 3
7k, me C, GPae)
C‘I

w 18 known, then the brake magnet can be designed according

the chapter ITI., In this time, it is noticeable that a,, will be considerably large
compared with a,

to the theory in

Through the above course, the essential parts of meter can be d:

signed.  Many
duta necessary in the design are assembled from Table X to XIV.

3. Numerical Example,

Now we will consider a meter where the magnetic

flux are uniformly distributed
in a circular boundary.,

In this case, we can write from the chapters IT and ITI,

P=0,36 )=0.85 and K=0.38

The rated voltage is 100 volts and the marked frequency 50 cycles,

The characteristic constants will be chosen as follows,

Jo =10 C.=95.0 (single pole type)
1 =0,35 C,=C=20
C; =0.005 s",,1=0.:3U radians

The constants are as follows,

ko =1.2 a=3.4 10-1
”, =0.2 ohm ;;m=[;_4, 10-5
m =2.7

g=980 (at ' ‘okyo)

According to the equations from (72) to (83), we have

o1

» 18 usually about 1.2,
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—4,000 @, =1,400 q=12.8%

®,,=11,000 ?,=910 ¥,=5.4 cm-gr

r=0.3 G,=13 ¢=0.09 cm

R=4.0 cm
In this case, we can perform the designing in details,

a=CR=12 cm

12|

b=+/2 R{= 1.7 em

Meter | Rating |;¢n&| w, | ! Ca 0

[l:(O.B— 1.4 C) R=20 ¢m Constant " 't

I Rev./ emegr- | e
' : in whic - densities are nearly constant, the above 1- kwh/ cm-grl r.p.s 260, . oz
If the poles are square 1n which the flux de y i 54{' lg}{t]}z 8,000 | 47, E ‘sl o i

data will enable us to roughly estimate the essential part of meter.
| » 1-¢, 100V 7 900
5A 60~| 720 41, | 1.00 | 41, | o021 | o024

1-¢, 100V
| O |54 eo~| 5000 [ 28, | 069 | 41, | 016 | o049

1-g, 100V | ; ,
D mﬁ: 5o~ | 3200 | 47, | 089 | 53, | 016 | o093

158 et [ 15200V 1282
E |5A so~| %320 [ 46, | 0.0 78, | 0.21 0.34

. |1-¢, 100V
I ﬁf’* 6o | 4000 | 86, | 066 | 64, | 022 | 017

y 1-4, 110V
G 5A, 60~ 1,667 5.3, 0.25, | 21.0, 0.40 0.01

“__ _ﬁ

S e ——— i
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Tapre XI. TAasLe XII,
—_— —_——— e — F _—_—_-—-_-r— — —
Meter 2R e W ks Register| Bearing b I, | Iy Bg Wi | Meter N I, R rm Bym Dom P, | ¥y, q Wy W, Fon I
cn cm gr {5 o cm-gr % cm kgr :nA ohm| ohm rad, % | cm-gr wl x10”
A 8.6 0.12 22 1.20 | Cyclo b:]’l‘_';}'i;n 0.015 0.6 | o023 1.15 A 6,000 | 20 1,260 | 0.20 | 6,900 | 6,700 | 1,670| 0.25,| 28 | 0.22,| 0.51 | 6.0
B 7.9 0.13 20) 1.16 7 " 0.010 0.3 0.22 1.36 B 5,400 22 1,370 | 0.2 3,900 0,000 | 1,290) 0.31,| 23 | 023, | 0.68 | 5.7 I
¢ 76 0.13 17. 1.10 " Pivot 0.014 0.2 0.29 1.12 C 4,700 | 26 960 | 0.20 5,100 7,400 730 0.22,| 10 | 0,09, 0.63 | 6.2
D 0.5 0.14 20 1.19 1" 7 0.044 0.5 0.30 1.36 D 7,500 14 2,240 | 0.30 9,000 | 4,950 | 1,550 | 0.31,| 31 | 0.16,| 0.44 | 7.8
E 9.5 0.12 93 1.20 /" Ball 0.016 0.3 0.21 1.35 E 6,000 14 2,290 | 0.38 4,400 | 7,360 | 2,280| 0.33,| 31 | 0.18, | 0.48 | 11.6
F 89 | 008 | 16, 1.22 | Pointer| Pivot | 0006 | 0.3 035 | 2.4 F 4,700 | 27 | 1,060 | 0.22 | 2,600 | 6,690 [1,180| 0.28,| 18 | 0.08,| 0.75 | 4.9
( 8.0 0.06, 185 1.18 17 7 0.005 0.5 0.40 3.65 . G 2,200 | 93 140 | 0.06, [ 5,700 | 15,080 | 3,410| 0.12,]| 19 | o011, 1.23| 7.8
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Power

Meter AT B, %, ¥, ¥ ok Wi
rad v W cm-gr
A 190 670 830 0.14, 0.48 1.58 0.25¢
I 22 600 620 0.20, 0.40 1.17 0.11,
C 100 600 670 0.16, 0.16 0.59 0.056,
D 180 82 900 0.19, 0.19 1.54 0.32,

0.1

Rl = -
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CHAPTER IX. SUMMARY.

In this paper, it is intended to offer the materials necessary in the design of

induction watthour meter.

The important articles in this paper are summarized as follows,

1. The author proposes Geometrical Constant which has tle important

meanings on the design as well as the criticism of meter.

2. 'The theoretical study is performed from the following assumptions,

(a) the magnetic flux are uniformly distributed in a circle and the phase
uuglcs of flux are everywhere constant within the circle.

(b) the linear velocity of disc is constant within the flux-boundary ; in
other words, the flux-boundary is very small compared with the disc. (for the

case of retarding torque)

3, The geometrical constant of driving torque can be generally represented by
the ratio of the perpendicular distance from the rotating axis to the line through

two centres of circles to the distance between these centres, where the circles do not

intersect.

4, The geometrical constant, where the circles intersect, can be obtained, and

the complete equation in practical case is given.

5. The simple relation between this constant and the relative dimension of

circle respecting to disc is explained,

6. The geometrical constant of retarding torque due to single pole can b
generally represented by the square of the ratio of the distance from the rotating

axis to the centre of circle to the radius of circle.

7. The geometrical constant of retarding torque between two poles can be
generally represented by »,7,/r* cos (¢,4«,), where r, r, are the distances from
the rofating axis to the centres of circles, » the distance between these centres, ¢, ¢,
the angles between » and 7, or 7, measured in same direction from the line 7.

8. The geometrical constant of braking torque is approximately deduced.

9, The flux distributions are investicated on various meters, and the magnetic
}:5 ) o

reaction due to eddy current is resolved experimentally.
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10. The finished meters are criticized according to the geometrical constants
and the configuration of flux-distribution.

APPENDIX 1.

11. A precise method of measuring the retarding torque is proposed.

12, The relation between the frictional torque and the weight of moving part GEOMETRICAL CONSTANT AT A SPECIAL CASE.

is investigated, and it is pointed out that the semi ball pivot bearing will be most

recommended. In the case as shown in Fig. 85, the driving torque can be represented by

 The theoretinl results are ascertained by the experiment on a meter .
'13 : "% y . PC y’,;: 20‘ {:f (ﬂp (Pq Fill ("fz”.__sf,: ) ]{!
especially made, with respect to driving torque and retarding torque. L0

14, A complete equation of load character is proposed and the methods of where

improving this character are pointed out.

: . . . ” d B8
15. The load character is experimentally analized on various meters. hr=————-j rocos 0 di=d/4a

16. A complete equation of temperature character is proposed and the methods

of improving this character are pointed out.

17. The temperature character is experimentally analized on various meters.

18, A precise method of measuring temperature coefficient of permanent magnet
is proposed and the relation between this coefficient and the ratio of air gap to the

length on magnét is cleared up.

19, The author proposes Characteristic Constant and the meanings are

explained.

20, The principal course of design standing on these characteristic constants is
proposed with a numerical example. Many valuable data necessary in the design

are tabulated.

The author wishes to thank Messrs. T. Nakao, K. Suda and K. Inagaki for

their splendid assistance in carrying out this research.
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In the case of dise, we have | APPENDIX II.
?]"d—__:ﬂﬂ' pf (pn (pr.t 8in (‘lhll-_"h'f) G"‘ LIIERAIURES'
where 1. W. Rogowski:—Ueber die Vorgange in der Scheibe eines \Wechselstrommotor-
- zachler. (E. u. M. 8. 915, 1911)
y =+_77_[_]_-— oy 3 }
4 ¢ | 4 (=7 '+ 07 2. W. Rogowski:—Ueber die induzierte Stromung und das Drehimoment bei der

Scheibe eines \Wechselstrommotorzaehler. ( Archiv. S. 205, 1913)
The relation between G, and , 7 are shown in Table XV, and from these results

erally small compared 3. T.T.Fitch and C.J. Huber :—A comparative study of American direct current
case are geners | .

we know that the geometrical constants 1n this watthour meters. (B. O. 8. Vol. 10, 1913)

vith that in the chapter IL. - _
v 1 4, S.Jimbo and K. Matsumoto: Study on the design of integrating watt meters,

( Researches of E.T.IL. No. 91, 1921)

TasLe XV.
G 5. T. Otake and 8. Kato:—Theory of integrating watt meters. ( Denki-gakkai.
e ———————————————————————————— U | A & January, 1924)
\‘n 5 0.05 0.10 0.15 0.20 6. S. Jimbo:—Further study on the induction type watthour meter. (Researches
N0 ey of E. T. .. No. 119, 1924)
. 0.4 1.97 0.944 0.582 0858 l 7. H. Schering und R. Schmidt:—Der Winkelfehler bei Induktionzachlern.
0.5 2.46 1.16 0.701 0.450 ' ( Archiv. 8. 511, 1923 )
; 5 903 1.96 0.784 (.467 - . . . .
- 8. T. Otake and 8. Kato:—Theory of integrating watt meters. ( Denki-gakkai.
November, 1925)
9, I.F. Kinnard and H. T. Fans:—Temperature errors in induction watthour
meters. (A. I. E. E. p. 241, 1925 )

10. R. M. Fichter :—Contribution & Détude des compteurs d’électricité, ( Rev.
Gén. de Lel. p. 1035, 1083, 1131, 1924)

11. XK. Bauer:—Scheiben-strome in Wechselstromfehlern. ( Archiv. S. 568, 1926)

12, R. Schachenmeiner :—Beitrag zur Thcorie des Spannungssystems von Indok-
tionmesszeraten. (Archiv. S. 178, 1926 )

13. A. R. Knight and M. A. Faucett :—Effect of temperature on single phase
induction watthour meters. ( Univ. Illinois. p. 153, 1926)
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T. Spooner :—Temperature cocfficient of magnetic permeability of sheet steel.

(Phy. Rev. p. 183, 1926 )
F. Bergtold :—Untersuchungen am Ferrariszachler,  (Archiv. 8. 373, 1926)

D. T. Caufield :—Theory of action of the induction watthour meter and

analysis of its temperature errors. (A. I. E. E. p. 328, 1927)

& Jimbo and T. Nakao:—On the method of measurement of retarding torque
in watthour meter. ( Dai-ichibu-iho of ¥. T. T.. Vol. 2, No. 2, 1927)

Standard specifieation of watthour meter. (Japancse Electrotechnical Commit-
tee, 1926)

Pritish Standard Specification for Electricity Meter. (1919)
Code for Electricity meters. ( proposed revision, 1927)

Bestimmungen fur die Beglaubigung von Elcktrizitatzachlern. (1921)

Vollziehungs verordnung betrefferd die amtliche Prufung und Stempelung von

Elektrizitats-verbrauchsmesserm. (1922

European meters. ( Serial report of N. E. I.. A. November, 1926 )

Report for the year 1927. (N. P. L. p. 165, 1928)

S, Jimbo and . Nakao: On the induction watthour meters. ( Denki-gakkai.

March, 1928)
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