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On Leonard Control applied to Mine-Hoist.

By
Risaburo Torikai.
(Received April 21, 1915.)

The present paper undertakes to consider the load diagram, the ampere
rating, and the theoretical durations of acceleration and retardation of a
D. C. mine-hoist motor controlled by the Leonard -system, without entering

upon a discussion of the equalizing apparatus.

Mr. Wilfred Sykes’ paper” has already treated these problems in detail ;
but, in the rating of the motor, the copper loss only was taken into
account, and, to the relation between the time of acceleration and that of

retardation, no consideration was given.

The object of this paper is to give decisions on these points, and it
is to be regretted that the results, generally, are not of simple form, except
in case of the cylindrical drum hoist with tail rope.

Of various classes, the reel hoist.m’ay be taken as representative; and
any other may be treated as a particular case.

Notation used by. the writer:
N = mass of ore to be hoisted.

(' = mass of cage, tubs, plus the mass of pulley reduced to its peri-
_ phery, in one moving side.

m = mass of rope.of unit length.

I = depth of the vertical shaft.

1) “Large Electric Hoisting Plant,” A.L E. E. Vol. XXIX, part I; p. 291 (1910).
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7y = radius of drum at the beginning of hoisting.
r, = radius of drum at the end of hoisting.
r, = radius of winding at the instant of consideration, in the ascending
gide.
12, = radius of winding at the instant of consideration, in the descending
side.
0 = increment of winding radius per turn of drum.
T = number of revolutions of the drum.
T, = number of revolutions of the motor.
7, = maximum revolutions of the drum per unit time.
%, = maximum revolutions of the motor per unit time.
y = efficiency of the drum, gear inclusive.
¢ = ratio of gear.
M, = statical moment at the axis of the drum.
M,! = accelerating moment at the axis of the drum.
M,/ = retarding moment at the axis of the drum.
M, = statical moment at the axis of the motor.
M, = accelerating moment at the axis of the motor.
M, = retarding moment at the axis of the motor.
M',, = resultant moment during full speed running, at the axis of the
drum. :
M, = resultant moment during acceleration, at the axis of the drum.
M,; = resultant moment during retardation, at the axis of the drum.
M, = resultant moment during full speed running, at the axis of the
motor. .
M, = resultant moment during acceleration, at the. axis of the motor.
M, = resultant moment during retardation, at the axis of the motor.
W, = instantaneous output of the motor during acceleration.
W, = instantaneous output of the motor during full speed running.
W, = instantaneous output of the motor during retardation.

G = total input energy to the motor per winding.

As units, kilogram, meter and second are used.
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REEL HOIST.

Winding drum. ’ Relieving drum.

CONICAL HOIST.

N S --— Winding drum.
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I. Resisting Moment.

Resultant resisting moment is composed of :

(1) statical moment,

(2) accelerating or retarding moment.

(1) Statical Moment.

M = {N+ C+mh —a(r,+r,)I'm}gr,—{C+n(r.+ R,)Im}gR,,

and
r, = r+07,
.Rx = TQ—BT,
n(rf—1r) = Ok,
then ‘
M, = (Ng+mhg)yr;— C'y( ~/ ﬂ + i — r1> - {4m~fmg - M} T |
T a
+371'mg¢?f~/_5]i+r1 -7 )T2—27rmg¢32T3 (1).
where
=2 ™M™
N+20
Now, investigating the curve expressed by equation (1), the values of
, .
T satisfying (Z;;[: = 0, give a maximum and a minimum to the statical
moment.
, N
dM's - _4ﬂmg,,lg+mg(2—ak)6 + Gnmga( ~B_h-+7'12—1’1 T
ar a 7
— 6rmgot 1™,
Put

e 67:6( 3_’l+,~1_,1 T, 4 dmrp— 2=000 _ ¢
c
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Solving this,

e R N )

Let T; be the total number of turn of rope per winding,

2-—0‘h o
0

4r2—
TG
To =3I 1 gt — @).
(W +ri-m)

These values of 7' give the maximum and the minimum value to the

statical moment.

Now,
2 Ok |
(fl]g *T— 6rmgo< —L+r1 ——rl)
Putting
20T,/ Btri—r) =0,
we have
ﬁl—'l""l —7
T =
L=
=17, @)

At the point 7T = 47T, the curve has a point of inflexion. Fig. 3

shows the statical moment curve.

The statical moment at T = 0,
ok .
M, = (Ng+mhg)r1—0'g( 74‘7'1 —rl)

At T=Tt,

= Ng~/.— + 17— mhgr,+ Og(J%yrl —r )
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e

Fig. 3.

ELE 0

No. of turn.

The statical moment has a maximum at

i 2—ah P
na

T=3iTll+,[1—% 70

and a minimum at

2 —ah 5
e

T =311~ |1~ 1,
(5 #ri=n)

2
47—

and a point of inflexion at

T=3%T,.
But such a curve as contains a higher order of 7' is not convenient

for practical treatment, so that we reform the statical moment curve to a

straight line.
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Now, take a straight line joining the point A4 to the point B:

M, = (Ng+mhg)r,— Oy( L ——7‘1)
T

(Ng + 20_(])( A/ h_ +ri— rl) —2mhgr,
T

+ 7 » T (4).

The discrepancy between the curve (1) and the curve (4) is very slight
compared with the starting statical moment.

From numerous examples, we know that the curve (4) may be substi-

tuted for the curve (1) with a error not exceeding a few per cent.
For a conical drum hoist M,/ is to be equal to M, :
. (Ng + Cg+mhg)r,— Cgr, = (Ng+ Cg)ry—(Cq + mhg)r,.
From this, |

2mg
={1+ = h) r
" ( Ng+2Cq !

= (L4oh)r, .
The statical moment for a conical drum hoist
M/ = (Ng+mhg)r,— Cgohr,— xmg(ah)r T
+ 37°mg(2 + ah)o*hr*T? — 27*mg(2 + oh)ia’r T (1y.
And |

T, = %(u%) T, @y,

w = %111 (3)I'
In this case, the statical moment may be represented by a straight
line parallel to the X-axis.
- For the cylindrical drum hoist, the value of & is zero.

Generally the statical moment would be

M =P +QT ' [6].
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The value of P!

for reel hoist, ..ocevvrvruiinnencnns (Ng + mhg)yr,— Cg( oh +9~12—r1)
o T
for conical hoist,.......veveeennee (Ng +mhg)r,— Cgahr, 7]
- S .
for cylindrical hoist ;
without tail roi)e,} """"" (Ng-+mhg)ry
for cylindrical hoist
with tail rope, ’} """""" Nyr
The value of @'
oh 2 o
(Ng +2C9)\ o/ — 41— 71 ) —2mhgr,
for reel hoist....... il -
7;
for conical hoist, .....cccveiiiivnnininnnnn. 0 ' [8].
for cylindrical hoist,
without tail rope,} .................. —d4nmgr,?
for cylindrical hoist, 0
with ta‘il rope’ ..................... J

(2) Accelerating or retarding moment.

Total accelerating or retarding moment is composed of :
1 moment to accelerate or retard the rope
(a) wound on drum,
(b) suspended from drum.
2 moment to accelerate or retard the ore, cage, tubs, pulley &ec.

3 moment to accelerate or retard the drum.

(A) Adccelerating moment.

1. Moment to accelerate the rope.
When a rope whose total mass is m, wound on a drum of radius »,,
to a depth d, the moment of inertia of the rope is

my e+ (g +d)? )
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In our case, the mass of rope wound on the winding drum at any

instant is
m, = (2, +0T)Tm.

That on the relieving drum,
m'y, = {h—a(2r,—0T)T }m.
Mass of rope suspended on the winding drum,

m, = {h—n@r+3T)T }m.

That on the relieving drum,
m!, = =(2r,~ 06T )Tm.

From these relations,
m,+m', = {h—21(,—7r)T +220T*}m,
my+m'y = {h+2n(r;—1,)T — 2701 *}m,
My +m y+ m, +m', = 2mh.

(a) Accelerating moment due to rope wound on drum is
i+ RE AT
de -’

w2002 g2
2mm,, ._)J.i?“’_ _(]_‘T_ +27m,,
2 de’ 2

(b) Accelerating moment due to ropé¢ suspended on drum

The linear acceleration of rope on the winding side is

9x(r, da*T + a7 dr, ) - 272,( d? T 6(dT)2) )
de? dt  dt. dt dt

The linear acceleration of rope on the relieving side is
27t(R ol”_l’7 - dT dR)_2(RdT_8(dT))
dt’ dt dt dt

Therefore the accelerating moment due to suspended rope is

2
27tm,r,,2dT+2ﬂm,8r(d[) +2r 'deT (dT)
2 dt dt? dt

Total accelerating moment due to rope,
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,'.12 +Bz2 d2 T
dt? 2 dt?

a7 dT \?
2mm 2 %m0 ( )
+ 2mr e +2mm,Or. ~

T

+2rm/ R.2 —2mm,! BRz( al’ )2 .
dat dt

Substituting values of m,, m’,, m,, m',, and R, = r +r,—7,,
oh = n(r)—r?),

= (demhr®+ Bmhz) + 270 nkrl( (i ZT )2
+ 4émhr, T d(;t —-(27-8’m]l+ 8720mr 2) T( lflf)

— (2n8*mh + 8n° 3,,,TI)T-__+6 ( b ey )asz_rz( dd’_: )

oh a7 . T .2
+47r2( ~n—" +r? —rl)(?'m TS_—dtT 47%0°m ['3( Zf )
—on e m T dd f 9).

Practically, ¢ is of small value, so that the last four terms may be

neglected for practical purposes; then

= (4wmhr?+ Bmh") + 2ndmbhr, ( 0;{ )2

axr dT \?
+ dzombr, T 7 (2nd®>mh + 8a*dmr?) T (—Zﬁ—)
—(2n0*mh + Sﬁzﬁmrlz) 1? d;;’f (10).
For conical drum, -
M, = (dxmhr?+ 7(2+ oh)om h"'r,z)%zl +27% (24 ah)amhrf( Ojlf, )2

S P VAN
+47%(2 + oh)emhrT T 2n%(8 + 8ol + 46’2 + 1) omr A T (gt—)
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—27%(8 + 8ol +40*h* + ' F*)amr; (10Y'.

ape T
t2

Equation (10’) for a conical drum holds more accurately than equation
(10) for a reel drum, on account of the smaller value of & in the former

than in the latter case.

2. Accelerating moment due to load, cage, tubs, pulley &e.

M, = 2#(N+O)7"z{rz%+ ( O(l;lf ) }+°17.'0R {R d*T —8( ar 2}

= 2n{Nr> + C(ry' + 1’

L 4 0rd{ Nry— C(rs—ry)} (_g)

+ 40{Nry— CO(rg = 1)) T T | onp(av+ 20)T( d g )

+on(N+20)T2 %L
dr?
oh
And 7, = +7'1 , therefore,
o, = 2;{(N+ 20 +§’Lo}__d T +2n5{(N+ Oy Cf P e }( dT)
dt
+4ro{(N+ Cyr— 0/ }T—+2n62(N+2C')T(
+ 2N+ 20)T2d r

(11).
For conical drum,

,M,u — 27“.12{(N+ 26’ ~

+2 Y2 + ah)o(N— ah(])( ar )

+4ntr (2 + ah)a(N— okC) Td_zl + 20742 + ahyo 2(N+20)T( aT )

+ 25,42 + oh)a (N + 20) T %tzT_ .
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3. Accelerating moment due to drum and motor armature.
Let I, be the resultant moment of inertia at the axis of the drum,

o, = ol "lf (12).
Total accelerating moment,
M’a = M,ar'*'zulae"l'M’am
= 27:{],,+(N+20+ 2mhyr®+ ,"_h(o+m h )} azr
T dt?
+271'3{(N+ C+mh)r,— (//J gn }( T )n
4“8{(N+ O+ mhyr,— o/%Jr }
aT
+ 27':8{5(N+ 20— mh) —4zmr, } (
+ 2718{0(1\7 +2C —mh)— dmms 1}
' d:T 2b(olT) ab, T (dT)’
We= g ¥ 2474 ) * dat
v2c, 2 4L 13,

de?

where

[14]

a, = 27'{] + (N +20 + 2mh)ri+ %(O’+ ]2l )} l
by = ms{(N+ - mh)yry— o/ﬂ+ rl} i
)

¢q = mO{O(N +2C—mh)— 47rm'r12}
For conical drum s
ay = 2n{l,+ (N +2C+2mh)r?} ]

+7(2 + oh)oh(20 + mih)rs? '
~ b (18]
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b, = 1’2+ ah)(m—oC)rd :
cqg = —w*mh*(2 + oh)r?
For cylindrical drum without tail rope,
ag = 2n{I;+ (N + 20+ 2mh)r}
b, = 0 i [16].

Cq = O .
For cylindrical drum with tail rope,
- ag = 2n{I,+ (N +2C +3mh)r?}

by= O [17].

Cy = 0

From equations [13], [14], [15], [16], and [17], the accelerating moment
for any kind of hoist is easily constructed.

In the case of a cylindrical drum, during full speed running, there is
no accelerating moment; but in the cases of reel ahd conical drums, after the
drum reached the full speed of running, the load and a part of the ropé
are in the state of a slight acceleration due to the increase of winding

radius. The moment of this kind is

M, = 27::.)( 0;11) [(N+mk)rl ( Bl +92 -—r.) {4nmr{*’—-M}T

[

+ 37"()m< ~/ = - 'rl) —2n0*m T 3] .

This is of the same form as the statical moment, and can be obtained

by substituting 27dn’,? for g in equation (1), and similarly treated ; then

M, = 2”59"'"»2 (P+Q'T)
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Putﬁng
\ 0 — non’, 2 ,
. g
we have S,
My, = 6P+ Q') [18].

Co (B) Retarding moment.

The retarding moment can be easily determined by substituting 77,4 7"

for 7' in (13), where .
T = f;z’dt,
. ty

Weriens number of revolutions of drum per unit time, at any

instant during retardation,

£ ovvinne time at the instant of consideration after the beginning of
retardation, ,
¢ time of retardation.

In equatlon (9), put

dy = n'( ﬂ+71 —r1)62m f
[19].

eq = TO'Mm
Then
dd = ed 172 .

For conical drum,
d, = 7'r(2+ oh)e’mh

e, = 72°r(2 + ohyo*m

[20].

2
ey = —d, Ty = — ¢,T;

Retarding moment

M, =a,———

d* 1" +2ba< a1’

/ 2
i i
— = )+4bd(T+T) +2ed(Tt+T)( )
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20Tt TP L2 4 64T+ Ty ("’ Y a1 T’)s

adT"\ a7

—4,.T+T'3(-___ —20(T,+ Ty %L

, “ed( o+ T dt) e Ti+T") ar

Neglecting terms containing d, (not d,T.), we have
' 2 1
= {a,+ 40, T, + 2c,T7+ 2ddﬂs}%’
arT
s20, bl +d,,T,}( =Y

+4(b,+ 0, T, +d, T?)de T

2
+2¢,,T’( a1’ ) +2¢,T" ddT’ :

t?
N o= a1 ) ( lly,d 1”
v dt «
a1’ a1 .
+2¢,T" ( ) +20,T"° 217,
T (L) +er [21]
o'y = 0, +40,T,+2c, T2 +2d, T}
[22].
Uy = byt+e, T +d, T
| - For conical drum,
[23].
o, =10, .
For cylindrical drum,
a”ll = Oy
[24].
bld = O

The retarding moment is determined from equations [19], [20], [21],
[22], [23], and [24].
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Resultant resisting moment.

. (a) During acceleration,

M, = a,,cf;g +2b,l<‘f; ) +4de‘fiZ;+2 T( T)'+20dT2 Of;f
+P QT \ ' - (25).

(b) During full speed running,
M,y =P+QT+OP'+QT) (26).
(¢) During retardation,

d T (ZT' d T dT d T,
’vT = 2[1’( 4: 4 ,— ! ) 7
M ad + 7 ) + l) 1 +2O,IT ( T

+ I'+@rT 27).

If the mode of acceleration and retardation, that is, the relation
between 7' or 77 and time be gi‘ven, from equations (25), (26), and (27),
the resisting moment curve can be readily constructed. The maximum
revolution per unit time of the drum, as well as the maximum acceleration

“or retardation, is restricted from the mechanical point of view.

When the full speed r.p.m. and 7 or 7" curve be fixed, the time of

acceleration or retardation can be determined.

Let the ratio of the gear and the efficiency of the drum be ¢ and 3
respectively, - then the moment at the axis of the drum is reduced to that
at the axis of the motor by dividing it by the product <z ;

M 14
Tv '

M__.

Substituting 7' = T,/i, we have

Mm S BT,y (ALY b T e (LY, T,
Py t Py dt

iy Tdt dt 'y o'y de?
&2 aT. d"T AT \? &
= oL 2b( wr.%T Lo T< ) 212 %Te | rogy,
dt t dt )+ +ae dt ool di? (28]
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a,
a=g ]
,, |
1 — I3 .
g ’is?? I [29]‘
oo G [
'y J
 Similarly,
M, = P+QT, [30],
po P o
iy I a1
o ¢ [81)
= |
And,
a2 ar, d T aT, \: a1
M, = o Pl 1o ) a1, T oo, (22 pooprs O T
ae a )T + dé e
[32],
o = a’, )
*y
b= L L [33].
iy
¢ =
o'y

Resultants moments are

BT aT. T aT., &
My, =a%Le 2b( W12 120 f( ) 2072 %7
r=0—m T\ g )+ : * ook e
+P+QT3 [34],

My = (L+0)(P+QT) [35],
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' - !
er=ard21~’"+2b,(dd7 )+4b’T’ 2T "-I-QCT'(dT )+20T’e2ddf;,"

+P+QT, [36],

where ' T)=1 fn’ dt.

As usual in the Leonard system, assume that the motor is to be con-
trolled with a constant acceleration and retardation, and let =,, p, and p,
be the maximum revolution per unit time, acceleration and retardation of

the motor respectively, then

dT,
W = n =pt,
arT.
df )ma.x. = P = ptm ?
@7,
7
art,
pralal o
a1,
dtz = —p'u )
Te = %‘Pt;’,

= (nt—3pE) — Sty
where ¢, and ¢, is time of acceleration and that of rétardation, respectively.
Let T, =:¢T,, then
M,; = P+ap+4bp*t*+ $Qpt® + 3cp’t! (37),
M,y = (14 0){P+ Q(3pth + )} (38),
My = P+ QT, + 4b'nt—a’ p,— 3(3ons, + Qn) 1

v

~ {81 py— (6cn}, + Q) }t
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+{4b'p.2— (9enl, + 1 Q)p,}t°
+ Bcnnp. 2B — epit (39).

In (37), (38), and (39), ¢ is measu;'ed from the beginning of the -
acceleration, full speed, and retardation, respectively.

In (37) and (39), it is found that M, is maximum when ¢ =4, , and

M,, is minimum when ¢ =¢,.
The starting resisting moment is

(MT)slart. = P+ ap (40).

P+ ap must be smaller than the starting torque of the motor; and p
or p, must be taken at such value that any danger due to mechanical shock

may -not occur. These conditions give the upper limit to the value of p

or p,.

II. Output of Motor and Times of
Acceleration and Retardation.

The power and times of acceleration and retardation are to be con-

sidered in regard to the straight line control, above investigated.

The instantaneous output of the motor isr 2nM %
Dﬁring acceleration, |

W, = 2npt{P+ ap +40p*t+ 3 Qpli+ § cp“’t'} (41).
During full speed running,

W, = 2zn, (L + O){ P+ Q% pt’, +n,t)} (42).
During retardation, |

W, = 2a(n,—pt)| @/p,— (P+QT, + 4b'n2) + 3 (3ent, + Qnt) "

b,
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+ {8b/n,,p,— (6cn?, + Qn,) 3t — {4b/p 2 — (Ienl, + 3 Q)p, )2
—6eny, ptt + %cp,“t‘] as generator (43).

In (41), (42), and (43), the zero point of ¢ is at the beginning of the
acceleration, full speed running and retardation, respectively. The maximum
power as motor and as generator is found to be at the end of acceleration

and at the beginning of the retardation, respectively,

W, = anm{P +ap-+ 4but, +3 (3ent, + an,,)-l_} (44),
P

Wy max, = anm{a’pu—— (P+ QT +4Vn3) + 3 (3enp, + ann)—l-} as generator

(45).
The above mentioned power as generator, which in the case of steam-
engine-driven hoist is absorbed by the brdkes, is here returned to the
electric supply system, thereby improving the economy of operation and
reducing the wear on the mechanical brake.
The time required for a winding is fixed from the capacity of cage
and the amount of ore to be hoisted a day.

Let ¢ be time of winding, and ¢ be time for filling the cage, then

2 2
nm(t—t'—_’i’"—— ""'-)+—"ﬂ+ I =T,

p p’ 2p 2p,
pop n Wiy
=28, say (46).

p and p, must be determined so as to afford the greatest economy to

the winding system under the condition (46).
Now total input to the hoist motor is composed of:
(1) output of the motor,
(2) losses in the motor.
p and p, must be determined so that the sum of (1) and (2) may be

of the minimum value.
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(1) Total output energy of the motor per winding,
Total output = f W, di+ fW,dt+ f W,de

= 2] (L+O)PT.+3QTD)+ "= (a~a)

+{ont,— 9 put, 4 5 (2ens,— ﬂQn‘tn)}—l—
2 4 , p

+ {bfn:,, Py QT — S @0t — 0Qn;,)} l] [47].
2 4 P

14+a

Let p, = ap; p= ;
Po=ap; P=-5 S

then, total output energy of motor becomes

o] (L+ O)(PT+ 30T + "o (a—)

28 0 5s, 8 0
= {olonss— 2 P+ > @ent,— 0Qut) )+t~ S(P+QT.)
S o | .
———4—(207@,,,——0@),,,, }J [48].
For a cylindrical drum,
Total output = 2z{PT,, +3QT32} (48).

As previously mentioned, the motor, during retardation, acts as a

generator ; and the energy returned to the supply system, may be utilized.

Restoring in fly-wheel, the energy, wasted in order to accelerate the moving

. masses, i8 again obtained, in retardation.

The second term and succeeding ones in [47] or [48] are all due

to the difference between the equivalent moving masses in acceleration

and retardation.

(2) Losses in the motor.

In the leonard system, the field of the motor is excited separately ;
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and it is therefore sufficient to take losses in the armature only into
account. The hysteresis loss is proportional to the number of cycle per
unit time, and the eddy current loss is proportional to the square of that,
so that the total loss at any instant is

IR+ kn +fn’

where n is the instantaneous value' of revolution per unit time of the
motor, I, current in the armature, R, resistance of the armature coil, &
and f, constants.

The torque of the motor is expresced by const.#I. @ is flux from

a pole. Therefore the loss at any instant in the armature is

w = const. {M*+ Hn-+ Fn*} (49).

Total loss per winding,

W, = const.z fMdt+const. Hz f ndt+ const. F an*dt.

And,

ZfM?dt f dt+f M;dt:-fM?,dt

—tm—t

tm
andt =fpldt+f nndi + f(n —p)dt,
0 []
b~y

Z f wdt = f Pt + f n,,,dt+ f (n—p ).
f sz dt = a%z,,,ja +2Pan,, + §abn;,
[}
(PP + 8bPid, + 3aQnd, + 1605, + Bacn,) L
, P
(PO, + B Pa+ $5Qnd,+ L2 bonl) -
p

+ (5 QP8 + %o Qurl, + dend, ).;73 .
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Uy

y 2
[ara = oyl pe e 4 po 1
0 ) N

n,

8 .
3 Lo _yp, L
N, P

m

— P+ QT Yt — 3PGu3 L
P P

v

LI

+3Q(P+ QT ), 1
b, p

v

.‘514@2”2. plg } .

ly
f Mz dt = a’n,p,— {2¢/(P+ QT )0, + §a’b'nk}
]

+ {(P+ QT n, + 50/ (P+ QT +ha! Qrd, 4 28B4 ga’cnf,,};l)—

v

— (3 (P+ QT.) Quis+ Bo(P+ QT, )ty + $5'Qnd, +1200onl} Pl
+ (2o + @ity + oty L
Z f Hdt + Z f Frdt = (H+ Fn,) T,;—%an,,%—% Ll
Then,
‘ , )
w, = const. {aﬁnmp +an,p,+ A/+ £+ _Bi.-}- D_ .D_”+ £”+£3} [50],

p p P poPop
A4 = (H+ Fn,)T,+2aPn,—2a'(P+ QT )1, + §abn;,— §a’b'n3, )

2
+ X e 4 QT4 3T

m

2
B = 2=(L+0° (; + Py + 30 Pui, + 3, — 3 B, + 18003, + Sucns,

| 2—(1+0)‘! 2. 84/ 3 ’ 3 3
B = —2———(P+ QT ) 0y + 86(P+ QT )15, + 3o’ Qnd, — 3 Find, [51].
+ 18605, 4 ga’cn;,

2
D = ‘ﬁ%_ﬂ”)_ PQus,+ 3¢ Pul,+ $b Qs + L2bent,
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D1 = 22300 (P QL)+ 3P+ QL)+ 40/ Qo+ 330,

B =820 s s proui,+ 30

For conical dram,

4 = {Hup+ Pr+(1+ 0)2P2}%': +9(a—a\Pn,, + §(a— a')br,
B = 2=(+0" (12+ O Pru, + 8bPiS,— B, + 3860, + Sacnl,
2
B = 2— (12+ 0)—P2"{" + §b Py, — 3 Fucl, 4 180°n, + gacemy,
D = goPnj,+ 12lcny,
D=D
'E = i(:grb"l9

For cylindrical drum without tail rope,

T T,

s
-Ile

2
A4 = (Hﬂm + Fn;",, + I)?')—Ie + I)Q,__,JL, + '&Q - - 2aQ11tenm
n’m ‘m m ’
B = ;Pn,, +}a@Qnd,— L,
B = }(P+ Q.Y n + haQnt,— 4 F,
D = #5PQm,

D= 5 QP+ QL
E = I%GQ‘ZM:‘

For cylindrical drum with tail rope,

A = (Hup+ Fr,+ P 1o
. Ty -

B = 3P, —1Pr,

B =B

]

[52].

[53].

[54].
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D =0
D=0 ,
E =0
Inserting _+__ = 2§, and convertm«r mto terms of «,
P P
- a_‘(’f%{ 2o (@ +a”a) (L +a) + a1+ +25(Bact B)a(l+a)
+ 4S’(D+QSE)a"—482(0’—2SE)a-883Ea2} [55].

Total input energy to the hoist’ motor per winding,

= const. n ” a) al a) ’ a
7(1+—a)2{ (a2 +a”a)(1 + )+ Aa(l +af +28(Ba-+ Ba(l+a)

+4S¥(D+28E)a*— 45D’ — 28’E)a— sssw}

+27r{(1+0)(P1 +%QT,3)+ (a 0’)}

;1"3 { (bn;‘,, Y pu, T(2cn*;n--0Qn‘:,.))+b'n;‘,.—g—(l’+ QT
a . A

~5 (oot~ 00ns))
[56].
For the sake of the greatest economy,

((b by, + %QT,enf,,

"m (a”a —a®)(1+a)’+ 28’{3 B +
+ %(2%*:,, - 0Qn:,,))}a2(1 +4)+8S%D +3SE)e

+88(D'—38E)a = 0 (57).

Equation (57) does not contain H and F'; but, having a term con-
taining particular constants for a motor (number of poles, armature resistance
&c.), it is applicable only for a given motor ; for the first design, it is incon-
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venient. TFortunately, the amount, in the output of the motor, depending
on a is comparatively small (for a cylindrical drum, the input to the hoist
is independent on a).

For the sake of simpiicity, take the loss only into account in discussion
of durations of acceleration and retardation. a, obtained from the condition
of the minimum value of the loss, makes the motor rating minimum, or,
in the case of a given motor, gives the minimum temperature-rise, and
differs from “that given by (57) by only small amount (for a cylindrical
drum, is the same).

The dispersion of heat generated .by the losses is not uniform over the
cycle of winding on account of the reduced speed at both ends. For a
general approximation, take the cooling during acceleration and retardation
to be 75 per cent, and that during standstill to be 50 per cent of that at
full speed, then the effective time for cooling per winding would be

0-75(t,+1t,)+05¢ +t—t'—t,—t,

=t—-05¢—"m g
2

Mean loss per unit time,

w, = const. [ T (@®+a"%a)(1 + ) + Aa(1 + a)?

(t—0'5t'——%’"—8)a(1+a)’ 2§

+28(Ba+ B'ja 1+ a) +4S¥(D +28E)a* — 4S8 D' —28E)a
'_8S3Ea2} (58).
The temperature-rise of the motor depends on w",,,; the value of «

such as to make the motor rating minimum, or, to a given motor, to give

the minimum temperature-rise, must satisfy the condition

dw,,
da

=0

or
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%(a’zaz—. a)(1+ @) +28(B - B)*(1 +a) + 88D + 35 E)a®
+85(D'—38E)a* = 0 | [59].

Equation [59] gives the greatest economical value of a, and as readily
understood, [59] has no term containing H or F, but only constants con-
necting with the hoist.

For a cylindrical drum with tail rope [59] becomes
2n—:s”'-a2(a2—1)(1 +a) =0,

and « must not be negative, therefore

a=1
} | [60],
pP=p, )

i.e., for a cylindrical drum with tail rope, the acceleration is to be taken

at equal value to the retardation; and this result is that we expected.
For a conical drum, comparing with e and b, ¢ in (29), the value of
02+ ah)mhi’r,*
'y

which 18 —

, may be neglected approximately, thereby
[59] becomes

o oy =

a
a=—’
a

[61].

4 —_—
a'p, = ap

For a reel drum and a cylindrical drum without tailrope, [59] can
not be reduced to a simple form, but for thé former, [61] may be taken
in approximate estimation, and for the latter

;—ga’(a’ —1)(1 + @)*+ 8zSmgrn,, {PT,; ~2nmgrT,—%PSn;,
+ 378 mgrinn } @’ (1 + a) + 222°8°m’g*r *n}, Typa® = O [62].

In (62), the second and the- third terms are all positive, hence the
first term must be negative, i.e., « is to be smaller than unity.
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If the capacity of the motor or the total loss is considered to e deter-
mined by the maximum value of the load, (though this is obviously an

error), p and p, are taken as follows:

ap+ P 4bnd, + } (ol + Qi) = @/p,— (P+ QT +4b'm) + 3 (Bonh + @k L.,
p e

QP+ QT +4(b +b/yd, + ap — o/ p, + 3(3ent, + Qn?,b)(%+ l) =0.
Put 2P+ 4(b+ V)i, + QT = B, v
and e+ Qat) =7,
then

(a—a'a)(1 + o) +288e(1 + a)+48*ra(a—1) = 0.

When 7= 0 (in case of cylindrical drum with tail rope, and approximately

in cases of conical and reel drums.),

u — 28B—a(p—1) +/{ala— 1)~ NPy + da'p

2ap v
2 ’ - 2 2 2
1_#+45M+~/{1+‘u+ 48%-11}—16#8.%
_ @ a a
2p
al
where p=—.
a

For a cylindrical drum with tail rope,

P 1ial
4b7+~/4+165—a§-
— X

o =

For a cylindrical drum without tail rope,
a(l—a)(1+a)+282P+ QT )u(l + «)+28*Qa(a—1)n;, = 0.

These results are of* comparatively simple form, and this method is
sometimes emploied in determination of p and p,; but they are not strictly
rational. [60], [61] and [62] must be emploied in theoretical calculation.
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[II. Capacity of Motor.

The rating of the motor depends upon the temperature-rise.
The root-mean-square value of the statical moment over the period of
winding is :
’ ’
M, = l:{a2n_mp+a/zn"‘pv+[{+_£+ L +_1.)~_ D2
p

P PoD

. 1

2

+2SE(—}?+ 1 1 )}l]
P po pp/lt

Substituting a for p and p,,

M, = [ 1 {"_g(a?+ a?a)(1 +ay + Ka(l +a)?

ta(l +a) \2
+28(La+ L/)o(l + @) + 48X D + 28 E)a® - 48 D'~ 28E)a

3
—8SSEa2}]
— (1+0)2 22 7) 2,1 s Dy /k .
K = 1T/ P, + PQTZ+ QT3 )+ 2an,,— 2d/(P+ QT )nn
o

+ §abni, — §a'b/ns, ;  [63].

I = _2_~_(12_+_@ Pt + §bPrd + SaQnd, + 180°n5, + Bacnf,

1 = 2=CE0 (P QT Yot QUL + QL)+ §a Q1

+ 18b°nS, + ga’cns,

D; D’ and E are defined in [48].

Now, consider a motor specified as:

normal voltage = e,
normal ’speed = fn,,
normal capacity = ?75[ Mn,, HP,

efficiency = .
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This motor is designed to work at a certain safety temperature-rise
with the resisting moment M,, under a constant speed =, (not cyclic
intermittent working). The loss per unit time in the armature of this
motor is

const. (M2+ Hn,, + Fnl).

When this motor is emploied to drive a hoist whose statical moment
is P+ QTe, the ratio of temperature-rise in this case to that in the normal

constant speed working, is

1 1 { n '
: —2 (a’+ a”a)(1 + a)* + do(1 + a)?
Mo+ Hup+ 1y (t— 0-5¢/ — %"S)a(l +ap 28
+28(Ba+ B')a(l + &)+ 48D + 28 E)o*— 45 D' — 28 E)a— 883Ea2}
| = p*, say [64].
Then the capacity of the winding motor would be taken
W= 2% o Mu, HP [65].
‘ (J
Values of H and F.

The exact evaluations of H and F can not be expected ; but the error
due to the inaccuracy of their values may be comparatively small on
account of their existence in both the numerator and the denominator of
equation [64]. First, the copper and iron losses of the motor, the capacity
of which is 27Mn, , are estimated from practical data, and from the
copper loss, the armature resistance is to be calculated. And

hysteresis loss = An,, = §B}°Vn,, 1077 waitts,
eddy curret loss = fu?, = ¢B2 Vil 107" watts,

where

B, = Mean induction in armature in lines per (cm)?
V' = Volume of armature, teeth inclusive, in (cm)?,

§ = (Number of pair of pole) x (hysteresis constant),
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¢ = (Number of pair of pole)’ x 1:645 (thickness of iron sheet in (cm))?.

The number of pair of pole is to be determined from the actual
design. Thickness of iron sheet is from 0.35 to 0.5 mm.; B, is from
10000 to 15000 c.g.s. according to the capacity of the motor.

f = 210" B (66).
S
Tron loss = lm,,,+,,2.1o—4 Bhne, (67).

From (66) and (67), 2 and f are to be determined. Then
H= _1_(__1,._6_ )2h
L \2x981zwn,,
F l_<—’7me__)2f
R \2x981mn,

The relative values of the copper and iron losses of armature may be

[68].

assumed as (8. P. Thompson, Dynamo Electric Machinery) :

'L % Losses
Ceapacity | Efficiency
in, | in ‘ Armature " ! .
HP. % — eoceeet Field | Friction
C Copper -  Iron ‘ :
[ N i
15- 80, 91 35 30 21 | o4
50- 150 ' 92 32 28 | 1.6 1 0.4
| |
100- 400 | 93 28 | 23 . | 155 ] 0.3
I : i |
300- 700 | 94 24 | 18 | 15 | 03
600-1500 ‘ 95 19 15 | 135 \ 0.25
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N.B. In this study, the constancy of speed of the motor during the
full voltage running is assumed ; but in cases of cylindrical drum without
tail rope, and reel drum, the speed of the motor varies, though inconsider-
ably, according to the increase or decrease of the statical moment during =~
this period.

Assume the ampere-speed curve of the motor to be a straight line
Mo—]‘[af = y(nmf- n’mo)'

M,, = moment at the beginning of full voltage running,
M, = moment at the instant of consideration in full voltage running,
fm = number of revolution per unit time of the motor at the
) beginning of full voltage running,
Ny, = number of revolution per unit time of the motor at the instant
of consideration in full voltage running,

= constant.

For practical purposes, this assumption is acknowledged to be satis-

factory.
Let T, be the number of revolution after the beginning of the full

voltage running, then

2
T, = 2™ 4T,
20

: ! BT,
M, = P+ Qlme QT 4+ 213 42,
d +Q2p+Q Ty e
M, = P+ Qo
2p

3

‘2 2 ! le dT
P+ ",,_&ﬂ—{P'i_ 'ﬂﬂzy'i' Ta ata 8}= ( S — mo)’
o Ot Tt g = Wy ")

a:T y dT @ y
2 4 24+2 T,—-2 mo = 0.
de? + a+a dt + a+tao a+a’n -

Solving this,

T, = Ce™ 4 Cpe™! 4 Ylmo.
8 . Q
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where
me = _— YtV —20(a+a)
! a+a
wy— Y=V PG D)
a+a
- (69).
C, = (a+a)Q—y*—yy/ y*—20(a+a’) n,
20V ¥y —2Q(a +a’)
0 = —(a+aYQ+y*~y/ v —20(a +a’) n
‘ 20y ¥ —3Q(at @) J
From these,
Tomg = Oymms™ 4 Oymoe™ (70).
Speed at the end of the full voltage running,
Ty = Cymye™E—Y ~tm ~t) + Oymgemet=t —tm—t0) (71).
For a cylindrical drum without tail rope,
my = —y++/y*+ 16wmgra W
2a
mte= —Y— V Y+ 16mmgr‘a
20
(72).

0 8ramgr?+ y*+ yy/y* + 16wmgra
= S ——— Mo

8rmgry/ y* + L6mmgr’a

O —8ramgr:—y*+ yy/y* + 16mmyra
2 B i — Pomo
8nmgr/ y* + 16wmgria

From these equations, we find the maximum speed of the moving

mass, and check if the speed is beyond the limit of mechanical danger.
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SUMMARY.

In this study, the general equations of resisting moment of hoist are
given ; the economical relation between acceleration and ret:‘mrda,tion' may be
found from equations [60], [61] and [62]. Taking iron losses into account,
the capacity of the hoist motor may be determined, though with some
difficulty, from equation [65]. In order perfectly to avoid the mechanical
danger, equations (69) and (70) are to be checked.

The writer’s sincere thanks are due to Prof. E. Aoyagi for his kind
instruction.






