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Statement of lem 

It was required to determine the electrical and magnetic 

design dimensions of an alternating current generator having 

the following characteristics -- 

Output 32,500 Kva. 
Power Factor 80 % 
Speed 150 R.P.M. 
Frequency in cycles per sec. 25 
Poles 20 
Phases - "Star" connected 3 
Voltage 12,000 
Amperes per terminal 1.565 

The guarantees were -- 

Efficiency at 26,700 Kv-a. 904 P.F. - 97.0 
Max. temperature for which the 

insulation was adequate 150°C. 

Selection of Stator Core Dimensions 

While experience indicates that many factors enter into 

the selection of the stator magnetic core dimensions, it is 

generally of assistance to start with a knowledge of average 

output constants of similar machines. Similar constants may 

be calculated in other ways. The one used here is determined 

by the following equation: 

w _ D5lx RPM 
> AKA x 0% 

Where K = the output constant. 
n D = outside diameter, in inches, of the stator 

magnetic core. 
n L = the axial width, in inches, of the stator 

core, including the air ducts in core. 
" RPM = Revolutions per minute 
" KVA = Kilo-volt-ampere rating of machine. 



Average values for this constant are given on the set of 

curves, Figure-I. 

For a 20-pole machine of about this rating, the curves, 

Figure I, indicate the output constant should be approximate- 

ly 1.45. The constant calculated from the final dimensions 

selected is 1.56. 

Knowing the approximate value of output constant needed, 

the next problem is to select tentative values for D and L. 

In general, for a given value of K, the cost of building such 

a machine will be decreased with decreasing values of D and 

increasing values of L. However, unless special means are used 

to ventilate the machine, difficulty is apt to be encountered 

if the peripheral speed is less than from 8000 to 10,000 ft. 

per minute. There is also generally very limited space for 

field copper on the rotor, if too small a diameter is chosen. 

Ordinarily, a number of values of diameter and length are sel- 

ected, and the design partially completed, in order to deter- 

mine the best proportions. The final selections in this case 

were 228" diameter of core, and 65" length of core. 

Size and Number of Armature Core Vent Ducts 

Experience has shown that little, if any, gain in tempera- 

ture is obtained by making the vent ducts through the stator 

core greater than one-half inch in width. The gain in tempera- 

ture in increasing the duct width from 3/8" to 1/2" is small. 

Therefore, 3/8" ducts were selected. Again, it has been found 

that, in order to get rid of the heat in the stator core and 



a
1
n
j
e
u
s
i
g
 

"
O
N
 
S
A
I
N
)
 

ya
vH

Ll
 
‘A
LI
I0
0S
 
FA

LL
VN

I0
-0

0 
TT
IN
HO
O 

S
h
a
 
u
e
d
 

TI
T 

TTT 

LN I 

[I 

I 

| 

I 
- 

s
a
m
y
)
 
‘
0
D
 
D
N
I
H
N
L
O
V
A
N
N
V
I
N
 
A
N
V
 
D
I
M
L
O
F
T
d
 
I
S
N
O
H
O
N
L
L
S
A
M
 



P-4 

the embedded portion of the armature winding to best advantage, 

the thickness of the iron packages between ducts should be from 

1.5" to 1.75". If they exceed 1.75", difficulty from excessive 

temperature may be encountered. For this reason, 30 vent ducts 

were selected, giving a thickness of irom package between ducts 

of:1.738". 

Number and Size of Armature Slots 

In general, a relatively large number of slots will improve 

the performance by giving greater radiating surface and consequent- 

ly lower armature winding temperatures, less pulsation of flux in 

the air gap, and therefore less loss in the pole faces and the 

voltage wave, which will more nearly approximate a sinusoidal form. 

Against these desirable features must be balanced: less rigidity 

in coils, when of small cross-section; and increased cost of a 

large number of coils. 

Since 9 slots per pole give a slot frequency component to the 

voltage wave which is apt to resonate with telephone diaphragmsand 

cause trouble in adjacent communication lines, a large machine hav- 

ing a comparatively small number of poles, as in this case, should 

have not less than 12 slots per pole. The ultimate selection was 15. 

The size of armature slot of course depends on the amount of 

copper required and the space needed for insulation. The current 

density in amperes per square inch, on such a machine, may vary over 

quite a large range, depending on the efficiency and temperature 

limits to be met. Ordinarily, the current density would lie some- 

where between 1500 and 2500 amperes per square inch of copper in 
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the colls. The value selected in this case was 2300 amperes 

per square inch. 

The insulation used was largely mica and was proportioned 

to meet the Standards of the A.I.E.E. of twice rated voltage, 

plus 1000. The number of armature conductors (discussed later) 

of the required cross-section with the necessary space for insula- 

tion and the coil retaining wedge, fixed the size of the slot at 

75" x 4.775", 

Design of Armature Coil 

Fach armature coil contains three conductors with each con- 

ductor made up of 4 wires in parallel, -Two-sizes of wire were 

used, i.e. 129" x .274" and .204" x 258", arranged as shown in 

Figure 2. 

It will be noted that 

wires "a" are somewhat 

707° oF lor greater in width than 

ner "ho", and that th J wires an a ey 
had] Cp 2 

z2| 5 2 lo alternate in position in 

- 3 the conductor. Wires "b" yr ? 

ZEA || B| 2H have no individual insu- 

t lz -* lating covering, while 

wires "a" are insulated 

AA with mica tape to a thick- 

LRoss Secon OF ness of about .008" per 
SIRE TURE COND ETOR 

side. 
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By this arrangement, separation is secured between wires "b" so 

that individual insulation on them is unnecessary. Since these 

four wires are electrically in parallel, insulating them from each 

other throughout the coil is only for the purpose of reducing the 

eddy current loss. The four wires are bound together and insulat- 

ed as a group with mica tape to a thickness of about .020" per 

side. The three conductors were then assembled and given the over- 

all insulation in the form of mica sheets applied under heat by 

machines to form a very solid homogeneous coil. The total space 

in slot required for insulation was roughly .372" in width and 

1.126" in depth. 

Air Gap 

The radial distance between the rotor and stator, i.e. the 

air gap, is often affected by mechanical clearance considerations 

in an induction motor or generator having a large number of poles. 

In a machine such as this, electrical conditions will always dic- 

tate a large gap. In order to avoid excessive changes in volt- 

age with changes in load and lack of stability under line fault 

conditions, it is necessary to use a gap sufficiently large so 

that the ampere turns of the field are equal to from 80 to 125 

percent of fhe armature ampere turns. The final selection of air 

gap for this machine was .50" single gap. 

The slots of the armature have the effect of increasing the 

gap from the standpoint of magnetic reluctance. Hence, the effect- 

ive gap is the actual gap times a constant, 
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Where K = the constant 

" 4 = the distance between the centers of two 
adjacent armature slots measured along 
the air gap surface. 

" Z, = width of an armature tooth at the air gap. 

" 5 = the radial dimension of the actual single 
alr gap. 

" X = curve value corresponding to values of 
Zr as given on Figure 3. 
J 

Determination of Magnetic Flux Form 

In order to determine the flux form, draw two adjacent poles 

at any convenient scale, to obtain the proper relative position 

of the different points. (Figure 4) 

Divide the pole pitch into 24 equal parts, and, using any 

convenient length as unity, draw one-half of one pole to this 

scale in such a way that the armature surface should be represent- 

ed by a straight line. It is evident that, in this representation, 

the pole will have a distorted shape, but it can be readily con- 

structed by using the relative points and proportions (referred 

to the armature surface), as obtained from the first pole sketch. 

The distance between the armature surface and pole equals 

the effective (discussed later) single air gap drawi to scale. 

Through the middle points of the 24 divisions draw curved 

lines between the armature and pole, representing lines of force- 

(center lines of magnetic tubes of force, limited by the division). 

(It must be borne in mind that the distribution of flux is 
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always such that the magnetic field energy is a maximum; hence, 

that distribution comes nearest to the reality, which has the 

maximum magnetic conductivity). 

As the permeability of the iron, as compared with that of 

the air, is very great, the lines of force will enter the iron 

under approximately 90 degrees. Hence, under the pole face, in 

the air gap, they should be drawn as straight lines in radial : 

direction; on side of the pole they must have a curved form, mak- 

ing an angle of almost 90 degrees with both, the armature and pole 

Surface, and being approximately parallel with each other. 

Assuming the magnetic potential difference between the pole 

tip and the armature everywhere constant, the field density B + 

any point is proportional to the conductivity of the tube of force 

surrounding this point. If 0 x the length of axis and Bx the mean 

width of the tube, the conductivity is proportional to ir 
x 

and the field density in X on the arm- 
a 
X 

: ature surface is proportional to LX, XA ; 2x Ix 
Denoting the maximum field density 

under the pole with 100 and using the 

length (corresponding to the equivalent 

air gap) as unity in measuring 4, , the density at any point X is 

found, as Zz, - wo 4 Sx 

x Xx 

Since in the most cases Zr =/ , it is sufficient to meas- 
Xx 

ure the length of the central line of force, in the units of J , 

and make the field density by inversely proportional to this 

length, 
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B= 

With this construction, we can plot the flux form of one 

pole’s magnetic flux in percent of maximum density. 

As the fluxes of adjacent poles of opposite polarity are 

superimposed on each other, the actual flux form is obtained 

by subtracting the field densities of the two poles where they 

overlap. From the twelfth division (center between two poles), 

draw the field curve backwards, and in order to obtain the 

actual field form of one pole, use as ordinates the differences 

between the upper and lower curve. 

Since Sx for one pole is nowhere equal ©< , the field 

intensity will never become zero; hence, with this construction, 

the actual flux form would never reach the maximum value 100 

under the pole. As, however, in reality, the flux of one pole 

cannot penetrate into the air gap of the other, we modify our 

field in such a way that, shortly behind the bevelled part of 

the pole tip, the field reaches its relative maximum value 100. 

Pole Constant 

[ The pole constant Cp is the ratio 

[= 
I 

4] 
[J \ 

+= 7 Z 

of the area enclosed by the actual 

field form to the area of a rect- 

Bom 

| angle having the same maximum 

. LE Brdt 
(££) Erm 

= 2 value and base line. Co 

: Z rf 
Since 2 tz Zr =, se , the pole constant 

X 

can be also defined as the ratio of average flux density to the 

maximum, 
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_ Lme 

Cpr or 
In order to find Co from the flux form, divide the plotted 

half into six equal parts, and add the middle (mean) ordinates 

of these strips (ordinates corresponding to the odd numbers of the 

twelve divisions.) Then - 

bt bo tbs + by + bs ths = 5 Lave 

Hence - Sow = Zt 

Ore ZI 
ad - Cos S0r = 92 

For a sine wave shaped flux, form Cp = .637 

The BE. M.F., Wave Form 

The wave form of E.M.F. induced into the armature winding 

through the relative motion of the magnetic field and the arm- 

ature conductors, can be constructed from the flux form. 

(Figure 4). 

The E.M.F. wave induced in each single conductor is exactly 

of the same shape as the flux form itself. If more than one con- 

ductor - connected in series - are moving in the magnetic field, 

the resultant E.M.F, will be the sum of the instantaneous values; 

therefore, the resultant form of E.M.F. wave is dependent upon 

the number and distribution of conductors forming one group, or 

one winding element. 

Assuming, for convenience, one conductor per slot, it can 

readily be shown that, if the number of slots per pole is 5 or more,
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the wave form practically becomes independent of the number of 

conductors; i.e. it may be constructed by using any convenient 

number. With fewer slots, the actual number must be used; if, 

however, there are 5 or more slots per pole, use any convenient 

- number, say 12, which gives 4 slots per pole per phase, in 3 

phase; and 6 slots per pole per phase, in 2 phase, windings. 

Hence Pthe open type windings, the construction will be made with 

12 conductors in the case of 3 phase, and with 6 conductors in 

the case of 2 phase machines. In single phase windings, the 

actual distribution of conductors should always be taken into 

consideration. 

The fundamental idea of the construction is that we move the 

groups of conductors in the magnetic field, and determine the 

number of lines of force cut by each individual conductor. Add- 

ing these figures with the proper sign, we obtain a value which 

is proportional to the E.M.F. induced in the whole group of con- 

ductors. This value plotted at the proper abscissa at any arbi- 

trary scale, gives one point of the E.M.F., wave. 

4 Eight conductors, 1/12 of one pole pitch 

apart from each other, are connected in 

series, forming one group, and moving from 

left to the right. In the momentary position 

shown on the figure, the resultant E.M.F. 

will be zero, since the two halves (4-4) of the group move in 

symmetrical,but opposing, magnetic fields. 

As the group moves through one division (1/12 pole pitch) 



further, each conductor cuts a number of magnetic lines, which is 

proportional to the area of the corresponding 1/12 field strip. 

The width of each of these strips being equal, the areas can be 

expressed by the middle (mean) ordinates. 

As taken from the flux form, these middle ordinates are as 

follows: - (Corresponding to division numbers 12- 10- 8- 8- 4- 

0- 36.5- 78.5- 100- 100- 100- 100- 100- 100- 100- 78.5- 36.5- O 

When the group of conductors moves thru one division from 

left to right, the number of magnetic lines cut by each individual 

conductor, expressed in terms of middle-ordinates, is as follows: 

A B c D E F G H 
-100 78.5" 36.5 0 +36,5 +78.5 +100 +100 

the numbers being taken + in the field of one polarity, and - 

in thé other. 

As immediately seen, the resultant is + 100; i.e. the value 

of B.M.F. indeed in the whole group is proportional to a rela- 

tive value +100. 

This was induced whén the centerline of the group moved 

from div. #12, to div. #10; hence must be plotted on the ordinate 

of the middle div. #11. 

By following up the movement of the group, we obtain the 

following tabulated values: 

(This table must be understood as follows: conductor A 

moving from position O to 1 cuts a number of lines proportional 
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By adding these individual values, we obtain the instantaneous 

values of the resultant E.M.F, 

0-100 --300 ~ 478.5 =~ 815 — 715 = 778.5 = {715 ...) 

corresponding to abscissae: 

#12 #11 #9 #7 #8 #3 #1 , forming thus 

one quarter O- Z or the resultant E.M.F. wave. 

Winding Constant and Total Magnetic Flux 

The winding constant is a value used in calculating the 

magnetic flux. It takes into accouht the method of connecting 

the armature winding, the shape of the flux form, etc. It is 

determined as follows: 



\22 

if eq eg e, e, eg eq the 

middle (mean) ordinates of six strips 

Les of the E.M.F. wave, the effective value 

is found by figuring: 

Za 

= 552, and hence 

or e+ eit eit pt efter afr = : 

Referring to attached figure erp 

cS, 
7 Js 

€ sax JIE 

(for sine wave = .707) 

If n=the number of conductors used in determining the wave 

form, the value of E.M.F. contributed by each individual con- 

ductor to the resultant is, evidently, = Coff 

77 

In the present method of construction n = 8 for 3 phase 

and n = 6 for 2 phase. 

As it follows from the construction e, e; ... eg are rela- 

tive values only, and are expressed in terms of magnetic field 

density; hence ff must represent the uniform flux density, dis- 

tributed all over the armature entering from the air gap into 

the armature, which induces in each single conductor of the arm- 

ature winding the same effective (continuous) E.M.F. of the mach- 

ine, under the actual flux distribution, represented by the field 

form, and having a relative maximum density of 100. 

If the maximum flux density is Omer (£45 units), the 

teonductor constanth® will be: =X = = = oe X Via Brix Joo LF rnin 72 
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representing, as above, an ideal uniform flux distribution. 

If a conductor of 1 cm. length moves in this field with a 

relative velocity of ¥ cm per second, the E.M.F. induced in it 

will ve: e =Bmox JL, or 10° Vours 

Let W = the total number of conductors in series on the 

armature (sum of all phases), then: 

In 1 phase windings Ww conductors are conn- 

In 2 phase windings 1/2 W ) ected in series 
In 3 phase windings 2/3 W between any two term- 

inals; hence: 

the effective terminal voltage of the machine is calculated as: 
= 5 L=Lo0vox HC HW 0 or 0 VoLrs 

where Cu = is the winding constant (o<=1/2,2/3) 

Substituting Lr A emand Lr =F ers Zsurface 

of the armature, we get: £= Brox Co HS ry Zrolts. 

Taking into consideration that 1 K (kappline) = 930 C.G.S. 

units per cm® and that /?7= 6.45 co»? we get: 

£K57 CW ZF s00 0 vous 

or, finally: £=AS Cw A CA 0 Yours 

3 

and £7 5 = SL, 

In this formula: 

K T = the maximum flux density ( K kappline per £7 ) under 

the pole in the air gap times total surface of the armature in 

Sq. in. 

E = effective terminal voltage. 
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C. = winding constant = egrr o< (whereoC = 1 1 ph. 
J 100 n 1/2 ph. 

2/3 ph. 

W = total number of conductors in series. 

For the generator under consideration, the pole constant 

and the winding constant Cp are worked out on Figure 5 and 

Figure 6, as .69 and .434 respectively. 

Chord Factor 

Where the span of the armature coil is less than the pole 

pitch, as shown in sketch, the total flux for a given terminal 

voltage has to be increased in the ratio of the sine of half 

the electrical degrees between the two sides of the coil. 

The chord factor "XW" is calculated 

b 4 as follows: 

Zz Where N = number slots per pole | 
1} No.of slots spanned by | 1 K 

coil. 

It being understood full pitch is from slot 1 to slot (N + 1) 

and the short pitch is from slot 1 to slot (K + 1). 

Total Magnetic Flux 

The total flux, then, is calculated by the following 
formula: 

Ex OF 

KT= Gore Xo RPA 



b=} 

=z i 
2 

[74 
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Where KT = total flux in air gap in kapplines(lines 
per sq. in. divided by 6000). 

n E = terminal voltage. 
n Cy = winding constant. 
" = chord factor. 
n W = total conductors. 
" R.P.M. = revolutions per minute. 

The coll span selected for this machine was slot 1 

to slot 14, and the chord factor, therefore, was .978. 

It is apparent from the foregoing that changing the span 

of the coll is a convenient method of obtaining a fractional 

number of effective conductors in order to get the desired total 

flux, It is not considered economical to chord the winding to 

an extent that the chord factor becomes less than .866 (two-thirds 

full pitch). 

The winding of this machine was connected in four parallel 

circuits which, with six conductors per slot, gave a total number 

of conductors W =450. Parallel circuits were used to avoid hav- 

ing excessively deep slots which might lead to heating difficul- 

ties; and it also reduces the eddy current loss by reducing the 

depth of each conductor. Also, it will be noted that the combina- 

tion selected gives 1.5 effective conductors per slot, which 

would be otherwise impossible to obtain. 

Using the above data, the total flux for this machine was 

calculated as 417500 kapplines. 

Unit Flux Densities 

The inside bore of the armature core was selected as 197". 

This was determined by the depth of slot and the necessary depth 

back of slots, to provide the required magnetic section. With 
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the foregoing dimensions determined, and the total flux fixed, 

the unit flux densities are found as follows -- 

a) Air Gap 

The air gap section S.C. = 7 ZL 

Where ZJ = diameter of inside bore of armature core 
n IL = length of armature core. 

For this unit, S5.G. = 40850 sq. in. 

Then the maximum flux density in the gap is - 

KT = 417,500 = 10,37 kapp lines per sq. in. 
SG 40,250 

The average flux density in gap is K.T. x Cp = 7.17 
Kapp lines per square inch S.G. 

The maximum density is used in calculating the ampere turns 
required to force the flux across the air gap. 

b) Armature Teeth 

The section of the armature teeth-is found from - 

Where S.T. = section in sg. in. 
n + = width of tooth midway its height. 
n Lp = width of stator core less vent ducts. 

(See Figure 7) 

Then, the maximum flux density in teeth KI. = 18.95. 

The maximum density is used for calaiatis the saturation and 

iron losses. 

c¢) Armature Core Back of Slots 

The section back of the teeth S.B. =(Dg =D, -L)L =578 
4 Sa.In 
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Where SB = Cross-sectional area of stator core back of slots. 
" Dp = Outside diameter of stator core 
" D, = Inside diameter of stator core 
n Ly = Depth of slot 
hi Ly = Length of core less the vent ducts 

(See Figure 8) 

The flux density back of slots is calculated using the 

average flux found as follows - 

Average flux per pole K.P. = K.T. X Co 14400 Kapp lines 
P 

Where X.T, = total flux 
n C = pole constant 
i p 

i P = No. of poles 

Then the density back of teeth K.B. = K.P. = 12.45 
Kapp lines per sq. in. ZX SsBs 

WHERE K.P. Average flux per pole 
n" S.B. = Section back of slots 

Stator Core Loss 

(a) Loss in Teeth; The iron loss in the teeth = 

i Li x Wy = 151 kw. 

Where S.T. = Section of teeth 
n" Ly = depth of slot 
" We = Watts loss per cu. in. 

For values of Wy at 25 cycles, see Figure 9. 

(b) Loss back of Teeth: The iron loss back of teeth = 

VY. FS = 197 kw. 

Where V = the value of the stator iron back of the teeth 

expressed in cu.in. 

" Wy =watts loss per cu.in. 

(See Figure 9 for values of W, at 25 cycles) 
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Stator Armature Copperloss 

The resistance per phase of the armature winding may be 

calculated as follows: 

R= NT 
AE A Ww = ,0234 ohms. 
1.21 210° xm xg xg 

fhere R = Ohms per leg of winding at 75°C. 
" MP = Length in inches of the mean turn in an 

Z armature coil = 128.5". 
" W = Total number of conductors in series in 

entire winding. 
" m = Number of phases. 
" pg = Area in inches of each conductor. 
n" g = Number of parallels in winding. 

Then the armature copper loss = .0234 x T5657 x 3 = 172 kw. 

Eddy Current Loss 

It is customary to calculate the eddy current loss in the 

armature coils in all large 60 cycle machines, and also in 

large 25 cycle units, if the conductors are deep and not well 

split into small parallel wires. Since the conductors in this 

generator are comparatively shallow and separated into four 

parallel wires, it is not considered necessary to make a detail 

calculation for the eddy current loss. A rough check indicated 

eddy current losses in the top and bottom coils of approximately 

10 percent and 5 percent respectively of the I°R loss. These 

values are very low. 

Armature Coil Radiating Surface 

The armature coil radiating surface is calculated in terms 

: 2 % 
of square inches per watt of I R copper loss. The surface is 

taken at the bore copper using the top of the top coil in the 



slot, the bottom of the bottom coil in the slot, and the sides 

of both coils, 

This value, based on the 1°R loss at 75°C, is calculated 

by the following method. 

aof/watt = Px zx 1.21 x 10° 

g 

Where P = Perimeter of the copper in the slot in inches. 
ng = Area in sq.in. of each conductor. 
n t = Number of parallels in armature winding. 
4 W = Total number of conductors in series. 

For this generator, the radiating surface = 1.619 "/watt. 

This value of surface may vary over quite a2 wide range, depending 

upon the conditioms of efficiency and temperature to be met. 

While there was no definite temperature guarantee in this case, 

the design was made with the expectation of not exceeding a rise 

of 80°C. By comparison with other units, this machine should 

operate well within that value. 

(see Appendix "AM for test results). 

Armatiire Winding Leakage Reactance 

The self-induced fields set up by the alternating armature 

current cut the conductors and generate a counter E.M.F. which 

has to be compensated for by generating a higher voltage than 

that which appears at the terminals of the winding. 

The method of calculating this quantity follows: 



0 
J
 

1 armature reactance per phase expressed in ohms, 

number of cycles per second. 
number of turns per phase in series. 
number of pairs of poles. 
number of slots per pole per phase. 
conductivity of leakage. 

Zliks 20 (dnt lode tlle) 

Toor JP LEmkass 

—>=] z 

or = conductivity of slot leakage. )for 1M 

es conductivity of tooth tip leakage. length of 

is = conductivity of end connection leakage. Joinotng. 

2 EF width of armature core incl. air Gpeisil 

7 = length at end connection = 1/2 MT -/.(Inches 
5 Zl 

N 7 

1 Nei 

Were 

frm 

l= ur FPrer 

Bot Am JE ly TAZ 

2:2 f= 7u/ly Frzos£] 
FoF f= lly +7 +Sky &f 
24 f= 222/ Loy LZ 115510205] 
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In case of two-coil per slot, chorded winding, where coils 

belonging to different phases lie in the same slot, fy and dc have 

to be multiplied by a chord factor which is</ . (See Figure 16 

for values). If in a three phase winding the pitch is 1-13, the 

chord 1-11, the percent of chording = 100 10/12 = 83.3 and chord 

factor = ,875. 

End Connection Leakage 

Ms =F8 25 [227 3 2 
s = number of end connections laying side by 

side in one group p. phase. 

Vhere 

=z = diameter of a circle having the same cir- 
cumference the 2 ggroup of end connectors 
in vents included. 

f
n
 

As = A 

= Llatl) 
T= 

Bt sty J 

( =365 25 [2 2 2] Lab rate 

[526 pf ly 5-2] LS -bect 

The results calculated for this machine were as follows: 

= 2.2 
Ar = 8.97 
As =1.,69 

X = .b82 
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Hence, the leakage reactance voltage = X (Amp.per phases: 
=1575 volts 

De-magnetizing Effect of Armature 

The armature current sets up a flux counter to the flux 

from the field. This effect of the armature is generally 

termed the "armature de-magnetizing effect". It is calculat- 

ed as follows: 

To = Ko fou WIT) Tsrre AY 

Whore oy = SD aatug effect expressed in ampere turns 

o = ampere turn-factor of the armature winding 

1 w = winding distribution factor 
n NN = number of turns per phase in series 

, 77 = number of phases 
n J = amperes per phase 
" ¥ = angle of total internal phase displacement 

(ordinary neglect) 
coefficient of chording 1 ba 

Ampere Turn Factor 

The ampere turn factor = .9 x mean ordinate of area 

(ABCDE) . 

LetoC==.and the amplitude of the sine shaped magnet- 

omotive for&e, then the mean ordinate. 

X= AoC z 3 

7 Cos XX = sez) vi 

a= l A 

rs Z 7 
xX > 5S = "2 J} 

=a TLE. , AEE 

| 

1 ent 7 | 

JB .70|.65| 80) .55\ 0 | #5 

£, | 571.63\.45 | 0 | 73 5.78.7 | |- £3 
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Winding Factor 

The winding factor Av in the ratio at the geometric sum 

(resultant) of a group of vectors to their algebraic sum. 

2r 4 
AE + BC+ CO +f 

In distributed windings the winding factor is the ratio of 

— ~~ 

chord AB to arc AB. / 

2D 

i 

Polyphase Windings 5 

ZZ) () Distributed 4, =m (7m = 
_ Srl 2m Zz 77 

”n 2. 
Z (57) 

Where m = No. of phases m = No. of phases 

#= No. of slots per pole, a = 1 for not over- 
per phase. lapping. 

a = 2 for overlapping 
windings. 

2 Phase 

Aa roy . PIS 5 8 : Distributed : 

: 3 3 . - 2 = ia 1/2 : 

fy= : .924 :.010 ; 908: .904 :: .903 : .901 : 

3 Phase 

i el Bri 9 Suse Bo arin Ba 8-2 hey Gi -Z: 
IB Ty 3. 

: fy $.983 «266 1.960 958: 3: +, 057: ,957.%  .956 : «830 

culated to be 244,500. 
For this generator the de-magnetizing ampere turns were cal- 



No Load Saturation Curve 

The curve between no load voltage and field ampere turns 

is important since from it is the starting point in determining 

the full load field ampere turns and, consequently, the design 

of the field winding, the voltage regulation characteristics, 

ete. ete. 

The method is as follows: 

Amp. Turns for the A.G. 

Dns = SEIT (FT) x Crp 
Where 

é = actual single air gap in inches 
A = air gap factor (increase due to slots (See Pig.B) 
Am = density in kapplines per sg. in. air gap at 

voltage E. 

Amp. turns for teeth 

Al =alpxly 
Where 

aly = amp. turns per inch at density K.T. in teeth 
(See Fig. 11) 

Ly = depth of slot. 

Amp, turns for armature back of teeth 

774 = rf xLy 

2/75 = aup. turns per inch at density KB. back of teeth 
(See Fig. 12) 
length of iron-path back of teeth as shown in 
figure. 

8
 

il 

Amp. turns for pole 

AL = aly x Ly 

Where 
a2; amp. turns per inch at density B in pole (see curves) 2 1 

; height of pole. <p 

H
E
]
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The pole tip can be considered as 2 part of the pole body, 

or entirely neglected- except when the pole face is slotted for 

a cage winding and thus the section reduced. In this case, fig- 

ure density in the reduced section, and figure amp. turns separ- 

ately for the length corresponding to the depth of slots. 

Amp. turns for rotor below poles 

ATp = aty x L 
R R 

where 

atp = amp. turns per inch at density. K.R.in rotor core. 

Lg = length of iron path in rotor as shown in figure.8. 

Total amp. turns per pole at A.G. density K. in. 

A. T.D. = AT + AT + AT + AT + AT 
8.G. T B P R 

Pole Leakage Flux 

The field flux which passes between poles of different 

polarity without cutting the armature coils and, therefore, 

does no useful work, is called the pole leakage flux. For 

machines having many poles and, consequently, a small pole pitch, 

this leakage flux may be guite an important item in determining 

the ampere turns required on the field. This leakage flux is 

determined as follows: 

mm nn) 

Tr gi hi 

fone ed | L 7 
| [ | 

fat el =d \ J 
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Applying the method given for the determination of the 

no load saturation curve and correcting it for the pole leakage 

as just Just explained, it was found for this generator that 

the field ampere turns at three voltages, were as follows: 

Generator Voltage Field Amp. Turns per Pole 

12,000 13,974 
13,500 19,360 
15,000 27,966 

It was only considered necessary to calculate the satura- 

tion curve within narrow limits near the operating range. Fig. 

13 shows the results in curve form. 

For the no load normal voltage point, the magnetic densi- 

ties and the ampere turns required were as follows: 

Part Density Amp.Turns per Pole 

Air gap 10.37 10,700 
Teeth 18,95 1,710 
Core back of 

teeth 12.45 324 
Pole 16,15 1,100 
Spider rim 9.30 140 

13,974 

Pole Dimensions 

In the foregoing calculation, pole dimensions used were 

as shown in sketch. 

re EE 



Short Circuit Ratio 

The short circuit ratio is the ratio of the field ampere 

turns required to give no load normal voltage to the field amp- 

ere turns required to circulate rated current through the arm- 

ature winding with the generator terminals short-circuited. 

This ratio may vary from about .6 to 2.0, but in 2 normally 

proportioned machine will usually be equal to unity. A gen- 

erator having a low ratio will have large changes in voltage 

with changes in load or power factor, and will tend to be less 

stable in its performance under conditions of short circuits, 

grounds, voltage disturbances, etc., on the transmission line. 

The field ampere turns required for no load normal volt- 

age have already been determined. The field ampere turns re- 

quired to circulate full load current with the terminals short- 

circuited, is the sum of the ampere turns required to balance 

the armature de-magnetizing ampere turns, previousl determined, 

and the ampere turns required to produce a voltage equal to 

the armature leakage reactance voltage. The ampere turns re- 

quired for the latter may be read direct from the saturation 

curve, Fig. 13. They are found to be 1500 ampere turns per 

pole. These two values are added directly, since, at short 

circuit, the two readings are in phase. 

Then, for this generator, the short circult ratio C = 

13974 = 1.02 
1500 + 244,500 

20 



Bull Load Field Ampere Turns 

The full load field ampere turns are determinedby a graph- 

ical construction which is based on the following considerations: 

The armature ampere turns in thelr reaction upon the field 

can be divided into two parts, viz., de-magnetizing A.T. and 

cross-magnetizing A.T. - If the current is in phase with the 

induced E.M.F., then there is no de-magnetizing effect at all, 

the field being merely distorted by 

the "cross" flux. If the current 

lags 90° behind the E.M,F., the 

de-magnetization reaches its max- 

imum, since the total flux set up 

by the armature ampere turns, di- 

rectly opposes the main flux of the 

poles, at any intermediate phase 

displacement ¥ the de-magnetizing A.T. 

are proportional to sin ¥ , the cross 

magnetizing A.T. to cos ¥- or, since 

the total A.T. are produced by the armature current I, we m
ay 

say that the de-magnetizing A.T. are proportional to the watt- 

less component of the current, and the cross magnetizing A.T. 

to the watt component of the current. 

Alp =A fw W177 Tn ¥ 

ATe =k foi Teos 
where the coefficients of proportionality Aa and Az, 

depending 

upon the magnetic reluctance, i.e., upon the field construction, 

are, in general, not equal. 



Let %, equal the flux set up by the de-magnetizing A.T.p 

and Bo the flux of the cross magnetizing A.T.g. The former is 

in the direction of the wattless component fo; the latter in 

the direction of the watt component om. 

The E.M.F.'s induced in the armature winding by these 

fluxes lag 90° behind then: £, induces £, and 2 induces fe » 

which voltages, of course, must be compensated by the total 

voltage induced in the armature by the external field. 

The complete vector-polygen of E.M.F.'s is made up, hence, 

as follows: 

E = Terminal voltage, leading the current by the angle 
E = Armature ohmic drop, parallel to the current vector 
Ex= Armature reactance drop, perpendicular to the 

current vector. 

E;= Total induced voltage in the armature, correspond- 
ing to the actual flux in the armature. i: 

E.= Voltage component necessary to overcome the E.M,F. 
induced by the cross magnetizing flux, perpendicu- 
lar to @a . 

Ef Voltage component necessary to overcome the E.M.F. 
induced by the de-magnetizing flux, perpendicular 
to pr . 

E{= The resultant of all voltage components, i.e. the 
voltage which would be induced at open circuit by 
the same field current, which is necessary to pro- 
duce the terminal voltage E, when the machine is 
loaded with T amperes, at J? external phase displace- 
ment. 

Let L¥- =. since, as pointed out before, the mag- 

netic reluctance for 2 and Bis in general quite different 

(6 Ih) 50 = g and since £pand fare proportional to 

these fluxes, Sin 3754 which says that the resultant 

off fe = Loe is not perpendicular to the current vector T. 

Assuming, now, that the magnetic reluctance for Bpand L. 

is the same, we find: 



Zh Ze. 2 Ly =< Zed. 72 _ Pp Lo 

Thus, re te te is perpendicu 

to 3 has the same direction as E,. 

Evidently, when Y= 90°, Fae = oh 

hence, if we figure the total voltage 

due to the de-magnetizing ampere turns 

at zero internal power factor, or sine 

é = 1, we may obtain the total voltage vector Ep of the loaded 

generator, by adding to the terminal voltage the ohmic drop 

Ep parallel to oF, an WEES *) erpendicular to. 

It is, however, not necessary to convert the ampere turns 

into voltage first; we can make our construc tion with the amp- 

ere turns themselves, since, from the simplified voltage 

£ 

diagram, the diagram of ampere turns or amperes follow immed- 

iately. Each E.M.F. is induced by a 

flux which is leading it by 90°C. 

Lp In order to produce the voltage 

’ E;, the field flux must ha a 

2 t tr component; &/ Zr ii-ond in 

{ - order to neutralize the armature 

flux, which would produce the 

‘ 2 voltage component Lox 

3
)
 

. 

tr ; the field must also have a com- 

ponent Lol Lon. Hence, the 

Fe
i 

is
 * N
 

total resultant field flux will 

ve Br, which, as evident from 

the construction, leads E by 
I 



90°. Now, since each flux is proportional to its magnetomotive 

force, and since they are produced by the same field amp. turns, 

we may reduce our flux-triangle A( #, 2, 2) to a similar 

triangle A (¢<, Ce) which gives the total (actual) field ampere 

turns as the resultant of two components i and ip - 1 

is the field Aiturns which corresponds to the total induced 

volts E;, and is determined in our method of constructing the 

vector polygon Plbx and using the N.L. saturation curve of 

the machine. Lar =f, ax hencey the flux corresponding to the 

maximum value of de-magnetizing ampere turns (Sw 2 =] ) and 

ip the field A.turns which corresponds to this 2 “Yeduced 

to the field ampere: turns. 

Ko Fw 11 
bp = 

7p XF 
and which, as evident from the construction, must be added 

vectorially to i under an angle 90° + 5 vnere) we Lp AZ 

angle of internal phase displacement corresponding to the 

external 02 and current F . 

As pointed out, this construction is only, then, strictly 

correct when the reluctance of the magnetic path in which ¢, 

and &, are produced A7p and AT is the same. This is the 

Le fre 

z- Pie Preys 
In any other case, the magnetic reluctance encountered by the 

case, when the ratio = 1, and thus = £2. 

cross flux is considerably greatér than that in the path of 

the de-magnetizing flux. 

The foregoing is illustrated in the following sketch and 

explanation, 
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(rep rze TORNS 
ar a7 a7; 

= normal terminal voltage at no load. 

armature drop due to ohmic resistance at T amp. 

p.phase.load. 

armature drop due to reactance at T amp. p.phase. 

total internal E.M.F, induced in the armature. 

angle corresponding to p% external power factor. 

angle of internal phase displacement. 

= P+ nd angle of phase displacement between Ej 
and the line current. 

field ampere turns at no load normal voltag 

field ampere turns corresponding oa Ry ey 

induced volts. » 

field ampere turns corresponding to de-magnetizing 

amp. turns at T load. 
total field ampere. turns at E. terminal volts. 

T amp. load, p% power factor. 

determination of the field ampere turns required 

under load has been worked out for this generator on Fig.l3, 

for 26.700 kva. 90% power factor, and 32,500 kva. 80% power 
2 / i 2 : 

factor The values are 22,800 and 27,000 ampere turns per 
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pole respectively. 

Field Winding 

Having determined the maximum required field ampere turns 

explained above, the field winding may be calculated as follows: 

127 x Px 7x Kk 
V x [F355 x06 

ec (27) irik 
A x SITES x 00% A 

Where A 
" A. T, 
1 P 

.. M.T. 
it K 

A= 

area in sg.in. of field conductor. 
ampere turns per pole at maximum load. 
number of poles. 
Length of mean turn in inches. 
Ratio of field resistance at maximum load to 
field resistance at 40°C. 

y v Allowable voltage drop across field at maximum 
load. 

H t Number of turns per pole. 
n K.W.= Total permissible loss in field at maximum load. 
UW [765 x pp Conductivity (+!'/resistance) of an inch cube of 

copper at 40°C. 

n
u
 
n
u
n
 

Applying this method to the present case led to the 

selection of 42-1/2 turns (42 and 43 turns on alternate poles 

in order to bring out the leads in a convenient manner) of 

copper strap .203" thick by 2.25" wide, having a cross-section- 

al area of .449 ©", 

General Observation on Method of Design: 

It is apparent from the above description that, in making 

the design of such a machine, it is not possible to determine 

the proportion in a "one, two, three" order, but,in general, 

assumptions must be made and the design worked out at least 

partially, in order to prove the suitability of the assump- 

tions. In other words: it is rather a "trial and error! 
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method. For this reason it is obvious that the design as a 

whole must be largely determined before, but few, if any, of 

the ma jor features are final. However, in this discussion, 

the various points have been covered approximately in the order 

in which they are determined. 

Tabulation of Results 

For convenient reference, the principal design results are 

tabulated below: 

Output Constant 1.56 
Outside diameter of stator core 2281 
Gross width of stator core 65! 
No. of armature core vent ducts 30 
Width of each vent duct 23751 
Net width of armature core 53.75" 
Current density in armature copper 2300 amp./o" 
Number of armature slots 300 
Size of armature slots JIB" x 4,758 
Pole constant «69 
Winding constant 434 
Throw of armature coils Slots 1 to 14 

Chord factor of armature winding .978 
Total conductors 450 
Total magnetic flux in air gap (max.) 417,500 kapplines 
Inside bore of armature 1970 
Section of air gap 40,250 ao" 
Air gap flux density (max.) 10.37 
Tooth flux density (max.) 18.95 
Section of teeth 32,050: pt 
Flux density back of slots 12.45 
Loss in teeth 151 kw. 

ss bacy of slots 197 0 
i028 om I”R loss 721 

Armature coil radiating surface 1.61 n"/watt 
Leakage reactance 1575 volts 
Total de-magnetizing ampere turns 244,500 
No load normal voltage field amp.turns 13,974 per pole 
Short circuit ratio 1.02 
Full load field ampere turns 27,000 per pole 
Turns per pole (average) 42.5 
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GENERATOR TESTS 

On account of the size and weight of the assembled parts 

this generator was not fully erected in the Shop, and conse- 

quently factory tests were not obtained. Tests were made at 

the station of the Niagara Falls Power Company, and the results 

in comparison with the design are given below: 

Calculated Test 

No load field current, 12000 volts 329 325 amp. 
No load field current, 13500 volts 457 445 1 
No load field current, 15000 volts 658 650 " 
Short circuit ratio 1.028 1.00 
Stator winding resistance at 40° C. +0415 .0423 ohms 
Rotor winding resistance at 40° C. «238 241 
26,750 Kv-a. 90% P.F, 
Stator copper loss 117 113 kw. 
Stray load loss 46 3+ 66.1 
Rotor copper loss 79 73.3" 
Iron loss 348 390" 
Friction and windage 80 80" 
Efficiency 97.3 91.1% 

The losses, other than the stator and field copper losses 

which admit of calculation, were measured by the deceleration 

(retardation) method. 

The temperature results were obtained under station load 

conditions, and were as follows? 

Voltage 13,000 
Amperes per terminal 1377 
Power Factor 90% 
Field amperes 668 
Stator core temp.rise 39.5°C. by thermom. 
Stator copper temp.rise 56.0°C. " detector 
Rotor copper temp. rise 71.0°C. " resist. 
Temp.rise in cooling -air 25.,5°C. " thermom. 

*Estimated from similar machine in the absence of an 
exact method of calculating loss. 





Re-design of Generator 

This generator was originally designed in 1918. During 

1928, the stator core and winding were re-designed to take 

advantage of improvements in materials and design practice, 

to obtain higher efficiency. 

The armature iron used was .014" thick compared to .017" 

in the original design. The silicon content was also appreciab- 

ly higher, both of which reduced the loss. In addition to the 

change in grade and thickness of iron, the number of slots was 

increased and the current densities reduced. The 

principal changed design results were as follows: 

Current density in armature copper 1675 Amp./ a" 
Size of armature slots Jz bog 
No. of armature slots 360 
Throw of armature coils slots 1 and 16 
Chord factor of armature winding «966 
Total conductors 540 
Total magnetic flux 855,000 kapplines 
Flux density in air gap 8.33 YU 
Tooth flux density (max.) 18.4 nn 
Section of teeth 19,350 ott 
Flux density back of slots 11.7 kapplines 
Total irgn loss 159 kw. 
Stator I®R loss 143 kw. 
Arm. coil radiating surface 2.73 n'/watt 
Leakage reactance 2110 volts 
Total de-magnetizing ampere turns 275,000 

Comparison of armature copper and iron losses at 32,500 kva,: 

Arm. copper I°R loss 172 kw. 143 
un iron loss 348 n" 159 

520 B 302 

Reduction in losses = 218 kw. 
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