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1.

Introduction

Thics theeis covers the design and construction and & study
of the characteristice of interconnected star transformers
to be uced with a three phase inverted converter that
is to supply & three wire dison gystem. The ordinary
conditions under which a converter supplies a three wire
system ie with the converter feeding from the A.C. side.
But in the electrical laboratory at Ll.A.C., it was desirow
to have a continuous 110 volt D.C. voltage. Since 220 volts
and an inverted converter were available, it was decided
upon to design and construct interconnected star
transformersfor maintaining a neutral that would be free
from triple harmonic voltages, and that would allow the
unbalanced D.C. through the transfppmer windings without
magnetizing the cores. These transformers were not
decsigned with the purpose of highest operating efficiency
obtainable, but simply to get results with a reasonable
emount of material and to make something for the
Electrical Ingineering uUepartment to build up on in
increasing the equipment. |

The core stampings used were previously cut, and
while not the size to afford the highest economy in
copper per turn for the cepacity of the transformers
constructed, they cerved their purpose very well.
As 1t was desirous to be able to get 110 or 220 volts

A.C. from the converter, the design of the secondaries
for those voltagee is included in this thesis.






2.
Introduction

Since this thesis covers the study of the interconnected
gstar for deriving a D.C. neutral, the secondaries for the
transformers were not constructed. A brief discussion of
rotary converters and the theory of voltage relations
will be dncluded as it is important to be familiar with
them before dealing with the derivation of the D.C.
neutral by interconnected estar transformers.

The author is indebted to Profeesor ki.ll. Cory for
supervision and to Professor A.R. Sawyer for suggestions
in the degign of the traneformers. The author also wighes
to acknowledge hie indebtedness to kir, K.D. Wyckoff and
Mr. R.l. Heasley in regards to the oscillograms furnished
by them.



3.
Voltage Lelations in a Lotary Converter

The liotary Converter, used to change A.C. to D.C. or
D.C. to A.C. combines the characteristics of both motor
and generator in one armature winding. when used to change
D.Ce into A.C. it ie known as the inverted converter.

Thie is the kind of converter dealt with in thie thesis.

Any synchronous converter can be operated inverted, the

only difference being that the machine has the characteristics
of a D.C. motor instead of the characteristics of a
synchronous motor.

The matter of voltage ratios between D.C. and A.C.
and what affects them ic one of importance in this thesis
since it is required to get the especified A.C. voltages
for parellel operation with other machinee and to have the
D.C. to neutral voltages balanced.

First, the single phase converter, the value of the
D.C. voltage is equal to the maximum value of the A.C.
This is evident from the fact that the brushes in a D.C.
machine are placed so that the D.C. voltage at all tines
is equal to the arithmetical sum of all the 1.lI.Fs of the
armature coils that are in series. In the case of an A.C.
machine or the i.C. cide of the converter, the a.C.
voltage is equal to the arithmetical sum of the armature
coil voltages in series at a time when both sides of the
coils of each phace are directly uuder poles, This is the

point of maximum voltage and is equal to the D.C. voltage.
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So for a single phase converter
m

Eac * E de
or Ege = T0TE4,

In & quarter phase or two phase converter, the A.C. taps
are taken out of the armature 90 electrical degrees apart
while the D.C. bruehes are 180 electrical degrees apart.
The relation between the maximum 4.C. voltage and the
D.C. voltage in this case is the same as the ratio of the

chord to the arc of the circle as shown in Fig. I.

m = .
Ego 707 Egq

or Ege = <707 X 707 33c or .500 E4,

Por 3B converter, the taps are taken out at 120 electrical
degrees while the D.C. brushes are 180 degrees.

m - o
Bge - 5in 1/2 - 120° Ege

or Egc - ° 5in 60 X ,707 Ege or .612 E4g

For a 6 D converter, the taps are 60 degrees

"Ege =  sin 30 Ege
or Eg, - Sin 30 %.,707 B4, Or .354 E4,

For an n phase conve:ter the formula would be

Eac = Sin -]-'-g-q « 707 Edc

The preceding ratios of‘E.M.Fs apply only to generateé
Le.ii.M.8 and under the assumption of a sine wave of A.C.
If the a.C. voltage wave is peaked, the D.C. voltage will
be higher, and if it is flat, the D.C. voltage will be

lower. Thie fact is made use of in the split pole converter
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where the A.C. voltage wave can be made peeked or flat at
will. (See "ilectrical _ngineering" by tteinmetz)

The variation of the ratio due to brush c¢hift is
important, especisally in the smeller size machines. ihen
the D.C. brushes are in the neutral position, the voltage
across the brushes ies equal to the maximum value of the
A.C. wave, but when not in the neutral position, the voltuge
is reduced accordingly, because they are not placed so
that the coils have maximum voltage induced between the

brushes. -

Mg ; \\ A E WITH BRUSHES OFF NEUTRAL

vhen an inverteq@ converter operates singly, its
epeed may be seriously affected by & change in load or
power factor on the A.C. side. The gpeed change with
change of power fuctor is so markeda that cafety devices
are applied In some cases to prevent excessive speeds
when a lagging power factor loasd ic¢ tkrown on. In the
case of a lagging power factor load, the current
componient that ies 90 degrees behind the voltage
furnishesa m.m.f that oppoces the field flux and reduces
the number of lines of force cut by the inductors. This
in turn reduces the C..:...7. of the machine caueing the
speed to increase until the C.i.li.#. is up to normal

value again,



In & converter feeding a threc wire eystem, the
neutral can be derived by connection to the trensformer
neutral. For instance the neutral of & three phacse star
transformer connection can be used for the D.C. neutral
with a three phace converter. The maximum voltage ("E)
of the A.C. from any line to neutral is equal to one
half the voliage across the D.C. brushes, or is half way
between the D.C. voltage across the brushes.

In the case of the converter Ry, the voltage across
8lip rings is 135. The voltage from any line to neutral
is 135/13 or 78 volts. The maximum value of this voltage
("2) is 78/.707 or 110 volts, which is the D.C. voltage
from either brush to the neutral of the star.

Inverted converters are not acs common asg synchronous
converters, but are used to supply & emsll amount of A.C.
from & D.C. supply. Converter R, is to be used for obtain-
ing 110 volte D.C. from the £20 volt meins by the use of

interconnected ster transformers.



The Interconnedted Star

In a simple star connection, the voltage to neutral
is distorted by a strong third harmonic. The reason for
thie ie that since no third harmonics can exist in the
magnetizing currentof star connected transformers, the
hysteresis of the iron distorts the flux and hence any
H.Ji.F. produced by the flux will have the seme distortion
as the flux. So the neutral of a simple star is not a
true neutral, but has a triple harmonic I.LI.F iupressed
uponi it. When such a neutral is used for the neutral of
a three wire eystem on D.C., these triple harmonic
voltages at the neutral add themselves to the D.C.
voltage to neutral and the resulting D.C. voltage
will pulsate at a frequency of three times the frequency
of the A.C. This ic very marked as shown by the accom-
panying oscillogram which represents the D.C. voltage to

neutral ueing a simple star for the neutral,
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By interconneéting the star windings so that two of
the phages pass through each transformer, the voltage
to neutral (4.C.) will be equal to the vector sum of the
‘voltages across the coils or half primaries, which are
(180+ 120) or 60 degrees out of phase with each other.
The 180 degree shift is due to the connection of the
two coils on each transformer in opposite directions as
gshown by Pig.II. The sign of 120 decrees depends upon the
cequence of phases. The coils being 60 degrees out of
phase with each otker would indicate that 6 ® could be
obtained. Thie is true snd verifies the above reasoning.
Fig. IITI shows the incstantaneous voltages in each coil,
and the triple harmonic voltages which exiet in each
coil voltage. It can be readily seen from the fipure
that the two fundementals will add up to a greater velue-
3 times one coil voltage- while the esum of the triple
harmonic voltages ic¢ zero at all points.

According to this, the D.C. voltage to neutral will
be constant, ucing the interconnection, becauce the
triple harmonic voltagec are neutralized.

Another very importaﬁt reacon for using the intercon-
nected star with & converter supplying a three wire
cystem iz the prevention of the seturation of the
transformer cores by the neutralization of the m.m.f.c

gset up b the unbalanced Z.:. hich flows to the neutral.
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The eflect of core caturation of the transformers
is to increese the flux density of the traencformer
coresg co that the megrnetizine A.C. will increacse
enough to materially reduce the power factor of the
A.C. circuit. The nraprnetizing or 90 depreec lag
current becomes great nough in the armauture of

the converter to decrease the field flux and cuuve
the speed of the converter to rise. Zo if &

sudden D.C., load were thrown on the neutral, the
converter would tend toc race.

Ry dividing each primary in two parte and con-
necting them so that two on the came trensforner
oppose each other as rhown in Pig. I7, the m.m.f.'s
set up by the D.C. are rieutralized and the flux
dencsity in the trencformer cores remaine tre came,

regardless of the D.C. load to neutral,






10.
Degign of Trancsforumers
symbols Used in Fornulae

Flux Density in lines per sq. inch. (max. value)
Cross cectional area of Core

frquency in cycles per second

Lumber of turns on primary (uLffective)
Ilumber of turns on secondary (Actual)
lumber of turns on secondary

Primary voltage for each transformer
Secondary voltage (110)

Kesistance of primary in ohms
Resistance of eecondary in ohms (110)
Primary current in amperes

Secondary current in amperes

Mean length of turn of primary

liean length of turn of secondary
Temperature rise in Degrees Centigrade
Coefficient of radiation (Average 180)

Surface of one coil unit in square inches



11.
Design of Transformere

3 - 1.5 K. V.A., Transformers,primaries interconnected
Star. requency 50 cycles per second.
Punchings form a hollow rectangle whose area is 41.8 sq.in.

( See Blueprint of asecembly)

Assumed ifficiency 90w

Iron losueS-—=—==cec-----= 7bwatts
Coprer logseg8==--- - - -=-=- Tbwatts
Total 150 watts

Mlux density used------ 60 000 lines per eq. in.

Loss per 1lb. of iron at 50 cycles for trensformer iron l.4 vattes
- b3 Z 204 cu. in. of iron
75 = 53 1bs. or .6

I.Z
lamination factor used----- «85
204 =
T 41.8 X.65 5.7 inches high for the iron. Use 5.5 indhes.

A = 5.,5X1.75X.856 = 8.2 s5q. in,

Solving for effective number of turns in primery
r = ABNP 2Tt

105y vz

It ie interesting to note how this formula for counter

E.i.?. corresponds to the formula for the voltage of a

D.C. machine E = 22 N*P | § corresponds to AB, P’
168 x p!
corregponds to HP , and I! correspondsto w or 27 f.






vesign of Transformers
In the counter Il.ll.7'. formula for trensformers it is
necessary to divide by the VE since B represents the
maximum value of the flux density.‘

The formula can be put into the form
£xNp*AXB
E, = x 4,

Since the transformers are star connected, the voltage

across one primary will be equal to

136 =
T 78 volts.
This is the same as the voltage to neutral. The slip

rimg voltage of the converter is 135.

ng = 50 Np* 842x60000%4 .44
108
= 78000 -
N ) [ )
P 5X8,8X6 X 4 .44 71 Effective Turns

Actual number of turns required for the interconnected star

71 x 2 .

T3

For convenience in winding use 80 turns and eolve for

82. (see rig. VI)

the new value of flux density.

"he new value of flux density will then be

x108 _ 8 x 108 =§1500

T 4,44 X 50 X 69.5 X 8.2

B = P
4044XIXNPXZ
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13,
Design of Transformers
Since the effective turns produce the flux, the secondary
voltage isc proportional to the ra?io of secondary turns
to effective primary turne and not the actual number
that is put on the primary.

The new value for effective turns when 80 uictual

are used ic _9,2)(5 = 69.5 . oy -
N. = ZB_xy. = 110 , 69.5 = B7 murne for 110 volts
8 Ep p 135

2 X567 = 114 total turns for 220 vplts

Current Densities
Current in tke primary is equal to the line current
for the star connection.

Primary power input = Output+ losces

Primary power input = [1500%3 + 450 = 4950 watts.

4950

—— . nY
? — 135X75 21l.15 amperes.

- 4500 -
IS = lloxrz- - 23.6 amperese.

Use a current density of about 1500 amperes per sqg.in.

2l.15 . ,0141 sq.in. Use 2 No. 10's = ,0163lsg.in.
1500

£l.10 = " ,
Current density will then be ~,01631 1295 aupe per sq.in.
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vegign of Transformers.

Current in Secondary 23.6 amperes.

£3.6
1500

= ,01572 sg. in. Use £ no. 10'se - 01631 8q.in.

£3.6
Current density will then be Q131 = 1450 amp./sq.in.

Hesistances of rrimary and Secondary

P 18 inches or 1.5 ft.
( cee FPig. VII)
£2 inches or 1.83 ft.

o
1] "

80 X 1,5 X o558
Rp = 1000 .067 Chme.

57 X 1,83 X 4558
1000

R, = .0583 Chms.

«b58 = liesistunce per 1000 ft. of 2 No. 10's.

Copper los:ues

Primury = L§><Rp = 21,152 X ,067 = 30 watts.

secondary= I2xRg = £3.6° X .0583=  32.5 watts.
Total Corper losseses 2.5 watts.

Iron losses

ioss per 1lb. at 50 cycles when B = 61500 l.42 watts.
53.5 X 1.42 = 76 watts.
Total losses at 1.5 K.V.a. 136.5 watts,

Zfficiency = 1.00 - %%86%?135.5 T 91,6 %
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Deeign of Trensformers

Temperature hice Calculations
The temperuature rice was figured ae one coil consisting
of one primary unit and one secondary uait slipped
over it. The currents in the two are nesrly the same

go the average of the two was used.

£1l.15 + 2306 - 22.37.

Averuge current =

2
2

T e Lo R = 52_1- Bs 2 045 onms.
S 4 2

- £2.37%2 X .045 _
T = 180X == 856 = 47 Degrees Cent.

Each unit consists of 1/4 of the primary and 1/¢

of the 110 volt cecondery.
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Data on Transformers

Primary-- 4 coils of 20 turns each of £ No. 10 B&S gage
D.C.C. . irec.in parallel.
aNp --- 80

Np--- 69.5 effective turns

Jecondary.. & colils of 29 turns each of 2 lio. 10
BLS gage D.C.C. Wires in parallel,
2 coils of £8 turns each of single

I:Oo 10 D:A.Q‘ 8&g6 D.C.C. .‘/11‘6.

Rp - «067 Chms.

Rs---- +0b83 (Chmse.

lp--- }.5 ft.
18--"_ 1085 ft.

Lbs. of copper recuired for primeries (3 traneformers)
23

Ibs., of copgcer required for secondsaries ” " 31

54

>ize of form for winding secondary

Jross section---- 2 7/8 in. x 7 in.



17.
Lesults
The transforriers were connected toc the e€lip rings
of the converter Lg as chown in Fig. II and D.C. at
©20 volts wes fed ia «t the brushes. Upon measuring
the voltage across the slip rings, it was found to be
120 instead oi 1E5 wolts according to the ratio. Upon
further examination it wac found thaet the brushes were
not in the neutrul position. The had been used as ¢ I.7.

4

cosor.tor dust previous to this and the brushes had
been chifted in order to cet sparkless conmutation
under those conditions. Upon dbringing the brushes back
to the neutral position, the voltage wee 135 at the
€lip rings.

Upon mcasuring the D.C. voltagzes to neutral, it
was found thut they diffcred by about 8 or 10 wlts. This
wes first thought to be due to the three transforiners
being uantalanced. To make sure, the transformers were
connected to coanverter Rj. The D.C. voltages to neutrel
were then found to be bulanced vwithin £ vealte, so the
trouble secned to be in the :tpacing of the D.C. brushes.
of the converter Lg. Lach brush epens Zour bars end upon
counting the bars between brushes, it was found that there
was a difference of & bars on th: lower brushes. To correct
the unbalance, two dianetrically oppocite bruches were cplit
with 2 hack raw in such w way as to even up the spacing
and eo that these two brucheeg spanned two beres instead

of four. This brousght the D.C. volteges to neutral within

& volts of esch other. This chenge dil net effect the
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sparking, even when the converter was loaded.

“ne D.C. voltage to neutral is shown by the

acconpenying osgcillogram.

re veltere is practically free of triple

harmonic voltages. The very clipght triple present
ig poseibly due to theveriation of amplitude of the
thirds in each transformer which mirht be caucsed by
€lirht differences of flux densitiee in each
transformer core,

Below is an oscillogram of the D.C. to neutral

ve ltage of converter Kj.

The precence of triple hurmonic valteages

superimposed on the D.C. is very marked in this case.

Trangformere ere connected simple star.



19.
Kesults

Compurative specd tests were made on Rl and Ry
to show the absence of saturation of the transformer
cores in the case of the interconnected star. The
curve shows that thre speed change of Ry 1is
practically nil for a hesvy D.C. load to neutral.

In the case of Ky, the core saturation of the
transforiiers causes & great enough increase of
magnetizing current to the transformers to
demagnetize tre field flux of tlhe converter
considerably, thus increasing the speed. The
ourve showing epeeds at differcnt D.C. loads to
neutral for converter Rl 1is shown on the
same cheet as the Ko speed curve for comparison,

The voltage curve for D.C. to neuteal loads
is shown. The regulation for a 10 ampere load is

7.2% and for a £0 ampere load, 10.9%.
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20.
Data on Speed Tests

Convertcr Rg

Interconnected eter Transformers

D.C.Anperes

to lieutral Rekolie
0 1500
10 1500
15 1505
21 1510

Converter Kj

oimple star Transforuere

DUel. Aliperes

tc Heutral heP.l.
0 1600
10 1620
15 1650

20 1670
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Data on D.C. to seutral Voltages

Amperes k1 . Eg
0 107 109
3 10v 1C6
4 110 106
5 110.5 104. 5
8 1l2. 103
10 1l 101.5
12 112 101
13 112 101
14 . 112 10045
18 112.5 99
20 : 115 v8

The voltage of the line was 218 when these readings

were taken. The load wae connected acrose Eg.



1
18
| I
B T ot LW\
! s
2 HiHY
1 { 1 |
i Bl [
P L
33! M i 1 M
3 &~ ¥
9 ] “
ha \o
R g BEE i
o
§P it el
BB
o N
- B N
i e BN
- , .01‘ [EEEE
g i i
: -
| |
T £ g TR
" aka44n 3 buigi 3 !
| 404904 43O S v !
Tt L > 1 $as%a Je ‘IM..l { |
: i
R R T e e | il







22.

Data for Core locs, _xciting Current, ant Power IJactor

Surves for the Trensformers

W1 We P. . R.2.l. f Iex
150 60 .81 2000 6646 l.12
155 59 793 1900 LY l.14
158 58 .785 1800 60 1.18
1¢e 57 768 1700 56,7 - 1.4
170 55 .745 1600 53.3 '1.38
165 52 697 1500 50 le4i
£00 50 69 14C0O 46,7 1.64
230 45 .65 1300 43.3 1.8
£bb 3G «H90 1:.C0 40 2o

Core lcss by curve--- 78 watts per trancsformer.

Core loes by calculation-- 76 watts per transformer.



Converter Rp with which the Interconnected

Transformers are uced for obtaining 110 volte

D.C. from 220 volte D.C.

The Ascembly &nd mounting for the Iyterconnected

star Transformers used with Converter Ro.
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