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I. Usa of A Phase Shifter 

Q
u
 

In testing and cal rating wattma2ters, watthour- ib 

metars, relays and other like instruments, it is neces- 

sary to obtain various 2lectrical load conditions, That 

is, a current must be had that has various phase ralas= 

tionships with the impressed alectromotive force. To 

obtain these load conditions with different proportions 

of resistance, inductance and capacity in the losd, is 

8 vary tedious and almost impossible operation. 

For example, it was desired to obtein dats for 

plotting the opening end closing characteristic curvas 

of a Westinghouse Type CN Automatic Network Relay. This 

relay is counnscisd batween a transformer feeding into a 

120 ¥ network and the network. It controls a current 

which ensrgizas solenoids operating switches betwean the 

transformer and thes network. When the transformer is cone 

nectad to the feeding line and the voltage on the treansfory 

rises above the network vol tage without too much phase 

difference, the relay should cause the switeh to close, 

taus connecting the transformer to the network, If for 

some reason the transformer voltage should fall below the 

natwork voltage and current began to flow into the trans- 

formar, the relay should causes the switch to open, dis- 

connecting the transformer from the line. The coordinates 

for plotting the opening and closing characteristie curves 

are phasa displacam=nts batw=2en n=twork voltage and the 

current flowing and the smount of current necessary to 

open or close tha relay circuit. To obtain data for 



plotting these curves, sn emf must be had, that can be 

changed in time phase, from the current, thruout the 360 

elactrical degrees, It is much esssier to fake the desired 

load conditions than to make them. This may be done by 

having the curresnt coils of the instrument in a circuit 

in whieh tha current is in phase with the impressed emf, 

and imprassing an emf on tha potentisl coils which may 

ba displaced from the currant phase by any desired amount. 

This-displaeemant of emf on the potential coils is caused 

by m2zns of a phase shifter. It was to meat this nsad 

that the phase shifter, to be described in thiscthesis,, 

was constructad, 

Vary little printad information on this subject 

was found. Phasa shifters are constructed and marketad 

by several manufacturars of electrical equipm=nt, ut no 

details [5
] 8 $0 their construction =nd operation were in- 

eludad in the catalogues at hand, Only the gen=ral theso- 

ry of the operation and construction of phese shifters 

was found in a s2areh through the available elzctrical 

handbooks and textbooks. With such limited information 

on th=2 subject it is not probable that the phase shifter 

constructed would compare favorobly with the commercial 

types. Howaver, it is tha a=siest constructed and ‘bast in 

its operation that can 2 made with the matarial at hsnd 

around any =leetrical laboratory. 



II. Genaral Theory 

The duty of a phase shifter is to cause an elac=- 

troomotive force which is at a known and variable time 

phase relstionship with the emf impressed on the phase 

shifter, It may be called a transformer, whieh not only 

changes the current and voltage, but also changes the 

time of the wmaxdmum and minimum vesluas of tha currant 

and voltage, : 

There are two mathods for phase shifting; the 

autotransformer mathod; and the revolving field method. 

In tha formar mathod the amf at the desired phase dif 

farnce is obtainad by adding voltages which are 120° 

apart. Thr2e autoiransformars are 

phase feaders, as in Figure 

}. Taps leading out from 

gach of the three trans=- 

formers give intermadiate 

values of the emf in asch 

phasa, An emf of any de- 

sired phase relationship 

with any of the primary 

phasas could be obtained 

if the number of taps were 

infinite. Th=are ara two AE eg 

limitations or objections to a phose shiftar of this 

type. The shifting must b2 step by step, and the number 
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of steps possible is limited by the number of taps. If the 

taps were to be arranged so as to keep the secondary volt- 

age constant for each setting, and a setting for every elec- 

trical degree, 120 leads from each of the three transformers 

would be nacassary. The sacond objection is the difficulty 

of placing th: taps: sc as to maintsin a constant secondary 

voltage. Referring to Figure 1, it is evident that if A-E, 

B-C and C-A are vectors representing the three primary volt- 

ages, then A-D, which is ,866 times the primary voltage, is 

the maximum amf that c¢sn be had in all the phsse relatione- 

ships. To keep the secondary voltage constant,-at a value 

aqual to .866 of the primary emf at 211 settings, the pri=- 

mary componants must be solved for each setting, and taps 

provided on the transformers to allow esch of these compon- 

ents, For instance, Figure 1, to obtain an emf E-F, leading 

A-B by 49, tha vectors E-B and B-F must be solved, and teps 

placed on the transformers to give voltages of these values. 

The other type of phase shifter may be called a tresns- 

former, in which the current in the primary windings sets up 

8 rotating field, that in rotating, cuts the wires of the 

the secondary, inducing an emf in the secondary. The shift- 

ing of the secondary with respectitoitheiimpressed primary 

emf, is accomplishad by changing the position of the sacon- 

dary in the rotating field. This type of phase shifter 

ovarcomas the difficulties encounterad in the type former- 

ly discussad, Tthe value of the sacondary voltage 



is governad by the ratio of the affective number of 

turns in the primary snd secondary, and is constant 

for all positions of the secondary in the rotating 

field. The phase displecament is progressive, and 

th» numbar of positions possible is unlimitad. This 

was the types sel=cted, and to ba described in this 

paper. 

11. Construction... 

The materials usad in making this phase shifter 

ware a thraephase, four pole, 220 V, half horsepower. 

squirrel cage, induction motor; about 300' of small 

cotton coverad copper wire; a small smount of insulate 

ing material such as tape, paper and wooden strips; 

and a bit of metal and machine work in ‘he indicating 

dial, 

The? armature of. the motor, with no altarations 

formad the primary of tha phase shifter. As has bes 

stated, its purpose was to set up & rotating field. | 6] 

Discussions as to the csuse and nature of such a rota- 

ting field can be found in almost any alt=rnating cur- 

rent textbook, therefore the subject will not be dis 

cussad in this papar. 

The secondary of the phase shifter was wound 

on the rotor of the motor. The squirrel cage was re- 

moved fromatha rotor, leaving a laminated core with 
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thirty four, one quarter inch holes around the circumfer- 

ance, With a file thesé nol os ware formad into slots, 

Using the small wire, sixteen coils of sevent=2n turns 

a2ach ware wound, The number of turns, seventsan, wes 

taken as the largest number of wires with insulating pa- 

per that could b2 placed in each slot. Two slots at op=- 

‘posite ands of a diamater wer? not used, leaving sixtesn 

slots in each half of the rotor to be used. Ons side of 

a coil was plsced in the slot next to one of those not to 

be used, A Figure 2, The othar side of the coil ra2turnad 

through the slot B, eight slots to the right of A, The 

next coil was placa2d in the slots C and. D; and so on pro- 

gressing half the way round the rotor, eight of the six- 

teen coils were placed, The other half of the s2condary 

core was wound in the same way, and the windings in both 

halves wera connectad in series, The coils wers insu- 

lated from the core with insulating paper; insulation bLe- 

tween coils was tape; and the coils were wedged in the 
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slots with wooden strips. A thick coat of shellac was ap- 

plied to the windings to insure insulation and hold wires 

firmly in place, | 

Figurs 3 shows all parts of the phas= indicating ar- 

rangement, All parts are of steel and finished all over. 

The dial, Figurs 3-A, has a disc of drawing paper glued 

to one side, to carry the marks indicating phase displace- 

mant, Pieces B and C Figure 3 are rivitad togethar, and 

form the pointar and fastensr. One set sat sorew through 

C fastens the pointer to cores of the sscondar winding, 

and snother screw holds the core and pointer in any posi- 

tion, 

IV. Celibration. 

Thare ara four poles in the roteting field of this 

phase shifter, the poles being 90 geomatriesl and 180 elec- 

trical degraas apart. Tharefora one geometrical degree on 

the dial represants two electrical degrees, The three pri- 

0 

and by revarsing the sec- 

ondary leads in one case 

the positions in whieh the 

secondary will be in phase 

with the primary phases 

will be 60 electrical or 

30 geometrical degrees a- 

part. This being known, the 



dial was marked as shown in Figure 4. Having the dial 

marked and fastened to the armature freme, the.pointer 

must be f=stenad to the secondary shaft in the correct 

position, and the dial and primary leads marked to show 

thair phase relationship, 

The three primary leads of the phase shifter wera 

markad A, B and C respactively. A 220V threes phase emf 

was impressed on the primary, With a bank of lamps 
- ’ 

a 

currant wes obtained in phase with A=B of the primary. 

This current was lead through the current coil of a watt- 

m2tar, The secondary emf of the phase shifter was im=- 

pr2ss2d on the potential coil of the wattmeter., The se- 

condary coil was shifted until the point of maximum powar 

indication was found, With the secondary in this position 

the secondary emf wes in phase with phase A-B of the pri- 

mary, The pointer was fastened to the secondary shaft so 

as to indicate ona of the 0 phase displacement: marks on the 

dial, and this part of the dial was marked A-B to corres- 

pond with the primary markings. The current was then taken 

in phase with B=-C of tha primary. The secondary was shift= 

ed until the wattmeter again indicated maximum power, The 

pointer necassarkly indicated one of the two remaining 0 

phase displacement marks, or it indicated a point 90 from 

these marks. In this instance the pointer indicat=d ones 

of the O phase angleimarks. This part of the dial was 

marked B-C to correspond with B-€ of the primary. The 

QO phase angle position for the third phases, C-A., was es & » ’ 
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chackaed in the same way, 

The dial, "Figure 4, shows that counter clock-wise ro- 

tation inecreazsas the l1=ad, and reverse rotation incressas 

the 1sg. The position of the primary phases is considared 

to remain at the 0 phasas angle marks,=zand the secondary 

phase position moves with the pointer. Ifithe secondary 

is shifted in the direction of field rotation, the time 

of maximum and minis values of the emf is delayed and 

tha lag of the secondsry is increased, Therefore to cor- 

raspond with the markings on the dial the field rotation 

should be clock-wise, The direction of thes field rotation 

is governed by the phase sequence of the impressed primary 

emf, The phase sequence to cause a clock-wise rotating 

field was found in the following manner. A 220V, .three 

phase emf was impressed on the primary. The s2condary was 

connact2d 40 a rheostat, and the resistance was reduced un- 

til enough current flowad to cause an appreciable torque 

on the rotor, The primary leads wera connacted so as 10 

cause the torque to-be clock-wise. The phase sequence of 

the primary emf was found, and was marked on the primary 

l=ads, 

Two oth=r methods of finding the secondary positions 

for 0 phase sngle with the primary were used to check the 

formar method, Tirst, a 220V emf was impressed on the pri- 

mary. One of the secondary leads wes connacted to a l=ad 

of one of tha primary phases, A voltmeter was connscted 

between the remaining sacondary and primary leads, The 

sacondary was shifted until the voltmeter showed a mini- 
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mum value, The pointar indicatad O phase displacemant be- 

twean this phase of the primary and the secondary =mfs, 

Second, three voltmatars were connactad in delta to the pri=- 

mary leads, An emf of 30V was impressed on the secondary. 

The secondary was shifted until the voltmeter in one of the 

primary phases showed & maximum value and the other two 

phase emfs were aqual, The pointer indicated 0 phase dis- 

placem=nt batw=en the secondery emf and the primary phase 

showing the maximum emf. With a phase s2quence indicator 

tha three induced emfs in the primary windings of the phase 

shifter ware provan to ba in phase, Thare was no phase 

difference to ve indicated, but the position of th? secone 

dary was exactly the same as in the two former methods. 

The instrument readings in the three methods of cali- 

bration are dependent on the cosines of the angle of dis- 

nlacemant, The cosina changes much mor= rapidly near 60° 

then near 0, Therefor=.tha third method, in which tha two 

amfs £0 be made equal are displaced from the single phase 

L] 

secondary by 60, is the most accurate method of calibration. 

V. Appli=d Theory and Calculations. 

The primary and secondary voltage ratioovis equsl to 

ratio of the effective number of turns times a constant de- 

pendent on the magnetic laskage, The number of turns in pe 

aach phase was daterminad by an actual count, The secondary 

+ a - = o
t
 - 

was constructed wi 2 definite number of turns, The voltage [s 

ratio of thas phase shifter was found by experimant. With 



12 

this dete the coefficient of magnetic leasksge may be deter- 

nined. Using this coefficient, another phase shiftar may 

be constructed, with thes same type of materiel, that will 

have a predetermined voltage ratio. 

Three fsctors enter into the effective number of pri- 

mary turns, They are the se¢tual number of turns, 

the distribution factor, and the ralative 

single phese magnetization ratio. The 

numbar of turns in seach phase was found 

to be 336. The distribution factor for 

a three phase winding of this type is ,960C 

Tha primary windings mey be considered as 

coils in the relative positions, shown in Figure 5. 

If at one instant the current in one coil is maximum and 

positive, the current in the other two coils is one half 

maximum and negative, It is evident that the magnetizing 

effect is 1.5 times that of one coil. And the effective 

number. of primary turns-is 

966: X 336 X'1.5 = 487... 

Tha effective number of turns in 
20472 

the secondsry is the actuszsl numbercof 

turns (272) times the distribution fae- &S=——-——-—- = 

tor. From Figure 2, it can be seen that 

thers are eight slots under each pole, 

These slots are 360/34 or 21.17 electri=- Figure 6. 

(0
.5
% 

eal degrees gpart., The vectors in Figure 

6=A represent the emfs in the eight 
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slots, 21.17 apart. Their vector sum is .682 of their 

arithmetical sum. The centers of the sight slots under 

the north snd south poles are eight slots apart, but 180 

alectriecal degrees covars 34/4 or 8.5 slots. The sum of 

the emfs, undar the two poles, are cut of phase by .5 slot 

or 10.58", The total voltage, Figura 6-B, is reduced by 

the factor cos 10.5672 or .995. Tharefore the affective 

number of turns in the secondary is 

272 X .682 X .995 = 185, 

The primary snd secondary voltages ware 61.5 snd 221, 

Letting mm represent the coefficient of magnetic lesksge 
’ 

22 7.3 

og X 487 2: 
°F MM = EEK mI 

Vi. Conclusion, 

This phase shifter has two faults. First, as most 

instrument calibration raquires an emf of 110V, the maxi- 

mum sacondary emf, 61,5Y is not satisfactory. But with 

the dsta in this paper, and making & batter choice of ma- 

terials and construction, = &
 

phase shifter having a secon- 

dary emf of 110V could be constructed. Second, the re=- 

sistance of the secondary windings is 11.2 ohms. If more 

then .5 empare is raquired, the dial celibration will not 

be accurate. 

Aside from its use as a phase shifter, the device 

may be usad ss an instrument transformer, If 50V is im=- 

pressad on the single phas» of the shifter, an emf can be 



had in any of the three primary phases, 

from © to 155 volts, 

that carl 
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