
UNIVERSITY OF 

CALIFORNIA 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

BERKELEY. CALIFORNIA 

UCRL25G1. 

UNCLASS~F~ED 

v 
() Ul . b 7J ~ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.. 

~' 

UCRL-2561 
Unclassified Instrumentation 

UNIVERSITY OF CALIFORNIA 

Radiation Laboratory 

Contract No, W -7405-eng-48 

INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS 

Leon Arnold Rovelsky 

(Thesis) 

May 20p 1954 

Berkeley, California 



~.' 

) 
' 

-2- UCRL-2561 

INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS 

Contents 

Abstract 

I. Introduction . 

II. Rectifiers and Inverters 

III. The Interphase Transformer 

IV. The Analogue of the Interphase Transformer 

V. Evaluation of Experimental Results 

VI. Conclusions 

Acknowledgments 

Appendi ees: 

A. Outline for a Sample Design of an Interphase 

Page 

3 

5 

7 

. 22 

• 31 

. 41 

. 49 

. 51 

Transformer . 52 

B. General Form for Voltage Equations Appearing 
Across an Interphase Transformer . . 53 

C. Complex Form for Voltage Equations Appearing 
Across an Interphase Transformer Due to a 
Particular Wave Shape . 58 

References . 61 



• 

... , 

-3- UCRL-2561 
Unclassified Instrumentation 

INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS 

Leon Arnold Rovelsky 
1 

Radiation Laboratory, Department of Physics 
University of California, Be:rkeley, California 

May 20, 1954 

ABSTRACT 

Interphase transformers are investigated for the purpose of determining 

their capabilities and limitations in equalizing the load and absorbing the dif.,. 

ference voltages when· operated between parallel inverters. The general 

features of rectifiers and inverters are reviewed, listing difficulties encoun-. 

tered when inverters are operated in parallel. The fundamental operating 

principles of the interphase transformer are illustrated through the device of 

an analogue. 

Specifications that govern the size of an interphase transformer are 

determined by using a series of voltage curves. These curves are then used 

in developing the procedure for a sample design. 

A resume and actual examples of certain difficulties experienced with the 

paralleling of the inverters of the Bevatron Magnet Power Supply of the Uni

versity of California Radiation Laboratory are included in the text. 

Polyphase inverters are compared with polyphase rectifiers to show their 

significJant differences and similarities. 

The analogue device, which protrays the fundamental characteristics of 

the interphase transformer, was made by modifying two iron-core filter choke 

coils. From the experimental study of the analogue interphase transformer a 

determination of the requirements for an actual interphase transform_er were 

developed. Cognizance of the voltage difference curves being instantaneously 

applied across the interphase transformer is shown to be important in the 

determination of the ultimate size of the interphase transformer. 

Voltage difference curves are included to show the effects of commutation 

angle and firing angle on the requirements of interphase transformer size. 

The complex wave forms encountered are inspected in more detail in the 

appendic.es. 
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The reasons for paralleling difficulties of inverters are illustrated by 

means of block diagrams. These block diagrams show how positive feedback 

makes for instability while negative feedback makes for stability and also 

reduces the requirements for the interphase transformer. 

The conclusions summarize factors that must be considered for equal 

division of load and minimum ripple for parallel inverters. 

.w 
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I. INTRODUCTION 

When identical units of any device are operated in parallel, it is generally 

expected that they will equally divide or share the common load. The diffi

culties experienced with the equipment with which we are concerned were en

hanced because of the transient nature of the load. 

It was found that during the rectification portion of the pulsing cycle the 

load was shared equally by the two parallel rectifiers. 5 During the inversion 

portion of the pulse cycle, however, the load was not shared equally by the 

two parallel inverters. In fact. the division of the load was most unpredictm 

able, even though operating conditions were made as nearly identical as pos s

ible on commercially designed equipment. 

One of the undesirable effects of the unequal sharing of the load by the 

asynchr,onous parallel inverters was the overspeeding of the inverter receiv

ing most of the energy-. The inverter receiving the less energy rotated more 

slowly and therefore took a longer time to get back up to speed. This type 

of operation could not be continuous, as all the control equipment for the 

drive motors was a common system which required a close, if not identical, 

speed match. 

Another unfavorable factor due to unequal load division was excessive 

current, higher than the ratings of the inverter taking the greater part of the 

load. 

Since the flywheel motor -generator sets were able to operate at these 

variable frequencies with respect to each other- -that is. they were asynchro

nous- -it was difficult to decide just what caused the unequal division of load, 

because all the factors affecting the characteristics were thought to have been 

made equaL 
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Because of the difficulties encountered it was decided to change from 

asynchronous to synchronous operation. This change was made by placing 

the two series. cirduits of each machine in parallel with each other rather 

than in parallel with the opposite machine. as they had been. 

What it really meant was that the load current would provide equal power 

to each shaft as long as the voltages of the inverters were equal. Any varia

tion in voltage would not be large. and thus there would be only small varia

tions in the speeds of the two machines. This change assured continuous 

running of the equipment. 

However. even after this change to synchronous condition~ the inverters 

that were parallel circuits of the same machine did not choose to divide the 

load equally. To effect dose division of load between these synchronous par

allel inverters it was necessary to make further changes in the firing circuits~ 

which introduced negative feedback. Aft~r changes .. had been made, the load 

was forced to divide in proportion to the error or difference signals that were 

introduced in the firing circuits. 

During all these changes and tests, I felt that the interphase transformers 

should be investigated more thoroughly. Very little information was available 

about specific design data on interphase transformers for parallel inverters. 

so it was decided to inspect closely the requirements placed on an interphase 

transformer atJ:d to try to find the limitations of the actual interphase trans

former'. 

Because of limited expense funds, facilities, and time for duplicating an 

actual interphase transformer and a suitable parallel inverter. it was neces.; 

sary to find a simple experimental means of representation. This was ac

complished by developing an analogue using choke coils. With small and 

easily controlled components in the analogue, it was possible to find boundary 

conditions for the analogue interphase transformer and to interpret the results 

into the corresponding effects on an actual interphase transformer used be

tween parallel inverters. 

•·::. 

1 

s. 
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II. RECTIFIERS AND INVERTERS 

In order to make a better evaluation of the requirements for an interphase 

transformer for parallel inverters, a resume is given here of three-phase 

parallel rectifiers that use interphase transformers. 

Inve-rters and rectifiers are inseparably bound together. There are cer

tain similarities as well as considerable differences. 

The discussion in this paper is concerned mainly with three-phase syn

chronous components, but asynchronous conditions are also discus sed. How

ever, when the asynchronous or varying-frequency condition is being described, 

it is so stated; in all other descriptions it is understood that the condition is 

synchronous. 

An interphase is used between two· three -phase half-wave rectifiers (wye

wye) to give better ripple voltage output (six-phase) and greater rectifier 

efficiency (three -phase). 

For the interphase to be effective, it must have a voltage appear across 

its terminals. This voltage is induced by the flux which is created by the 

exciting currents. The excitation current flows because of the instantaneous 

difference voltages that are applied at its terminals. As long as the iron in 

the core is not saturated, an induced voltage appears ~s a result of exciting 

current changes. If the iron is completely saturated, the interphase trans

former is not excited and does not induce the opposing voltage. Thus only an 

IR voltage drop, due to current and resistance, appears across the unexcited 

interphase transformer. 

If the three -phase double -wye (Fig. la) combination is operated without 

the interphase transformer, or with an unmagnetized (unexcited) interphase 

transformer, the load current transfers from phase to phase as if it were a 

standard six-phase rectifier. This type of operation. requires larger recti

fier tubes because they carry the total current for 60° of the cycle time, plus 

the overlap or commutation angle time. (Commutation or overlap angle is 

defined as the time required for the current to transfer from one phase to the 
. 1 

next following phase. ) 

If one does not consider the overlap or commutation angle {i.e., commu

tation angle equals zero), the average de voltage is 1. 35 Erms 
1 

(line to 

neutral). But when the overlap angle is considered, the average value of the 

, , de voltage is correspondingly lower. 
1 
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If this same combination of half-wave rectifiers is connected through an 

interphase transformer, the de voltage for zero commutation angle is 1.17 

E (line to neutral). Under such conditions each tube of each three -phase rms 
rectifier wye conducts current for one -third of the cycle time. The ·magni-

tude of the current in each half of the parallel units is one -half of the total 

current. The interphase transformer absorbs the. differential components of 

the parallel voltages so that a six-phase ripple appears across the load. 

The output voltage of a three -phase double -wye half-wave rectifier is 

· edc = 1.17E(l+0.057cos6wt., .. ) 

when the individual voltages simultaneously applied across the interphase 

transformer are 

(1) 

edl = 1.17 E (1+0.25 cos 3wt- 0.57 cos 6wt +0.025 cos 9wt ... ) (2) 

ed2 - 1.17 E (1 +0.25 cos 3(wt+60°)- 0.057 cos 6(wt + 60°) + 

o.o25 cos 9 {wt + 6o
0

) (3) 

If the two wyes are connected in such a manner that each of the three

phase components are in phase. rather than the 180° out of phase as shown in 

Fig. la, theh the two voltages 'edl and ed
2 

are in phase. They are identical 

and there is no voltage difference across the interphase transformer. The 

voltage across the load, or output voltage, is exactly the same as each of the 

applied voltages and all the harmonics appear. If the voltage sources supply

ing each of the two three -phase half -wave rectifiers are equal and also have 

equal impedances, the load should divide equally between each of the two 

halves of the system. 

When rectifiers (or inverters) are receiving energy from two separate 

generators~ each driven by its own prime mover~nd free to have its own 

frequency, any position of relative phase displacement between the rectifiers 

is possible--e. g., from 180° out of phase to exactly in phase. This is called 

asynchronous operation. In asynchronous operation, the phase position and 

relative frequency can be continually variable. 

When polyphase rectifiers have grid-controlled firing, it is possible to 

reduce the de output voltage by delay of the firing. Sufficient delay can re

duce the average de voltage to zero. 
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While in the region of maximum de voltage to zero de voltage 9 the units 

are considered to be rectifiers. However 9 when the firing instant is delayed 

even more 9 the net output voltage is negative, and the power conversion is 

considered to be in the region of inversion. Under these conditions, power 

flows in the reverse direction. The voltage _is negative while the current can 

flow in only one direction. Inversion can exist only if there is an external 

source of power. (In rectification, the portion of the circuit that was formerly 

the load now becomes the source of power.) Equations (4) and (5) indicate di~ 

re ction of power flow. 

Rectification Power = ( + E) (I) = + Watts (4) 

Inversion Power = (- E) (I) = - Watts (5) 

Significant features of inverter operation that differ from the correspond

ing features of rectifiers/are: 

(a) Inverters receive energy, whereas rectifiers deliver energy or power. 

(b) The lower the inverter voltage, the greater the current, whereas the 

higher the rectifier voltage, the greater the current. 

(c) Inverter voltage increases with delayin firing angle, whereas rectifier 

. voltage decreases with delay in firing angle. 

(d) When inverters operate in parallel, the inverter with the lowest mag-

nitude of voltage takes the most current, whereas when rectifiers operate in 

parallel, the rectifier with the highest magnitude of voltage takes the most 

current. 

(e) In the case of two identical parallel polyphase reCtifiers without an 

interphase transformer and both feeding the same load9 the division of load 

will be equal as long as the voltages are identical. However, if one rectifier 

has a slightly higher voltage than the other, it will deliver slig~tly more 

current. 

In the case of two identical parallel inverters without an interphase trans

former and both feeding a common load, the division of load will be exactly 

equal as long as the voltages are identical. In this case, however, the inverter 

with the less voltage will receive the larger current, If the voltage of the in

verter with the less current is permitted to rise to a value eq~al to that of the 

source of energy, it will take no current and the other inverter will take all 

the current. 
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In low-impedance circuits, a close balance of parallel inverter voltages 

must be maintained; the degree of exactness is dependent upon the ability of 

the interphase transformer to absorb any instantaneous vo.ltage differences. 

If, however, the load current unbalances, the interphase transformer becomes 

magnetically unbalanced, the degree of unbalance correction being proportional 

to the flux of the interphase transformer. If the unbalance is not permitted to 

go beyond a point on the saturation curve (Fig. 2b), the interphase transformer 

is able to provide compensating voltage. The current is forced to reduce in 

the higher -current circuit, and vice versa in the lower -current circuit. Thus 

equal division of load is again attained. 

Under static conditions this can be readily effected by adjustments in long 

time -constant circuits. In transient parallel inverters, however, there must 

be rapid reaction to changes- -so rapid, in fact, that a predictor regulator 

would be feasible. 

In the Bevatron equipment there were a number of ways that the current 

division could have been measured in the various parts of the rectifier -inverter 

circuits. However, the easiest method by which to indicate and record the 

division of direct current in the power-supply circuits was to place a simul

taneous display of the current in the ac side of the load-current transductors 

on the screen of a dual-beam oscilloscope (2. 5 amperes ac being the equiva

lent of 5, 000 amperes de). The envelopes of the ac displayed on the oscillo

scope screen thus gave a proportional indication of de current magnitude, and 

the dual beams gave the simultaneous division of the load between parallel 

halves of the inverter. 

The asynchronous rectifier -inverter units were originally connected in 

parallel, 
5

• 
6 

one half of each machine in parallel with one half of the other 

machine. 

Occasionally the division of load would be equal, but for most pulses the 

current was unequally divided. Therefore, it was eventually decided to change 

to a series connection of the two sets of inverter units. Even after the change 

to the se.ries connection was made using temporary cables, the load current 

still would not divide equally within each machine. There had to be some very 

fundamental reason for this unequal division! 
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A series of oscillograms, with explahations of each, appears below, 

showing the division of current between halve~ of the rectifier-inverter paths. 

Figure 3a shows what is considered good division of current, or sharing 

of the load of each half of a rectifier -inverter combination. The positive 

slope (increasing values) is the rectification interval; the negative slope (de

creasing values) is the current division during inversion. Figures 3a,...l and 

3a,-2 are quite similar. This indicates a good pulse of power in that the load 

was equally divided. Under such conditions the speed of the motor -generator 

sets would be equal for the duration of the pulse and this would permit contin

uous pulsi~g. 

The current division shown in Fig. 3b is very nearly equal during recti

fication, but after inversion, the division of load changed completely, .with one 

. half of the machine taking all the load, while the other carried no current. 

Very shortly thereafter a fault occurred because of inversion arc-through. 

When such a fault occurs during operation of the Bevatron power supply equip

ment, the de field of the generator is removed and the magnet is short-circuited. 

The magnet current then dec~ys according to the characteristics of the mag

netic circuit, the time constant of which is about 16 seconds. All the energy 

of the magnetic field is lost as r2
R dissipated heat. The motors that 'drive 

the flywheels and generators are required to draw the difference and normal 

losses from the power compf:tny lines. 

The positive slope of the current envelopes of Fig. 4a shows.' that even 

though the division of current between the two halves is very close during 

rectification, a pattern of unequal division of load was established at the be

ginning of the inversion portion of the cycle. The load finally shifted to one 

of the halves just before the end of the cycle. Initial conditions for this par

ticular pulse were the same as those of the pulse represented by Fig. 3a. 

Thus, for no obvious reason, the units did not divide the current equally. 

When it was observed that the load would shift completely, from one path to 

the other in the parallel connection, an attemptwas made to force paralleling 

by cross-feeding a p:r:oportional de load current.signal in the inverter phase

shifting circuits of the firing-control peaking transformers to the correspond

ing half of the other asynchronous inverter. 

• 
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This approach to a solution was correct. The only drawback was that 

the response in the circuit was too slow to do any good when it was needed; 

furthermore, the delayed response made things as bad or possibly even 

worse. This created the conditions for·a lo;w-frequency rnultivibrator in 

which the power at lower energies could transfer from one half to the other 

and back, etc. At high energies, where the loading was such that the current 

was too great for one unit to handle by itself, the system would fault and 

the pulsing cycle would thereupon end (Figs. 4b, 5a, and 5b). 

The series connection also had its difficulties. The load would shift 

fr.om one half of the same machine to the other and vice versa, with no 

general pattern of change- -in fact,. almost at random. A better division of 

load was effected by c.ross -feeding th~ prinraryvoltages for th~ peaking 

transformers which controlled .the firing of; the ignitrons. The procedure 

regulated the inverter voltages in such a manner that the error signals 

introduced. n.egative feedback. The.rnagnitude of the voltage differences 

(error signal) thus was made differentially effective within one-third of a 

cycle, since these inverters were three -phase. half -wave units. 

Figure 4b shows how the load can be shifted back and forth from one 

path to the other by introducing negative feedback, but with so much time 

delay that it causes rnultivibrator action. 

Figures 5a and 5b show a similar display of current division when 

cross -compensation is used in the de phase -shifting circuits. Neither of 

these is an acceptable example of good inversion. Figure 5a shows com

plete exchanges of current but with the cycle going to completion. In 5b 

the current transferred and faulted because of inversion arc -through 

brought about by 11 running out of margin angle. in 
2 

If the voltage applied to the primary of a peaking ,transformer becomes 

less, the leading edge of the firing peak is advanced, Advancing the firing 

peak corresponds to less delay in firing. This causes a lower inverter 

voltage. The inverter with the lo;wer inverter voltage (between a pair of 

inverters) takes more current, making its voltage even less. This con

tinues ad infinitum, until the lower voltage··unit has taken all the current. 

Figure 6 illustrates positive feedback of parallel inverters without 

an· interphase transformer ·in the following manner: 

Let IL = 1
1 

+ 1
2

, and as surne that 1
2

, for s orne reason, is slightly 

larger than 1
1

. This causes I
2
:Kz

2 
to become larger. E

2
, which is 

(Eg2 - I 2KZ 2), becomes smaller. Then (EL - E 2) becomes larger; this, 
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Fig. 6--- Block Diagram Showing Positive 
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in turn, makes 12 larger because it is equal to (E~ - E
2
jz

2
). Corr~spond

ingly, 11 becomes smaller. This shows how the larger current keeps 

getting larger, while the lesser becomes even less. It is, of c.ourse, an 

unstable condition, and this explains why the Bevatron inverters would not 

originally divide the currents so as to operate success.fully in parallel 

during inversion. 

Eventually, after much experimentation, the primary windings of the 

peaking transformers were cross -connected to the opposite machine. The 

inherent change in firing angle due to change in the voltage on the primary 

gave the effect of neg,ative feedback. This caused the two inverters to 

parallel quite well. Current division ·between the two units became a rep

etitive reality. 

Figure 7 represents negative feedback without an interphase trans

former. This is a modification of Fig. 6 in which the inherent drop of volt

age due to greater load current in the inverter is compensated by taking 

signal voltages from opposite inverters :Egl and Eg 2 and then cross -feeding 

.the sig,naL Assume again that 1
2 

is slightly larger than I1; then -I
2
Kz

2 

plus K~gl is greater than -I2Kz 2 .. Eg 2 becomes larger. This makes 

(EL - Eg2) become smaller than before. Since 12 = (E2 - Eg 2/Z 2). 12 

.will become smaller. Conversely, 1
1 

will become larger. The degree of 

equality of currents that can exist under such a control system is a 

function of the response of the various circuit elements . 
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IIL THE INTERPHASE TRANSFORMER_ 
~ 

During all this experimentation there seemed to be one troublesome 

factor concerning the unequal division of load by the -parallel inverters: 

the role of the interphase in the general pattern. 

I had observed that in case of bad shifts of load and at change -over 

from rectification to inversion there were indications of heavy magnetic 

shock forces applied ~o the interphase transformers, 

The de o~tput ripple voltage was alternately high or low, but always 
. ' 

high when the load was unbalanced. This ordinarily indicates .that e.i the r 

the interphase transforme:r is saturated or that the two inverters are ex

act! y in phase ... 

But- -why did the inverters parallel correctly at times? On these 

rare occasions the ripple voltage' w~s Of lesser r:nagnitude. Possibly the 

interphase transfo.rmer was too small to be always effective during inversion. 

What was the criterion for the correct interphase transformer? 

In order to ascertain in some--measure what was happening within the 

interphase transformer, a search c-oil was wotpd .on the core of the interphase 

transformer. The series of oscillogr-ams labeled "I. P ·-~. Flux" are included 

to illustrate the magnetic history of the inferp}lase transformer during 

certain pulses, 

Figure Sa shows a flux pattern of the interphase transformer during 

, what was considered to be a good pulse .. '!he vertical width of the trace is 

the measure of the flux ripple. The deviation from zero flux indicates the 

magnitude and direction of the core saturation leveL This deviation is 

caused by current unbalance between the parallel rectifiers or inverters. 

The portion of the pulse labeled "R'' is for rectification, while that labeled 

."!NV" is for inversion. 

In :Flg. 8b the inversion portion of the cy~le shows five _wide flux 

excursions, from positive saturation to negative-saturation. This is caused 

by cross -fe·eding _a low-value de forcing function in the inverter peaking, . . .. . . - : . 

transformer -phase -shift windings. The delayed respon.se is due to the re

lationship between the large time constant of the phase -shift windings and 

the magnitude of the error signaL It indicates ,that unless the load division 

is fairly equal from the normal external characteristics of the equipment, 

the paralleling effect of the interphase transformer is weak. (This does 
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not imply that an interphase transformer cannot be made into a stronger 

paralleling force.) 

Figure 9b shows a good pulse, some unbalance beginning during 

rectification, and the current sudden~y shifting to the opposite half during 

inversion. During inversion the ac cross excitation of the primary 

windings of the inverter firing circuits keeps the load acceptably divided. 

In Fig. 9b the current during rectification divides reasonably welL 

The air gap of this interphase .trans.former was originally 3/8 inch 

but was later changed to 3/4 inch. Comparison of the rate of rise 

(slopes) during rectification on Fig. 9a and 9b--3/8 inch gap--with that 

of Fig. lOa--3/4 inch gap--shows the effect of increasing the air gap. 

The increased length of air gap permits a greater unbalance in current 

before saturating, but it also reduces- the effectiveness of the interphase 

transformer. 

A calibration of the flux in the interphase is shown on: Fig. lOb, 

where the vertical distance between the horizontal traces indicates that 

the total number of lines of flux for 2 em. is 15, 340, 000. The flux 

density is::::: 80,000 lines per square inch (core area ::::: 190 square inches; 

B ::::: 12, 500 gauss). 

Figures 11- 15 show the I. P. T. 11 Flux" for various conditions. Each 

figure has its own explanation. 
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IV. THE ANALOGUE OF THE INTERPHASE TRANSFORMER 

In order to determine experimentally the fundamental effects of the 

interphase transformer, it was decided to use an analogue of the inter

phase transformer. The use of an analogue made it possible to work with 

smaller components. Also, it was easier to control conditions and change 

parameters. 

The interphase transformer can be considered as an autotransformer 

with an air gap in its main magnet circuit. It can also be compared to an 

iron-cored choke coil. In addition, it operates somewhat like a saturable 

reactor. 

Figure 16 shows two filter cho~e coils that are partially dismantled. 

(The keepers across the "E" core ar.e discarded.) The remaining portions 

are placed together so that the Eus coincide. With the polarity of the coils 

as shovvn, this represents an interphase transformer. 

Equation ( 1) gives the voltage of a three -phase double -wye rectifier 

system using an interphase transformer. In Fig. 16 the de component is 

represented by the batteries, and the 0. 057 cos 6wt is represented by the 
. t 

ac generator Ae JW • The rectifier elements are used f~r control purposes 

and also 'to parallel more closely the situtation of the <;~.ctual interphase 

transformer where de current can glow only in the direction of the two 

outside terminals to the center terminal. The batteries also permit 

operation at any desired point of the'' double n1agnetiz.ation curve of Fig. 2b. 

This corresponds to a de current unbalance between the actual parallel 

inverters. 

The voltage represented by equation ( 1) is for the condition that the 

commutation angle is equal to z.ero. However, if the commutation angle is 

not zero, the resultant voltage waves applied across the interphase trans

former \'lri'll not be a triangular -shaped wave as shown in Region I of 

Fig. lb, but ~orne other shape, depending upon the applied voltages. 

To deal with complex wave forms in the analogue of the interphase 

would· only complicate matters,--as can be-seen-~in Fig. 17. This figure 

indicates that any wave shape that could be predicted and equated into 

its equivalent sine and cosine components (or complex form) -could be 

represented on the analogue interphase transformer. 
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Fig. 17--- Comparison of Rotating Vectors 
vs. 

Complex Wave 

Figure 17 

MU-7987 



ANALOGUE VOLTAGE 

AND CURRENT 

CALIBRATION 

\ 

FORCING 
FUNCTION 
(CURRENT) 

e = KL di 
dt 

Figure 18 a 

+.Qj_ 
dt 

MU-8012 

AN A LOGUE I. P. T. 

VOLTAGE a CURRENT 

11
VOLTAGE LOST" DUE TO 

SATURATION OF IRON 

MU--8013 

Figu're 18 b 

I 
I.J.) 

""' I 



-35- UCRL-2561 

With use of the circuit and analogue interphase transformer of Fig. 16, 

the interrelation between current and voltage as shown in Fig. 18a can be 

seen. The wave marked e = KLdi/dt represents the ripple voltage. The 

wave marked "forcing function" represents the net magnetizing current. 

Examination of the sign and magnitude of these current and voltage waves 

in this figure shows that they are directly related. 

It should be noted that where the current wave di/dt is "clippedrr by 

rectification, the voltage wave e ris~s abruptly with some oscillations. 

It represents the point of "saturation" in the interphase transformer due 

to current unbalance. The shaded area in Fig. 18b shows the voltage area 

''lost 11 due to this "saturation. " 

Figure 19 shows various forcing-current parameters; Fig. 20, the 

corresponding voltage parameters. In the latter, the white area just to 

the right of the perpendicular rise in the negative voltage represents one of 

the boundaries of the lost voltage, which is defined above. 

Figure 21 shows the effect of changing the operating point on the 

magnetization curve of the interphase transformer analogue. This change 

in flux level is made by switching one of the batteries of Fig. 16 into the 

circuit. This corresponds to changing the de current unbalance in the inter

phase transformer .. (The porti_onof the curve with the sharp point below 

the dotted line in Fig. 21 is owing to energy stored in the magnetic field of 

the choke coil, which keeps the current flowing. If the forcing function 

were discontinued at point p, the function would decay exponentially, as 

shown in the curved dotted line. ) 

Since the induced voltage of the interphase transformer is zero at 

saturation, current unbalance between halves of the inverter begins to 

take place. As this unbalance becomes,worse, because the "voltage re

quired" to maintain current balance is greater than the voltage induced, 

the unbalance . becomes complete if no other measures are taken to correct 

this condition. 

Once the interphase transformer has saturated and the current is 

unbalanced, the effect of the interphase transformer is to oppose equal 

division of current. Figure 2a shows that effect. This is explained in 

greater detail later. 

Refer tO' F~g .. · 2a and momentarily, for the sake of illustrating a 

point, disregard the ripple voltage of the inverters. Assume that there is 
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only a pure de flat-topped wave across each side. If a small step 

function is imposed so that inverter. voltage EB is greater than inverter 

EA' IB becomes less than IA. Now postulate that the total current IA 

plus IB is decreasing, and that di A/ dt and diB/ dt cannot become positive. 

Then 
EL = E A + a = EB t b. 

Let (K)dl A/ dt) = -160 ampe.res per unit ti~e = a, 

and (K}diB/ dt) = -140 amperes per unit ti;me =b, 

and diTota/ dt = -300 amperes per unit time. 

The net voltage difference between a and b due to rate of change of 

current is equal to (-) (K) (20) volts. The differential effect is to add -lOK 

volts to E A and tlOK volts to EB. ThUJS EB has a voltage component added 

to it, which causes the unbalance to be even greater. Since its voltage is 

now higher, it takes even less current. The interphase transfomer be

comes saturated if no quick means is available for balancing the voltage. 

Once this unbalance reaches a point where the interphase transfomer is 

actually saturated, the only voltage which can exist across it is due to the 

IR drop. The passive character of the IR drop cannot force balancing. 

How, then, is it possible for significant unbalance to exist at all? If 

the rectifiers are well paralleled to begin with and the load is equal in each 

circuit, ynbalance can exist only if the interphase transformer cannot 

account for the instantaneous differences between the machines or halves. 

This naturally brings up the question of size of the interphase transformer. 

It can be demonstrated that commutation angle, time of change -over 

from rectification to inversion, :and wave shape rriust all be carefully con

sidered in the determination of the proper interphase transformer.. The 

results indicated frorri experiments on analogue should not be taken directly 

and applied without careful consideration of all factors. In an actual de

sign all the important factors must be con·sidered, lest ther"e eventually be 

trouble. Certainly, in an interphase transformer, these elements must 

include the important harmonics and magnitudes of the unbalancing voltages. 

Concerning the parallel operation of two or more frequency converters, 

C 
. 4 

. M. Laffoon says: 

,., 
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When care has not been exercised in the original designs, it has 
often proved impossible to arrange to divide the load in proper pro
portions between different sets. One set may take too much at a 
light load or vice versa, and even other times one set may take less 
load on all loads. All these troubles may be avoided by the applica
tion of known principles, but there have in the past been many instances 
in which factors requiring careful attention have been overlooked. 

When synchronous units are employed to link two large systems, the 
slightest alteration in the relative frequencies of the two systems 
occasions enormous fluctuations of the load carried by the frequency 
converters, ·and unless the frequency converters are of large size 
compared to the systems which they connect, they will be pulled out 
of step if there is any slight change in the ratio of the frequencies of 
the two systems. 

These statements were made in reference to rotary converters, but 

they apply equally well to electronic converters. In fact, if one considers 

the ignitrons only as switching devices, then they can be loosely compared 

to commutators. They are similar to a commutator~ converting ac to de. 

(The ordinary de machine is not de at all but actually an ac machine. A 

homopolar generator or motor is a true de machine:) 

.The ignitron rectifier-inverter, however, has one distinct advantage 

over a commutator device. In order for a de machine to invert, it would 

require that the direction of the field be changed so as to change its polarity; 

however, the rectifier-inverter combination needs only to have its firing 

time delayed or advanced for change in polarity. 
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V. EVALUATION OF EXPERIMENTAL RESULTS 

The unsaturated analogue interphase transformer showed that it would 

compensate for detectable voltage differences appearing across it, whether 

those voltages were due to phase frequency or magnitude differences. 
1 

The unsaturated analogue interphase transform'er ~lso demonstrated 

that when a voltage ripple does appear across a power supply fed by it, that 

ripple component is the same in both voltages being applied to the interphase 

transformer. 

The analogue interphase transformer illustrated that if it were saturated 

or unexcited, it could not balance the difference in the voltages applied to it, 

and that the ripple on its output contained components not necessarily common 

to both of the voltages applied to its terminals. 

The general output voltage equation for an unsaturated interphase trans

former is then: 
a b 

elPT = t il(R1PT)± il (RliT)] + G . ~ di 1 di2)] :t: (l<L) ± Cit ± '"'dt -- + 

[K~~ [£: alv 
jvwt ±£00 a2 

jv (,.t ± 9) J (6) E 1: 

v 

v =- 00 

c 

The quantity marked "a" is .that portion of voltage due to ohmic drop. 

The quahtity marked "b" is the resultant voltage induced by the difference in 

the rates of change of current of each half. The last term of the equation, 

"c", accounts for the differences between the voltages applied to the terminals 

of the interphase transformer. (The copious use of plus and minus signs i~ 

required to distinguish between rectification and inversion cycles.) Term 

"c" is by far the most important of all three terms of the equation of inter

phase output voltage. (A partial analytical treatment of this terin can be 

found in Appendix C.) 
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Figure .la is a representation of a synchronous three -phase double -wye 

rectifier -inverter with an interphase transformer. 

The curves of Fig. lb show the individual rec.tifier or inverter output 

voltages for various firing angles and commutation angles (Regions I-IV). 

Figure lc illustrates how the shape and magnitude of the instantaneous 

difference voltages vary for the separate regions. Region I shows a triangular

shaped wave, which is the instantaneous voltage difference between the solid 

line and broken line ripple voltages of Fig. lb, Region I. This is the case 

where the commutation angle is equal to zero for rectification. Region H of 

this same figure shows a periodic trapezoidal-shaped figure which has a 

slightly larger area than Region L · Region II has a different shape from Region I 

because of the commutation angle of 30°. But even if the angle of commutation 

were somewhat larger during rectification, there would be only a, small or~er 

of difference in the interphase output voltage. 

Consider Region III, the change-over interval from rectification to 

inversion. It sh;ows that there is an astonishingly large voltage difference for 

an interval of abput one-half cycle. The average v()ltage of Region III, change

over, is more than double the value of that in Region I. 
; 

Region IV shows the greater flux requirements during inversion operation. 

If an interphase transformer is too small, and saturates while trying .to 

" provide the flux required for inducing' balancing voltages, it can require mag-

netizing current of such a large magnitude that the magnetizing current itself 

is enough to cause unbalance of load division between the parallel inverters. 

This situation is similar to that ?f the very large surges ·bf magnetizing current 

that can be drawn in first energizing an 6rdin'\'-ry power transformer, even 

though the transformer secondary is ope:U-circuited. In this case, the iron 

is already well saturated, and the cha~g~ in flux required is in the direction 

of even greater saturation; thu~ the magnetizing current in attempting to 
i 

produce that required flux change beco~es fantastically large because of the 

shape of the magnetization curve. Many times, the instantaneous-overload 

trip relays operate to open the circuit. Operators are always warned to take 

ammeters out of the circuit when first exciting a transformer. 

In Fig. 22 postulate that IT = Ia + Ib. Let Ia momentarily become 

larger than lb. The rates of change, L di/dt, equal the in.duced interphase 
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voltage. One -half the induced voltage of the interphase transformer is added 

to V Ta and subtracted from V Tb' As a result l::. V a' becomes smaller, which 

reduces Ia' and, conversely, l::..Vb becomes larger to increase Ib. 

Margin-angle change is shown in the same figure. Its effect is to lower 

the inverter voltage by advancing the firing angle as an inverter. This effect 

is an average one because the outputs are added. (The actual circuits are 

such that the margin-angle phase-shifting circuits are in series, so that the 

average value is the same for both halves of the inverter.) 

General voltage equations for electrical machinery are: 

{7) 

E = K 2Nfcj> volts. ave max 
(8) 

If the average voltage to be supplied by the interphase transformer is 

determined graphically or by other suitable means, one can find a measure 

of the maximum required flux. A ratio can be established between the maxi

mum voltage and the average voltage. This permits the determination of 

the maximum flux. 

A graphical determination is found from Fig. 1 c. The ratios of these 

various voltages are: 

(a) 

(b) 

E (Region IV) ave 

E (Region I) 
ave 

the ratio of 
cj>max 

cj>ave 

= L 75 
0.55 

= 3. 2 D 

(Region IV) 
= 

(Region IV) 

cj> (Region I) 
while the ratio of max = 

cj> (Region I) 
ave 

3 = 1. 71 (9) 
L 75 

1.1 = 2. 0. 
0.55 

Figure 23 shows rectifier-inverter wave forms for the case where the 

voltage eB leads e A by 30° and the commutation angle has a finite value. 

Figure 24 illustrates wave forms when eB lags e A by 30°. Figure 25 com

pares rectifier voltages when they are {a) standard, or (b) and (c) displaced 

by plus or minus 30°. (Commutation angle is zero in this figure.) 
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From these data one can find the required core--copper. air gap. etc. 

An outline for an interphase transformer design is shown in Appendix A. 

A pertinent factor not discussed here is the economic feasibility of 

building the interphase transformer as large as is required. 

A more precise and elegant way to determine the interphase transformer 

requirements is to make a Fourier analysis of the different voltages appearing 

across it. The Appendix offers some preliminary steps for such an analysis. 

as required to evaluate an interphase transformer for a pair of three -phase 

half-wave electronic converters. 
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VL CONCLUSIONS 

If an interphase transformer is amply designed so that it never satur

ates and can at all times balance all instantaneous differential voltages 

appearing across it, it will have an equalizing effect on the division of cur

rent between parallel inverters. 

If <~;n interphase transformer 1s saturated because of an unbalance of 
-' 

curren( it will oppose equal division of currents ·between parallel inverters. 

When inverter output voltages are controlled by impulses provided by 

peaking transformers, which in turn are excited by the inverter output voltages, 

it is then necessary to feed an error difference signal to the firing impulses in 

such a manner as to increase the magnitude of the negative inverter voltage 

of the unit carrying the greater load and to decrease the negative magnitude 

voltage of the inverter carrying the less load. This establishes a state of 

equilibrium in which the differential excursions from the mean are controlled 

by the over -all response of the systems. 

When equal division of load between synchronous parallel inverters is 

controlled by means of negative feedback in firing circuits, an interphase of 

smaller size can give satisfactory results. 

Parallel operation of variable asynchronous parallel inverters under 

transient conditions has not yet (to the writer's knowledge) been success-

fully accomplished. However, it is surely a solvable problem. As with 

synchronous parallel inverters, all voltage differences must be balanced, 

either by interphase transformers of sufficient size or by very fast, accurate 

control of firing angles of the electronic components. The correcting com

pensation must take place· within frachonal parts of a cycle. A predictor 

regulator operating at a considerably higher frequency is one feasible approach 

to the solution. 

Another factor governing the division of load in parallel inverters feed

ing into an interphase transformer is the selection ofthe optimum t:im.efo.r.making 

the "change -over." (Figures 1 c, 23~ and 24 show the variation in the voltage 

and flux requirements.) 

When the interphase transformer is of sufficient size, it acts as an 

autotransformer compensating for electromotive forces due to ripple voltage 

and rate of change of current differences. 
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The economic limit to the size of the interphase transformer should be 

the differential cost of the added size of the interphase versus the cost of 

precise voltage- and firing-control equipment, 

When paralleling inverters, it is necessary to have either a ~upersen

sitive voltage control or an absolutely insensitive voltage controL No medium 

values of response can be tolerated; the response must be either well below the 

range of the voltage -change time constants or well above the voltage- change 

response, 

A vastly different set of voltage conditions is imposed on an interphase 

transformer when it is used between parallel inverters than when it is used 

between parallel rectifiers, Thus the requirements for interphase transform

ers must be carefully chosen for the specific application. 

Commutation angle has a bearing on the size of interphase transformers, 

whether the interphase transformer is used between parallel inverters or 

parallel rectifiers, synchronous or asynchronous, 
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APPENDIXES 

A. OUTLINE FOR A SAMPLE DESIGN OF AN INTERPHASE TRANSFORMER 

1. Determine the average, peak, and. rms voltages, either graphically 

or analytically, for the chief harmonics. 

2. Substitute the E value in the equation 
average 

E = 4n<j> f x 10-
8 

ave max 

E X 108 

and find the ~ = 
~max 

ave lines; 
4nf 

n = number of turns in series 

<j> = maximum value of flux max 
f = number of complete cycles per second 

4 = the number of times that each complete turn cuts the maximum 

flux per cycle. 

For a sine wave, the E 
max 

E rms 

=1TE 
2 ave 

. -8 
= 2'1t'n<j> f 10 volts; 

·max 

= 
E 

max = 4. 44n..!-. f 10-8 volts. 
~max 

(2)1/2 

Assuming that the peak value of the voltage required is determined, then al

lowing a maximum flux density--say, 80,000 lines per square inch-- one can 

find the maximum flux on a per unit basis . 

. E X 1 o8 
<!> = (max) 
max nf 

= (B ) (core area). 
max 

Required core area = 
(sq. in.) 

per turn per 
cycle/sec 

E 10
8 

max 

4 
nf 8 x 10 

0. 125 E 10
4 

max = ----------------
nf 

Knowing the above, it must next be decided how much air gap is needed to prevent 

the core from saturating at the maximum value of unbalance current that is to be 

allowed between the two halves of the inverter. The rest of the design is like that 

for a conventional transformer. 

(""';;\ 

.. 
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B. INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS 

In Fig; 26 are curves from which we may determine equations of voltage 

across an interphase transformer. 

General equation for the voltage across an interphase transformer that 

is in a 3 -phase double -wye circuit: 

v = + 00 

\ jvwt . 
eipt = f(t) = L av~ ; 

v=.-oo 
~et a = firing angle and f.l. = commutation angle. 

a = v 
w 

(
1 + ::a~) :w 

[r~; •z~ _ •
3
] ,-Jvwtdt + 

{1 + a ) 1T 

\. 360 6w 

1T 

2w 
(
l+«+f.l.\ 

360 ) 

~e42+e3)-•)•-jvwtdt + e 4 - e 1 . E dt 
( ) 

-jvwt 

2w (l + ;60) 
(1 + a + P.) 2!:.-
\ 360 . 2w 

from Fig. 26: 

e 1= sin (wt + ~) = 0. 867 sin wt + 0. 5 cos wt 

e 2 = sin (wt + i 1r)= -0. 867 sin wt + 0. 5 cos wt 

e 3 = sin (wt + ~ ) = cos wt 

e 4 = sin (wt- ~) = 0. 867 sin wt - 0. 5 cos wt 
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( 
e1 + e2\ 

2 
-) = + 0. 5 cos· wt ; L(e1+e2) l 

~ 
2 

· · · - e ~ = - 0. 5 cos wt 

(el - e3J 

(e4 -.e1) 

= sin (wt - i) ; II( e 4 + e 3 \ · J ~ 2 ·· ') - e 1 = - 0. 5 sin ( wt + i ) 

a = 
v 

= ·- cos wt . 

{l + ~)...!..._ 
\ 360 6w 

[ 

j wt -jwt~ . 
-0. 5 E 2 + E ·j E -J vwt dt + 

'(1 + ~)...!.... 
360 6w · . 

II a'' llbll 

(
1 + a. + p. ) 5 .:!!. 

'' 360 b w 

J E -jv wt dt + (-I) fj"':+ E •jwt J. -jv wt dt 

let 

and 

wa2-rrf; 
0 a. = 120 ' 
0 

J:L = 30 

!'c II 

then for portion t1a11 only: 

. (1 +--H-) i:. 
· (e jwt(l-v) + E -jwt(H-v) ) 

-0.5 2 ' 
w 

a = 
:vll II 2tr a 

rl + l) Tr 
\ 3 bw 

( 1 + 16ot:) 2-rrw 

lid II 

dt = 
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w (-0.5) 
~ 2 [

e jwt{1-v) _ e -jwt(1-f:v) J(~) (rw) 
jw(l-v) jw(l+v) 

. . (i) (~) 
= 

-j(1+v) ~~G j(1-v)}g-

j (l+v} j(l-v) 

E -j(l+v) jg:.J. 
+ j(l+v) · • [ 

'(1. ) 51'11' 
1 e J . -v 2'Ib 

- 8,T •j (1-v) · · 
e E 

a 
v a 

1 
= - 81T 

and 

[ 

je 1 -jve 1 
E E . 

j (1 - v) j( 1 + v) j( I - v) 

rationalizing: 

[ 

j(1. -v)e 1 j(l-v)e1 -j(l+v)e1 -j(1+v)e1 j(1-v)e2 j(l-v)e2 -j{l+v)e2 -j(l+v)Bz] 

1 +ve -e +v.e -E -ve +e -ve gn:- ... 

j ( 1 - v
2

) 

coll~cting terms:· 

- .. 1 . [e -jvel ~ jel . -j~ ~jel . -je~~-~ ~e -jv8z tjez -jBz ... ( jBz -jez)J~ - - Btt .. . z E - E f.V E + E , - l E - E +V E +e 
'11' j(l-v ) .· .. j(l-v ) 

substituting for 8
1 

and e
2

: 

1 .[( -jvffi) [. (51'11') . (51'11') J a
11

a - - ....;.... __ -.,..2- e · sm "!!"b -:- JV cos -.trb _ .. 
4'11'(1-v) 

(~ -jv¥) ~in(~) - jv cos (;tt) J J 
Coefficients a , a and a are det~rm_i.ned in the same manner. 

vb v c vd . 

·'\ 
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The final voltage (general equation): 

v =-co 

• 

' 

-~ 

.,-: 
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C. INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS 

Required: To evaluate the periodic function shown below by a complex 

Fourier series. 

~ 
T. 

g 

0 TT 

3w 
to 

tl 

T 
d 

+ b 

1_ 
w 

~t2 

t[ 
2 '!! 
3w 

2tr 
·W 

Let fJ. = 60° (overlap or co:rntnutation angle, or = ;w>· 
The exponential form of the Fourier Series: 

~00 
f(t) = L av' jvwt 

a 
v 

v =- 00 

1
2tr 

= ~ f(t) 
2tr 

r 

0 

E -jvwt dt 

-b 

T 
-d 

1 

In the periodic function drawn above, there are 4 distinct sections. 

Each half, however, is symmetrical, thus the labor can be reduced by one 

half. 

To find the equations in terms of the angle 11 1J. 11
, 

e 

l.l 



• 

0 
I£ 1-L = 60 

Therefore 

f l {t) = 

£2 (t) = 

f3(t} = 

w = 
2tt 

w 
21!' 

-59- . 

1i x- = 1, 
w 

180w 
X = -1!'..,.-(1~8~0~--IJ.~) (

180 ) 
n = 180-IJ. 

[w = 2 1i f ; w~ere f is the fundamental] , 

X: 
l80w 3 1i 

'!T(l8o-6b) - 2 w 

180 3 
n = 180- 60 

= 2D 

k·~-~":]· 
~ + c l3:t J]; o < t < ~w 

[b + d \ ~ - ~';;')] 1i <t< 
3w 

[~ g - c l3~t)] ; 1i < t < 2tt -
w 3w 

~.+ c 3;t) E-jvwt dt = 

0 

~g , -J,vwt liz; 
J 0 

+ -jvw 

3w +c-. 
1i 

3w c -
1i [ 

1i -w 

0 

t e-jvwt 
I 

E -jvwt 

- }vw -jvw 

UCRL-2561 

( 1) 

(2) 

{3) 

( 4) 

= 

t"' 
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a = - _!.__ [ e- jv ~ ( g + c - c 31Tw ) 
l jv21T 

3w] -g+c-;-
v 

Similarly 

-Jv- 1T 3 3w -jv1r 3w 
[ 

. 2 ) .. - ~~ 
E (- g - C (2) + C tr - E t g - 3c t C tr , 

1T 
w 

( b + ~ d - ~ d wt) E- jv 4lt dt = 
2 2 1T 

E 

. 1T 
-JV 3 

Therefore the complete form for the complex Fourier Series: 

v = + 00 

f(t) ~ I:;Ztt [U• -jv; ) [g +c (1- tw)J- [g + c tw ]] + 

v = .- 00 

~-jv1(bt ~-:) - (• -jvf)~+ d (1 + ~:l)] + 

~ -jv~ wJ(- g _ c (z _ 3:)) (,-jvw)~ g _ c (3 _ 3:l)] + 

[~-jvZw) (- b- ~ · ;tt d) -~-j+)(- b- d ( 1 + ~ · twl)]] 

( l I) 

( 3') 

(2') 

(4') 

E j vwt . 

t· 
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