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INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS
Leon Arnold Rovelsky .. '
Radiation Laboratory, Department of Physics
University of California, Berkeley, 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 proce dure 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
significant 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 interphasé transformer a
determination of the requirements for an actual interphase transformer 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

appendices.
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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 feedbacl{ 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,
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Leon Arnold Rovelsky
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I. INTRODUCTION

When identical units of any device are operated in parallel, it is gemnerally
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, > During the inversion
portion of the pulse cycle, however, the load was not shared equaliy by the
two parallel inverters. In fact, qthek division of the load was most unpredict-
able, even though operating conditions were made as nearly identical as poss-
ible on commerc1a11y designed equlpment

' One of the undesirable effects of the unequal sharmg of the load by the
asynchronous 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 fook a longer time to get back up to speed. This type
of operation could not be continuo.us, -as all the control equipment for the
drive motors was a common system which required a close, if not identical,
spéed match.

Another unfavorable factor due to ﬁnequal load division was excessive
current, higher than the ratings of the inverter taking the greater part of the
load. |

Since the flywheel motor-generator séts 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 chahge from
asynchronous to synchronous dperafion, This change was made by placing
the two series circuits 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 ii_werters
that were parallel circuits of the same machine did not choose to divide the
load equally. To effect close division of load between these synchronous par -
allel inverters it was necessary to make further changes in the firing circuits,
which introduced negative feedback. After 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.

Dui'ing all these changes and tests, I felt fhat‘th‘e 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 agd to try to find the limitations of the actual interphase trans-
former. o ' ' '

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.
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II. RECTIFIERS AND INVERTERS

In order to make a better evaluation of the requirements for aﬁ interphase
transformer for parallel inverters, a resumé is given here of three-phase
parallel rectifiers that use interphase transformers.

Inverters 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 discussed. How-
ever, when the asynchronous or varying-frequency condition is being described,
it is sb 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 instantaneoué
difference voltages that are applied at its terminals. As long as thé iron in
the core is not saturated, an induced voltage appears as 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 .
next following pilaseo 1) o

If one does not consider the overlap or commutation angle {(i.e., commu-
tation angle equals zero), the average dc voltage is 1,35 Ermsl (line to

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

., dc voltage is correspondingly lower. 1
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If this same combination of half-wave rectifiers is connected through an
interphase transformer, the dc voltage for zero commutation angle is 1.17
Erms (line to neutral). Under such conditions each tube of each three-phase
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

eg. = L.17TE(l+0.057 cos bt . . . .) - (1

when the individual voltages simultaneously applied across the interphase

transformer are

e 1.17 E (14+0.25 cos 3wt - 0.57 cos 6wt + 0.025 cos 9wt . . .) (2)

dl

i

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

0.025 cos 9 {wt + 60°) (3)

d2

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

a1 and ey, @re in phase. They are identical

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

Fig. la, then the two voltages e

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 and 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 dc output voltage by delay of the firing. Sufficient delay can re-

duce the average dc voltage to zero.
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While in the region of maximum dc voltage to zero dc voltage; the units
are considered to be rectifiers. However, when the firing instant is delayed
even more, the net output voltage is negative, and the power conversion is
considered to be in the region 6f 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-

rection of power flow.

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

1]

- Watts (5)

Inversion Power = (- E) (I)

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 }_M the inverter voltage, fhé greater the current, whereas the
higher the rectifier voltage, the greater the current.

(c) Inverter voltage increases with delay:in firing angle, whereas rectifier
_voltage decreases with delay in firing angle.

(d) When inverters operate in pafallel, the inverteri 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 polyphése rectifiers without an
interphase transformer and both feeding the same load, 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 slightly more
current. » -

Ir} the Vcas'e of two identical parallel inverters without an interphase trans-
former and both feeding a common load, the division of load will be éxactly
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 equal 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 iownimpedance 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 voltage 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 pdint 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 dc). The envelopes of the ac displayed on the oscillo-
scope screen thus gave a proportional indication of dc 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 series connection was made using temporary cables, the load current.
still would not divide equally vs}ithin each machine. There had to be some very

fundamental reason for this unequal division!
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A series of oscillograms, with explanations of each, appears below,
showing‘the division of current between halves of the rectiﬁer—invertér 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
slbpe (increasing values) is the rectification interval; the negative slope (de-
creasing values) is the current division during inversion. Figures 3a-1 and
3a -2 are quite sirnilar. This indicates a good pulse of pdwer 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 pulsing.

The current division shown in Fig. 3b is very nearly equal during recti-
fication, but éft_er 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-»throug'h.,
When such a fault occurs during operation of the Bevatron power supply equip-
ment, the dc field of the generator is removed and the magnet is short-circuited.
The magnet current then decays 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 IZR dissipated heat. The motors that drive
the flywheels and generators are required to draw the difference and normal
losses from the powei' company 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 thdse 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 vin the parallel connection, an attempt was made to force paralleling
by cross-feeding a pl{r\oportional dc 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,



-15-

(a) WITHOUT D.C. PHASE SHIFT

CROSS-COMPENSATION IN FIRING .
CONTROLS, .« ~<&_ .7 <o §~ALL

| 4 ~— 0 AMPS
€' AP S
|<—RECT—>|<—|NV——>|
t- o—><__ . \——o AMPS
( ZERO
SHIFT

(b) WITH D.C. PHASE SHIFT CROSS-
COMPENSATION cquaL

ALL
ZERO\ \,?EQUAL
=N= ¥, —ZERO

EQUAL

TRANSDUCTOR CURRENTS MU-8002

Figure 4

- UCRL-2561



-16-

WITH D.C. PHASE SHIFT CROSS -
COMPENSATION .

Y - P N ;.-'

—— . e
D,

: = LA ,f"'/

TWO EXCHANGES OF CURRENT BU
NO "FAULT" OR SHUTDOWN

I<—I§EC'|'.’—>|¢LINV. >
_ _ ,..n.:f_ ~ . . '
s

(b)

' ONE EXCHANGE AND FAILURE

TRANSDUCTOR AMPS
MU-8003

Figure 5

UCRL-2561



«17- ' UCRL-2561

This approach to a solution was correct. The only drawback was that
the response in the circuit was too slow to do ahy good when it was needed;
furthermore, the delayed responée made things as bad or possibly even
worse. This created the conditions for-a lownfreqﬁency multivibrator 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
from 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 cross-feeding the prinrary voltages for the peaking
transformers which confrolled the firing of the ignitrons. The procedure
regulated the inverter voltages in such a manner that the error signals
introduced . negative feedback. The magnitude 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 multivibrator action.

Figures 5a and 5b show a similar display of current division when
cross-compensation is used in the dc 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 ""running out of margin angle. "

If the voltage applied to the primary of a peaking transformer becomes
less,. the leading edge of thé firing peak is advanced, Advancing the firing
peak corresponds to less delay in firing. This causes a lower inverter
voltage. The in\}ertef with the lower inverter voltage (between a pair of
inverters)’y takes more current, making its voltage even less. This con-
tinues ad i‘nfinitum, until the 16wer 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+ Iy and assume that 1,, for some reason, is slightly
larger than II' This causes IZKZ2 to become larger. ~E2, which is

(EgZ - ][ZKZZ)s becomes smaller. Thein (EL =~E2) becomes larger; this,
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in turn, makes 12 larger because it is equal to (EL - 'EZ/ZZ), Correspond-
ingly, I1 becomes smaller. This shows how the larger current keeps
getting larger, while the lesser becomes even less. It is, of course, an
unstable condition, and this explains why the Bevatron inverters would not
originally divide the currents so as to operate successfully in parallel
during inversion. | v

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 negative feedback. This taused 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 iEgl and EgZ and then cross-feeding

the signal. Assume again that IZ is slightly larger than 11; then -=IZKZZ

plus KEgl is greater than -IZKZZ. 'EgZ becomes larger. This makes
(EL - EgZ) become smaller than before. Since IZ = (E2 ---EgZ/ZZ), IZ
will become smaller. Conversely, L will become larger. The degree of

equality of currents that can exist under such a .Ccntrol‘system is a

function of the response of the various circuit elements.

-
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IfI. THE INTERPH_ASE TRANSFORMER

During all this experimenta.:tionk thete 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 rect1f1cat1on to mversmn there were indications of heavy magnetic
shock forces apphed to the 1nterphase transformers B

The dc output r1pple voltage was alternately h1gh or low, but always
high when the load was unbalanced ThlS ord1nar1ly indicates that either
the interphase transformer 1s saturated or- that the two inverters are ex-
actly in phase.. = = . ) '

But--why did the 1nverters parallel correctly at times? On .these
rare occasions the ripple voltage’ was of lesser magnitude. Possibly the
interphase transformer was too small to be always effective during inversion.
What was the criterion for the eorrect interphase transformer?

In order to ascertain in some/measﬁre what was happening within the
interphase transformer, a search coil was qurxd on the core of the interphase
transformer The series of osc1110grams labeled "L P T. Flux'" are included
to illustrate the magnetlc hlstory of the 1nferphase transforrner during
certain pulses, ' L :

Figure 8a shows a flux pattern of the interphase/transformer during
. what was considered to be a good pulse. The vertical width of 'th-e trace is
the measure of the flux ripple. The deviation from zero flux indicates the
magnitude and direction of the core sa'turation level. This deviation is
caused by current unbalance between the parallel rectifiers or inverters.
The portion of the pulse labeled "R"'is for rect1flcat10n, ‘while that labeled
MINV'" is for inversion.

In Fig. 8b the _mversion porti'o.n?of‘ the cycle shows five wide flux
excursions, frorn positive saturation to negative._:—sat,uration, - This is caused
by cross-feeding a low-value dc forcing function in the inverter peaking
transformer ~pha‘se-sh.ift windings. The delayed response is due to the re-
lationship between the large time constaht 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 strong,erl
paralleling force.)

Figure 9b shows a good pulse, some unbalance beginning during
rectification, and the current suddenly 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 transformer 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. 10a--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. 10b,
where the vertical distance between the horizontal traces indicates that
the total number of lines of flux for 2 cm. is 15, 340, 0‘00. The flux
density is ® 80, 000 lines per square inch {core area = 190 square inches;
B = 12,500 gauss). '

Figureé 11-15 show the I. P. T."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 cdnditions 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 choke coils that are partially dismantled.
(The keepers across the "E" core are discarded.)  The remaining portions
are placed together so that the E's coincide. With the polarity of the coils
as shown, this represents an interphase transl;forr_ner. |

Equation (1) gives the voltage of a three-phase double-wye rectifier
system using an interphase transformer. In Fig. 16 the dc component is
represented by the batteries, and th-e 0.057 cos bwt is represented by the
ac generator Aejwt. The rectifier elements are used v_f'br control purposes
and also to parallel more closely the situtation of the actual interphase
transformer where dc 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-magnetization curve of Fig. 2b.
This corresponds to a dc current unbalance between the actual parallel
inverters. '

The voltage represented by equation (1) is for the condition that the
commutation angle is equal to zero. However, if the commutation angle is
not zero, the resultant voltage waves applied across the interphase trans-
former will not be a triangular -shaped wave as shown in Region I of
Fig. lb, but some 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-seer-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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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" représents 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 "‘clippéd” by
rectification, the voltage wave e rises 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
"ost' 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 oné_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 dc current unbalance in the inter-
phase transformer. (The portipnpf 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
sa‘turation, current unbalance between halves of the inverter begins to
take place. As this unbalance becomes worse, because the "voltage re-
quirevd" 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 Fig. 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 dc  flat-topped wave across each side. If a small step
function is imposed so that inverter,voli:égve-»EB is greater than inverter
'EA, IB becomes less than IA. Now postulate that the total current IA
plus IB is decreasing, and that dIA/dt and dIB/dt cannot become positive.
Then

-EL :EA +a\=EB +b.
Let (K)d_IA/dt)
and (K)dIB/dt)

and dITotal/dt = -300 amperes per unit tip;e.

-160 amperes per unit time - a,

-140 amperes per unit time =b,

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 -10K
volts to E, and +10K volts to E,. Thus E

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

has a voltage component added

now higher, it takes even less current. The interphase transfomer be-
comes saturated if no quiék 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, unbalance can exist only if the interphase transformer éan‘not
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 miust all be carefu-vlly con-
sidered in the determination of t%hé proper interphase transformer. The
results indicated from 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 considered, lest there eventually be
trouble. "Certainly, in an interphase transformer, these elements must
include the important harmonics and magnitﬁdes of the unbalancing voltages.

Concerning the parallel operation of two or more frequency converters,

C. M. Laffoon sayé:4
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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 differént 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 ignitfons only as switching devices, then they can be loosely c‘vompa.red
to commutators. They are similar to a commutator, converting ac to dc.
- (The ordinary dc machine is not dc at all but actually an ac machine. A
homopolar generator or motor is a true dc machine. )

The ignitron rectifier-inverter, however, has one distinct advantage
over a commutator device. In order for a dc 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 éppearing across it, whether
those voltages were due to phase frequency or magnitude .differences.

The unsaturated analogue interphase transformler also 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 Qoltage equation for an unsaturated interphase trans-

former is then:

_ a ' b
R R\ [ A di \-
1 [RieT 1PT , 1 2
¢1pT * [*H(T)*H( 3 )]* E(KL) <*"&T‘* dt>:,'+
a, e jv {wt £ 0) | : (6)
v

The quantify marked "a" is,that portion of voitage due to ohmic drop.
The quajntity marked "b" is the resulfant voltage inducved b.y the difference in |
the rates of change of current of each half. The last term of the equation, .
'""'¢!", accounts for the differences between the voltages applied to the terminals
of the interphase transformer. (The copious use of plus and miﬁ;us signs is
required to‘ distinguish between rectification and inversion‘c_vycles,) Term
"¢ is by far the most important of all three terms of the equation of inter-
ﬁhase output voltage. (A partial analytical trea‘tment of this term 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. 1b show the individual rectifier or inverter output
voltages for various firing angles and commutation angles (Regions I-IV),

Figure lc illustrates how the shape end magnitude of the instantaneous
differenc_e voltages vary for the separate regions. Region I shows a triangular-
shaped wave, which is the instantaneous voltage differvence between the solid
line and broken line ripple voltages of Fig. 1b, Region I This is the case
where the commutation angle is equal to zero for rectification. Region II of
this same figure shows a periodic trapezoidal-shaped figure which has a
slightly larger area than Region I." Region Il 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 rec‘tifica,vtion9 there would be only a.small order
of difference in the interphase output vbolta;ge,

Consider Region III, the chéﬁge=over interval from rectification to
inversion. It shows that there is an astomshmgly large voltage difference for
an interval of about one-half cycle. The average voltage of Region III, change-
over, is more than double the value of that 1n Region 1. : ‘

Region IV shows the greater flux requ1rements durmg inversion operatmn

If an 1nterphase transformer is too small, and saturates while trymg to
provide the flux required for inducing balancing voltages, 1t 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 of the very large surges of magnetizing current
that can be drawn in first energizi:ng an 6rdinary power transformer, even
though the transformer secondary is open -circuited. in this case, the iron
is already well saturated, and the change in flux required is in the direction
of even greater saturation; thus the magnet1z1ng current in attempting to
produce that required flux change becomes fanta.st1ca.11y large because of the
shape of the magnet1zat10n curve. Many times, the instantaneous-overload
trip relays operate to open the ci’rc_uit,. Operators are ailwa.ys wa,;rned to take
ammeters out of the circuit when first excitingv‘a transformer. |

In Fig. 22 postulate that I

‘T ‘
larger than Ib° The rates of change, L di/dt, equal the induced interphase

= Ia. + Ib . Letl momentarily become
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voltage. One-half the induced voltage of the interphase transformer is added

to VTa and subtracted from V As a result AVa,becomes Smaller, which

b’

reduces Ia’ and, conversely, AV, becomes larger to increase Ib .

Margin-angle change is sho:n in the same figure. Its effect is to lower
the inverter voltage by advancing the fivring 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:

- dé
E = K|N 3£ volts, (7)
E_ e = KpNfp _ volts. : (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. 1c. The ratios of these

various voltages are:

Eave (Region IV)

(a) . - = é“ZE;: 3.2,
-Eave (Region I) .
) (Region IV)
(b) the ratio of 22X _ = 3 _ - 1.71 (9)
ave (Region IV) 1.75
o : ¢ (Region I)
while the ratio of —2oX - = 2.0.
ave (Region I) 0. 55

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

voltage e, leads eA by 30° and the commutation angle has a finite value.

B

Figure 24 illustrates wave forms when e, lags e, by 30°, Figure 25 com-

B A
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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VI. CONCLUSIONS

If an interphase transformer is amphly 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 an interphase transformer is saturated because of an unbalance of
-

current, it will oppose equal division of currents between paré.llel 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 invérters is
controlled by means of negative feedback in firing circuits, an 1nterphase of
smaller size can give sat1sfactory 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 fractional 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 paraillel inverters feed-
ing into an interphase transformer is the selection ofthe optimum time for making
the "change-over." (Figures lc, 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—_coﬁtrol equipment,
When paralleling inverters, it is necessary to have. either a gupersen-
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 reétifiersn Thus the requirements for interphase transform -
ers must be carefully chosen for the specific vapplication, |
Commutation angle has a bearing on the size of interphase transformers,
whether the interphase transformer is used between parallel invert'ers or

parallel rectifiers, synchronous or asynchronous.

e
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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 ‘ .
. -8
- K =4né fx 10
ave max
. Ea X 108
and find the ¢ = ve lines;
Tmax
4nf

n = number of turns in series

¢___ = 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 Ig 2rnd f 10_8 volts; .
max , = ave “max

= 03X - 4.44n¢ £10°8 volts.
max

Erms 1/2
(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.

X 108 _ ~
é - _{max) = (B ) (core area).
max max
: nf
E_10® o125 10*
Required core area = —22X = m
(sg. in.) 4
per turn per nf8 x 10 nf

cycle/sec
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=400
= = . jth .
eipt f(t) a-vE ’
S ¥E-®
let a = firing angle and p = commutation angle.
B ] ¢ 2P ENT T
" 360 /) 6w 360 / 2w
‘ e, + e ; : " ]
a =|9 L 2) e | Fvety + e, - e} e IVelar 4
v 3 1 3
2y 2
1+—-—a _’t_l'_ ’ 1+q+_|“' _1]'_.
| 360/ 6w 360 /6w

t_-n-_ <1+_a+p.)_ ) (1+0..+p')2£—7.
. ) ) 6 w

2w 360 360
e, +e ‘ . ' : .
l:(—-—4 3) - ej'e-‘wwt dt + ' (e4 - el)'e“]thdt s
> |
J__ (1 +_L5 (1 +°'_+_E).“'_ ‘
2w 360 360 /) 2w _

from Fig. 26:

e = sin (wt + %) = 0.867 sin wt + 0.5 cos wt

= sin (.wt + 2— 7)=-0.867 sin wt + 0.5 cos wt

o
|

o
il

sin (wt + % ) = cos wt’

sin (ot - §) = 0.867 sin ot - 0.5 cos ut
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TN
(4]
[e—
R
N(D
~—_
i

' e, + e
T A T
+ 0.5 cosg wt ; K—-Th—) eé} =
e, +t e,
= sin (wt-;g.');{\( 42 :-3)-'e]] =

—
(]
—
!
[¢]
Nl
|

- 0.5 cos wt

- 0.5 sin (mt +Z)
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(e4-=e1) ='- cos ut .
r — ‘
- 1+ a + p,)_,"r__ (1 + G.+I p.)
360 6w "_ T
' jot | -jot et [;J(',wt B 3) E-J(‘“’t -’E) vt
a =| £ -0.5 S < e Vet gt + v : et IV@tat +
v 5 2
™ . _
‘<1 + -2->l (1 +
360 /6 :
= L‘L, ® I —/
— : \
llall

atp)w
(1,*_6“‘3-0 )2_“,

| LJ’(“”%’ e
-0.5 |= 73 -

. a bid
(1 +m)'z—w

—
!lC“
w=2xnf;
- let a=120°.
and = 30° ,
Y then for portion "a" onl;lr.:5
S T
| (+33) %
a = _“’._ ”_Q 5 eqwt(lv-v)+ ea‘]wt(l;fv) dt
Vo X : z ‘

1+ HE
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o (-0.5) [edet(l-v)  -jut(l4v) (;%)(ga)
Zr E Jo (T-v) ~ 7 Jo{I+Vv) _

1) (&)

51 51 4 4
[ >T% -i(1+v) 512 (1-v)1g -j(1+v) 15
_ € _ € _ € A ; .
Br | TV j (1+v) J-»y )
_ 5ln | Zn
let 91 = —2-1—6- K and 92 = -?3—-
a - .1 e € e € _ € € s &€
v, B =) SR T T+
rationalizing:
(1-v)oy j(1-v)o; -j(l4v)e; -j(l+v)e; j(1-v)o, j(1-v)8, -j(l+v)6, -j(l+v)6,
1 Je +ve -€ +ve L -ve +e -ve

i1 -v8)

collecting terms: -

-jve . . ; ] [ =ive, . : .
o1 e Y [36 -6 (i6  -i6NY) | T2 [18p )8y (16, -6,
- v € -€ 4y (€ +e . | = | -€ +v e +e

i(1-vZ) i(1-v 2)

substituting for 6, and 6,:

a = - 1 E*JV;—%) sin ('51") -jv cos(s’lﬂ) |
Va 4n(l-v") ' 2] 29 _
' _jv,Zn' . .
<e' T) [s‘itim (-2-91) - jv cos (-%E):l |

Coefficients a,v s av and a are determined in the same manner.
b c Vd

LN
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The final voltage (general equation):

v=+4+ 0
ei‘t= (a + a + a + a _)e‘]th
13 Va Vb Ve Yd
V= -0

UCRL-2561
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C. INTERPHASE TRANSFORMERS FOR PARALLEL INVERTERS

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

- |
N a .
T .
N ¥ " w"’
o m T ixn -b
, - ®
I S

je— M-

Let p = 60° (overlap or commrnutation angle, or ='-3E;),

The exponential form of the Fourier Series:

f(t) =

a =
v .
('.

f
o
) &
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 "u",

{n—x|:3%—(—)- 2‘—(:2‘:1,
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ro_ Xpwo oy
X~ - 80 L,

L1800 (180
T w(180-u) ° 180-.

\

If p= 60° [w = 2xf; where f is the fundamental] ,

180 w

- _3 =
T w(I80-60) " Z G °

Therefore k

;iuii
12 2 wl°

(1)

(2)

(3)

(4)

0
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s
1 vy 300) 3w]
alv—_ij-nr {e (g+c-c—“— -g+c—ﬂ_- .

| Similarly

=Jvs 7 .
1 3 o 3w -jvw ) 3@%
a, _fjvz-w [e (—g c(Z)fcﬂ__)-e (—g 3C+C__1r ’

v

gla

o1 ~jvamw 3 wd) -jvxw » 3 wd
LR e -~('b'7: E)'e 3 (-'b'fd'z——zﬂﬂ"

e

Therefore the complete form for the complex Fourier Series:

v= 4+ 00

N 1 -ivg ) ) 3w 30 |
f(t) = -jVZ'n' €. J g+c - -—T-;— - g+ c e +

(1")

(3")

(2"

(4')

12

%
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