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CHAPTER 1

INTRODUCTION

1, General Consideration.

An inverter is a device which converts d-c power to a-c
power., A three-phase inverter is a device which coﬁverts d-c
power to three-phase a-c power, |n this report three-phase
solid-state inverters are discussed, A solid-state inverter is
one which uses solid-state devices such as.SCR's, transistors,
tunnel-diodes, etc,, for switching purposes. Class A amplifiers
converting d=c plate voltage into sinusoidal output voltage upon
application of grid signal can also be considered as inverters.
This type of inverter can have up to 25% maximum theoretical
efficiency. A class C operated amplifier can also be considered
as an inverter., In this case, maximum theoretical efficiency is
about 80%. But due to the cost, the power handling capacity and
the volume, these circuits are no longer used as inverter circuits,
For higher power, voltages and good efficiencies, only SCR's and
transistors offer good inverter circuits. When cost factor is
considered, transistors also are eliminated and only SCR's offer
good inverter circuits, Transistors and tunnel-diode circuits
are of particular importance when the power source has very

small output voltage as from solar cells or chemical cells,



Any static inverter operating from a d-c source naturally
produces square-wave output, There are some applications where
square-wave output can be effectively used (as in induction mo-
tors). But in many applications, elimination of selected har-
monics or all the harmonics is essential. Hence, a filter
becomes an essential part for many inverter circuits,

A basic block diagram for an inverter is shown in Fig. 1.
Some blocks can be eliminated in some applications., The input
is assumed to be single-phase a-c which is rectified and filtered
to give d-c voltage. Normally, a capacitor with large capacity
is connected at the output terminal to give a stiff d-c source.
Sometimes, a center ;apped d-c supply is required, In this
case, two such capacitors of same capacity are connected in se-
ries across the output, This d-c volitage is converted to three-
phase a-c voltage by switching elements with the help of logic
circuits and commutating circuits. This a-c voltage is a
square-wave and c;n be filtered if necessary, A voltage control
block is shown before the filter unit. Voltage control in an
inverter can be achieved at three stages., (1) Input d-c level,
(2) As an integral part of an inverter. (3) Qutput a-c level.
In this chapter some blocks of an inverter are discussed. They
may or may not be necessary, depending on the type of load.l

2, Filters,

An inverter is basically a polarity reversing switch, To
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provide sinuscidal voltages necessary to replace commercial power
sources (alternators), a filter is essential in some applica-
tions, The type of filter chosen greatly affects the design of
the inverter. |t also has an effect on logic circuits, the num-
ber of power switching modules, the means of Synchronization,

and the voltage control system, Hence choosing a filter is a
very important part of any inverter design, Three important
types of filters are discussed below,

A ferro-resonant filter is most suitable for small sizes,
it offers harmonic reduction of about S%.i It offers good short
circuit protection, input-output isolation and stabilized output
voltage. It has the inherent disadvantage of voltage phase
shift from input to output which varies with load, |t also has
large input current requirements on start up and large load
changes. The capacity of the inverter driving the type of fil-
ter is roughly four times larger (with respect to commutating
capacity) than that required by the load. The losses in this
type of filter are very high due to the very high flux levels
in core material, The loss contributes for higher cabinet tem-
perature and lower unit efficiency. A balancing transformer is
essential to a phantom neutral for three-phase three-wire loads,
This prevents the unwanted output voltage oscillations., It can
be concluded that ferro-resonant filters offer many advantages

in smaller single-phase and three-phase inverter circuits, but
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in larger unit size, it is inefficient, expensive and creates
voltage oscillations., The cost per kva of ferro-resonant fil=
ter is about $100/kva,

The stored energy filter is another type of filter that can
be used with three-phase inverters. As implied by the name, the
stored energy filter employs inductofs and capacitors for filter-
ing purposes. It is very effective at high frequencies because
of the type of elements that are utilized for fiitering purpose.
The principal use of stored energy filter is to provide final
filtering of the higher harmonics, which are not sufficientliy
reduced by a switching filter, (The switching type filter is
discussed in the next paragraph.) The cost of static energy
filter is also about $100/kva. (This can be expected because
stored energy filter also employs similar elements as in a ferro-
resonant filter,)

The third type of filter is the switching filter. It has
many advantages over the ferro-resonant type and the stored
energy type. The switching filter is again subdivided into mul-
tiple frequency type and phase shifted type., Multiple fre-
gquency type is again subdivided into multiple pulse and cas-
caded frequency types. The multiple pulse method is described
by Bedford and Hoft2 and by Turnbull.3 It involves a very com=
plicated logic circuit, It eliminates the selected harmonics,

but the remaining harmonics generally have an increased amplitude.



Additional switching losses occur because of multiple pulses.
Voltage symmetry is also a problem in multiple pulse method of
filtering., The cascaded frequency method consists of subtrac-
tion of harmonics., Three or four (depending upon requirement

on harmonic content) inverter stages are connected in series,

The second inverter stage operates at three times the fundamen-
tal frequency. The third stage has five times the fundemental
frequency and so on. When these inverter stages are connected

in series, and when 2nd, 3rd, ... inverter stages are 180 de-
frees out of phase with main inverter, the output does not con-
tain 3rd, 7th, ... harmonics (depending on the number of stages).
A detailed analysis is given by Stuart P. Jackson.] The cas=~
caded frequency method does not add to the capacity of the main
inverter. Secondly, the amplitude of the harmonics, which is

not eliminated by filtering, is not altéred. With four inverters
operating at different frequencies, the lowest harmonic present
in the output is the llith,

Phase shifting to reduce harmonic content of the oﬁtput
of the inverter is discussed by Bedford and Hoft,2 Kernick, Roof
and Heinrich,J+ and Kernick and Heinrich.5 The basic technique
involves producing a number of square waves displaced by a mul-
tiple of 2%/ N, where N is the number of inverter or output
stages, The amplitude of each of the stages must be fixed rela-

tive to the others to obtain maximum harmonic reduction. Five



inverter stages are required to produce a single phase lZ-step
output having a total harmonic content of 15%. The lowest har-
monics are the 11th and 13th. To obtain the same waveform with
three=-phase outpul, six inverter stages are required. |In the
case of the phase shifting scheme, the output of the stages are
added, This increases the output caﬁacity of the inverter.
Phase shifting method of filtering appears to be most suitable
for large three-phase inverters. Whether to use six-power
stages and a larger stored energy filter to reduce harmonic con-
.tent from 15% to 5%, or to use l2-power stages and a smaller
stored energy filter is dictated by cost and output capacity.
In most cases number of stages is determined by output capacity
rather than by filtering requirements, with a minimum of six in-
verter stages.

3. Voltage Control.

voltage control is an important factor in inverter design.
Many types of controls are possible. Again the type of filter
and type of inverter also affect the voltage control, A mechan-
ically operated tap on the output transformer can give satis-
factory performance in some cases, Secondly, if the input to
the inverter is single phase a.c.,, the d-c voltage can be con-
trolled by changing tap on input transformer before rectifiers,
by incorporating a saturable core reactor, by induction regula-

tors, by magnetic amplifiers or by phase-controlled rectifiers.



In the case where the input is @ d-c power source, the voltage
supplicd to the inverter can be controlled by transistor series
or shunt regulators or semiconductor switching-type d-c voltage
controls, The principal advantages of voltage-control schemes
where the d=c inverter supply voltage is controlled are, (1)
The inverter output voltage waveshapes and its harmonic contents
are not significantly changed; (2) In certain applications, the
principal reason for voltage-control is to compensate for source
voltage fluctuations. The inverter can be designed for a very
limited voltage range and hence can be more efficient and eco-
nomical, The principal disadvantages of contrelling the d-c
voltage to an inverter are, (1} The commutation voltage in some
inverters is proportional to d-c supply voltagef This makes the
inverter current capability decrease as the d-c voltage is re=
duced, This creates difficulty in design of commutating circuits
and generally involves higher circuit losses for satisfactory
commutation. (2) The total power is handled twice, This in-
volves more equipment than is required if the voltage control

is made an integral part of the inverter itself. (3) Most d-c
voltage control schemes require filtering in d-c circuit. This
may cause slower response time.

Voltage control in inverters can be achieved interna]lylby

phase shifting., Phase shifting within the inverter involves two

full capacity units whose relative phase is varied to change
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output voltage, This method offers poor utilization fof the
material unless the size of the inverter required the use of
additional power switching devices,

Another method of voltage-control within inverter is multi-
ple pulse width, Multiple pulse width has the same advantages
as mentioned under filters, This method is very suitable if the
number of power switching devices must be minimized, Pulse
width modulation method of voltage-control is best suited for
high capacity three-phase systems. |t offers voltage control
without increasing the number of power switching devices. Low~
frequency harmonics are not re-introduced because of this method
of voltage-control. The multiple pulse width method is uneco-
nomical for general usage because of high switching losses and
logic complexity,

In the case of parallel inverter, the commutating angle is
approximately equal to the power factor of the a-c load. (This
includes commutating capacitance output transformer and load,)
With fixed d=-c supply voltage the output voitage varies with com-
mutating angle. Hence controlling the load power factor offers
an excellent method of voltage control in this case. The load
power factor can be changed by phase-controlling electric valves,
using feedback rectifier circuits and using saturable reactors
in shunt with the load, Normally, this method is suitable for

applications requiring only small amount of voltage control.
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When a large control range is required, the rating of thc com-
ponents used to provide the necessary control range may become
excessive.

Inverter frequency may be varied to obtain voltage control.
Normally, the frequency controlling element is the unijunction
transistor oscillator (UJT) providing pulses for logic circuit.
The frequency of UJT oscillator can be varied very easily by
changing either resistor or capacitor value, This type of volt~-
age control is only of use when the inverter output frequency
need not be constant,

L4, Commutation.

Commutation is the most important factor in any inverter
circuit., The improvement of any inverter circuit is mainly im-
provement in its commutation method. While the transfer of cur-
rent from one valve to another occurs naturally and automatically
in a rectifier circuit, the accomplishment of current transfer
from oﬁe valve to another is one of the basic problems of inver=
sion process, The commutation involves following three important
events. (1) The reduction of forward current to zero in the con-
ducting valve. (2) The delay in application of forward voltage
to this valve until it has regained its forward blocking capabil-
ity. (3) The buildup of forward current in the second valve,

A direct short circuit across the power source results if the

commutation fails,



In carlicr solid=state inverters, SCR was directly replaced
for mercury arc rectifiers, This did not use the smaller turnoff
time and lower forward voltage drop of SCR's effecctively. The
circuits utilizing this important and advantageous characteris-
tics of SCR's were first described by McMurray and Shattuck.6
A small value capacitor and a center tapped inductance is uti-
lized in this circuit for commutation. This was in 1361,

During later years, most of the circuits described in lit~-
erature use auxiliary SCR for commutation purposes, The auxil-
iary SCR is fired and it offers a better path for current. -This
charges a capacitor such that reverse voltage is impressed
across the conducting SCR. As the cost of the SCR's is going
down, and as it does not contribute greatly to the cost of an
inverter, this method of commutation is becoming very attractive.
This method greatly reduces the size of the capacitors and the
inductors. Also, the voltage across the capacitor is greatly
reduced in this method, making it more economical,

7

A. J. Humphrey's’ paper describes various methods of commu-
tation and tabulates advantages and drawbacks of each of them,
In the bibliography references 61 through 65 give an extensive
list of literature on inverter commutation.

5. Logic Circuits.

 The logic circuits required to provide three-phase output

can be very simple. It can be built with an UJT oscillator



providing correct number of pulses (depends upon frequency),
and a count by six ring counter. But the basic logic becomes
very complex and involved when filtering and voltage-control
functions are associated,

Whatever may be the complexity, the whole logic circuit
package can be very much reduced in size and can be considerably
economized by using modern techniques of medium scale integra-
tion. By means of medium scale integrated circuits (generally
called MS1), circuits requiring extreme complexity and large
number of components can be built very easily and economi;a]]y.

A detailed discussion about logic circuits and description
of various alternatives available is given by R. L. V. de Lima

Mendes.8



CHAPTER 2

DEVELOPMENT OF INVERTER CIRCUITS

1. Introduction,

wWhen the SCR was introduced, it.was a direct replacement
for mercury arc rectifiers and other thyristors, in inverter
circuits, Since then the inverter circuits are constantly modi-
fied and improved, The commutation, voltage control, and fil-
tering techniques have considerably improved over the years,
Circuits are developed without use of any switching components.
In this chapter all these circuits are presented, An effort is
made to give a short description, the major advantages and draw-
backs and important applications., |In some cases experimental
results as obtained by persons who have presented these circuits
are also included. References are given where the detailed ana-
lysis and description of the circuits can be found,

2. SCR lInverter with Good Regulation,

This circuit is described by M. Lilienstein.? The block
diagram is as shown in Fig. 2. The inverter described uses SCR's
in conjunction with magnetic amplifiers, static devices having
many advantages over the rotating machines,

The inverter operates from a 26 to 30 V d=-c supply. It uses

a Hartly oscillator producing 1200 pulses per second. The

13
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output of the inverter is 400 Hz 115/200 V three-phase a-c sup-
ply. The output parameters can be easily altered by changing
frequency of oscillator and changing the single phase power
transformer,

The d-c voltage is converted into square wave a-c voltages
by SCR's., The square wave output of the SCR's is fed to the
power transformer, The power transformer changes the voltage
to the desired level. The circuit mainly consists of three
single-phase switching units fired at proper time to produce
three-phase output. The output of the power transformer is fed
to the magnetic amplifier, which is used as a voltage control
device, The output of the magnetic amplifier is fed to the har-
monic filter, which eliminates the undesired harmonics. The
output of harmonic filter is fed to the three-legged autotrans-
former., The three-legged autotransformer balances the phase
difference to exactly 120 degrees, Tﬁe load is connected to the
outputrof the thr;e-legged autotransformer.

The inverter is capable of handling reactive power. A
tertiary winding is provided on the power transformer. In case
of reactive load the power is fed back to the d-c supply througn
tertiary winding and full wave rectifier., The tertiary winding
also gives a good short circuit protection, In case any SCR
continues to conduct, the tertiary winding does not have any

voltage. A relay is held through the tertiary winding and when



the tertiary does not have any current, this relay drops, open-
ing a contactor, which breaks the circuit and prevents any dam-
age to the equipment,

By having three individually regulated phases, regulation
is good over the entire load range and even on unbalanced loads,
Magnetic amplifier acts as a reactive element, as a regulatory
medium and therefore yields very high efficiency., The regulated
output does not vary any more than between 115% to 114 volts,
except at 13 times rated capacity. At this point the output
voltage is 110 volts. The harmonic content can be kept as low
as 2% from line to neutral, by combination of series and paral-
lel tuned filters. The efficiency range is between 70% to 75%
depending on the load, the input voltage and the power factor,

Though this inverter offers very good regulation and good
waveform, the efficiency figure is very low, which makes the
unit unpracticable. As the amount of power handled by the in-
verter increases, the total equipment and cost of the inverter
becomes very high., This circuit is the first circuit described
in literature for three-phase a-c power from a d-c source using
SCR's, and hence has only academic importance as of today.

3., lnverter Using Saturable Core Transformer,

A circuit using transistors and saturable core transformers

is described by Allan G. LIOyd.]0 The complete circuit for d.c,

to three-phase a.c, inversion is as shown in Fig. 3. The
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Fig. 3]0 (b) Phase Diagram,
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circuit operates in sclf-excited half-bridge inverter configura-
tion. The circuit employs two transistors and a transformer
per phase,

The phase diagram is as shown in Fig, 3b. |t shows that
90-degree signal required to synchronize E3 is derived from
(Ey-E,), while E, in turn is synchronized by (E3-E]). Two ca-
pacitors, (very high and equal in value), are connected in
series across the d-c power supply. These capacitors are large
in value and can be of electrolytic type for reasons of economy.
This gives a center tapped stiff d-c power source, Each capaci=
tor waveform is square and equals one half the primary current
in any one of the switching transformers at three times the
inverter frequency.

The variable resistor Ry controls the frequency of the in-
verter, The variablg resistors R, and R3 are adjusted to obtain
correct phase difference for E, and E3.

Each base drive winding on transformer is wound for 2.5 to
3 V peak and the resistors in series with them are selected for
proper drive current at the required collector current level in
the two transistors, Switching of the current from on transis-
tor to the other is caused by magnetic saturation of the trans=
former core material, The maximum voltage transistor is the
d-c supply voltage.

The transformer can be connected in delta-delta., This



eliminates all multiples of three harmonics. This greatly re-
duces the filtering requirement of the inverter as the lowest
frequency to be handled by the filter is five times the supply
frequency.

The circuit described above does not need any logic cir-
cuits and firing circuits, The circuit does not need any com-
mutating circuits as well as starting circuits, These are the
major advantages of this circuit over the others, This can be
expected as transistors are used as switching elements, But it
should be noted that transistors of equivalent voltage and cur-
rent rating as SCR are very expensive compared to SCR's. Sec-
ondly, transistors are not available in very high ratings as
SCR's. The input voltage is also restricted because the maximum
voltage rating of transistors is low., All this means that the
inverters using this circuit will have limited voltage and power
handling capacity. Moreover, two large capacitors are required
across the input to insure stiff source, which yields good wave-
form and proper circuit operation., As the power level increases,
these capacitors will have to be of very high value and can be
very expensive, This inverter circuit utilizes a saturable core
transformer, This is a special type of transformer and has to
be specially wound and hence can be expensive., All these factors
make the circuit unpracticable today.

L, Inverter Using Saturable Core Reactors,
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A single-phase to polyphase inverter using saturable core

1 The device

reactors and capacitors is described by F. Butler.
does not use any switching elements, This eliminates the need
for logic circuits, commutating circuits, firing circuits and
filtering requirements on the inverter.

The circuit operates on simple principle of circuit shown
in Fig. 4. Eg is the single-phase supply voltage which is to
be converted to three-phase voltage. A mesh connected, bal-
anced, resistive load is assumed, The voltage across each
phase is EL' EC and ES' It can be shown very easily that E,

E. and ES are exactly 120 degrees out of phase if and only if

C
LC=1/w2 and wlL=R//3, where w is angular frequency in radians
per second, R is load resistance per phase in ohms, L is in-
ductance in henrys and C is capacitance in Farads,

The inverter circuit is as shown in Fig. 5. The input is
LOO vV, 50 Hz single-phase supply while the output is 400 v, 50
Hz three-phase balanced supply.

The reactor frame in this inverter carries separate d-c
and a-c coils. The construction is such that the two sets of
windings are decoupled electromagnetically in such a way as to
minimize the mutual inductance, The d=c windings are supplied
through a bridge rectifier in series with a variable resistance.

The inverter can be employed to run a three-phase motor,

The inverter is not capable of providing high starting current.
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The open circuit voltage is about 5% higher than the full load
voltage. The converter losses are attributed to iron and copper
loss in reactors, rectifier loss and the energy dissipation in
the d-c magnetization winding, The overall efficiency is of
the order of 90%.

The major advantage of this inverter is that it is revers-
ible. It can convert three-phase power to single phase, (This
is required to supply heavy single-phase loads such as welding
equipment.) The use of this inverter in reversed phase elimi-
nates unbalancing of the three-phase mains supply.

This inverter utilizes specially built saturable core
reactors, These can be very expensive, The inverter output
frequency is exactly equal to the single-phase a-c supply fre-
quency and hence does not offer any advantage in driving three-
phase induction motors or synchronous motors for accurate speed
control. The cost of this inverter becomes very high when the
capacity is increased over 5 kva, but the efficiency and regula-
tion does not improve beyond a certain point. This invertef is
not capable of handling any unbalanced loads. Any unbalance in
the load can cause the supply to be unbalanced, It is not pos-
sible to control each phase separately in this inverter,

All these factors make this inverter impracticable for in-
version purposes. But this inverter circuit can be very useful

if the requirement on the inverter is to operate from single-
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phase to threc-phase as well as from three-phase to single~
phase,

5. SCR Inverter with Improved Commutation

A SCR inverter with improved commutation is described by

W. McMurray and D. P. Shattuck.6

Several circuits are possible
as suggested in the article and are shown in Fig., 6. The de-
sign is based on work by C, F, Wagner.]z’13 The symbol E is
used for d-c supply voltage and the symbol |pg is for maximum
value of the load current in Fig, 6. Also symbol C is the value
of commutating capacitance and L is the commutating inductance,
The required values of C and L are related to the values of C
and L in circuit A. In circuits (C) and (D), the two halves
of the primary winding of the output transformer are assumed to
be tightly coupled. This may require special technigues, such
as interleaving or bifilar winding., In circuits (A), (B), (E)
and (F), coupling between the two halves of the center-tapped
inductance is necessary,

Circuits (A) and (B) require center-tapped d-c suppiy.
This can be easily achieved by connecting two large capacitors
in series across the supply. (These capacitors can be of elec~
trolytic type.) In case rectified singie-;hase a.,c., is used,
these capacitors can act as filters, Arrangement (C) is equiv-

alent to parallel inverter with improved method of commutation.

The parallel inverter can also exist in circuits shown in other



