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1
ELECTRIC POWER CONVERTER

The invention described herein was made in the
course of a grant from the Agency for International De-
velopment, an agency of the United States Govern-
ment.

The present invention relates to electric energy con-
verters wherein a number of electric energy sources or
electric energy storage elements are interconnected in
a programmed fashion to cause an alternating current,
or some other variable current, to flow in a load.

There has been a great deal of interest recently in
fuel cells, solar cells, thermo-electric devices, and the
like which convert chemical, radiation, and thermal en-
ergy to electrical energy. A number of problems have
arisen in connection with the use of such electrical en-
ergy generating devices. For example, individual gener-
ating units typically furnish electrical power of a few
watts or less whereas many of the large uses contem-
plated require power in the kilowatt or megawatt
range. Also, most such devices provide a direct current
output whereas most of the uses contemplated require
alternating current and, particularly, quasi-sinusoidal
voltage and current waveforms with small harmonic
distortion. Also, most such devices have very poor reg-
ulation in that the voltage output differs markedly as a
function of the current output. It is apparent, therefore,
that any power system using such devices must be able
to combine many of the individual electric generating
devices efficiently, and must be able to convert direct
current into alternating current; and, further, the con-
verter must yield a low impedance, quasi-sinusoidal
output with small harmonic distortion.

Accordingly, it is an object of the present invention
to provide a novel inverter that converts direct current
into alternating current.

A further object is to provide a converter wherein a
number of electric generators or storage elements,
each providing a quasi constant voltage, are combined
to furnish a time varymg output voltage.

A further object is to provide a converter wherein a
number of quasi-constant voltage sources are com-
bined to furnish an alternating voltage output.

A further object is to provide a converter wherein a
number of quasi-constant voltage sources are com-
bined to cause an alternating current to flow in a load.

A further object is to provide a very efficient in-
verter.

A further object is to provide an inverter furnishing
a quasi-sinusoidal output whose harmonic content is
controllable.

A further object is to provide an electrical energy

converter having a low impedance output.

A further object is to provide an arbitrarily large volt-
age by combining a number of low voltage electric gen-
erators or storage elements. ,

A further object is to- provide a converter having a
large power output capability by combining a number
of low power electric generators.

A further object is to provide a converter wherein al-
ternating current of one frequency is converted to al-
ternating current of another frequency.

A further object is to provide a voltage converter sys-
tem that can be assembled from a multiplicity of similar
modules.

A further object is to provide an electrical power
converter wherein great flexibility is permitted in the
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combination of individual devices and the manner in
which these devices are combined to provide an out-
put. -

These, and further objects, are discussed hereinafter
and are particularly delineated in the appended claims.

By way of summary, the foregoing objects are at-
tained in an electric power system that comprises a plu-
rality of stages connected in cascade. Each stage in-
cludes in combination supply voltage means, first bilat-
eral solid-state switch means connected between the
supply voltage means and one terminal of the stage,
and second bilateral solid-state switch means con-
nected between the supply voltage means and another
terminal of the stage. One terminal acts as input to the
stage at one state of operation of the stage and the
other terminal operates as output during said one state;
the roles of the two terminals are reversed at another
state of operation of the stage. The first switch means
and the second switch means act in combination to
connect one side or the other of the supply voltage
means to either terminal as alternate conditions of
stage operation or to bypass the supply voltage means.

The invention is hereinafter discussed with reference
to the accompanying drawing in which:

FIG. 1 is a schematic circuit diagram partly in block
diagram form, showing a seven-stage system which is
adapted to combine the seven batteries shown, one per
stage, in a way that will connect across the load shown
an alternating voltage;

FIGS. 2A and 2B combined show an alternating sin-
gle-phase voltage that may be provided across a load by
the system of FIG. 1, FIG. 2A showing the positive-
going voltage as a series of voltage steps, first increas-
ing and then decreasing and FIG. 2B showing a nega-
tive-going voltage ‘as a series of voltage steps, first de-
creasing and then increasing;

FIGS. 3A and 3B show a logical sequence in which
switch elements in FIG. 1 may be actuated to furnish
the waveforms shown in FIGS. 2A and 2B, respectively;

FIG. 4 is a schematic circuit diagram partly in block
diagram form, showing a two-stage system somewhat
similar in arrangement and purpose to that shown in
FIG. 1;

FIG. 5 is a voltage waveform that can be provided by
the system of FIG. 4;

FIG. 6 shows a logical sequence in which switch ele-
ments in FIG. 4 may be actuated to furnish the wave-
form shown in FIG. §;

FIG. 7 is a schematic circuit diagram partly in block
diagram form of a three-stage system somewhat similar
in arrangement and purpose to that shown in FIG. 1;

FIG. 8 is a schematic circuit diagram in block dia-
gram form showing a six-stage system which is adapted
to combine six batteries, one per stage, in three parallel
strings. of two stages each in a-way that will connect
across a load an alternating voltage; and

FIG. 9 is a schematic circuit diagram of one practical
realization of a single stage of the system of FIG. 1.

It is believed. easiest to make this explanation with
reference to a system that employs a number of batter-
ies as individual electrical energy storage elements
even though, as will be discussed later, other electrical
energy storage means or electrical energy generating
means are contemplated to be of great interest in a sys-
tem employing the present concepts.

There follows now a description with reference to
FIGS. 1, 2A, 2B and 3A, 3B of a direct current to alter-
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nating current inverter using the concepts of the pres- B

ent invention. ‘

In FIG. 1 a direct current to alternating current in-
verter system 101 A includes a set of seven stages desig-
nated 110 that function under the control of a logic
contro! 103 to cause an alternating current flow in"a
load 102. It should be noted that the choice of seven
stages for this illustration and-description is somewhat
arbitrary; as will be discussed later, a smaller of larger
number of stages may be used in particular apparatus.

Continuing, then, the system 101A has seven stages,
stage 1 through stage 7, each stage including a battery
and first and second switch means, one such switch
means at one terminal of the stage and the other such
switch means at the other terminal of the stage. Each
stage has two terminals but, as will become apparent in
the discussion to follow, neither can be called an input
terminal nor -an output terminal because the. roles
change (or can change) in the course of each cycle of
the system operation. For present purposes, the first
switch means comprises the left hand switching units in
each stage and the second switch means comprises the
right hand switching units in each stage. Thus, the first
switch means in each stage comprises switches S,,
So-1e + - S22, Sy and the second switch means in each
stage comprises switches S3_y, S5+ . S3.7, Sz

With reference to the first stage of the system 101A,
the first switch means in stage 1 comprises a set of two
semiconductor switches, the switches S,_, and S,_;, and
the second switch means in stage 1 comprises a further
- set of two semiconductor switches S;_; and S,_,. One
switch in each set is connected to carry electric current
from the positive terminal of a battery B, to one or the
other of the stage terminals designated T,_, and Tp_y;
and the other switch in each set is connected to carry
electric current from the negative terminal of the bat-
tery B, to one or the other of the two terminals T,_, and
Tpsy. Thus, the positive terminal of the battery B; may
be connected to either of the stage terminals T, or
Ty, and at the same time the negative terminal of the
battery B; may be connected to the other stage termi-
nal Tp_, or T,_;, respectively. Also, the battery B, can
be bypassed altogether by making switches S, ; and S; ,
conduct simultaneously while switches S,_; and S, are
nonconducting or by making switches S,.; and S,_, con-
duct simultaneously while switches S,.;, and Sz, are
nonconducting.

Note that the other stages of the system 101A are
similar to stage 1 and have like numbered parts and
that these other stages can be operated in a fashion sim-
ilar to that described above in connection with stage 1.

As a specific example of the operation of the system
101A, it is supposed that the following switches only
are Conductingl Sg_l, S3_1, Sg_z, Sg_z, Sg_g, 83_3, SI_4, S4_4,
So-s, Sas, Siss Saces Sa-7; S3_7, then the potential differ-
ence between the terminal T,., and the terminal la-
beled Tj., will be:

V1+V2+V3_V4+V5—V6+V7

-where V,, V,. .. V; are the voltages provided by the
batteries shown at B,, B,. . . B;, respectively. Other
combinations of conducting switches will yield other
potentials between the terminal T, and the terminal
Tp-7 up to, and including, the peak values:

Vi+ Vot Vot Vit Vi + Ve + Vo
and
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4 ,
— V= V= V3= V,— Vs — Vg — V.

Operating as a direct current to alternating current
inverter, the system 101A supplies a quasi-sinusoidal
voltage wave that includes the two half cycles shown in
FIGS. 2A and 2B, respectively, under the control of the
logic control 103. The logical control to give the volt-
age waves numbered 104 and 105 can be provided in
the switching sequences shown in FIGS. 3A and 3B.

The particular switching sequences illustrated in
FIGS. 3A and 3B are chosen primarily to simplify an
explanation of the operation of system 101A. A close
study of the tabulations of FIGS. 3A and 3B will show
that, in many cases, it will be better to use a different
sequence to achieve the same end result. For example,
the logical sequence shown is one in which the battery
B, carries the heaviest burden of supplying the load 102
because it is in-series with the load most of the time
whereas the battery B; carries the lightest burden be-
cause it is-in series with the load for only two units of
time and is bypassed for-the other-26 units of time in
the 28 unit cycle shown in FIGS. 2A and 2B. The logi-
cal sequencing shown in FIGS. 3A and 3B would not
ordinarly be followed, thérefore, because it will usually
be advantageous to divide the burden more evenly
among the various energy sources. In addition, with the
sequences shown in FIGS. 3A and 3B, switches S,_; and
Sz are ON most of the time whereas switches S;_; and
Ss.z are OFF most of the time. Because the switches
are, in fact, semiconductor switches which always dissi-
pate some power in the form of waste heat, it will usu-
ally be advantageous to choose a switching sequence
that makes the duty cycle for all switches approxi-
mately equal and so divides the burden of waste heat
disposal more evenly among the various switches.

A study of the waveforms shown in FIGS. 2A and 2B
and the switching sequences shown in FIGS. 3A and 3B
will show that the switches S,_; and S,_; pass-current in
one direction during one part.of the operating cycle
and pass current in the other direction in the other part
of the operating cycle. These switches, therefore, must
have bilateral current carrying capability. But, further,
to make it possible to divide the load evenly, both as to
the energy storage or generating elements and as to the
switching elements, it is necessary, in fact, that all the
switches shown in FIG. 1 have bilateral current carry-
ing capability. In this connection, the term bilateral is
discussed . in great detail in U.S. Pat. No. 3,748,492
granted to Baker, and there are shown in that patent
various schemes for making semiconductor switches
bilateral. Further schemes are shown in application for
Letters Patent, Ser. No. 360,501, filed May 16, 1973 by
Baker and in an application for Letters Patent, Ser. No.
426,269, filed Dec. 19, 1973 by Bannister and Baker.

In FIG. 1 and in the descriptive material heretofore,
the electric. power source in each stage of the system
101 A has been shown and referred to, respectively, as
a battery. This element, in fact, can be any one of the
well known types of primary or secondary electric bat-
teries. But, in many uses contemplated for the present
invention, it will be advantageous to use some other
form of electric energy source or storage element.

In particular, it is contemplated that in many systems
the elements designated By, B,. . . B; in FIG. 1 will be
fuel cells, solar cells, or thermoelectric devices which
convert chemical, radiation, or thermal energy into
electrical energy, the system 101A being used to com-
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bine many of these devices in an arrangement furnish-
ing high power alternating current to a load even
though the individual electric sources provide only low
power direct current.

Another adaptation is described now with reference
to FIG. 4 wherein a system 101B includes two stages,
stage 1 and stage 2, that function under the control of
logic control 103 to furnish an alternating current to
load 102. If the system 101B is used to furnish substan-
tial power to a load, for example, if it is used to drive
an electric motor to provide variable speed by virtue of
varying the frequency of the alternating current sup-
plied to the load, the batteries will discharge and there-
fore will require recharging. This can be accomplished
by the arrangement shown in FIG. 4 wherein the bat-
tery B', is charged by a transformer 110 through diodes
112 and 113 and the battery B’, is charged by a trans-
former 111 through diodes 114 and 115. With this ar-
rangement, electric power is derived from an alternat-
ing current supply connected to the primary of the
transformers 110 and 111; this can be any convenijent
source; for example, it can be the conventional 60
Hertz power distribution system. But the frequency of
the alternating current supplied to the load is indepen-
dently controlled by the logic control 103; so in this ar-
rangement the system 101B serves as a frequency con-
verter to convert alternating current of one frequency
into alternating current of another frequency.

In a configuration including a recharge capability like
that shown in FIG. 4, it will be advantageous in some
systems to replace the elements designated B’; and B’,
by capacitors. For example, if the power to be supplied
to the load is small, then small capacitors can be used
as the electrical energy storage elements with a con-
comitant reduction in the physical size of the system
101B. :

Individual control of the switches S,_,, S;-,, etc., can
be effected through respective memories My_;, M_,,
etc., under appropriate programming from the logic
control 103. In this regard, the memories M_;, M,_,,
etc., can be, for example, the bistable circuits shown in
said U.S. Pat. No. 3,748,492 but they can be monosta-
ble or tristable as well. The signals from logic circuit
103 can be light signals or can be signals fed through
appropriate diodes as shown, for example, in said appli-
cation Ser. No. 426,265, or some other appropriate
coupling can be employed.

The logic control 103 in this as well as the other em-
bodiments herein can be a register or a digital control.
See FIG. 1, U.S. Pat. No. 3,705,391 which shows,
among other things, a system for converting analog sig-
nals to digital signals and vice versa; the input to sys-
tems like 101A and 101B can be the binary type signal
shown in that patent. It will be appreciated that the fre-
quency of the waveform 108 later discussed, can be
modified by changing the rate of sequencing and, in a
digitally controlled system, this can be done by chang-
ing the frequency of a control clock.

A two stage system like that shown at 101B in FIG.

4 can be used to furnish to the load 102 a seven-step
quasi-sinusoidal wave like that shown at 108 in FIG. 5,
The sequencing to provide the wave 108 can be that
given in the table of FIG. 6. In order to minimize har-
monic distortion in the simulated sine wave numbered
109, the constant voltage provided by an electrical en-
ergy source or storage element B’ should be about
2Vp/3 and the voltage provided by element B’; should
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be about Vp/3, where V,, is the peak voltage of the sine
wave 109 in FIG. 5. It will be appreciated that an iden-
tical waveform can be furnished if the voltage of the el-
ement B, is about Vp/3 and the voltage of the element
B’, is about 2Vp/3 and if the switching sequence is .
modified appropriately.

Further, it has been found that the time difference
between the instants at which the various switches are
operated, times 1y, t,. . . #; in FIG. 5, can be arranged
in an optimal fashion, again to minimize total harmonic
distortion or to minimize the distortion due to particu-
lar harmonics in the quasi-sinusoidal output waveform.
In fact, in a system employing the techniques hereto-
fore discussed, an output wave 108 has been provided
with a total harmonic content of less than 10 percent
and a third harmonic content of less than 2 percent.

The electric power system shown at 101C in FIG. 7
functions similarly to the systems 101A and 101B and,
in particular, to the system 101B in that the electric en-
ergy source of storage elements designated B,'’, B,"’,
and By'’ in FIG. 7 have terminal voltages, respectively,
of about Vp/2, Vp/3, and Vp/6. The three-stage system
101C can be used in circumstances where harmonic
distortion requirements are more stringent than those
for which the system 101B may be used.

It will be appreciated on the basis of the discussions
heretofore that stages like those shown as parts of
101A, 101B, and 101C can be part of a system that in-
cludes multiple parallel stages like those shown as parts
of system 101D in FIG. 8. And it will be appreciated
that these multiple parallel stages can be sequenced in
a manner which permits the energy source or storage
elements to rest or be recharged between intervals of
use. And it will be appreciated, further, that this per-
mits the combination of many individual source or stor-
age elements so that substantial power can be furnished
to a load even though the individual source or storage
element can provide only low power. It will be further
appreciated that the stages in FIG. 8 can be sequenced,
for example, in a three-phase manner to furnish a
three-phase power supply to a load which might be, for
example, a three-phase motor.

A detailed schematic of one practical implementa-
tion of a single stage is shown as FIG. 9. Stages like that
shown in FIG. 9 have been used to implement systems
like those shown at 101A, 101B, and 101C. Again, the
electric energy source or storage means shown in FIG.
9 is a battery and, in fact, batteries have been used in
the -systems that have been build, tested, and analyzed
because, among other things, the use of batteries facili-
tates the construction of the experimental apparatus.
Single stage X in FIG. 9 shows in detail one stage of an
actual system like the seven-stage system 18IA em-

- ployed to provide a voltage waveform like that shown

in FIGS. 2A and 2B. In FIG. 9, the portion of the stage
to the left of points S and S’ is a mirror image of the
portion to the right of points § and S'. The labeling
used is consistent with that fact in that the elements of
the right-hand part of stage X are merely the primed
counterpart of the elements of the left-hand part. The
bilateral semiconductor switches between terminals
Ts-x and Tp.x and labeled S,.y, Sq_x, Sz-x and S,.x per-
form the functoin of the switches S,_,, So;, S5y and Sy,
respectively. The bilateral current carrying capacity of
the switch S,_y, for example, is the result of the combi-
nation of a transistor Qg and a diode D3 whose opera-
tion is discussed in detail in said U.S. Pat. No.
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3,748,492, The further circuit elements act to control
the switches S_y, etc. In the stage X, transistors Q,, Q,,
Q;, and Q, and their primed counterparts are low-
power transistors, transistors Q;, Qg Q; and Qg and
their primed counterparts are high-power transistors,
diodes D, and D; and their primed counterports are
high-power diodes and D, is a high-current diode. D,
and D,’ are low-power diodes. The diodes labeled Dy
and Dy’ are light sensitive diodes which act to control
or switch the stage X from one state to the other of its
various states in response to a logic control. In the ac-
tual system, the signal input to diodes Dy and Dy’ is
light the source of which is light emitting diodes, under
the control of an external control. There now follows
a brief explanation of the electrical operation of stage
X.

In FI1G. 9 the supply voltage means of the stage is the
battery shown at By; a battery By' acts to bias the vari-
ous transistors in the stage. The battery By has termi-
nals Y and Z, the terminal Z being connected to ground
G which in this situation is merely a common connec-
tion. In an operating system, a circuit can be made from
the terminal T,_x, the transistor Qg to the terminal Z
thence from the terminal Y through Q' to the terminal
Ts-x. Reversal of the current in stage X can be from the
terminal Tp_y through the transistor Qs' to the terminal
Z, thence from the terminal Y through the transistor Qg
to the terminal T, y. Bypassing the battery By can be
accomplished by having both switches S,_y and S;_y ON
with switches S,_y and S;_y OFF or vice versa. It is im-
portant to note that the switches S,y and S ,_X operate
as a pair; that is, the switch S;_y is ON when the switch
S,_x is OFF and vice versa; similarly, the switches Sz
and S,_y operate as a pair. But the switch-pair§,_y —S,_y
is independent of the switch-pair S; y and S,_y, ON-
OFF switching of the former being effected by the
diode Dy and of the latter by the diode Dy’. As used
herein, a switch is ON when the transistor therein is
conducting and OFF when ‘the transistor is' non-
conducting. It should be apparent, however, that cur-
rent may in fact pass through the diode of the switches
when the transistor is non-conducting, as above ex-
plained. :

The control section for the switches S,_yx, S,y consists
of the battery By (for power to run the control circuits)
and the electronic components R;, Dy, Rz, Q;, Q,, R,

D, Ry, Qg, Rs, Re Qq, Ry, Rg, Q7 and Dy. The circuitry’

operates in the manner now explained. If it is supposed
that the light sensitive diode D, had no light shining on
it, then it represents a high impedance (i.e., an open
circuit) and current will flow through the resistor R,
from the positive terminal of B'y(+12v) into the base
of the NPN transistor Q, causing it to conduct. When
the transistor Q, conducts, the transistor Q, also con-
ducts and therefore the collector of the transistor Q,
(bottom of resistor R,) is at ground and therefore the
transistor Qg is rendered non-conducting. When the
transistor Q4 is OFF (non-conducting) then the transis-
tors Q; and Qg are OFF and switch S,_y is used to be
OFF, that is, it represents a high impedance or open-
switch condition. When the transistor Q, is ON, the
transistor Q3 is OFF and cannot accept current at its
collector terminal; the therefore the current flowing
down through the resistor R, goes into the base termi-
nal of the transistor Qg which causes both the transis-
tors Qg and Qj to be ON (conducting). When the tran-
sistor Qg conducts the switch S,_y is ON.
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When the light sensitive diode Dy has light shining on
it, it acts as a low-impedance (in fact it is.a small area
solar cell) and its cathode is negative with respect to its -
anode. A negative potential at the base of the transistor
Q, causes both the transistors Q, and Q, to be OFF.
When the transistor Q, is OFF, it will not accept cur-
rent and therefore the current flowing through the re-
sistor R, will flow into the base of the transistor Q,
causing it to conduct. When the transistor Q4 conducts
the PNP transistor Q; conducts which causes the tran-
sistor Qg to conduct; the switch S,_y is ON. When the
transistor Q, is OFF, the current flowing through the
resistor R; will cause the transistor Q3 to conduct and
the current flowing through the resistor R, is conducted
to ground through the transistor Q; and the diode D,
causing the transistor Qg and Q; to be non-conducting;
therefore the switch S,_y is OFF.

The presence or absence of light shining on the diode
Dy’ causes the control circuits of the right hand side,
that is, the elements Q’;, Q'; etc., to control the
switches S;_y and S,.y in the same manner as described
above for the left side. The battery B'y is used in com-
mon with both the left and the right control sections.
The diodes D, and D, are used as bias elements for the
transistors Qg and Qg'. For example, when the transis-
tor Qs is conducting, its collector current must flow
through the diode D, which causes the NPN transitor
Qg to be back biased, that is, held in the OFF state.

Modifications of the invention herein discussed will
occur to persons skilled in the art'and all such modifi-
cations are deemed to be within the spirit and scope of

" the invention as defined by the appended claims.
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What is claimed is:

1. An electric power system comprising a plurality of
stages connected.in cascade, each stage including, in
combination: supply voltage means; first bilateral solid-
state switch means connected between the supply volt-
age means and one terminal of the stage; and second
bilateral solid-state switch means connected between
the supply voltage means and another terminal of the
stage, one terminal acting as input to the stage at one
state of operation of the stage and the other terminal
operating as output during said one state, the roles of
the two terminals being reversed at another state of op-
eration of the stage, the first switch means and the sec-
ond switch means acting in combination to connect one
side or the other of the supply voltage means to either
terminal as alternate conditions of stage operation or to
bypass the supply voltage means.

2. An electric power system as claimed in claim 1 in
which the supply voltage means is a d-c source of elec-
tric energy in each stage, the first switch means and the
second switch means acting, in combination, to con-
nect the positive side of the d-c source to one terminal
or the other of the stage as alternate conditions of stage
operations while simultaneously connecting the nega-

“tive side of the d-c source respectively to said other ter-

minal and said one terminal, or said switch means act-
ing to bypass the d-c source.

3. An electric power system as claimed in claim 2
that further includes logic control means to establish
logical sequencing of the first switch means and the
second switch means to provide an a-c output from the
system, said a-c output being effected by combining the
d-c sources in a determined sequence.

4. An electric power system as claimed in claim 3 in
which the first switch means in each stage comprises a
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set of two semiconductor switches and the second
switch means in each stage comprises a set of two semi-
conductor switches, one switch in each set acting to
connect the positive side of the d-c source to one or the
other of the two terminals of the stage and the other
switch of each set acting to connect the negative side
of the d-c source to one or the other of the two termi-
nals of the stage.

5. An electric system as claimed in claim 4 in which
the set of two semiconductor switches forming the first
switch means act in pairs in that one switch of the set
turns ON when the other switch of the set turns OFF
and vice versa, and in which the set of two semiconduc-
tor switches forming the second switch means act in
pairs in that one switch of the set turns ON when the
other switch of the set turns OFF and vice versa.

6. An electric system as claimed in claim § in which
the logic control means switches each of the four
switches in a stage individually, thereby connecting the

1
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positive side of the d-c source or the negative side of 20

the d-c source in each stage to either terminal or effect-
ing a bypass of the d-c source in a stage to provide an
a-c system output.

7. An electric system as claimed in claim § in which
the a-c output is a close approximation of a sine wave.

8. An electric system as claimed in claim 7 in which
the logic control means acts to vary the sequencing rate
of the switch means thereby to vary the fundamental
frequency of the a-c output.

9. An electric system as claimed in claim 7 that con-
sists of two stages connected in cascade, in which the
d-c voltage of the source in one stage is about 2Vp/3,
where V,, is the peak voltage of the sine wave, and in
which the d-c voltage of the source in the other stage
is about Vp/3.

10. An electric power system as claimed in claim 9

in which the logic control means effects switching be-
tween one state of system operation and another state
of system operation at predetermined time intervals
which are determined to provide an acceptable level of
harmonics in the output sine-wave approximation

11, An electric power system as claimed in claim 10
in whlch the sequencing pattern for one cycle is
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stage is about Vp/6, where V,, is the peak voltage of the
sine wave.

13. An electric power system as claimed in claim 7
that comprises more than three stages connected in
cascade. o
""14. An electric power system stage having an input
and an output, said stage including: supply voitage
means; first bilateral solid-state switch means; and sec-
ond bilateral solid-state switch means, the first switch
means and the second switch means acting in combina-
tion to connect the supply voltage means between the
input and the output and to effect a bypass of the sup-
ply voltage means as well as to effect reversal of the po-
larity of the supply voltage means connection within

5 the stage, thereby to effect a change of roles of the

input and the output of the system as alternate condi-
tions of system operation. L
15. An electric power system stage having an mput
and an output, said stage including: supply voltage
means; first bilateral switch means; and second bilat-
eral switch means, the first switch means and the sec-
ond switch means acting in combination to connect the
supply voltage means between the input and the output
and to effect a bypass of the supply voltage means as
well as to effect reversal of the polarity of the supply
voltage means connection within the stage, thereby to
effect a change of roles of the input and the output of
the system as alternate conditions of system operation.

16. An electric system that comprises a plurality of
stages connected in cascade, each stage of the plurality
of stages having an input and an output and including
supply voltage means, first bilateral switch means, and
second bilateral switch means, the first bilateral switch_
means and the second bilateral switch means acting in
combination such that the input and output are con-
nected together and therefore at equal potential or that
the supply voltage means is connected between the
input and the output such that the output is positive
with respect to the input or the output is negative with
respect to the input as conditions of system operations.

17. An electric system as claimed in claim 16 in
which the the supply voltage means in each stage com-
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where t, 11, etc., represent the time at which the stages
are at a particular state, S,y — S, and S;_, — Sy are
respectively the switches of the first switch means-and
the second switch means of the first stage and S,., —
S..» and Sz, — Sy, are respectively the switches of the
first switch means and the second switch means of the
second stage, C designates that the switch represented
is closed and O de51gnates that the switch represented.
is open.

12. An electric power system as claimed in claim 7
that consists of three stages connected in cascade, in
which the d-c voltage of the source in one stage is about
Vp/2, in another stage is about Vp/3 and in the other
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prises battery means and that further includes means
for charging the battery means, ‘

18. An électric system as claimed in claim 17 in
which the means for charging comprises a source of al-
ternating current connected to charge the battery
means.

19. An electric system as claimed in claim 18 in
which the source of alternating current is a source of
variable frequency alternating current and. that further .
includes control means that controls the first bilateral
switch means and the second bilateral switch means. to
supply as system output an alternating current of an-
other frequency.
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20 An electric system as claimed in claim 19 in

which the control means acts to vary the frequency of

the output of the alternatmg current from the system .

bmatxon with like systems, interconnected to provnde a
variable-frequency output.

22. The combination as claimed in claim 21 in which

the systems are connected in parallel to provide said

variable-frequency output.

23. The combination as claimed in claim 21 in which
the systems are connected in a polyphase connection to
provide a variable-frequency polyphase output.

24. The combination as claimed in claim 23 that fur-
ther includes a polyphase motor connected to receive
the variable-frequency polyphase output and to oper-
ate at variable speed as a consequence of variation in
the frequency.

25. A system as claimed i in claim 16 that further in-
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12

cludes control means to control the first bilateral
switch means and the second bilateral switch means to
give a system output that is a-c.

26. A system as claimed in claim 25 in which the sys-
tem output is variable in frequency.

27. Electrical apparatus that comprises a plurality of
electrical systems connected in cascade, each said sys-
tem comprising a plurality of stages connected in cas-
cade, each of the plurality of stages having an input and
an output and including supply voltage means, first
switch means, and second switch means, means
whereby the first switch means and the second switch
means- are operable to connect the supply voltage
means between the input and the output of the stage
such that the input and the output can be at equal po-
tential or the output can be positive with respect to the
input or the output can be negative with respect to the

input.
A* * ok k%
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