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STEP SWITCHED PWM SINE GENERATOR 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

This invention relates to the ?eld of DC to AC inverters, 
particularly those producing power at a high voltage sinusoi 
dal waveform for powering equipment requiring high volt 
age AC power at frequencies or voltages that are indepen 
dent of the frequency or voltage of a conventional AC power 
source. 

In the past, systems to convert DC to high voltage AC 
suffered from various shortcomings. The available AC out 
put voltage from inverters was generally limited by the volt 
age rating of available power semiconductors in the con 
verter. In the past, operating power semiconductors in series 
had not been seen as a practical solution because of the 
dif?culty in achieving simultaneous switching of series sets. 
Nevertheless, in the present invention, several methods are 
described for operating a number of AC power stages in 
series wherein the output AC voltage can be achieved at 
arbitrarily high levels. 

The need for such inverters is usually in the operation of 
high power motors. It is common for such motors to require 
input voltages in the range of 4.16 KVAC to 13 KVAC. If a 
voltage of 4.16 KVAC is to be generated in a single stage, 
and if the power semiconductors are selected to have a con 
servative 50% voltage margin, then the DC source voltage 
must be approximately 3600 VDC and the semiconductors 
would require a rating of 5400 Peak volts. In order to deliver 
controlled AC voltage with low harmonics to an AC load, it 
is generally a requirement that the switching speed be high. 
However, high voltage devices tend to have high switching 
losses and so it is not practical to use high voltage power 
semiconductors to control high AC output voltages in sys 
tems requiring high repetition rates for the switching 
devices. 

One alternative is to use a plurality of series connected 
pulse width modulation (PWM) inverters to achieve high AC 
output voltages. However this alternative is relatively expen 
sive and complicated. 
The present invention achieves high frequency switching 

and use of high voltage semiconductors without incurring 
high switching power losses. The present invention utilizes a 
pair of step wave generators in conjunction with a single 
PWM inverter in series connection to generate each phase of 
the AC output voltage. Since the step wave generators are 
operated at a relatively low frequency (low repetition rate), 
high voltage devices are readily available for such duty. A 
single set of relatively low voltage power semiconductors 
are operated in PWM mode (at a relatively higher frequency) 
to “?ll in” the steps in the waveform generated by the step 
wise output of the step wave generators or inverters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram useful in illustrating aspects of 
the present invention showing one step wave generator and 
one pulse width modulator. 

FIG. 2 is a simpli?ed partial schematic corresponding to 
the block diagram shown in FIG. 1. 

FIG. 3 is a more detailed partial schematic of the embodi 
ment shown in FIG. 2. 
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2 
FIG. 4 is a set of waveforms corresponding to operation of 

the system shown in FIGS. 1, 2 and 3, useful in illustrating 
the operation of the present invention. 

FIG. 4a is a set of waveforms useful in illustrating an 
aspect of the present invention in connection with producing 
a PWM output voltage. 

FIG. 5 is a block diagram of the present invention showing 
two step wave generators and one pulse width modulator. 

FIG. 5a is a pair of sine wave forms showing certain 
aspects of the operation of the switching algorithm. 

FIG. 5b is a simpli?ed view of a pulse width modulated 
waveform according to one aspect of the present invention. 

FIG. 6 is a simpli?ed partial schematic of the block dia 
gram of FIG. 5. 

FIG. 7 is a more detailed partial schematic of the system 
ofFIGS. 5 and 6. 

FIG. 8 is a set of waveforms corresponding to the embodi 
ment shown in FIGS. 5, 6 and 7 illustrating further aspects of 
the present invention. 

FIG. 9 is a set of waveforms illustrating the operation of 
the present invention according to the system of FIGS. 5, 6, 
and 7 while providing a relatively high output. 

FIG. 10 is a set of waveforms similar to those of FIG. 9, 
except illustrating the operation of the present invention at 
an intermediate output. 

FIG. 11 is a set of waveforms similar to those of FIG. 9, 
except illustrating the operation of the present invention at a 
relatively low output. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention uses a pair of step wave generators 
(SWG) or voltage inverters along with a pulse width modu 
lator (PWM) to form waveform segments to “build” a sinu 
soidal voltage waveform having a voltage in excess of the 
voltage of any of the step wave voltages or the pulse width 
modulated waveform alone. In particular, in a preferred 
embodiment, two step wave generators have an amplitude 
ratio of 6 to 2, along with a pulse width modulator having an 
amplitude of 1. More particularly, one step wave generator 
has an output of :6 units, while the other step wave genera 
tor has an output of :2 units, and the pulse width modulator 
has an amplitude of :1 unit. Such an arrangement enables 
utilization of power semiconductors to deliver an ultimate 
voltage waveform output that is higher than the voltage rat 
ings of the devices used, without subjecting the semiconduc 
tors to over voltage stresses, while not requiring dedicated 
balancing circuitry or a control to regulate the voltages 
across series connected devices. 

Referring to FIG. 1, a block diagram 10 of a system hav 
ing a pulse width modulator (PWM) 12 and a step wave 
generator (SWG) 14 may be seen. PWM 12 and SWG 14 are 
each controlled by a control circuit 16 via lines 17 and 19, 
respectively. A ?rst output of the step wave generator 14 is 
connected to the pulse width modulator via line 22 and a 
second output of the step wave generator 14 is referenced at 
line 24 as circuit common (or a ?oating neutral, for three 
phase applications). The system output appears at an output 
of the ?lter 20 on line 26, referenced to system neutral 24. 
The voltage appearing across the inductor 32 is only that 
generated by the PWM inverter, because the step transitions 
generated by the step wave inverter are canceled by the 
opposing switch action of the PWM inverter. Although not 
shown in FIG. 1, it is to be understood that appropriate iso 
lated power supplies for each of blocks 12 and 14 are 
included. These isolated power supplies must be transparent 
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to power How so that current ?oW back to the power supply 
has little effect on the DC voltage levels. It is to be under 
stood that the poWer supply for control block 16 is indepen 
dent of the supplies for blocks 12 and 14. 

Referring noW to FIG. 2, each of blocks 12 and 14 are (in 
simpli?ed schematic form) seen to include a switching 
bridge circuit made up of 4 sWitches 30. Although shoWn as 
mechanical sWitches, each sWitch 30 is to be understood as 
actually being a poWer semiconductor. Furthermore, the 
respective sWitches 30 need not all be the same type of 
poWer semiconductor. The sWitches in the PWM block 12 
need to be operable at relatively high frequency to provide a 
pulse Width modulated Waveform on line 18, to be ?ltered by 
inductor 32 in ?lter block 20. SWitches 30 in the SWG block 
14 need only be able to operate to provide a square Wave on 
line 22. Batteries 34 and 36 are shoWn to illustrate the 
respective DC poWer sources for the PWM and SWG cir 
cuits 12 and 14, and are not to be taken literally, as other 
forms of DC poWer sources Will actually be utiliZed. 

Referring noW also to FIG. 3, a more detailed, but still 
simpli?ed partial schematic of the system of FIGS. 1 and 2 
may be seen. This may be understood to be one of three 
phases of a tWo stage inverter, although only one phase is 
shoWn. Here, PWM 12 is connected to circuit common 24' 
and line 22' connects the PWM 12 to the SWG 14 Which is 
connected via line 18' to ?lter 20 and output line 26. FIG. 3 
shoWs a circuit topology With the locations of the PWM 12 
and SWG 14 interchanged to illustrate that it is Within the 
scope of the present invention to connect the PWM subcir 
cuit 12 and the SWG subcircuits 14 in any order, provided 
that the subcircuits are connected in series relationship. A 
DC source 34' of, for example, 750 volts supplies the PWM 
12, and a DC source 36' of, also by Way of example, 1500 
volts supplies the SWG 14. PWM 12 has a bridge 90 prefer 
ably formed of four insulated gate bipolar transistors 
(IGBT’s) 76. 

Referring noW also to FIG. 4, Waveform 92 illustrates that 
the effective envelope of PWM output on line 22' is capable 
of providing positive or negative output pulses having ?xed 
maximum and minimum values, although, in operation, the 
output on line 22' Will have an effective envelope indicated 
by Waveform 40. SWG 14 is preferably made up of a bridge 
94 of four poWer sWitching devices 74. It is to be understood 
that back diodes are connected across each IGBT and poWer 
sWitching device. In the past, GTO (Gate Turn Off) devices 
Were considered desirable as Well suited to sWitching high 
voltages at loW frequency. HoWever, With the advent of 
higher rated voltage Insulated Gate Bipolar Transistors 
(IGBT’s) With loWer loss, greater simplicity of drive 
circuitry, and cost, the use of GTO devices has been largely 
superceded. Nevertheless, GTO devices could still be used, 
if desired, for the poWer sWitching devices 74. In the case of 
IGBTs, it is common practice to include the back diode in 
the IGBT semiconductor package, While in the case of 
GTOs, the back diodes are usually separate devices. 
Waveform 52 illustrates the output of the SWG 14 on line 

[18] 18’ (Without shoWing the PWM Waveform 
superimposed). A sine Wave output appears on line 26 as 
indicated by Waveform 60. As indicated in FIG. 4, (and 
ignoring losses, for simplicity) the DC supply 34' may be 
thought of as 1 unit of voltage, and the DC supply 36' pro 
viding 2 units of voltage. The sine Wave output Will then be 
betWeen 0 and 3 units of voltage (peak value). The PWM 
rate for Waveform 92 is preferably above 10 KHZ to mini 
miZe audible sound. Waveform 40 is a segmented represen 
tation of an output of the PWM subsystem 12. It is to be 
understood that the actual Waveform on line 18 Will be a 
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4 
bipolar pulse train With varying pulse Width but ?xed peak 
amplitude. The ON and OFF time of each pulse Will vary to 
create the correct average magnitude Waveform for a par 
ticular time interval for successive pulses so that the effec 
tive full cycle Waveform is that depicted. Waveform 40 is 
shoWn as a succession of segments 42*50 of a sinusoidal AC 
Waveform to aid in the understanding of the operation of the 
present invention, even though the actual Waveform is a 
bipolar pulse train, as is illustrated in FIG. 3. The Width and 
polarity of the pulses of the PWM output may be varied as 
desired. It is to be understood that segment 42, starting at 
Zero degrees in the sinusoid, is really the second half of a 
segment, the ?rst half of Which is segment 50. In the illustra 
tion of maximum available sine Wave voltage the initial seg 
ment (made up of half segments 42 and 50) starts at —arcsin 
(0.33)=19.26 degrees (or 340.73 degrees, using modulo 360 
arithmetic). The second segment 44 extends from 19.26 
degrees to 160.73 degrees. The third segment extends from 
199.27 degrees to 340.73 degrees. It is to be understood that 
in continuous operation, the segments 42*50 then repeat 
themselves continuously in that order. In this embodiment, 
the peak magnitude of the segments 42*50 is :1, and this 
Waveform has a fundamental frequency of (preferably) 5 
times a base frequency of the fundamental sine Wave, the 
half period of Which equals the length of the sum of seg 
ments 44 and 46. The combined sWitching Waveforms are 
able to control AC output voltage to produce a sinusoidal 
Waveform from Zero magnitude to magnitude 3. It is to be 
understood that the numerical values listed above apply only 
to operation resulting in the maximum possible magnitude 
of AC voltage. 
The SWG ([sine] step Wave generator) subsystem 14 pro 

duces a quasi-square Wave Waveform 52 having three states: 
a +ON state 54 With a magnitude of +2, a ZERO state 56 
(connected to circuit common 24) With a magnitude of 0, 
and a —ON state 58 With a magnitude of —2. It is to be 
understood that the SWG subsystem is controlled to be in the 
ZERO state 56 during half segments 42 and 50 as Well as 
during segment 46. In operation, the SWG Waveform 52 Will 
repeat itself over and over, controlled by the control sub 
system 16 to be synchroniZed With the segments 42*50 of 
the PWM subsystem 12. In a manner to be described in more 
detail infra, Waveform 52 is added to the pulse train repre 
sented by Waveform 40, resulting in sine Wave 60 having a 
maximum amplitude of 3. It is to be understood that the 
magnitude values expressed above are merely relative 
numbers, and that the actual voltages may be as desired. It 
should also be noted that the Waveform targeted may be 
other than sinusoidal, if desired, and furthermore, harmonics 
may be included in the target. 
Once the Waveforms 40 and 52 are added together, the 

result is passed through the ?lter 20, resulting in an actual 
sinusoidal Waveform corresponding to sine Wave target 60. It 
is to be understood that the sine Wave output can be gener 
ated With a high level of precision, so that it is substantially 
free of harmonics. Remaining traces of the PWM frequency 
in the sine Wave can be reduced using conventional ?ltering. 
A simple L-C ?lter can be used to reduce the PWM volt 

age magnitude to an arbitrarily loW value. For example, if it 
is desired to provide a 60 HZ sine Wave With an RMS magni 
tude of 1 unit, With the PWM voltage limited to 0.1% of the 
sine Wave. The PWM sWitching bridge circuit can be made 
up of tWo IGBT transistor pairs. Each IGBT pair Will be 
sWitched at a 6 KHZ rate. 

The tWo pairs are operated in combination so that the 
resultant PWM output is doubled to 12 KHZ. 
Simultaneously, the operation of the tWo pairs in combina 
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tion can be made to reduce the PWM voltage to half the 
magnitude of a single set of lGBT’s. Referring to FIG. 4a, 
Waveform 73 represents an output at the center tap of one 
pair of lGBT’s in the PWM, operating from a voltage of 10.5 
units and —0.5 units, so that the total sWing in the PWM 
voltage is equal to 1 unit. Waveform 75 is similar to Wave 
form 73, except shifted by 180 degrees and inverted. Wave 
form 77 is the resultant of a summation of Waveforms 73 and 
75. It is to be noted that the frequency in Waveform 77 is 
tWice that of Waveforms 73 and 75. It is to be further noted 
that Waveform 77 has the same “peak” magnitude as the 
Waveforms 73 and 75, the “peak-to-peak” magnitude is 
doubled, thus reducing the percent of PWM voltage by a 
factor of 2. 
As an approximation, the PWM component of voltage is 

60% of the sine Wave output voltage. The expression “PWM 
component of voltage” means all frequencies that are at the 
PWM frequency or harmonics of the PWM frequency. This 
is because the RMS value of voltage having a sine Wave 
form is 0.707 of the peak voltage, Whereas the RMS value of 
a square Wave is 1.0 times the peak voltage. A square or 
rectangular Wave can be considered to be the sum of har 
monics in a Fourier series that represents a square Wave. 
With a square Wave having a magnitude of 1, the “nt ” har 
monic Will have a magnitude of 4/(n><pi) or 1.27/n. Setting 
n=1 yields the result that the peak magnitude of the funda 
mental frequency in the PWM Waveform may be as high as 
1.27 for a square Wave of magnitude 1. 
The PWM Waveform higher harmonics are attenuated by 

an LC ?lter inversely as the harmonic magnitude squared. 
For example, the 5th harmonic has a magnitude of only 20% 
of the fundamental. It is attenuated by an L-C ?lter as 
1/(5)2=1/25. Thus the 5th harmonic has a magnitude of 1/25th 
of the fundamental at the output of the ?lter. Higher har 
monic frequencies that are in the PWM Waveform are 
attenuated by much higher factors than the fundamental fre 
quency in the PWM Waveform. 

The magnitude of PWM voltage that represents a sine 
Wave is varying in effective magnitude throughout the sine 
Wave cycle. As the sine Wave crosses Zero, the PWM funda 
mental component output from the bridge circuit is equal to 
1.27><0.5=0.635><the sine Wave magnitude. The effective 
PWM voltage magnitude changes With each cycle, until it 
has a minimum value When the sine Wave is at a peak. As a 
practical matter, the PWM Waveform maximum voltage 
must be higher than the magnitude of any Waveform that is 
being targeted and de?ned by the PWM sWitching pattern. 
Because of the variations in the PWM Waveform over a full 
cycle of the target Waveform, the effective fundamental com 
ponent in the PWM Waveform can only be approximated. 
The 60% magnitude value mentioned above is only an esti 
mate of What might be expected in practice. 
When a step Wave of magnitude double that of the PWM 

bridge is added to the output of the PWM bridge, the PWM 
voltage becomes 60%/3 =20% of the targeted sine Wave volt 
age. Using an L-C circuit to ?lter the AC output, an inductor 
may be used Which has an impedance of 0.05 of the load 
impedance, it being understood that one unit of load imped 
ance is equal to the output voltage rating of an inverter 
divided by the output current rating. For example, using a 
100 KVA 60 HZ inverter With an output voltage of 3 phase 
480 VAC line to line or 277 VAC line to neutral, the rated 
output current is 100,000/(sqrt 3><480)=120 amperes. One 
unit of voltage is 277 VAC, and one unit of current is 120 
Amps, AC. For a WYE connected load, one unit of imped 
ance is 277/120=2.3 ohms. An impedance of 0.05 units for 
this example Will be 0.05><2.3=0.115 ohms. Corresponding 
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6 
inductance is: impedance/(2><pixfrequency)=0.115/(2>< 
pix60)=0.000305 Henrys. If the PWM frequency is 12 KHZ, 
the PWM frequency impedance (i.e., the impedance at the 
PWM frequency) is then 0.115><12,000/60=23 units. Since 
one unit is 2.3 ohms, the actual impedance of the inductor at 
the PWM frequency Will be 2.3><23 or 52.9 ohms. It is to be 
understood that the process of selecting the ?lter inductor 
starts With an estimate of What remaining value of PWM 
current Will be acceptable in the output to the ?lter capacitor 
and load circuit. Then an estimate is made of the maximum 
fundamental value of PWM current that Will be present at 
the source. The ?lter inductor impedance must then be equal 
to (PWM voltage)/ (acceptable maximum PWM current). In 
making such calculations, it has been found convenient to 
user per unit values. It is also to be understood that for con 
ventional ?lter values, the resistance is negligible, permit 
ting use of scalar arithmetic, instead of vector arithmetic. 
A capacitor of conductance 0.1 at 60 HZ Will have a con 

ductance of 200><0.1 =20 units at 12 KHZ. The attenuation of 
the PWM voltage Will then be approximately 1/(20><10)= 
0.05. This value multiplied by the 20% PWM voltage equals 
a factor of 0.001 or 0.1%. 

Turning noW to control subsystem 16, the most direct 
strategy for control is to utiliZe a real time digital controller 
Which Will compute the target value of currents (or voltages) 
ahead of each time cycle. If a 12 KHZ PWM frequency is 
used, then a time interval for the period of the PWM Wave 
form Will be 1/ 12000 seconds, or 83 microseconds. This 
provides adequate time to determine the source voltage 
Which is made up of the step Waves and the PWM Wave for 
the next portion of the cycle. The fact that the calculation is 
made in the time interval before action takes place is com 
pensated by taking into account Where the target voltage 
must be at the (subsequent) time of execution. By using 
digital control, harmonics generated by the load can also be 
compensated, so that the sine Wave Will be accurate regard 
less of non-linearities in the load. One knoWn simple and 
effective method for harmonic removal is to digitiZe the out 
put Waveform and analyZe the digital data to extract and then 
subtract the fundamental component from the data, leaving 
only harmonic data. Next, the difference data (the harmonic 
data) is subtracted from a subsequent Waveform, and the 
process is repeated, With con?rmation of the result obtained 
by digitiZing a folloWing actual Waveform. The process is 
preferably repeated, Which Will also take harmonic varia 
tions due to time varying load changes into account. 

Referring noW to FIG. 5, a block diagram of an embodi 
ment or system 70 of the present invention may be seen. It is 
to be understood that, With the addition of a second square 
Wave generator (SWG2) 72, the phase timing of the pulses 
resulting in the sine Wave segments delivered by the PWM 
12 and the state changes of the Waveform delivered by the 
?rst square Wave generator (SWGl) 14 are varied from those 
described in FIGS. 1*3. The stepped or staircase Waveforms 
may be referred to as “quasi-square Wave” Waveforms. 

The system 70 of FIG. 5 may be used construct a three 
phase high voltage AC supply, When three identical systems 
70 are tied together at circuit common 24 and the three sys 
tems are timed 120 degrees apart. In system 70, Bridge A (in 
block 14) and Bridge B (in block 72) each have an output 
that is a quasi-square Waveform and Bridge C (in block 12) 
produces a PWM output. 
The objective is to create a relatively smooth target volt 

age Waveform, Which usually Would be a sinusoidal voltage, 
although it is Within the scope of the present invention to 
form Waveforms other than sinusoids, if such is desired. 
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Bridge A has the switches numbered 1 through 4, as shown 
in FIG. 6. In FIG. 6, it is to be understood that Waveforms 80, 
82, 92 and 84 are not to scale and do not necessarily include 
details (nor scale factors) of their respective Wave shapes, 
but are shoWn in simpli?ed form to indicate only the type of 
Waveform present. More particularly, Waveforms 80 and 82 
are to indicate quasi square Waves at the output of SWG 13 
and SWG 72. Waveform 92 indicates a pulse train at the 
output of PWM 12, and Waveform 84 indicates a sinusoidal 
output at line or terminal 26. 

To obtain a Zero output from bridge A, sWitches 2 and 4 
are closed While sWitches 1 and 3 are open. Alternatively, 
sWitches 1 and 3 may be closed While sWitches 2 and 4 are 
held open. To obtain a positive voltage from bridge A, 
sWitches 2 and 3 are closed While sWitches 1 and 4 are 
opened. To obtain a negative voltage from bridge A, 
sWitches 1 and 4 are closed While sWitches 2 and 3 are 
opened. To obtain a quasi voltage Waveform the sWitches 
1*4 are operated synchronously With the target AC output 
voltage at the same frequency and in phase. 
A second quasi Waveform 80 from bridge B may be added 

to the Waveform 82 from bridge A, With the quasi Waveform 
80 from bridge B changed in timing as compared to that 
from bridge A, so that the summation more closely 
approaches the target Waveform. Similarly, it is to be under 
stood to be Within the scope of the present invention to add 
additional quasi-square Waves, such as 3”’, 4th, 5”’ etc. quasi 
square Waves to more closely approach the target Waveform. 

Bridge C (in block 12) is operated in a PWM mode at a 
frequency very much higher than the fundamental frequency 
of the target voltage Waveform. Bridge C is operated in such 
a manner as to ?ll in the steps of the quasi square Wave 
forms, so that the resulting Waveform can quite precisely 
approach the targeted sinusoidal voltage Waveform. 

Filter 20 preferably has a loW pass characteristic to elimi 
nate or minimiZe harmonics resulting from the PWM output 
on line 18, and the result is a relatively smooth sine Wave 84. 
This can provide a Waveform in Which undesired harmonics 
are substantially eliminated. 

It is to be noted that each sWitching bridge circuit requires 
its oWn isolated DC poWer source. Thus for the circuit 70 
illustrated in FIG. 5, a total of nine isolated DC poWer sup 
plies are required to produce a 3 phase AC output voltage. 
When more stages are required to attain the target voltage, 
more DC sources must be added. 

The various circuits of the present invention are Well 
suited for applications extending up to high voltage, high 
poWer AC motor control systems. In such high poWer appli 
cations it is often the case that no individual poWer semicon 
ductor is available With adequate current rating to match up 
With the actual load. In this event, multiple bridge semicon 
ductor bridge circuits are required in order to manage the 
poWer. In the practice of the present invention, placing 
sWitching bridge circuits in series assures current sharing 
betWeen stages. Operation of the motor at a high AC voltage 
keeps the AC current levels at loW values that reduce current 
loading of the conductors in the motor stator. 
When the neutral is ?oating, triplen harmonics may be 

deliberately introduced into the target Waveform. Introduc 
tion of these harmonics permits operation at a loWer DC 
voltage applied to each sWitching section and the triplen 
harmonics are eliminated in the line to line voltages by the 
?oating neutral connection. If approximately 15% of 3rd har 
monic is introduced into the target sine Wave form in phase 
With the fundamental, then the peak of the resulting voltage 
Wave is reduced in the ratio of 111.15, or about 0.87%, ofthe 
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8 
sine Wave by itself. NoW the DC voltage at the source can be 
reduced in this same ratio. The result Will be an output Wave 
form of the same shape as the target, Which is the combina 
tion of a fundamental and a 3rd harmonic. HoWever, in the 3 
phase con?guration the 3rd harmonics cancel, leaving only a 
relatively pure sine Wave in the line to line connection. 

If the target Waveform is 4160 VAC line to line, the line to 
neutral Will be 2400 VAC. This sine Wave Will have a peak 
value of 1.41 times the RMS value and to make up for losses 
this is desirably increased to approximately 1.5. Multiplying 
1.5><2400 VDC=3600 VDC. If the loWest voltage semicon 
ductor must support 1/5 of this value, the DC voltage for the 
PWM stage must be 3600/5=720 VDC. HoWever, With the 
introduction of the 3rd harmonic in the target Waveform this 
is reduced by a factor of 0.87=626 VDC. This Would permit 
use of 1200 volt IGBTs instead of 1400 volt rated IGBTs. 
There Will then be a substantial reduction in sWitching losses 
in the loWer voltage IGBTs. Similarly, the high poWer stages 
must each support 20% of 3600=1440 VDC, and this is 
reduced to 0.87><1440=1250 VDC. This permits use of 
readily available 2500 VDC IGBTs for the square Wave 
sWitching semiconductors. 
The quasi-square Waveforms have the advantage that the 

repetition rate is loW and so sWitching losses are loW. The 
disadvantage of using only quasi Waveforms to construct a 
target voltage is that the steps create loW frequency harmon 
ics that are di?icult to ?lter. 

The advantage of using PWM sWitching Waveforms to 
create the target Waveform is that all of the loW frequency 
harmonics that are not targeted can be eliminated by the 
sWitching algorithm, leaving only the high PWM frequen 
cies to be ?ltered. If the loW frequency harmonics Were 
alloWed to remain, they Would be dif?cult to ?lter in that 
components required are tend to be large and heavy, and 
incur high losses. In contrast, the ?lter components for the 
higher frequency harmonics only require small, light Weight, 
and loW loss components. Furthermore, loW frequency har 
monics are particularly bad for motor drives, because they 
cause torque ripple and heating in the motor. Torque ripple 
can cause an increase in audible noise in the motor, and may 
limit the motor from being able to supply rated output 
torque. 

Reduction of loW frequency harmonics in a non-linear 
load can be accomplished by the control algorithm, With 
only a small additional cost. In contrast, hoWever, the PWM 
frequency can only be removed by ?ltering. 

In the system described for FIG. 8, the combination of a 
PWM stage having an output at 1 one unit, and having tWo 
step Wave generators, each With an output of :2 units results 
in a PWM voltage output that is only 1/5 of the resulting sine 
Waveform. As a consequence, the output ?lter only needs to 
handle 20% of the voltage. This is one of the bene?ts of this 
invention. 
The sWitching algorithm is a mathematical process by 

Which the magnitude and timing of the step Waveforms and 
the PWM Waveforms are calculated in order to achieve the 
target value of the desired Waveform. In general, more than 
one technique is available to accomplish this task. When a 
“real time” algorithm is used (in contrast to a look-up table) 
the equations must generally use only feW steps because of 
time of execution limitations. One method to establish a 
sWitching pattern to create the PWM Waveform is as folloWs. 
A. First, a digitiZed sine Wave of current is established. Next, 
tWo copies are made, With a small, ?xed value of 
amplitude, 0t, added to one copy 62 and subtracted from 
the other copy 64 to result in tWo sine Waves offset in 
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amplitude by a value 66 2a apart, as shown in FIG. 5a. 
The output circuit must include a signi?cant inductance 
and bypass capacitor to ?lter the PWM harmonics from 
the output sine Waveform. 

B. Next, the output is connected to the positive DC bus until 
the AC output current reaches the upper limit target cur 
rent. Then the output is connected to the negative DC bus 
until the AC output reaches the loWer limit target current. 

C. Repeating this process continuously results in an output 
Waveform that is never higher in value than the upper sine 
Wave, nor loWer than the loWer sine Wave, as shoWn in 
FIG. 5a. The value of a can be made arbitrarily small, to 
limit the error in the output Waveform. The AC output 
oscillates betWeen the upper limit of Waveform 62 and the 
loWer limit of Waveform 64, as shoWn by the Waveform 
68. 
This method involves the control of the output current, I, 

and as consequence, the output voltage ET is controlled. The 
target current Waveform illustrated in FIG. 5a is a sine Wave 
With a magnitude of 0.8 units. The PWM voltage is alWays 
either at a :1 unit or a —1 unit output, as indicated respec 
tively at levels 69 and 71 in FIG. 5b. The actual current 
varies betWeen a value that is set above the target 
(corresponding to ETA-(X) and a value that is set-beloW the 
target (corresponding to Era). FIG. 5a illustrates upper and 
loWer limits With 0t=0.05 units. 

If it is assumed that the output voltage is sinusoidal (in 
response to a sinusoidal current ?oWing in a linear load) then 
the drive voltage Will be the instantaneous difference 
betWeen the PWM voltage and the output voltage. Whenever 
the current reaches the upper target level, the PWM voltage 
is reversed. Current then falls at a rate equal to (—1—ET)/L. 
When the current reaches the loWer limit, the PWM voltage 
goes to +1 and the current rises in ratio to (1—ET)/L until it 
reaches the upper limit. Thus the actual current is oscillating 
betWeen preset limits above and beloW the target current. 

It is to be understood that this type of PWM control does 
not have a ?xed cycle time, the PWM cycle time is set by the 
integration process that causes current changes. 
Consequently, the PWM rate varies throughout the sine 
Wave cycle. This type of control has been found to be satis 
factory for motor speed and torque controls, since torque is 
approximately in ratio to the current. This means that motor 
torque can be controlled independently of motor speed, over 
a relatively Wide range. 

The particular method described above has been used suc 
cessfully in actual applications, even though it has a disad 
vantage in that the PWM Waveform is not synchronous With 
the Waveform copied, possibly introducing unWanted 
“noise” in the Waveform. 
A second alternative control algorithm is as folloWs. A 

digitiZed sine Wave is established in the control logic. The 
sine Wave is approximated by making it stepped. In order to 
make the calculations simple, the steps are made to corre 
spond to a ?xed time interval, preferably 2 degrees. It is 
preferable to make the PWM frequency an integer divisor of 
the period of the output Waveform. If it is not, undesirable 
sub harmonics Will result and the positive and negative half 
cycles may not have symmetry. If the output Waveform is to 
be 60 HZ and the PWM operation is at 180 steps per cycle, 
then the PWM rate Would be 180><60=10, 800 HZ. Each step 
is assumed to cross an ideal sine Wave at the center of the 
step. The objective is to make the output from each step have 
an average value that is equal to the Waveform value in the 
logic that is the target. The DC source voltage must be higher 
in magnitude than the peak of the target sine Wave. Assume a 
DC voltage of 1.2 units. This value applies to the output 
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10 
voltage. For example, the step that extends from 179 to 181 
degrees must provide an average voltage of Zero, corre 
sponding to 180 degrees. The time interval [T] for one step is 
1/(60><180)=92.6 microseconds. Here the PWM voltage 
must be at +1.2 units for half of the step interval and —1.2 for 
the balance of the step interval, in order to achieve an aver 
age voltage of Zero. The time intervals for positive and nega 
tive voltages required to achieve the correct voltage for 45 
degrees Where the average value of voltage=0.7071 is as 
folloWs. For a time interval [a], the value is positive, and for 
a time interval [T-a] the value is negative. Using 0.7071= 
[1.2><a—1.2><(T—a)]/(92.6><10_6), a=73.58 microseconds With 
a value of +1.2 and [T—a]=19.02 microseconds With a value 
of —1.2. It is to be understood that if the DC voltage changes, 
the averaging process Will make the necessary correction in 
the positive time interval and the negative time interval for 
each PWM cycle. 

It is to be understood that the PWM cycles apply to each 
IGBT pole pair. When the complete bridge circuit is oper 
ated With 2 pole pairs, the PWM output frequency is doubled 
and the PWM output has 3 states Which are —E, 0 and +E. (It 
is to be understood that “E” is equal to the value of the DC 
bus, and “0” indicates a positive connection to circuit com 
mon enabling current ?oW Without any voltage potential at 
the output terminal, in each case ignoring the forWard drop 
of the conducting poWer devices in the bridge.) This has the 
effect of reducing the PWM voltage at the bridge output to 
half of the PWM magnitude for each pole pair. In the 
example above the apparent PWM frequency becomes 
2><10.8=21.6 KHZ and the peak to peak voltage is E and not 
2E as in the calculation. 
A feedback circuit and voltage attenuator are connected to 

the actual AC output voltage so that the sine Wave in the 
logic and the sampled and attenuated actual output Wave 
forms Will be matched. The overall magnitude of the actual 
output voltage is controlled by adjustment of the attenuated 
sample Waveform. The feedback circuit automatically 
changes the output by multiplying the error signal by the 
gain in the logic to provide the correct target sine Wave of 
voltage. If harmonic correction is to be included, the har 
monics must be added to the target Waveform in the logic. 
This correction is done not more than once per complete 360 
degree cycle. Since a harmonic frequency is alWays an inte 
ger multiple of the fundamental Waveform, one complete 
cycle of the AC output fundamental and the desired har 
monic must be presented as the target for the PWM opera 
tion to copy. 
One disadvantage (of using a PWM sWitching Waveform 

to create the target Waveform) is that the semiconductors that 
are typically used for PWM duty usually exhibit high 
sWitching losses. Further disadvantages are that the high 
sWitching frequencies create high losses in ?lter components 
and may cause substantial audible noise. In the practice of 
the present invention, these disadvantages are reduced in 
their effect because the PWM is used only for a portion of 
the output Waveform, in contrast to using a PWM alone. 
By means of a combination of quasi-square Waves and 

PWM Waves, the best features of both can be used. Most of 
the fundamental poWer is sWitched in quasi square Wave 
mode, and the PWM is used only to trim the Waveform so 
that the loW frequency harmonics that Would be exhibited by 
the quasi square Waves alone are eliminated. The PWM 
Waveform in this example deals With a maximum of 20% of 
the total poWer. Consequently, loW voltage sWitching 
devices can be used, Which may be operated at high 
frequencies, limiting sWitching losses to relatively loW lev 
els. In the embodiment illustrated in FIGS. 5, 6 and 7 the 












