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[57] ABSTRACT 

A a. c. motor drive system for e?ecting fundamental 
voltage modulation by phase shifting inverters coupled 
in parallel, thereby providing a gradual voltage change 
between a minimum pulse width modulated waveform 
and an unmodulated waveform to overcome surges ex 
perienced in the transition therebetween. A voltage 
programmer produces a control signal predicated on 
vehicle speed so as to follow a preselected pro?le 
computed to control the degree of inverter phase shift 
so that the phase shift modulated fundamental pre 
cisely matches the pulse width modulated fundamental 
at one extreme of the phase shift region of the voltage 
curve and precisely matches the unmodulated funda 
mental at the other extreme of the phase shift region. 

11 Claims, 11 Drawing Figures 
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l 
SYSTEM FOR PHASE SHIFTING INVERTERS TO 
OBTAIN A VARIABLE MODULATEI) WAVEFORM 

BACKGROUND OF THE INVENTION 

In a. 0. motor drive systems, switching means are nor 
mally employed to convert a d. c. supply source into 
three waveforms symmetrically displaced in phase by 
120 electrical degrees for sequentially energizing the 
three phase load windings comprising the motor ?eld. 
This results in a rotating ?eld ?ux which is inductively 
linked with the rotor to effect rotation of the rotor. In 
order to increase motor speed, it is necessary to in 
crease the frequency of the rotating motor field ?ux by 
operating the switching means more rapidly. With the 
advancement of solid state technology, power inverters 
have been developed utilizing thyristors as the switch 
ing elements to obtain the fast control necessary in 
making the a. c. motor drive suitable for use in high 
speed systems such as railway transit vehicles, which 
have historically relied upon (I. c. motors to provide 
tractive power. In one such inverter drive system, in 
verter means is utilized to produce a basic unmodu 
lated line-to-line voltage waveform in a six~step con?g 
uration. By employing a reactor to inductively couple 
two or more of these inverters in phase displaced rela 
tionship between the power source and the motor load 
windings, a more suitable twelve-step waveform may be 
provided to reduce the harmonics affecting motor 
operation. In providing suitable motor operation over 
wide speed ranges, a “constant horsepower“ mode of 
operation is employed at a preselected base speed, in 
which mode the unmodulated waveform produced by 
the system inverter is suitable for providing motor volt 
age at maximum value. However, at speeds below base 
speed, a “constant torque” mode of operation is em 
ployed, which requires that the motor voltage be varied 
in direct proportion to motor speed. To accomplish 
this, the basic unmodulated line-to-line waveform is 
provided with one or more notches, the width of which 
notches may be narrowed as speed increases to in 
crease the net voltage at the motor, by employing the 
technique of pulse width modulation. 
One of the difficulties encountered in employing a 

pulse width modulated waveform to control power to 
the motor in “constant torque" mode of operation is 
that of making the transition‘ to the unmodulated wave 
form produced in “constant horsepower” mode of 
operation without an ‘accompanying disruption of the 
voltage level. Because of the inherent limitation of the 
thyristor switching time, although extremely fast, at the 
base speed at which it is desired to change from con 
stant torque to constant horsepower ‘mode of opera 
tion, there exists a minimum notch width. Thus, the 
width of the single notch ‘comprising the ?nal pulse 
width modulated waveform cannot be reduced beyond 
this minimum value to bring the voltage up to a value 
which approaches the full voltage produced by the un 
modulated waveform. Experience has shown that 
where a discrete change in the voltage level occurs dur 
ing this transition a noticeable lurch in the motor re 
sults, which is discomforting to the passengers of a tran 
sit vehicle, and, detrimental to the vehicle’s gears and 
drive train. In addition, and perhaps more importantly, 
such a sudden voltage change results in the thyristor 
network of the inverter being required to momentarily 
support a heavy current surge in excess of that which 
the thyristors can safely commutate or turn off. This 
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can cause a malfunction leading to a shut down. Also, 
any damage to the inverter thyristors, of course, is ex 
tremely costly. 

SUMMARY OF THE INVENTION 

It is therefore the object of the present invention to 
provide an a. c. motor drive system capable of effecting 
transition from a pulse width modulated voltage wave 
form to an unmodulated waveform without creating a 
disruption of the motor operation due to a distinct or 
discrete voltage change accompanying such transition, 
as heretofore experienced in attempting to reach maxi 
mum voltage. 

It is another object of the invention to provide a 
smooth voltage transition from a modulated waveform, 
such as may be obtained by pulse width modulation, to 
an unmodulated waveform by employing an intermedi 
ate waveform capable of being modulated by phase 
shifting a pair of inverters producing the voltage wave 
forms. ' 

It is still another object of‘ the invention to phase shift 
inverters to obtain a modulated voltage waveform hav 
ing a completely variable voltage component capable 
of being precisely matched to another voltage compo 
nent. 

Another object of the invention is that of shifting the 
phase of a pair of parallel coupled inverters in opposite 
directions by a like number of electrical degrees from 
a quiescent reference point or a pair of quiescent points 
so that the phase of the resultant voltage component 
following the phase shift coincides with the reference 
point of the component prior to the phase shift. 

In accordance with the objects of the invention, there 
is provided in a preferred embodiment of the invention 
an a. c. motor drive system in which a pair of common 
loads comprising the stator windings of a squirrel cage 
type induction motor are parallel connected to the 
phase outputs of ?rst and second inverters via reactor 
means. The coupled inverters are normally operated i 
15° out of phase from a neutral reference, thereby pro 
ducing a 12-step phase-to-neutral waveform substan 
tially free of low order harmonics. 

In a “constant torque” mode of motor operation 
which is employed between speeds from zero to a pre 

1 selected base speed at which a “constant horsepower” 
mode of operation occurs, the motor voltage is ad 
justed to increase linearly with speed by employing a 
pulse width modulation technique, in which one or 
more notches are formed in the voltage waveform and 
progressively reduced in width as motor frequency in 
creases. Because of the switching response limitations 
of the thyristors comprising the ?rst and second invert 
ers, it has been found necessary to vary the ratio of 
notches with speed in decreasing order from zero to 
base speed. A leading and a lagging carrier generator 
each provide a carrier signal in the form of a triangular 
shaped wave whose frequency varies with motor speed, 
but at different rates selected in accordance with a plu 
rality of different speed ranges to thereby establish the 
desired number of notches in the waveform produced. 
These phase displaced carrier signals are compared to 
a reference voltage signal programmed to follow a pro 
?le generated by a voltage programmer so as to vary in 
a preselected relationship with speed, thereby produc 
ing a pair of phase displaced, square~shaped waveforms 
having notches which vary in width dependent upon 
the frequency of the carrier and amplitude of the refer 
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ence signals. These variable waveforms together with a 
speed responsive, six-phase output from a ring counter 
provide the digital input signals ‘to a modulator logic 
network whose otputs generate the thyristor ?ring pat 
tern to drive the inverters and in turn produce the de 
sired pulse width modulated waveforms from which the 
fundamental motor voltage is determined. 
At base speed where “constant horsepower” mode of 

operation begins, an unmodulated waveform is pro 
duced to obtain full fundamental voltage. Because of 
the voltage difference between the full voltage at base 
speed and the maximum voltage capable of being pro 
duced by the ?nal pulse width modulated waveform, an 
inverter phase shift technique of modulating voltage is 
employed following pulse width modulation to bring 
the voltage up to full value in a smooth manner. This 
is accomplished at a predetermined speed of the motor 
by reason of the reference voltage signal generated by 
the voltage programmer, when compared with the car 
rier signal, producing the variable notched waveforms 
from which the modulator logic determines the thy 
ristor ?ring pattern desired. At the predetermined 
motor speed at which phase shift modulation is initi 
ated, the phase shift modulated waveform is made to 
precisely match the ?nal pulse width modulated wave 
form in both fundamental voltage and phase. In ap 
proaching base speed, the inverter phase shift is gradu 
ally brough back toward the normal 1*: 15° 
displacement, so as to match the voltage component of 
the unmodulated waveform produced in “constant 
horsepower” mode, thus effecting, in conjunction with - 
pulse width modulation, a smooth and continuous volt 
age transitionfrom zero voltage at zero speed to full 
voltage at base speed. 
A better understanding of the invention will be real 

ized from the following more detailed description when 
taken with the accompanying drawings in which: 
FIG. 1 is a block diagram of ‘the system comprising 

the invention; I 
FIG. 2 is a graph of unmodulated waveforms pro 

duced in generating full fundamental voltage; 
FIG. 3 shows the relationship of the carrier waves 

generated by the carrier generator and the d. c. refer 
ence voltage signal generated by the voltage program 
mer for a‘particular speed and ratio frequency; 

I FIG. 4 shows the signal waveforms obtained by com 
parison of the carrier and voltage reference signals of 
FIG. 3; 
FIG. 5 is a graph showing‘ the desired motor voltage 

versus frequency and the several speed ranges in which 
the different techniques of voltage control are em 
ployed; 
FIG. 6 shows the pro?le of the reference voltage sig 

nal generated by the voltage programmer with respect 
to speed; ’ . 

vFIG. 7 is a graph showing the waveforms produced in 
obtaining a modulated fundamental waveform by the 
pulse width modulation technique; 
FIG. 8 shows the ?nal 12-step fundamental wave 

forms of FIGS. 2 and 7 superimposed one on the other 
to readily gain an appreciation of the voltage difference 
therebetween; 
‘FIG. 9 is a graph showing the waveforms generated 

in obtaining a modulated fundamental waveform by an 
inverter phase shift technique; and 
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FIGS. 10 and 11 are vector diagrams from vwhich the 

desired degree of inverter phase ‘shift may be deter 
mined in matching one fundamental with another. 

Referring now to FIG. 1 of the drawings, there‘ is 
shown for purposes of best illustrating the present in 
vention, an a. c. motor drive system suitable for use in 
powering a railway type transit vehicle. The system in 
cludes a plurality of polyphase induction type a. c. trac 
tion motors only one of which is shown, as represented 
by the dotted block 10. The induction motor includes 
two sets of load windings W1, W2, W3 and W4, W5, 
W6 forming the motor stator and a conventional cast 
aluminum squirrel cage rotor R. The respective load 
windings may be preferably arranged in a conventional 
Y con?guration, with each set of windings being me 
chanically displaced by 30 electrical °, as shown, to off 
set the normal i 15° phase .displacement of a pair of 
three-phase inverter devices 11 and 12. These inverters 
are preferably of a solid state design which employs 
thyristors in a manner similar to the type disclosed in 
U. S. Pat. No. 3,207,974, issued Sept. 12, 1965 to W. 
McMurray entitled “Inverter Circuits.” Since a com 
plete description is provided in the aforementioned 
McMurray patent, no further explanation is deemed 
necessary except to point out that a thyristor bridge 
network of each inverter operates to convert a suitable 
d. c. supply source at conductor 13, which represents 
either a third rail or overhead power line along a transit 

. system right of way into six-step, phase displaced out 
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puts R, S, T of inverters 11 and U. V, W of inverter 12. 
The advantage of using thyristors, as is well known, lies 
in the fast switching times obtained in commutating the > 
d. c. supply. This is vespecially critical in motor drives 
employing pulse width modulation to vary voltage, as 
will hereinafter be apparent. The ?ring signals control 
ling the state of the thyristor switches in the inverter 
bridge network are supplied via inputs A,‘B, C of in 
verter l 1 and inputs A’, B’, C’ of inverter 12. These ?r 
ing signals are represented in‘ FIG. 2 by waveforms A, 
B, C and A’, B’, C’, which vary in a step fashion be 
tween zero and the V.D.C. line voltage, turning the ap~ 
propriate thyristors “ON” when the voltage is high‘ and 
“OFF”when voltage is low. The thyristor bridge net 
works thus generate the line-to-line voltage at outputs 
R, S, T and U, V, W of inverters l1 and 12, respectively 
for connection to the load windings from the d. c. sup 
ply at conduit 13. These line-to-line waveforms alter 
nate between positive and ‘negative polarities for 120 
electrical ° each, being at zero potential for 60° during 
each polarity transition, as shown in FIG. 2. It is noted 
that only waveforms R and U in FIG. 2 are shown, since 
the other output waveforms of inverters 11 and 12 are 
of identical shape, but phase displaced by 120° for sym 
metry. Waveforms R and U represent corresponding 
outputs of the inverters 11 and 12 and are seen to be, 
phase displaced by 30 electrical °, as are the waveforms 
of the other corresponding inverter outputs, to provide 
the normal i 15° inverter phase displacement. The nor 
mal 2 15° phase shift between inverters l1 and 12 is 
thus brough about by the thyristor ?ring signals at in 
puts A, B and C being 30 electrical ° out of phase rela 
tive to corresponding signals at inputs A’, B' and C’, as 
shown by the waveform displacements in FIG. 2. 
An inductive reactor 14 couples the'inverters 11 and 

12 in parallel, preferably by connecting the line-to-line 
voltage of one inverter via inductors wound on a three 
legged magnetic core on which similar inductors asso 
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ciated with the line-to-line voltage of the other inverter 
are wound. The purpose of this unique winding con?g 
uration in parallel coupling the inverters is to cancel 
unwanted low order harmonics without requiring an 
excessively large reactor, as fully explained in copend 
ing U. S. Pat. application identi?ed by Ser. No. 
187,974, ?led Oct. 12, 1971, by Udo H. Meier and en 
titled “Inverters Paralleled With Reactor.” For an un 
derstanding of the present invention, however, it is only 
necessary to understand that inverters l1 and 12 are 
operated i 15 electrical ° out of phase with respect to 
neutral and that they are coupled in parallel to obtain 
a l2-step phase-to-neutral voltage waveform, as repre 
sented in FIG. 2 by waveform VWl. Of course, identi~ 
cal phase-to-neutral waveforms (not shown) are gener 
ated in accordance with the waveforms effective at the 
other inverter outputs S, T, V and W. These phase-to 
neutral waveforms are 120°out of phase, thereby ener 
gizing the motor windings in a symmetrical fashion so 
as to produce an apparent rotating ?eld. This particular 
techique of parallel coupling the inverters to obtain the 
low harmonic phase-to-neutral voltage waveforms is 
known as interdigitation. The resultant average funda 
mental voltage produced by this waveform is repre-' 
sented graphically by a quasi-sinusoidal wave X super 
imposed on waveform VW1 and having a frequency 
equal to the frequency at which the inverter is driven 
and having an RMS value proportional to the area 
under the waveform VW 1. In calculating the funda 
mental voltage from waveform VWl, maximum and 
minimum values are assigned to the high and low volt 
age levels of waveforms A, B, C and A’, B’, C’, and the 
formula V= l/6 [2A—"B-C + V3 (A' — B’)] is em 
ployed at each point where any one of the A, B, C, A’, 
B'or C’ waveforms change state to determine the ac 
tual voltage effective at that particular step. It is to be 
noted, of course, that this voltage waveform is unmodu 
lated, and is effective during a predetermined range of 
motor speed, as hereinafter explained. 
The system further includes a speed sensor device, 

represented by block 15 as a tachometer generator, as 
sociated with the shaft of rotor R of induction motor 
10. The tachometer generates an analog voltage repre 
sentative of the motor speed, which of course can also 
be assumed to be vehicle speed. This speed signal is 
connected via conduit 16 to a voltage to frequency 
converter 17. Also connected to converter 17 via con 
duit 18 is a slip command signal generated within the 
system regulator 19. The slip command signal repre 
sents desired torque to be produced by motor 11 and 
is summed at the voltage to frequency converter 17 
with the speed signal effective at conduit 16 to produce 
an analog voltage signal representative of the fre 
quency at which the motor ?eld flux must rotate in 
order to maintain a slip frequency corresponding to the 
slip command signal. It is understood of course that the 
slip frequency expresses the relationship between the 
rotating motor ?eld ?ux and rotating rotor R in terms 
of their different rotating frequencies. 
The analog frequency voltage signal resulting from 

the summation of the slip and speed signals is con 
verted to a digital clock signal by the voltage to fre 
quency converter, and is connected via conduit 20 to 
a frequency divider network 21. The frequency divider 
comprises counter means capable of dividing the input 
frequency into a plurality of different output frequen 
cies which are an integral ratio of the input frequency. 
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One of these outputs is connected via conduit 22 to 
drive a l2-step ring counter 23 so as to produce six 
symmetrical, phase-displaced outputs, as indicated by 
reference numeral 24, having a frequency which estab 
lishes the fundamental frequency at which the inverters 
are operated. This basic six-phase output waveform is 
connected to the modulator logic network 25, which 
provides at the outputs A, B, C and A’, B’, C’ the ?ring 
signals controlling the inverter thyristors, which in turn 
generate the line-to-neutral voltage, represented by 
waveforms R AND U, at the desired fundamental fre 
quency. Modulator logic network 25 includes conven 
tional integrated circuits which form the necessary 
logic to provide the proper thyristor ?ring pattern by 
utilizing gates, matrixes, ampli?ers and the like. Since 
any programmer skilled in digital logic design could, by 
employing Boolean algebra and the Mahoney Mapping 
technique, devise a software program which could be 
reduced into appropriate hardward circuits, an expla 
nation of the details of such hardware comprising logic 
network 25 will not be undertaken. 

In addition to the ring counter input signal 22, the 
frequency divider network 21 also vproduces a plurality 
of outputs 26, each of which are a different integral 
ratio of the input frequency signal at conduit 20. These 
different frequency clock signals are connected to a 
range switch 27, which is also subject to the speed sig 
nal effective at conduit 16. Range switch'27 operates 
to gate one of the integral ratio input signals 26 to out 
put 28, establishing thereon a fundamental frequency 
clock signal in accordance with the level of the speed 
signal. Range switch 27 also generates a plurality of 
digital outputs 29, successive ones of which become en 
ergized as the speed signal increases. 
Outputs 28 and 29 are connected in parallel to a pair 

of carrier generators 30 and 31, each of which com 
prise an integrator network for converting the funda 
mental frequency clock signal 28 into a carrier signal 
constant, as the ratio frequencies change. The respec 
tive carrier signals are connected by conduits 32 and 33 
to comparators 34 and 35, each being subject to a d. c. 
reference voltage via conduit 36, the level of which 
voltage may be automatically or selectively adjusted, as 
hereinafter explained. FIG. 3 shows one specific level 
at which the d. c. reference voltage represented by line 
37 may be assumed to lie. When the amplitude of this 
d. 0. reference signal exceeds the amplitude of the car 
rier signal, comparators 34 and 35 produce an output 
38 and 39, respectively. These comparator outputs 38 
and 39 are represented in FIG. 4 by correspondingly 
numbered waveforms in which notches 40 are shown 
having a width determined by the point of intersection 
of the reference line 37 with waveforms 32 and 33 of 
FIG. 3. It is apparent now that as the d. c. reference 
voltage increases and decreases, the level of line 37 
rises and falls accordingly so as to effect a variation in 
the width of notches 40, which may in fact disappear 
entirely at very low levels of the reference voltage to 
produce an unnotched waveform 38 and 39. 
Comparator outputs 38 and 39 are connected as in 

puts to the modulator logic 25 to set up the logic 
therein in conjunction with inputs 24 to generate a thy~ 
ristor ?ring waveform at outputs A, B, C and A’, B’, C’ 
which will result in the inverters 11 and 12 varying the 
fundamental motor voltage in accordance with the fre 
quency at which the thyristor ?ring waveform is run 
nmg. 
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The aforementioned portion of the control system 
comprising devices 17, 21, 23, 25, 27, 30, 31, 34 and 
35 shown in block form and hereinafter referred to as 
the modulatornetwork is shown and fully described in 
U. S. Pat. No. 3,611,086, ?led Jan. 14, 1970 by Boris 
Mokrytzki and Dennis L. Szymanski, entitled “Integral 
Carrier Ratio Inverter,” A cursory review of this patent 
will show that the modulator network of the present in 
vention differs only in that it employs not one but two 
carrier generators and two comparators as well as a six 
phase ring counter instead of a three-phase counter. 
Accordingly, it is not believed necessary to provide any 
‘detailed description of the components comprising the 

' above mentioned devices of the modulator network. 
The basic operation remains the same as described in 
US. Pat. No. 3,611,086, with the additional duplicate 
circuitry being necessary in the present invention only 
to accommodate the requirement of the two parallel 
inverters 11 and 12. Of course, the logic of the modula 
tor 25 is also expanded to accommodate the additional 
input data. - ~ 

Referring now to FIG. 5 showing a plot of the desired 
motor voltage'versus frequency, it will be seen that 
motor 10 operates in a “constant torque” mode at fre 
quencies between 0~60 hertz. Within this range, the 
upper limit of which is considered base speed, voltage 
is varied with frequency, as shown by power curve 41. 
Above base speed, motor 10 is operated in a “constant 
horsepower" mode, wherein ‘the voltage is held con 
stant at a maximum value,‘ with increasing frequency, 
as shown by curve 42. It has been found that the volt 
age during “constant torque” mode of operation can be 
effectively controlled to follow curve 41 by a pulse 
width modulation technique, such as that afforded by 
the aforementioned modulator network of the present 
invention. ' 

Inaccelerating a transit vehicle from zero, for exam 
ple, a voltage programmer 43, subject to the speed sig 
nal effective on conduit 16 generates the voltage refer 
ence signal via conduit 36 in accordance with the func 
tion Vm/Vm?Fl. FIG. 6 shows a pro?le of the pro 
grammed voltage reference signal 37, which jumps to 
a maximum value at 45 hertz and follows a different 
course between 45 and 60 hertz in accordance with a 
new function. In accelerating up to 45 hertz therefore,v 
the amplitude of the d. c. reference signal 37 rises lin 
early to a predetermined value, thereby intersecting the 
carrier waves 32 and 33 at different points. This results 
in the reference voltage signal 37 exceeding the carrier 
signals 32and 33 for progressively shorter periods as 
the speed increases. As clearly explained in US. Pat. 
No. 3,611,086 and only mentioned at this point as a 
matter of interest,‘ the ratio selected frequency signal 
28 varies the frequency of the carrier wave at different 
rates, as the speed increases through different prese 
lected ranges, to assure the maximum switching rate of 
the thyristors comprising the inverters 11 and 12 is not 
exceeded by reason of the progressively shorter periods 
of the notches 40 in waveforms 38 and 39 of FIG. 4. 

In keeping with the aforementioned pulse width mod 
ulation technique of voltage variation, the modulator 
logic is conditioned by the notched waveforms 38 and 
39 of comparators 34 and 35 to modify the basic six 
phase signal pattern, from which the thyristor ?ring sig 
nals at the modulator logic outputs A, B, C and A’, B’, 
C’ are generated. This modified ?ring pattern is illus 
trated in FIG. 7 by the notched waveforms A, B, C, A’, 
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B’ and C’. The thyristor switching times limit the motor 
frequency. FIG. 7 shows the resultant fundamental 
voltage waveform VWl effective at motor winding W1, 
it being understood that the other motor windings ‘are 
likewise provided with identical waveforms having a 
phase displacement as explained relative to the wave 
forms of FIG. 2, except that'notches are contained in 
the waveform. This notch rate will vary in accordance 
with the ratio of the carrier frequency signal 28 in ef 
fect. The'waveform VWl of FIG. 7 shows the minimum 
single notched waveform which is generated at a speed 
corresponding to the 45 hertz level shown in FIG. 5 and ' 
represents the maximum fundamental voltage capable 
of being produced by the pulse width modulation te 
chinque. A’quasi-sinusoidal wave Y is shown superim 
posed on waveform VWl to graphically illustrate the 
fundamental voltage produced by ~the minimum 
notched, minimum width waveform VW 1. As men 
tioned relative to the interdigitated waveform VWl of 
FIG. 2, the precise shape of this intricate waveform 
VWl of FIG. 7 can be calculated by employing the for~ 
mula Vv=yl?l§ “[‘2A—-B—-C+ V3 (A' — B')] at each point 
where any oneofTh'emA, B, C, A’, B’, C' waveforms 
change state. , 

As previously mentioned, the unmodulated wave 
form of FIG. 2 is produced, beginning at base speed. It 
has been found from actual experience that the voltage 
transition between the pulse width modulated wave~ 
form of FIG. 7 and the unmodulated waveform of FIG. 
2 produced in “constant horsepower" mode of opera 
tion is too extreme both in the sense of disrupting the 
motor to the extent that it causes passenger discomfort, 
and also because of the danger to theirunning gear of 
the vehicle and the likelihood of momentarily drawing 
high inrush currents which cannot be tolerated by the 
thyristors comprising inverters 11 and 12. FIG. 8 shows 
an overlay of the voltage waveforms of FIGS. 2 and 7, 
to graphically illustrate by the shaded area that this fun 
damental voltage difference can be quite substantial. 

In order to avoid this extreme voltage transition, a 
phase shifted technique of voltage modulation is em 
ployed between 45 and 60 hertz, which entails operat- _ 
ing the inverters 11 and 12 so as to be shifted in ‘phase 
from a normal i l5" displacement toward a preselected 
phase displacement, in excess of the normal displace 
ment. The amount of phase shift is controlled by the 
voltage signal 37 generated by the voltage programmer 
43 along the portion of the voltage pro?le shown in 
FIG. 6 generated between 45 and 60 hertz. In the pres 
ent invention, it is desired to shift the phase‘displace 
ment of the inverters to a point where the fundamental 
voltage of the resultant ‘l2-step waveform produced 
precisely matches the fundamental voltage of wave 
form VWl in FIG. 7, corresponding to the ?nal pulse 
width modulated waveform, and thence bring the in 
verters back to their normal i 159 phase displacement 
to produce the maximum fundamental voltage, as 
represented by waveform VWl in FIG. 2, so that a 
smooth transition into ‘t‘constant horsepower” mode of 
operation may be realized. 

It can be seen from FIG. 8 that the difference in area 
under the curves shown and represented by the shaded 
area is the voltage difference produced by the two 
waveforms VWl of FIGS. 2'and 7. While this may be 
accurately calculated in accordance with the previ 
ously mentioned formulas, let it be assumed for the 
purpose of explanation that the voltage difference be 
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tween the waveforms of FIGS. 2 and 7 is 13 percent. It 
will be seen from FIG. 5 that as the motor frequency 
exceeds a value of 45 hertz, a variable phase shift range 
of inverter operation occurs, as hereinafter explained, 
in order to generate a modulated waveform VWI of 
FIG. 9. This waveform produces 13 percent less voltage 
than waveform VWl of FIG. 2 and thus precisely 
matches the voltage produced by waveform VWI of . 
FIG. 7, so that there is no disruption of fundamental 
motor voltage at the transition between the pulse width 
modulated and variable phase shift regions of FIG. 5. 
The degree of phase shift of the respective inverters 

11 and 12 required to produce waveform VWI of FIG. 
9 may be determined graphically by vector diagrams, 
as shown in FIGS. 10 and 11, or may be accurately cal 
culated for a more exact determination. For example, 
in FIG. 10 vector a is drawn at a i l5°angle from a 
component C whose length is to be determined graphi 
cally. By letting vector a equal a value of one, and clos 
ing the triangle by drawing vector b at a 15° angle with 
component C, the length of the component C is found 
to have a value approximately 1.9 times the length of 
vector a. Since it is known that the voltage component 
of the phase shifted waveform VWl of FIG. 9 must 
match that of waveform VWI of FIG. 7, the compo 
nent value 1.9 must be reduced by 13 percent, which 
is represented in FIG. 11 as having a value of 1.65 times 
the value of vector a. By setting off this distance along 
component C and plotting the point where the area 
struck by the assumed voltage vector radii intersect, 
the angle that the resultant vectors a and b make with 
the component C is found to be i 30°. Consequently, 
each inverter is phase shifted from :- 15° to i 30° to ef 
fect a 60° phase shift between inverters I0 and 11, as 
shown by waveforms A, B, C, of FIG. 9, which are dis 
placed 60° from corresponding waveforms A’, B’ and 
C’. By employing the formula V= 1/6 [2A——B—C + 
V3 (A’ -— B’)}, the interdigitated waveform VWl of 
FIG. 9 may be found whose fundamental voltage is that 
approximated by the quasi-sinusoidal wave Z. It will be 
further noted that this waveform VWl of FIG. 9 pro 
duces a voltage level corresponding precisely to the 
voltage produced by waveform VWl of FIG. 7. 

In order to accomplish the desired i 30° phase shift 
of inverters l0 and 11, reference voltage signal 37 is 
generated by voltage programmer 43 to follow the pro 
file shown in FIG. 6, thereby jumping to a maximum 
value when the speed signal at conduit 16 corresponds 
to a frequency of 45 hertz at the point where transition 
from pulse width modulation to phase shift modulation 
occurs. From this maximum value, reference voltage 
signal 37 varies as an inverse function of frequency 
until base speed is reached. It will thus be understood 
that the reference signal 37 intersects the carrier waves 
36 in FIG. 3 at varying amplitudes, thereby varying the 
width of notches 40 forming waveforms 38 and 39, 
which represent the outputs of comparators 30 and 31, 
respectively. , 

It is apparent therefore that the variable input signals 
38 and 39 together with the basic six-phase waveform 
indicated by reference numeral 24 provide the modula 
tor logic with the necessary input variables from which 
a unique thyristor ?ring pattern is produced at outpus 
A, B, C, A’, B’, C’ to generate the desired line to neu 
tral voltage waveforms at the transition between the 
pulse width modulation and the phase shift modulation 
region of FIG. 5. As the motor speed increases, the 
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10 
voltage programmer adjusts the amplitude of voltage 
reference signal 7, accordingly, thereby gradually 
bringing the degree of inverter phase shift back toward 
the normal 1*: 15° displacement at base speed. Being 
180° out of phase, waveforms 38 and 39 of FIG. 4 as 
sure that the inverters’ 11 and 12 are phase shifted by 
equal amounts and in opposite directions, as illustrated 
in FIGS. 10 and 11, so that the voltage component re 
sulting from a phase shift lies along the same line as the 
component prior to the phase shift throughout the en 
tire phase shift region. Therefore, not only is a smooth 
and continuous change in voltage realized in the region 
between the expiration of pulse width modulation and 
base speed, but also the phase of the fundamental volt 
ages at the motor windings is properly maintained to 
avoid poor motor action in the transition from pulse 
width modulation to phase shift modulation, as might 
otherwise occur. 

It is understood of course that increasing frequencies 
beyond base speed can result in “constant horsepower" 
mode of operation, in which the inverter phase dis— 
placement is maintained constant at i 15° so that maxi 
mum voltage is produced as the speed increases. It 
should also be understood that the reverse operation 
occurs in response to decreasing speeds so that in pass 
ing base speed and until pulse width modulation occurs 
at a frequency of 45 hertz, the phase shift modulation 
is effective with the inverter phase displacement chang 
ing with speed from i 15 degrees to 30°. In either case, 
the net result is that of passing from a pulse width mod 
ulated waveform to an unmodulated waveform or vice 
versa without experiencing an extreme voltage transi 
tion accompanied by a disruption in the motor opera 
tion. _ 

Having now described the invention, what we claim 
as new and desire to secure by Letters Patent, is: 

l. A control system for energizing an a. c. motor in 
accordance with a modulated load waveform being 
generated within a ?rst preselected speed range and in 
accordance with an unmodulated load waveform being 
generated within a second preselected speed range, 
said system comprising: 

a. multi-phase load windings forming the stator of 
said motor, 

b. a source of d. c. voltage, 
c. ?rst and second inverter means each having a plu 

rality of phase displaced outputs for connection - 
with said load windings, said inverter means includ~ 
ing switch means for periodically reversing the po 
larity of said d. c. voltage potential at said outputs 
to effect energization of said load windings, and 

d. control means for operating said switch means 
within a ?rst region of said ?rst speed range to pro~ 
vide said modulated waveform by pulse width mod 
ulation, and within a second region of said ?rst 
speed range to provide said modulated waveform 
by phase shifting said first and second inverter 
means from a predetermined phase angle effective ' 
within said first region to a phase angle which var 
ies with the speed of said motor, thereby effecting 
a smooth voltage transition from said modulated 
waveform to said unmodulated waveform. 

2. The system, as recited in claim 1, wherein said 
control means further comprises voltage programmer 
means for generating a reference signal which varies in 
accordance with the speed of said motor so as to follow 
a predetermined profile and thereby effect said phase 



3,781,615 
11 

shift of said inverter means to an extent suf?cient to 
produce said phase shift modulated waveform having a 
voltage component equal to the voltage component of 
said pulse width modulated waveform at the transition 
between said ?rst and second regions of said ?rst speed 5 
range, and to provide said predetermined phase angle > 
of said inverter means to effect said unmodulated 
waveform at the transition from said second region of 
said ?rst speed range into said second speed range. 

3. The system, as recited in claim 1, further charac 
terized in that the degree of phase shift of said ?rst and 
second inverter means is equal and of opposite sense 
relative one to the other so that the resultant position 
of thevoltage component of said phase shift mdoulated 
waveform coincides with the position of the voltage 
component of said pulse width modulated waveform. 

4. The system, as recited in claim 1, wherein said 
switch means includes solid state switch means. 

5. The system, as recited in claim 2, wherein said ?rst 
and second inverter means are each comprised of a 
three-phase, solid state bridge network consisting of 
said switch means. 

6. The system, as recited in claim 5, wherein said 
control means further comprises motor speed respon 
sive drive means for controlling the switching fre 
quency of said bridge network. 

7. The system, as recited in claim‘ 6, wherein said 
control means further comprises: A 

a. said drive means comprising a ring counter having 
a plurality of outputs providing phase displaced 
digital control signals, 

b. comparator means for providing ?rst and second 
digital control signals in accordance with the level 
of said reference signal exceeding the level of a ?rst 
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12 
and a second voltage signal of triangular wave 
shape having a frequency corresponding to the 
speed of said motoig'and 

c. logic means subject to said phase displaced digital 
control signals and to said ?rst and second digital 
control signals for operating said switching means 
to produce said phase shift modulated waveform. 

8. The system, as recited in claim 7, further charac 
terized in that said v?rst and second voltage signals of 
triangular waveshape are 180° out of phase so that said 
switching means are operated to effect said phase shift 
of said ?rst and second-inverter means equally in oppo 
site sense, thereby maintaining coincidence between 
the relative positions of the voltage component of said 
phase shift modulated waveforms and said pulse width 
modulated waveform. 

9. The system, as recited in claim 7, wherein said 
control means further comprises means for integrating 
a pulse signal having a frequency corresponding to the 
speed of said motor to provide said ?rst and second 
voltage signals of triangular waveshape. 

10. The system, as recited in claim 1, wherein said 
multiphase load windings comprise first and second 
sets of three-phase load windings, one mechanically 
displaced relative to the other an amount correspond 
ing to said predetermined phase angle of said inverter 
means. 

11. The system, as recited in claim 10, further com 
prising reactor means for coupling the phase displaced 
outputs of said ?rst and second inverter means with the 
windings of said ?rst and second sets of load windings, 
respectively,'to form said modulated and said unmodu 
lated waveforms. 

. a: * '* =|= * 


