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DEVELOPMENT AND EVALUATION OF A
HIGH-EFFICIENCY POWER INVERTER*

By Eugene L. Kelsey and H. Milton Holt
Langley Research Center

SUMMARY

With efficiency as the prime requisite, a power inverter was designed and evaluated.
A critical review of state~of-the-art supporting circuitry was conducted by using comple-
mentary transistor logic techniques. Since failure modes were of prime concern, the
results of circuit tests under the influence of a variety of loads are reported. Transient
suppression was shown to be a major problem, and a circuit to suppress the transient
effects on the commutation of the inverter matrix is presented. Efficiency was both
measured and calculated, and a critical review of the effort is presented.

INTRODUCTION

The term "inverter" is used to describe a device that converts dc voltage or power
to ac voltage or power. In most practical applications, however, ac voltage is available
at an undesired frequency. For this study, an ac source was assumed, and some of the
decisions made early in the study were influenced by this assumption.

Most commercially available inverters employ transistors as the power control
elements. If the desired output voltage is higher than transistor operating specifications
allow, an output transformer is used. Generally, the output transformer is also employed
as a feedback and tuning device to control output frequency. Invertiers of this type seldom
achieve efficient operation in excess of 50 to 60 percent. In order to increase the effi- -
ciency of the inverter, power dissipating elements, such as resistors and transformers,
must either be eliminated or changed and the overall philosophy altered. Removal of the.
output transformer necessitates a new frequency control and a higher working voltage for
the power control elements. Higher working voltage makes the transistor less desirable
for this purpose, and the consideration of another switching element is in order. The

*Part of the information presented herein was included in a thesis entitled ""High
Efficiency Power Conversion for Space Application" submitted by Eugene L. Kelsey in
partial fulfillment of the requirements for the degree of Master of Science in Electrical
Engineering, Virginia Polytechnic Institute, Blacksburg, Virginia, March 1966.



silicon-controlled rectifier (SCR) is the obvious replacement as it has higher gain, cur-
rent, and voltage ratings than the power transistor. The design presented is, therefore,
a transformerless SCR matrix.

SYMBOLS AND ABBREVIATIONS

ABCD Boolean variables or flip-flop outputs

b base (transistor)

C capacitance or capacitor

D diode

e emitter

FF flip-flop

fe natural frequency of commutating components
G gate or gate pulse

g(X),h(X) parametric functions of X
1 steady-state value of current

i instantaneous current

EL. inductance or inductor

N NOR gate

P power

P, commutating power loss

Py driver-amplifier power loss
P, logic-circuit power loss



Pp peak power

Q transistor

R resistance or resistor
Ry base resistor

SCR silicon-controlled rectifier (thyristor)
T transformer

t time

to time interval

UJT unijunction transiétor
Vv voltage

V' energy

X ratio of currents

Z impedance

T time constant

@ angular velocity
Subscripts:

e commutation

i di/dt protection

L load

max maximum



min minimum

rms root mean square

SCR silicon-controlled rectifier
t timing

v dV/dt protection

A prime refers to a three-phase configuration.
DESIGN CONSIDERATIONS

Waveform

Although a sinusoidal waveform would be the most desirable for the variety of loads
that might normally be encountered, it is certainly not the only useful waveform. The
development of a sinusoidal wave might well be complex and expensive and result in an
unnecessary loss in system efficiency. The prime use for ac power is for motor loads,
and the selection of 400 Hz as the power frequency was influenced by existing hardware
technology at that frequenéy.

Test data (ref. 1) have shown that the loss in efficiency of a motor operating with a
square or quasi-square wave input, rather than a sine wave input, can be held to only 3 to
5 percent. The loss is dependent upon motor design and the dwell angle of the waveform.
Dwell angle is defined as the period between the positive and negative parts of the wave,
as illustrated in figure 1. The results of dwell-angle variation vpon harmonic content of
the quasi-square wave, which can be readily calculated by using Fourier series, is shown
graphically in figure 2 (ref. 2). Harmonic content of a wave plays an important role in

.the production of torque. Harmonic currents in polyphase induction motors may produce
forward rotating fields (in the same direction as the fundamental), backward rotating
fields, or stationary pulsating fields, depending upon the order of the harmonic. The
torquing effects of harmonics are shown in table 1. Since a square wave contains no
even harmonics and, as can be seen in figure 2, the third harmonic can be eliminated
with a 600 dwell angle, this quasi-square wave is a good choice for motor loads. In the
analysis of any waveform for possible use as an output phase-to-neutral voltage, the
resulting phase-to-phase voltage wave must also be considered. If the square wave of
figure 1(a) is produced from phase-to-neutral, the resultant phase-to-phase voltage will
be a quasi-square wave with 60° dwell angle. If the phase-to-neutral waveform is instead
the quasi-square wave of figure 1(b), the phase-to-phase resultant is a six-step wave.

4



The latter waveforms (fig. 1(b)), whereas only slightly more complicated to produce,
offer significant advantages. A three-phase output using a square wave, if produced by
switching from a dc source, presents an uneven loading on that source. Also, any single-
phase loads are subject to all the odd harmonics present in the square wave. On the other
hand, the three-phase quasi-square wave of figure 1(b) results in a continuous sequential
power demand from the dc source and presents essentially the same harmonics to both
single-phase and three-phase loads. While it is obvious that the more steps there are in
a quasi-square waveform, the more closely it may approximate a sine wave, it should also
be realized that more steps require more complex control and switching circuitry. The
quasi-square wave with a 60° dwell angle, developed as a phase-to-neutral voltage, has
significant advantages with minimum complexity to justify its use.

Inverter Configuration

In general, an SCR inverter is described by the commutation method employed. The
term "commutation" is used to denote the transfer of current from one conducting element
to another in rectifier or SCR circuits. Generally, commutation involves a series of
events which may occur concurrently or in sequence. Providing for reliable commuta-
tion is the most difficult design problem and is dealt with in many publications. The com-
mutation method depends to some extent on the configuration of the inverter conducting
elements and in many cases on the load.

Since efficiency is of prime concern, minimizing the number of power absorbing
elements in the main current path is desirable. The efficiency of the power handling sec-
tion of the inverter is a function of voltage drop and the rms current. The voltage drop
across an SCR is nominally 1.2 volts and is reasonably independent of current. Because
the current is the controlling parameter, a higher supply voltage results in a lower cur-
rent for a given power level, and therefore, a higher efficiency is effected for a given load.

The most efficient configuration with the above points in mind would be direct recti-
fication of the ac source to a high-voltage dc bus. Both a positive and negative bus thus
obtained can then be switched to the load alternately. (See fig. 3.) Thus, both input and
output transformers have been eliminated, energy storage can be provided at the dc
busses, and {ransients created by the switching process are buffered from the ac supply. -
These requirements are met by the three-phase McMurray inverter of figure 4, which
requires no starting circuitry, no output transformer, and an absolute minimum of dissi-
pative elements in series with the load. Commutation is accomplished by an impulse of
current to the load which briefly reverses the voltage on the conducting SCR and allows it
to turn off. The impulse is formed by an inductance-capacitance (L-C) network. The
remainder of this paper is devoted to this circuit.



When the load is reactive, the feedback diodes D1 and D2 conduct during part of
each half-cycle to return power from the load to the dc supply. Refer to the phase A
section of figure 4, and assume that power has just been applied and that C, has no
initial charge. The controlled rectifiers SCR2 and SCR3 are gated on, and current flows
from the dc supply to the load and charges C,. As C¢ becomes charged, the current
through SCR2 will decrease until it is below the value necessary to maintain conduction
of the device, and SCR2 will cut off. In order to commutate SCR3 off, SCRI1 is fired. The
discharge current pulse through SCR1, Cg, and L¢ builds up to exceed the load current
and the current through SCR3 diminishes to zero. The excess commutating current flows
tl{rough the feedback diode D1 to the dec supply. A charge of reverse polarity is built up
on Cg, and the ferward voltage drop of D1 appears as inverse voltage across SCR3 and
turns it off. To obtain the negative half-cycle, SCR1 and SCR4 are fired, and current
flows from the negative dc supply to the load. The controlled rectifier SCR4 is commu-
tated by the firing of SCR2 and the action of the L-C circuit as described above. To pro-
vide the commutation energy, the following energy balance equation (ref. 3) must be
evaluated: :

D=

cv2 = % L2 (1)

The amount of current that can be commutated is

I= VJ% @)

The time constant that must be considered is

7 = 2myLC (3)

Since the circuit will supply power to motors, the inductancz of the motor will enter
into the time constant of the commutation circuit. From equation (2), it is obvious that an
increase in L reduces the current that can be commutated. ¥ C is increased to com-
pensate for the increase in L, the time constant may become excessively long.

The Silicon-Controlied Rectifier

When first introduced, the silicon-controlled rectifier was heralded as the answer
to many problems in power switching and control. In practical applications the device has
two major failings, both of which are termed ""rate effect."” Either of these rate effects, if
not considered in either the device construction or the circuit design or both, can cause
failure of the device or the circuit.

The first of the rate effect parameters is the current rate, or the di/dt rating.
Even though a particular SCR may have a rated maximum direct-current carrying



capability of several amperes, the device can be destroyed at much lower values. When

a gate signal is applied, the gate-cathode junction becomes forward biased, and the buildup
of current takes place. The junction bias change results from carriers being injected
through the gate lead. A finite amount of time is required for the entire junction to be
affected by the injected carriers. The change in potential spreads across the junction
from the gate lead connection. If the anode-to-cathode current builds up too rapidly
before the complete cathode junction becomes forward biased, the current density in the
immediate vicinity of the gate lead connection becomes excessive. Localized heating
caused by high current density results in destruction of the junction.

The second rate effect parameter is referred to as the dV/dt characteristic. It is
possible to force an SCR into a conducting state by rapid application of voltage without
exceeding the forward blocking voltage. This parameter is measured with the gate open-
circuited, and if the circuit configuration is such that the cathode of the SCR is connected
to a fixed voltage point such as a dc bus or ground, the dV/dt rating has meaning. The
rating is meant to denote the maximum rate at which forward voltage can be applied.
There are many circuit configurations for which the dV/dt rating is misleading, and the
McMurray inverter is such a circuit. Several SCR manuals circulated by manufacturers
describe a negative gating technique wherein the device is gated into conduction by driving
the cathode negative with respect to the gate, as opposed to the more popular concept of
a positive pulse to the gate lead with respect to the cathode. Each of the SCR's in the
McMurray configuration has a cathode connection other than system ground. (See fig. 5.)
The controlled rectifier SCR1 is connected at point I, the potential of which varies with
the output waveform. The cathode of SCR3 is the output terminal, and the cathodes of
SCR2 and SCR4 are connected to the negative dc bus. The gating signals, however, are
developed with respect to the system ground and, therefore, must be coupled to the SCR's
through pulse transformers. This transformer connection from gate to cathode places
the SCR in the general configuration for negative gating, which can occur through normal
action of the circuit. The controlled rectifiers SCR1 and SCR3 can be negative gated by
the normal conduction of SCR2 and SCR4, respectively. The controlled rectifiers SCR2
and SCR4 can be negative gated upon initial application of the negative dc bus voltage to
the SCR matrix. Hence, although the voltage changes at points I and II may not exceed
the dV/dt rating of the SCR, negative gating can occur and the consequences are the

@

same. Under the conditions described, negative gating will occur if the dc bus voltages
are sufficiently high. Even if the more advanced SCR designs are employed in the cir-
cuit, negative gating can occur at dc working voltages of 80 to 100 volts. Negative gating
protection is discussed in a subsequent section.

The inductors L of figure 5 limit the di/dt of each controlled rectifier to an
acceptable value for the device. The diodes Dj provide a path for reactive current for
each inductor.



The resistance-capacitance (R-C) network across each SCR serves as dV/dt pro-
tection. A good approximation for Cy can be calculated as follows (ref. 2):

r= 0.632 X Rated SCR voltage

4
dV/dt capability )

The time constant 7 should be chosen so that
T = RLCV (5)

The damping resistor Ry should be selected on the basis of limiting the peak
capacitor discharge current during the SCR turn-on interval to a value within the capa-
bility of the device. For best results, the network should be placed in proximity to the
SCR to minimize inductive effects.

Logic

A basic logic circuit that combines high efficiency, low output impedance, and fast
transition times can be constructed by using complementary transistors. The switch of
figure 6 uses a complementary p-n-p transistor as a variable collector resistance for
the control transistor Q1. This circuit can drive loads returned either to ground or to
the supply voltage. When a positive signal is applied to the input, transistor Q1 satu-
rates and pulls the output to ground while the same input cuts off Q2. Since Q2 is open-
circuited, no power is drawn from the supply. For a negative or zero input, the states
of Q1 and Q2 are reversed. Transistor Q2 is saturated and delivers full power to the
load while no power is lost in the cutoff transistor Q1. Theoretically the power-transfer
efficiency of this circuit is 100 percent. In practice, values above 90 percent can be
obtained.

The basic concept illustrated can be extended to provide a variety of logic circuits.
Figure 7 shows a complementary fransistor flip-flop, with a conventional steering circuit,
designed for use with a 28-volt supply. The inherent low output impedance permits the
System logic level to remain constant with a wide load variation. These circuits are
extremely tolerant of leakage currents. I the OFF transistor is not turned off completely,
the ON transistor has only to conduct that much more current. It is, therefore, possible
to design circuits of this type with no reverse-bias supply. The only power losses are in
the base drive circuit and the collector saturation voltage drop, both of which are small
compared with output capability. :



DEVELOPMENT

Logic
The following procedures are aimed at the design of a system of logic to provide
the necessary gating signals for the SCR matrix. The desired inverter output is three
phases of quasi-square waves 1200 apart at a frequency of 400 Hz. As can be seen in
figure 8, the minimum number of separate timing pulses needed in one 400-Hz time
period is six. Digital techniques are easily employed to count down from a reference
oscillator and to gate the proper SCR at the desired time.

The unijunction transistor (UJT) relaxation oscillator of figure 9 is simple and
efficient. The circuit has excellent temperature stability and low power dissipation.
Design procedures can be extracted from various texts. (See ref. 4.)

A UJT oscillator and flip-flop comprise the system clock whose output is 6 X 400 Hz
and represents the binary ""one." These pulses are fed to a train of three flip-flops which
are connected to divide by 6. 'The Boolean expressions for the pulses t; to tg can be
written directly from the diagram in figure 8 and are presented in the appendix.

The logic diagram is shown in figure 10. The NOR gates are utilized to provide
sufficient isolation from and current drive to the gate amplifiers.

Gate Amplifiers

The requirements of the SCR gate circuit are dictated by the type of SCR employed.
In order to conserve power, the gate pulse should be of short duration. The controlled
rectifiers SCR1 and SCR3 (fig. 5) are positioned in the circuit so that their cathode poten-
tials are of changing polarity, and the cathodes of SCR2 and SCR4 are connected to the
negative supply voltage. Isolation from the logic circuitry is provided by pulse trans-
formers. If negative gating or dV/dt breakdown is allowed to occur, a short circuit is
created from the positive supply to the negative supply through two SCR's.

"To prevent negative gating, another SCR can be connected in the secondary of the
pulse transformer, and the blocking characteristic is used to provide an effective open
circuit unless a trigger pulse is applied from the logic. The gate amplifier of figure 11
provides isolation and blocking for the negative gating phenomenon. The square pulse on
the input appears as a short positive spike on the secondary of T1 to provide a gate poten-
tial for the blocking SCR. At the same time, T2 provides anode voltage across the
blocking SCR and current to the gate lead of the power SCR and can provide any width
pulse desired, up to the width of the input logic signal. To any cathode transients, the
gate is an open circuit.



Commutation

In order to provide adequate commutation, the commutation current must exceed the
load current Iy for an interval of time t, which is longer than the turn-off time of the
SCR. Three alternate commutation pulse shapes are shown in figure 12. (See ref. 3.)
The parameter X is the ratio of the maximum current to be commutated I,;5x to the
load current Iy . The maximum current to be commutated must be considered to be the
peak current that can occur during any half-cycle of operation. When motors are to be
started, this current can be high when compared with the current drawn when the motor
is running at rated speed. For resistive loads, the maximum load current to be commu-
tated is

- (6)
L= Vmin

where

Pp peak instantaneous power output

Vmin minimum supply voltage

The dc voltage necessary to supply 115 volts rms to the load by using a quasi-square wave
with a 60° dwell angle is approximately 141 volts.

The optimum commutating pulse is the one which requires the least energy. For the
analysis which follows (ref. 3), the commutating circuit is assumed to have low losses so
that these losses may be neglected. From figure 12

Iy, = Ipax COS wt (M
where t= %O or
t I
cos %9- . I—mL; -1 8)
where
w=—1 (9)

Therefore, by substituting equation (9) into equation (8)
to
\ficcc

The energy W that must be supplied by the commutating circuit to accomplish SCR turn-
off is

= 2 cos-1 )1-2 = g(X) (10)
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2

W=2CcVe (11a)
or
W = %chrznax (11b)
Multiplying equations (11a) and (11b) gives
W =LV InaxvTcCe (12)

2
By substituting equations (8) and (10) into equation (12)

to

1
2 2cos"l Ll
By expressing equation (13) as a function of X
W X - h(x) (14)

Vil -1L1
4 cos X

The functions g(X) and h(X) are plotted in figure 13. (See ref. 3.) When
X = 1.5, h(X), a function of the commutating energy W, is at a minimum value of 0.446.
The value of g(X) at this point is 1.68. To determine the values for the commutating
circuit components, the values of V., I, tg, and X pertaining to the maximum load
and minimum supply voltage must be used. By combining equations (11) and (13), the
required values of C, and L. are

It Ipt
Ce = —ox =0 2 0,893 =2

= O 15
giXS Ve Ve - (15)

1 Veto Veto
L, = ——— —=—==0.397 16
¢ XegX) Iy, Iy, (16)

By using the optimum values for the numerical constants
X=1.5 (17)-
g(X) = 1.68 (18)
The natural frequency of the commutating circuit is

1 _g(X) 0.267

f. = = =
¢ 27 \/EcCc 27 tO t0

(19)
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and the pulse width is

o
’IT‘/LCCC = E(XT = 1.8Tty (20)
RESULTS

Operational evaluation of the circuit illustrated in figure 5 led to several conclu-
sions. The rapid turn-on and turn-off times of the SCR's produced a square wave with
steep sides. The results of this fast switching, aside from a nearly perfect quasi-square
output waveform, were some adverse transient conditions within the circuit matrix. These
transients, due to the normal switching operations, produced extremely short voltage rise
times (dV/dt), current buildup (di/dt), and false gating signals. Without protective net-
works, operation was limited to dc supply voltages in the range of +50 volts, even though
the best available SCR's were employed. Even at this limited voltage, operation was sen-
sitive to load changes and turn-on sequences involving supply voltage application and logic.

Two types of circuit failures were considered. The first was the simultaneous con-
duction of two series-connected SCR's and resulted in the activation of supply current
limiting devices, such as fuses or circuit breakers. The other was the destruction of an
SCR from di/dt burnout. Other failures were not considered as it was realized that
random failures and the prevention thereof are not within the scope of this work. Hence,
the term 'failure' is only used to indicate one of the two prevalent types described.

Rate Protection

Since square voltage waveshapes were present at nearly every point in the inverter,
di/dt failure was always possible. To protect the SCR's against di/dt failure, a small
inductance was connected in series with the device. A value was approximated by using
the maximum supply voltage and the di/dt rating of the device.

) Breakdown failure, which occurs when two series SCR's conduct simultaneously,
can be the result of dV/dt breakdown of one SCR due to the turn-on of a series SCR.
The use of R-C networks connected in parallel with each device effects a softening of
dV/dt. To operate successfully in the +150-volt range, a minimum capacitance in the
range of 0.5 uF was required. The current limiting resistor also became large, and the
overall result was a considerable dissipation of power. I circuit efficiency is of little
concern, this power loss may be tolerated. For the application discussed herein, the loss
of 30 to 40 watts could not be justified.

Before dV/dt protection is used, the cause of breakdown should be pinpointed.
This can be done by triggering the SCR's manually in the proper sequence with all gate
leads open except for the SCR being triggered. I a failure does not occur, dV/di
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breakdown can be ruled out as a failure mode, and the R-C protective networks may be
omitted. In this application, a dV/dt rating of 200 V/usec proved to be sufficient to
prevent dV/dt breakdown at working voltages up to +200 volts dc.

Negative Gating

Even though dV/dt breakdown was shown to be absent, high dV/dt was still the
major problem in the circuit because it produced negative gating signals. These false
gating signals were the result of a negative SCR (SCR connected to negative dc bus) being
triggered into conduction and thereby connecting either point I or point IT (fig. 5) to the
negative supply bus. Since the gate circuits of the positive SCR's were transformer cou-
pled to the trigger amplifiers, the gate-to-cathode impedance was such as to allow this
fransient, negative-going cathode voltage to be. interpreted as a gating pulse. A similar
condition existed for the negative SCR's at the moment of application of dc power.

In order to have any degree of stable and reliable operation, the transient effects
had to be blocked or reduced drastically. The blocking pulse gate amplifier was designed
to utilize the blocking characteristics of one SCR in order to open-circuit the gate lead of
the power SCR effectively. (See fig. 11.) The blocking SCR was selected for high dV/dt
capability and low maximum average current capacity. The latter parameter was neces-
sary in order to minimize junction capacitance. The pulse leakage was thereby held to a
low value. The leakage pulse amplitude was proportional to the transient amplitude and
rise time, as well as the total p-n junction capacitance. X care is taken in the selection
of the blocking SCR, the amplifier of figure 11 can improve the maximum allowable matrix
supply voltage from 3 to 5 times that possible with conventional transformer coupling.

Efficiency

While the inverter design has taken into account various load conditions, overall
efficiency was measured at unity power factor. Efficiency measurements were taken for
the single-phase configuration and were projected for the three-phase configuration. The
power consumed by the logic and gate amplifiers was taken into account, but it should be
noted that Ry and Cy, as shown in figure 5, were removed. Table 2(a) shows the mea-
surements taken from the single-phase configuration at five output levels. The power dis-
sipated by the logic P; is constant and is the same for single-phase and three-phase
operation. Power loss from the SCR is a function of the nearly constant voltage drop
across the device and the current through it. This loss will triple for the three-phase
calculation. Power consumption in the driver circuits Py will also triple. The
remaining losses are due to the increase in commutation energy P, and protection-
device loss. This figure will also triple. In general, table 2 shows the breakdown of
various component losses. The total loss can be approximated by

13



AP = Pj - Pyt =Py + Py + PgoR + Pe (21)

A set of curves can now be calculated for the three-phase inverter by using the
values in table 2(a).

AP' = PZ + 3Pd + BPSCR + 3PC (22)
Pout
Efficiency = ——9Ut__ (23)
Pout + AP

Figure 14 is the result of measurements taken on the single-phase inverter. From
these values the curves of figure 15 were calculated. A comparison of efficiency for both
the single-phase configuration and the three-phase configuration is shown in figure 16.

CONCLUDING REMARKS

The deficiencies of the McMurray inverter circuit configuration are, in fact, defi-
ciencies of the silicon-controlled rectifier (SCR) itself. The SCR is a handy tool and
can be reliable when used in applications involving sinusoidal waveforms. The square-
wave application serves to bring out the shortcomings and faults inherent to the device.
Although there has been a great deal of improvement in SCR's over the past few years,
little attention has been given to the gating connection.

Even now, some manufacturers are reluctant to admit that a real problem exists.
The user, however, can easily prove to himself that in nearly any application, the gating
circuit will require much consideration and protection before reliable operation can be
obtained.

If the circuit could be used without excessive protective components, it would be an
important contribution to the inverter art. Every extra component dissipates power and
increases weight and cost.

The circuit has the following problems:

1. Two principal inherent failure modes which result from characteristics of the
silicon-controlled rectifier:

Failure due to current rate
High transients which can produce false gating signals that result in circuit failure

2. Appreciable radiation of energy resulting from step transient conditions
However, problem areas can be reduced by:

1. Employing current rate inductors, which dissipate very little power, in series
with each silicon-controlled rectifier

14



2. The use of blocking devices to improve the characteristics of the external gating
circuitry

With proper design, the McMurray inverter can meet the requirements of high effi-
ciency and medium power output. Good reliability can be accomplished only through a
large reduction of efficiency. Reliability and efficiency may be increased if the "'rate
effect' characteristic in the silicon-controlled rectifier can be improved. Even with
improved SCR's, the reliability may still be questionable, because of the intolerance of
the design to rapid load changes and leading power factor loads, which produce voltage
transients and increase the current rate factor.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., April 30, 1970.
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APPENDIX
BOOLEAN DEVELOPMENT OF LOGIC CIRCUITRY
In figure 8 it can be seen that a timing pulse is required for each turn-off of the

SCR switches used for the three-phase output. These can most easily be obtained from
the direct selection of the logic flip-flop outputs through AND and NOR gates.

t; = ABCD = ABD 1=A+B+D
tg = ABCD = ABD ty=A+B+D
tg = ABCD = ABC fg=A+B+C
t4 = ABCD = ABT tgy=A+B+C
ts = ABCD ts=A+B+C+D

tg = ABCD

From the discussion of the SCR matrix, the pulses required for each gate can
be written:

Phase A Phase B Phase C
Gy=t3+1y Gg =t5 + fg Gg =11+t
Gg =ty + {g Gg =tg + {3 Gig=ta +15
Gg =fy Gy =t3 Gi1=t5
Gy =1y Gg =tg Gyg =ty
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TABLE 1.- STARTING TORQUE CHARACTERISTICS OF HARMONICS

Two-phase machine

Torque direction

Three-phase machine

Torque direction

Positive Negative | Zero
Fundamental 3 2
5 T 4
9 11 6
13 15 8
10

12

Positive Negative | Zero
Fundamental 2 3
4 5 6
T 8 9
10 11 12
13 14 15
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Figure 1.- Square-wave phase relationships.
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Figure 6.- Complementary transistor switch.
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Output
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Figure 8.~ Timing-pulse relationships.
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Figure 11.- Blocking pulse gate amplifier.
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Figure 14.- Power loss breakdown for single-phase inverter.
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