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AN ELECTRONIC PARALLEL INVERTER WITH 
POLYPHASE SINUSOIDAL OUTPUT VOLTAGE 

INTRODUCTION 

This thesis will cover three main points. The 

first point is to Eive a general idea of the operation 

of the various types of electronic inverter circuits, 

mainly the parallel and series circuits, and to show how 

each can be nade to be separately or self-excited. 

The second point will consist of an analysis of the 

parallel inverter circuit with resistive load and the 

design of an inveiter. The analysis and design of an 

electronic control circuit for a tt'rec-phase inver ter 

wila also be covere. 

The last point to be covered will be the testing of 

the experimental inverter under various load conditions. 

The output wave forms obtained will be compared with 

those of a typical alternating current generator and a 

practical power system. 

The control system for this inverter will be unusual 

in that it will be driven by a single-phase oscillator 

instead of the usual procedure of using an existing, poly- 

phase circuit. This type of control was required be- 

cause of the desire to have the output frequency of the 

inveiter very stable instead of having the normal 



variation that is common to electrical machinery or power 

systems. 



THJi OPERATION OF ELECTRONIC IVERTERS 

There are two distinct types of electronic inverters: 

(1) those which are separately excited and (2) those 

which are self-excited. Separately excited inverters are 

of the nature of amplifiers, as they require a srriall 

amount of alternating current power for their excitation 

hut are capable of producin; a much larger amount of 

alternating current power in the output circuit. Self- 

excited inverters are more of the nature of oscillators, 

as they supply their own excitation losses from the 

alternating current output of the circuit. 

SEPARATELY EXCITED INVEETELS. A typical circuit of 

a separately excited inverter is shown in figure 1. All 

of the energy taken from the output terninals is drawn 

from the direct current power suply indicated in the 

lower part of the figure. The alternating current excita- 

tion must be sup. lied from an available low power source 

such as a vacuum-tube oscillator. 

The operation of this inverter may be studied by 

first considerin the half cycle ai' excitation voltage 

during which the grid of tube i is positive and assuming 

that tube 2 is not drawing plate current. Plate current 

begins to flow in tube i as soon as the arid becomes more 

positive than the starting voltage, and as this current 
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increases an erí will be induced in the output trans- 

former which will be impressed across the condenser C, 

causing it to charge with a negative polarity toward the 

plate of tube 1. An ernf will also be induced into the 

secondary of the output transformer and so be impressed 

on the load. 

At the start of the next half cycle the grid of 

tube i will become negative, but this will have no effect 

upon the flow of plate current. However, the grid of 

tube 2 will become positive, and this tube will fire 

causing current to flow from the direct current source 

through the lower half of the output transformer. The 

voltage drop between anode and cathode of tube 2 is very 

low durin{ conduction so that the lower terminal of 

condenser C will be virtually connected to the negative 

terminal of the direct current suply. Since it had been 

previously charged by tube 1 with negative polarity on 

its upper plate, the full negative charge of this con- 

denser will momentarily be applied between the plate and 

cathode of tube 1, permitting its grid to resume control. 

If the grid of tube 1 were not negative at the time this 

action takes place, both tubes would conduct after con- 

denser C discharged, thus short-circuiting the direct 

current supply. 
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The actIon described in the preceding paragraph con- 

tinues to repeat itself; the action of the two tubes 

being interchanged at the beginning of successive half 

Cycles. 

Condenser C is known as a coiiutating condenser be- 

cause it is provided solely for the purpose of commu- 

tating the direct current from one tube to the other at 

the end of each half cycle of the exciting voltage. its 

size must be such as to provide a nogativo charge of 

sufficient duration to enable the grid to essurne control. 
A leading power-factor load will obviously serve the 

saie purpose as the cor:xnutating condenser C. On the other 

hand, a lagging power-factor load will tend to reduce the 

effect of Condenser C, so that a much larger condenser 

must be used in an inverter required to handle an Indue- 

tive load. Thus it is important to know the type of load 

that is to be supplied before designing the Inveiter. 

The two thyratrons may be operated in a series type 

of circuit as compared with the paralel arrangement of 
figure 1. A typical circuit of this type is that of 

figure 2. Consider that tube i Is conducting and that 
tube 2 Is idle. Current flows from the positive teriinals 
through the primary of the output transformer T, the 

upper half of the choke L, and tube 1, charging the con- 

denser C, with positive polarity on its left terrInal. 
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As the polarity of the grid excitation voltage changes, 

tube 2 will fire, causi. the condenser to discharge, 

thereby inducing a voltare of opposIte polarity in the 

output transformer and inducing a high negative voltavo 
between terminals "a" and "ri" of the choke L, sufficient 

to extinguish the arc in tube i and permit its negative 

gril to assume control again. 

On the next half cycle of the excitation voltage 
tube i will again fire causing the condenser to charge. 
A large voltage is agaIn built up across the inductance 
and a positive voltage anpears between "b" and "n" which 
Is applied to the cathode of tube 2. Since this 'iil 

have the sane effect as applying a negative voltage to 
the plate, plate current will cease to flow and the grid 
can again assume control. This cycle is repeated as the 

polarity of the excitation voltage reverses--thus pro- 

ducing an a-c output across the secondary of transformer 
T of the same frequency as the excitation voltage but of 
much higher power. 

Since the sar-e polarity of voltage across L is re- 

quired to extinguIsh either tube 1 or tube 2, it might 

seer- that both tubes should cease to conduct simultane- 

ously. That they do not is due to the difference in Lhe 

charge on the condenser C, this condenser being fully 



charged when tube 2 fires and at a minimum charge when 

tube i fires. The potential applied to the plate of 
tube i is 

E E -E -E 
bi o e t 

where is the supply voltage 
is the voltage across half coil L plus voltage 
across T 

E is the voltage condenser C 

While the plate voltage of tube 2 is 

E 2 E - E 
b o t 

When tube 2 fires, E is very nearly equal to E and 

is somewhat less than E. The above equations therefore 

show that tube i will have a negative plate voltage wbile 

that of tube 2 is somewhat positive. When tube 1 fires, 

condenser C will have discharged and its voltage will be 
quite srall; thus, the equations show that the polarity 

applied at that tin.e to tube 1 will be somewhat positive 

while that applied to tube 2 will be negative. These 

are the necessary conditions for coimutat1on of the cur- 

rent from one tube to the other. 

Series inverters are generally preferred to the 

parallel type owing to the reduced probability o short 

circuiting the direct current supply through the l'allure 

of a tube to commutate. This improvement is due to the 

maintenance of negative voltage on the plate of the 



thyratron at the end of its conducting period for a 

longer period of time in the series type than in the 

pRrRllel type, thus increasinL the time for the tube to 

deionize. 

SELF-EXCITED INVETERS. Either the praliel or the 

serles type of inverter may be made self-excited by 

supulying the grid excitation from the alternating cur- 

rent output terminals t}rough suitable circuits. i'1igure 

3 shows such an application to the parallel type of 

Inverter. T1 is the output transformer, and C1 is the 

corrnutnting condenser, as in the separately excited in- 

verter. The grids of the 

of transforier T2 which is energized from the output 

transformer as shown. 

ihen the direct current circuit is irst closed to 

start the inverter, both tubes would start conducting at 

once if a means were not provided to discriminate against 

one or the other. Condensex C3 performs this function, 

being charged through R1 and L1, with the return circuit 

through R3 and half of transformer T2. The charging 

current of this condenser induces a positive vultage in 

that side of transfor er T2 supolying the rid of tube i 

and consequently induces a negative voltage on the grid 

of tube 2. Therefore, tube i will be the first to conduct 

and tube 2 will be held inoperative. 
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At the same time the plate current drawn by tube i 

through the upper half of transformer T1 will induce a 

negative voltage on the upper terminal of that half. The 

lower half of the transformer will therefore impress a 

positivo voltage on the plate of tube 2 which is a 

function of the charging period of condenser C. ívontu- 

ally tube 2 will become conducting as the induced voltage 

in transformer T2 falls off at the end of the charging 

period of c3ndenser C and allows the grid to go posi- 

tive. When this occurs, condenser C1 will apoly a high 

negative voltage on the plate ol' tube i to stop the flow 

of plate current as oreviously discussed for the separate- 

ly excited inver ter. 

The impedance of transformer T1 prevents the in- 

stantaneous discharge of condenser C1 thus maintaining 

its negative voltage sufficiently long for the simul- 

taneously induced voltage in transformer T2 to swing the 
grid of tube i negative and prevent reestablishment of 

current through this tube for another half cycle. 

The sequence of events just described continues to 
occur with the action of the two tubes interchanged, the 

frequency of the output being determined primarily by the 

constants of the output circuit. 

series type of inverter is shown in figure . If 
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tube i is conducting, current will flow from the direct 

current source, charging condenser C. T.:e current also 

passes through the resistance R2 and so maintains a nega- 

tive voltage on the grid of tube 2 which prevents that 

tube £ron firing. As condenser C2 becoi;es charged, the 

current flow ceases, causing tube i to stop conducting 

and removing the negative voltage from the grid of tube 2. 

Firing of tube 2 follows, and condenser C2 then discharges, 

setting up a negative voltage across R which is applied 

to the grid of tube 1. Also, the drop acrois coil L1 

applies r negative voltage to the anode of tube 1 through 

the condenser C1, which has zero voltage across its ter- 

minais at the time when tube 2 fires, since it was dis- 

charged by tube i while C2 was charging. The negative 

potential remains on the anode l'or a sufficient length of 

time to permit the tube to deionize and so permit the 

grid to resure contr1. After condenser C2 ha8 dis- 

charged and C1 charged, the current flow through tube 2 

ceases and tube i lires. In this case the discharge of 

condenser C1 sets up s voltage across L1 of the opposite 

polarity, thus ap1yin. a negative voltage to the anode 

of tube 2 which permits it to deionize. This cycle is 

then repeated at a frequency deterrined by the circuit 

constants. 
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THE PARALLEL INVERTER WITH RESISTIVi LOAD 

In general, two distinct ruodes of operation are 

recognizable. These two modes are dependent upon the 

relative values of the circuit constants and arise from 

the physical limitations of the tubes which permit cur- 

rent conduction in one direction only. Under certain 

circumstances, the current in the direct current side of 

the inverter flows in pulses, two for each cTcle of tho 

control frequency, with periods of current zero inter- 

venin. Under other circumstances, the current in the 

direct current side is continuous without reaching zero. 

The calculations of current an voltage for the former 

case is much more involved than that for the latter. 

However, it so happens that the most important case for 

which the current flows in pulses is that in which the 

periods of current zero approach zero. But this ray be 

regarded also as a limiting case for which the current 

on the direct current side is continuous. No attempt 

will be iade, therefore, to derive expressions for the 

case In which the direct current flows in pulses. 

In the following development, these simplifications 

are iade: 

1. The magnetizing current and the leakage reac- 

tance of the transformer are neglected. 
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2. A11 three windings have the same nurìber of turns. 

If this is not the case, the load 1ipedance can be re- 

duced readily to an equivalent Impedance. 

3. The resist8nce of the impedance in the direct 

current side Ls neglected. This can be corrected for by 

subtracting a c-nstant voltae drop from the applied con- 

tinuous voltage. 

)4. The voltage drops in the tubes are neglected. 

Since this Is essentia1iy constant regardless of current, 

it can be corrected by subtracting the drop from the ap- 

plied voltage. 

The circuit under consideration Is shown sohemati- 

cally In fIure 5, in which the sy;bo1s are seif-ex- 

planatory. Part or all of the capacitor C may be con- 

nected In parallel with the load. It nay also be de- 

sirable that some of the capacitance be switched on si- 

multaneously with the load. 

The general plan of attack will be to set up the 

differential equations for that portion of the circuit 

Involved while one tube is conducting and the oth . er tube 

s open circuited. Because of certain syraetry In the 

circuit, definite terminal conditions may be set up. 

Thus the load current at the beginning of a half period 

rust be equal and opposite to the load current at the end 

of the half period. Similarly, the charge q on the 
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cor-mutatin capacitor at the beíning of a hair period 

must be equal and opposite to the charge at the end of 

the half period. Calling the period T, these relations 

ìay be expressed by the following: 

ib(for t O) ib(for t T/2) 

q(for t = O) = -q(for t T/2) 

The foregoing assuìptions pex it the elimination of 

the transformer for the purpose of setting up the differ- 

ential equations, thus reducing the equivalent circuit to 

that shown in figure 6. The output voltage E in the 

alternating current side will be evaluated in terms of 

the direct current voltaFe V and the constants of the 

circuit. 

From the figure shown, the following differential 

equations may be written: 

corne 

'i 
- E) dt 

12 LC dE/dt 

13 E/R 

By use of the Laplace transform these equations be- 

'i(s) 
= (V(5) - E(5) / 10 

L3 s 
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'2(s) LCSE 1 

13(s) = s(s) / R 

I is the initial current flowing in the inductor. 
is the initiai voltage appearing across the ter- 
minìais of the condenser C 

Since in an electric1 circuit the sum of the currents at 
a point must be equal to zero, 

and 

Ii = 12 13 

vsJ E 
= 14C3E5 / LCE0 / ß/R 

Assuming an applied voltae of a step function as would 
be the ease in the £irin of a thyratron, the eqation 
becomes: 

V / i - E(5) E(S) 
/ CS(5) / 

t2 - 
LS 

which can be reduced as follows: 

E = V ,I I0L / (s) 

LS2/ /1Cs 

E(5) = V / irs 7/ I4CE0LS2 

S(1 ,1 Ì4CLS2) 

r (V / its ,/ )3CE0LS2) J = 
______________________________________ 

S 

S(S2//f 
) 



In order to solve this equation it is necessary to Lind 

the roots of the following auxiliary equation: 

/ s i 
o E i 

.. 
q 

These roots are 

s=o 
and 

These roots may be either complex or real. In the former 
case the solution consists of damped sinusoids, but in 
the latter of exponentials. Since tue output of this in- 

verter is to he sinusoidal only the case which 

roots are complex will be considered. 

For the case in which the roots are complex, let 
them be desirnatod s 

S = (-a jb) 

in which 

bf 6LC2R2 

threfore 
V/OL 1s/c / S2 

E(3) z 

(s a/ jb) (S/a-jb) 
This equation may now be solved by bre&king it into three 
parts: 



Now let 

E(s) - [scsi a / jb)(S/ a -jb1 

'o 1(S / a / jb)(S / a - jb 

s ° 

E1() = 

E2() 
r (a/jb)(ß/ajb)11 

toL 
j 

3(s) O 
(s/ajb)(sa-j 

Taking the inverse transforms of these equations 

vtr 
E1 = V- Lt / ae7" / jbebt 

be/jbt 1 

I, e_atr eibt ,1 e"J 
L 

E = 
E0et 

r 
-at 

3 

jbe?'JbtJ 

/ ae/i'ot -jbet 
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These equations can be reduced to the followin{ circ1ar 

functions: 

1i1 V_V0:t 
( __ sin bt / cos bt) 

b 
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-at 
E 10e 
2 sinbt 

-at ( a Sin bt E3 - E0e 
( b 

- COS bt 

E Eis 2s 3s 

E = V / et([ ! 
/ 7sin bt 

cos bt] 

ubst1tuting initiai values which are 

rives 

or 

E0 - V 

Io = 

E V / VetT i 
i' 

i4CbR 
sin bt - 2 cos bt7 

Ve3 
i i )-co8bt7 

_t[isinbt 
___ 

E V / 
CR ( - 

6C2R2 
t/8CR r- sin bt V/Ve ' 

l 
b9 ( (Il:-r:---T.) - 2 cos 

f (16CR2_L) - 
2 cos b9 

V/Ve 2sinbt 
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- V / etu/8'' LL sint / tan 

-(16cR-L)] 

V e_t/8 (6h2 sin(bt / tan - 

________ 
16CR2-I 

1/16CR2_L) 

f 
L 

/ 
Eq2 

In the design of n inverter, it is, as already 

rtentloned, necessary to know the aperoxiite Impedance of 

the load. The term (6LCR2/16CR2_L) in the previous 

equation determines the ratio of the maximum alternating 

current output voltae to the direct cui'rent voltage. The 

term e_t'8 Is the rate of damping of the alternating 

currert voltage. It is necessary that the product of RC 

be larLe If the inverter Is to have a sinusoidal output. 

The sine term consists of two parts; the first varies 

with time and determines the correct operatin{ frequency 

for the invorter, while the second ter. detern:ines the 

angular delay between the firinL of the thyratons nd 

the output voltage. 

Since it Is desired that this inverter have an out- 

put that Js sinusoidal, it is necesLary that the term bt 

in equation 2 be equal tot for the frequency at which 

the Inverter Is to be operated. In this case, where the 

frequency is 60 cycles the term must equal 377t. 



In order to accomplish this, the term bt must be 

set equal toc»t, and the following equations result: 

bu t 

C4i b 

i i b 
= - 6LC2R2 

i i 

6LC2R 

O -i6ch ' L / 6LC2R2L°2 
/- Lw 

1/ 1- 

b 

22 

For a frequency of 60 cycles per second and the indictance 

available for this project of 0.12 henry: 

C - 7.3 (1 ¿i -20L). 

The thyratrons to he used were type 3023 which have 

an average current rating of 1. amperes. It was desired 

to have the tubes not operate in excess of rating and 

siso to have an output voltage of 200 volts. Therefore, 

the inverter was designed to supoly a load of 10 ohns. 
It was found by using this value of resistance in the 

previous equation that the comrnutatin' capacitor should 

be 12 rnicrofarads. Substituting these values of R, L, C, 
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and W in equation 2 gives the following formula for the 
output voltage: 

E V ,I 2.lVe7Ot sin (377 / 88°) 

The voltage in the above formula is the voltage 

across the teriiinals of the transformers on the direct 

current side. The voltage on the alternating current 

side would be 

1a-c 2.lVe_?Ot sin (377t / 880) 

if the turns ratio al the translorrer is one as assulLed. 
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THE CONTROL CIRCUIT 

The control circuit is probably the most important 

part of the invexter, for without it the inverter could 

not operate at all. The control circuit is to blame for 

many of the shortcomins of a norial inverter for il it 

is not operated properly, the direct current source of 

energy can be short circuited. It is the control circuit 

that determines (1) the frequency of the inverter; 

(2) the amount of power the inverter supplies if connected 

to an alternating current bus with a source of power; 

(3) and to a large extent the axriount of harmonic dis- 

toi'tion in the inverter. 

In order for the inverter to work properly, it ia 

required that the control cIrcuit have the following 

properties: (1) Fire the six thyratrons at intervals of 

60 degrees. In order to accomplish this it is required 

that the control be adjustable for the individual tube 
charcteristjcs. (2) Advance or retard the UrinE of the 

thyratrons in order to control the amount of power rup- 

plied by the Inverter to a system. (3) Be reliable in 

operation. 

The control system tor this project did not have to 

fifill the second requirement above because it was not 



2 

desired to have the inverter supply power to a bus with 

several sources of cower. This control did, however, 

have to receive its signal from that of a low freLuency 

signal generator. 

There are several ways to cortrol thyratrons. For 

this project it was decided to use the phase-shift 

rethod. By use of this method it was required to shift 

the output of the audio oscillator by 600 and 1200. 

Since the oscillator to be used had a balanced output 

with negligible distortion betwoen the output terminal 

and ground, it wa not necessary to use a phase inverter 

to get the control for the other tubes. 

The actual circuit for the control system Is shown 

In figure 7. The circuit in block notation is in ligure 

B. In order to represent the system by the block dia- 

gram, it was necessary to deterrine the transfer function 

of each of the four basic circuits used. 21e determina- 

tion of the transfer function was nade on the basis that 

the loading of one element on the other was negligible. 

While this is not true the error involved is very small. 

The first basic circuit to be analyzed is that shown 

in figure 9. Since there Is no loading on the circuit, 

is equal to i2 Therefore 

C dein - C de0t - eout 
dt dt 



FIGURE 7. CONTROL CIRCUIT R+REE-PHASE INVERTER 



FIGURE 8. CONTROL CIRCUIT IN BLOCK NOTATION 
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By use of the Laplace transform 

C(E - = Eout 
- sin sout 

or 
CS 

CS,R 
Assuming a sinusoidal input this becomes 

gout (j°) = i/(l - j l/°CR) 
Ein 

The second circuit to be analyzed is that of a volt- 
age amplifier. A typical voltage aipliÍier is shown in 
figure lOA with its equivalent circuit in fi1ure 10t. 
In this circuit 

e0t /( e - 
RL - rp 

This reduces to the following transfer function 

0out 1,RL 
/ BL/rp 

The next circuit is that of a voltage divider shown 
in figure 11, 

-e0t e0/RK 
B-RK 

which reduces to 

e0t/ei = K 

The last circuit to be analyzed is that shown in 
figure 12A. This is a tee3back amplifier in which the 
feedback is not equal to one. Using normal block 
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notation this circuit can be represented as shown in 

jt ure 126, In which is the input voltage, e0t Is 
the output voltage, e Is the feedback voltage, e5 is 

the difference between and 0j, A.F is the transfer 

function of the feedback network and KG is the transfer 

function of the amplifier. For the circuit shown the 

following equations may be written: 

eout 
jCÁi. KCÌ(jw) 

e3 

e jw - - AF(jW) 2 eput 

- °in - e1 
3 

Substituting e:ation 3 in equation i gives 

e0t 
JCL) KG(jw) 

14 

and substituting 2 in 14 gIves 

From this 

and 

°out iw KG(jW) 
ej -eout(rja)) 

°out = (KGjW) ejn_eout(Fj') 

= (KGl)ein _(GlweoutAFl) 

et(l / KGjaAFjctJ) * e1KGjW 

e0t jL) : KG(ja)) 
e1 i 7' KjwAFjw 
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The feedback amplifiers were desIned so that each 

amplifier would have 6i degrees phase shift when operated 

at 60 cycles per second. In order that the three in- 

verters would operate satisfactorily together lt was 

necessary that the three balanced control circuits have 
the sarre aln and that the phase shIft across the control 

differ by 60 and 120 decrees. As can be seen from 

figure 13 the gain in the three circuits was the same and 

the phase shift differed by the required amount. 

In the actual wirin. diagram, figure 19, it can be 

seen that potentiometers were used in order to control 

the phase shift and so1itude. This was necessary due to 

the assumption made in the design of the circuit, fre- 

quency error, tolerance in the parts involved, and varia- 

tion in the firing characteristics of the tubes involved. 
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TESTING OF THE INVERTEP 

The inverter was constructed in accordance with the 

preceding two sections. Upon completion tests were per- 

formed to see if the inverter performed in accordance 

with the circuit analysis previously performed. 

The control circuit acted satisfactorily as de- 

signed. The output of the control circuits are shown in 

figure 114. This figure shows only three of the six 

control voltages; the other three voltages are idO de- 

grecs out of phase with those shown. In figure )iE, it 

can be seen that the phase shift between input and out- 

put for the ph. se with no phase shift feedback ampli- 

fiers was apirox1ately 20 degrees. This co:pares very 

favorably with the calculated value. 

The adjustments of the control system were very 

critical as the sliL,Ttest error in the firing of the 

thyratrons would cause the harmonics in the output wave- 

form to increase greatly. As was stated before the 

firin oÍ the thyratrons was dependent upon the magnitude 

and the phase shift of the control voltage. It was 

found also that any distortion in this control voltage 

could cause the tubes to fire either before or behind 

time. The change in firing time is caused by the above 

factors causing the time of the control voltage crossing 



(a) Input 

(c) Output rhase two 

(b) utrut phase one 

(d) C;tput phase t3iree 

(e) Input and output phase i (f) Three-phase output 

Figure 14. Typical voltage wave frrnis of control circuit. 
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tìe thyrtron criticRi rd cbaracterlstic curve to 

change. The thyratrons used in this project hed directly 

heated cathodes. It was found that ii the frequency of' 

the inverter varied from that of the alternatin current 

power supplied to the filaments the time of f'iring would 

be changed slightly and the harmonic content of' the out- 

put of the Inverter would be increased. In order to 

avoid this trouble it is possible to do any thinas. 

Several ways are (1) increase the .ain of' the control 

circuit so that the magnitude of te control voltaae is 

increased; (2) use thyratrons with indirectly heated 

cathodes; (3) supply the voltage for the f'ilarents of' 

the tubes from a separate direct current voltage source; 

() supply the filaments of' the tubes from the output of 

the inverter after it started operating. 

In this as in many thyratron circuits, the presence 

of grid current had to be taken into account in the 

construction of' the control system because if the thyra- 

tron arid resistor was too small there would be a break- 

down between the brid and cathode and poor control would 

result; on the other hand, if the grid re8istor was too 

large the control circuit would iDse control because 

there would be no path for the grid current to flow. lt 

was found that the grid current was reversed if' the grid 

resistor was reduced from 100,000 to 10 ohms. n the 



36 

first case the electron flow ws from the grid to the 

cathode. When the grid resistor was 10 ohms the grid 

would act like the plate of a rectifier and a rectified 
current would flow through the grid resistor. This 

could be seen by the presence of a blue gas discharge 

between the grid and cathode. 

As would be expected by the use of phase shifting 
networks, this type of control can only be used where it 

is desired to have a fixed output frequency. 

The inverter operated in accordance with the circuit 

analysis previously developed as far as output waveform 

is concerned. However, the ratio of the output alter- 

n.ting current voltae to the input direct current 

voltage was much larger than anticipated. This ratio 

also varied with the resistance of the load instead of 

remaining almost constant. This was due to the trans- 

former having been assumed to be an ideal transíonner. 

This, however, was not true. This assumption would 

be justified if the full load rating of the transformer 

was the same as the full load rating of the Inverter. 

In this case, however, the full load rating of the 

transformer was l. KVA per phase while that of the in- 

verter was found to be O.l IW per phase at unity power 

factor. 

Since in this case the r.iagnetizing current and the 



37 

leakage reactance of tI-e transfoner could not be nei-- 

locted, the equivalent circuit should have been that of 

fiEure 1. As c&n be seen, this circuit would have been 

very difficult to analyze. Jecauce of the complexity of 

this circuit and the fact that in any practical circuit 

t}e transformer would not have a rating which is ten 

times the ratina of the thyratrons used in the circuit. 

A qualitative explanation of what occurred will be made 

instead of a quantitative. 

ir. C. t. :agner (7, pp.97O-931) analyzed the dr- 

cuit for the inveter with an inductive load but he 

neglected the effect of the leakage reactance and mag- 

netizing current. His equivalent circuit is shown in 
figure 16. For this circuit the following equations were 

derived: 

= cos 2 b.-Bsin297b 

where 

W: 2 J-1a 
(a7íß2 

¿ 

-(-aA/bIVPEj 

(LRY)(bru-an)/n 

Ib(m2/n2) 

[l-aA/bB7 cos/(bî/aBsin713) 

-m/(RYJ(arn/hn) 

77b (rr2/n2) 

PF is the power factor of the load 



T is the period 

t is the time 

X is the reactance at control frequency 01 the 

inductor 

Y is the adnDittance at control frequency of the 
condenser 

Z is the irnoedance at control frequency of the 

L o d 

R 
a 

b 

4 
¿4YR) 

k = 4YZ 

ru (-a ' 

xn/jn= 1(-a/jb)lY 

From Mr. anerts equation lt can be seen tat the 

alternating current outp t voltae to direct current In- 

put voltage ratio increases as tie irpedence of the load 

is Increased. ßxperirnentaliy as can be seen l'ram figure 

17, the ratio increased a1ost as the sare root of the 
load resistance. 

As can be seen from the variation of the input 

voltage while maintaining a constant output voltage in 

figure 17 the voltage regulation of this circuit was very 

poor. 

The efficiency of the inverter is also plotted in 

figure 17. As cin be seen the efi iciency of the invexter 



TRANSFORMER EQUIVAL ENT 
CIRCUIT 

FIGURE 15. REVISED EQUiVALENT CIRCUIT OF 

PARAL LEL INVERTER WITH RESISTIVE LOAD 
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FIGURE I 6. EQUIVALENT CIRCUIT OF PARALLEL 
INVERTER WITH INDUCTIVE L'JAD 
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at lull load W28 approximately 70 per cent. The power 

consumed in the contru]. circuit was neglected in liuring 

the efficiency of the inverter. The efficiency of the 

circuit would have been Increased if the transforrer 

we..e of the proper size for an Thveiter of this rating. 

In an electronic inverter- there is always the pos- 

sibility of one of the tubes failing to commutate. 1f 

this happens the direct current source of power is short 

circuited. To pr-event any dar:age being done w}ien this 

occurs it is necessary to have a fast operating breaker 

in the direct current side of the inverter that will open 

a highly indictive arc. 

If this inverter were to be used to supply power to 

an alternating current bus with several sources, it would 

he necessary to have the control circuit receive its 

excitation from some source other than a signai genera- 

tor. As long 85 the inverter receives its signai from 

; signal generator te inverter will have a constant out- 

put frequency while 1f it is connected in paraflel with 

an aiternatin current generator the generator will, with 

addition of load, tend to decrease the frejuency. As 

can be seen this situation would becme very unstable. 

iaveforms of the output voltage of the inverter 

under various conditions are shown in figure 18. The 



(a) Inverter with 1iht 
resistive load. 

(o) Inverter with 1/6 hp. 
motor load. 

(b) Plate to cathode volta,,e 
in inverter. 

() Inverter with 5O 
resistive load. 

(e) PacIfic Power an LiEht (f) "otor-enerator set. 

Fj&ure 19. Tyrical voltage wave forms of energy sourees. 
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waveforms were es tbe circuit na1ysis predicted. At no 

1OÀd the harmonic aistortlon of the inverter was 1es 

than i per cent, at a1f load it was 1.3%, and at full 
load, 14.l. The amount of distortion is mainly de- 

pendent on the value of the dampins factor in equation 2. 
-t 

This darnpin factor is e t1T. The larger the product of 

the capacitance and resistance in this factor the closer 
the output will be to a sinusoid. Since the value of 

copacitance is fixed by the frequency of operation of 

the inverter, it is only oos:ible to change the load 

resistance. In order to have the load resistance appear 
as large as possible it is necessary to operate the in- 
verter at as hih a direct current supply voltage as 

practical and use an output transforrier in the inverter 
with the proper turns ratio to give the required output 
voltage. 

In the three-phase inverter it was possible to con- 
nect the three inverters in Delta or ye. In order to 
reduce the third harr:onic voltage to a minimum in the 
output of the inverter the delta connection was used. 
This in effect short circuited the third harmonic current 
in the secondaries of the transforners. 

A small three-phase riotor was connected to the out- 

put of the inverter and the waveform of figure i8C was 



obtained. It was necessary to connect this motor to the 

inverter through series condensers in order to supply 

the reactive requirements of the motor and to keep the 

impedance of the lo'd large enough so that the inverter 

could operate it. 

The resistcnce of the load must be large enough to 

prevent the roots of equation i from becoming real. 1n 

order to prevent this it i.s necesssry that the value of 

resist'nce be 

(L/l6C) 

or for this inverter io&d resistance greater than 2 ohms. 

In the inverter it was found that the value of the 

commutating cndenser should change with changes in load. 

This cn be seen from the foilowing equation which was 
previously developed: 

Vac _ Veg 
I16C2L 

sin(/.- _ 
6LC2fl2 

tan 

in which (i/LCL-i/6LC R )2 
must equaltiit ii the output is 

to be a sine wave. In :rder to change the value of capaci- 

tance it is ossihle to switch in fixed condensers or to 

use a synchronous condenser. The latter would have the 

advantage of having very srdooth control while the former 

had to he added in steps. 



The harmonic distortion of the output of the iriverter 

was under most conditions 1es than that of a typical 
motor-generator set s long as the load on the inverter 

did riot exceed approximately half the rating of the in- 

verter. The distortion of the inverter ;as also less 

than that of a typical power system up to a load of 

approximately 75 per cent. 2he haronlc distortion would 

have been less i the transfoner of the inverter hd a 
dfferent torna ratio than the 2 to i that lt had. 

Th wiring diagram that was used in this experiment 
is shown n figure 19. One of the aln elements found 

mssing in this circuít was the lack of a radio fre- 
quency noise filter. The R-F energy radiated by this 

crcult would cause poor radio reception in the vicinity 
of the inverter. This would have to be rectified if the 

inverter were to be used any piace where racUo receivers 

were being used. 
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FUTUFE WORK 

There are many possibilities for future work to 
be 

done on the control syste for the inveiter. If the 

control system had used pulses to control the firing of 

the thyratrons, the trouble caused by the filament volt- 

age and the difficulty of controlling the precise 
firing 

of the thyratrons would hve been corrected. 

In this as in many control applications the posai- 

bility of using magnetic cores instead of vacuum tubes to 

improve the reliability of the control circuit is 
always 

important. Because wherever there is a vacuum tube in 

the control circuit there Is a possibility of the direct 

current supply being short c rcuited when the tube wears 

out. 

The development o! a control circuit that could be 

used with an inverter to supply three-phase voltages at 

various frequencies would be very helpful lor the variable 

speed control of an alternating current motor or as a 

variable frequency source of power. To perform the lat- 

ter task, the control circuit would also have to control 

the value of the conittIng condenser. 
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CONCLUSIONS 

The electronic inverter was designed and built in 

accordance with the ecuations developed in this theLis. 

'ithin the practical limitation 01 components available 

the operation was entirely satisfactory. 

It was possible to obtain a three-phase sLsoidal 

voltate for the operation of an induction motor, very 

difficult task for an inverter. 

The waveforms predIcted by the tbeoreticel develop- 

ment were obtained In the invorter. 

The three-phase control circuit operated as predicted. 

The phase-shift method of thyratron control ex- 

hibited its usual charcteristie of having poor control 

over the thyratron fIriri time. 

The output frequency was constant and independent of 

the amount of load placed on the inverter. 
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TABLE I 

WAVE ANALYSIS 

Frequency Pacific Power and Light Motor generator 

60 125.0 volts 115.0 volts 

120 0.6 volts 0.6 volts 

180 0.1 volt 0.1 volt 

240 0.1 volt 0.1 volt 

300 4.0 volts 1.5 volts 

360 0.1 volt Nag. 

420 0.6 volt 1.2 volts 

480 Nag. Nag. 

540 Nag. Nag. 

600 Nag. Nag. 

Harmonic distortion 3.3 



TABlE II 

WAVE ANALYSIS OF INVERTER OUTPUT VOLTAGE 

Frequency N 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

Harmonic 
distortion 

o Load Load Current 
2.5 amperes 

100.Ovolts 100.Ovolts 

0.4volt 1.5volts 

0.'7volt 2.5volts 

O.1vot 0.3volt 

0,3volt 2.5volts 

Neg. 0.5volt 

0.lvolt 1.2vo].ts 

Neg. Neg. 

Neg. 0.5 

Neg. Neg. 

0.9% 4.1% 
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Load Current Motor 
1.25 amperes Load* 

100.0 volts 100.0 

0.2 volt 0.7 

0.7 volt 0.8 

0.2 volt 0.1 

0.9 volt 1.0 

0.3 volt 0.6 

volt 0.8 

Neg. 0,1 

0.1 0.2 

Neg. Neg. 

1.3% 1.8% 

Serles Condenser 21 microf'arads per phase 
1/6 horsepower, t1-ree-phase, liOvolt motor 


