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ABSTRACT 
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ii 

This thesis presents a theoretical study of the 

output parameters of a time sharing, naturally commutated 

series frequency inverter. This analysis was performed 

because of the student's interest in the area of time 

sharing frequency inverters. The field of study is timely 

and this work presents the basis for a practical field 

of application. A first approximation ·of the inverter 

is based on a short circuit load and conservation of 

energy principles. A Fourier analysis is performed on the 

circuit and a state variable analysis is then considered. 

The results are compared for a pure resistive load. A 

discussion is given concerning the output obtained by the 

clamping of the series capacitor voltage. 
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- - - - - - ~ ~ - - - -
CHAPTER I 

INTRODUCTION 

Ari. inverter is an electronic frequency changer 

which converts an input frequency to a higher output 

frequency,•• oppoaed to ~a cycloconverter which produces 

an output frequency lower than the input. Inverters are 

of two types. The first type produces an output directly 

from the input (AC/AC). The second type uses a DC liuk 

between the input and output alternating voltage (AC/DC/AC). 

The inverter diacuased in thi• thesia is of the latter 

type. 

Cycloconverters and inverters are two classes of 

frequency changers. 'nle oldest type, the cycloconverter, 

was initially conceived by Hazeltine in 1923. •.His system 

allowed for free power flow to and from the load and the 

output to input frequency ratio could be arbitrarily chosen. 

The first practical frequency changer was developed 

by Schenkel and Von Isaend·orff in the 1930'• using 

mercury arc converters. It used phase control and was 

utilized to step down the liae voltage frequency for use 

in electric trains in Europe. 

The development of high speed, power transistors 

and thyristors (SCR's) enlarged the field of frequency 

changer•. The 1960'• saw major developments in the field 



of power conversion as SCR technology developed. Any 

future development in the frequency changer field will be 

linked to switching device (electric valve) technology. 

A wide range of applications exist for high power 

and high frequency inverters utilizing silicon controlled 

rectifiers, henceforth to be refered to as SCR's. Typical 

applications include ultrasonic cleaners, induction heating 

power stations and large ICVA DC power supplies with 

minimal ripple. 

SCR's can be readily applied in high power appli

cations for example, 10 kilowatt output and upward, 

however they are limited in high frequency uses due to 

the circuit commutated turnoff time (toff) rating. The 

toff parameter is defined as, "the time interval between 

the -instant when the SCR current has decreased to zero after 

external switching of the SCR voltage circuit, and the 

instant when the SCR is capable of supporting a specified 

voltage waveform without turning on".1 If the SCR fails 

to turn off when the current through it crosses zero the 

condition is refered to as a commutation failure. Such 

failures can cause permanent damage to the SCR. 

Classes of SCR's are currently marketed with a 

small toff parameter, however,the power handling capa

bility of these devices decreases as the toff parameter 

1Leslie R. Rice, et al, Silicon Controlled 
Rectifier Designers Handbook-ZYoungwooct, Pennsylvania: 
Westinghouse Electric Corporation, 1970),pp3-6. 
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declines. Appendix A oontains a brief discussion of the 

limitations of SCR's with regard to power handling capa

bility and circuit commutated turnoff time. SCR devices 

with small toff parameters are necessary in high frequency 

applications when standard inverter configurations are 

used. 

The high frequency limitations can be overcome by 

using time sharing inverter networks. Various series 

time sharing inverter schemes have been proposed by 

Nishimura, et al. [aj 
Power control can be implemented in many ways, 

for example, controlling the DC voltage in a DC link and 

controlling the repetition rate of the energizing of the 

SCR's. 

This thesis is dedicated to determining the output 

characteristics of a time sharing series inverter operated 

at a nominal frequency of lOKHz. Power control is to be 

accomplished by a variation of the repetition frequency 

of the SCR firings. A pure resistive load will be consider

ed. 

Chapter II deals with a method of approximating 

the output characteristic of the proposed inverter by using 

energy relationships. 

Chapter III deals with the Fourier analysis of the 

inverter with a small resistive load where the results of 

Chapter II are utilized. 

Chapter IV is a discussion of the results of a 
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state variable analysis of the inverter. 

Chapter V deals with the clamping of the series · 

capacitor voltage. Several methods are discussed and 

a Fourier analysis and state variable analysis is presented 

for the most practical method. 

Chapter VI is a brief discussion of the results 

of this thesis and proposed future work is presented. 
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- - - - - ~ - - - - - -
INITIAL CONSIDERATIONS 

Introduction 

Due to the complexity of the proposed network 

ahown in Fig. 2-1, a reasonable means of approximating 

the range of output wattage and series capacitor voltage 

is necessary. The batteries ahowa for Ede will be 

considered to be ideal. 

The circuit aho~m in Fig. 2-1 was first proposed 

by Nishimura, et al. [~ The SCR's are fired one at a time 

in sequence, ie, 4,3,2,1. This sequence was arbitrarily 

chosen. All that is required is to fire the SCR's in 

opposite loops alternately. For the purpose of analysis 

the SCR's will be assumed to be perfect unidirectional 

switches. ½_ is to be equal to L2 and all capacitors are 

of equal value. Henceforth the inductors will be designated 

Land the capacitors will be designated c. Notice that if 

S~ or 3 is energized there exists a path for current flow 

through c2 and c4• Similarly for the energizing. of SCR2 
or 4. For a practical inverter this wasted reactive current 

component should be gept to a minimum. Thus the load 

resistance should be kept amall with respect to the impedance 

in the loop opposite to the loop being activated. 
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R 

Fig. 2-1. Basic Inverter Circuit. 

Short Circuit Considerations 

Consider the inverter with a shorted load as shown 

in Fig. 2-2. The state equati·on for this condition is 

xl 
~ 

VC3 

I ~~ } 11 l + 
C 

Ede-= X2 
i2(t) 

~ 

Fig. 2-2. SCR1 Energized with a Short Circuit Load. 



0 1/L 
= (2-1) 

-:1/(2C) 0 . 

Where x1 is the SCR current and x2 is the capacitor voltage 

across the capacitor in parallel with the SCR being 

activated. Notice that for practical considerations the 

initial current x1 (0) must be zero, otherwise the SCR 

could be destroyed by excessive di/dt. 

Solving for the capacitor voltage, x2, it is 

seen that 

(2-2) 

The load current, i 2(t) is 

• i 2(t)=x1(t) + CX2(t) (2-3) 

or 

(2-4) 

It is obvious that the capacitor voltages will increase 

without bound :. as the inverter is fired in sequence. 

Energy Considerations 

Define a small resistive load as a resistive load 

that is at least ten times smaller than the equivalent 

capacitive reactance magnitude, at the nominal frequency, 

in the loop not containing the the SCR being energized. 

7 
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The steady state capacitor voltages can then be approx

imated. Under the assumed load, the curr·ent can be assumed 

to be the short circuit current md all energy from the 

source can be considered to be di __ ssipated in the load 

resistance. 

The energy delivered from the supply is 

Td = 2Edcip/W (2-5) 

at Wt= 'Tf. 

The energy dissipated in the load is 

'ft = R(Ip)
2
1f/(2 W) (2-6) 

at Wt=11°. 

Equating md solving for Ip it is found that: 

(2-7) 

but from the short circuit analysis 

(2-8) 

Let x2(0) be equal ·to nEdc, then solving for nit is seen 

that 

n = (4/(R'TT))~ (2-9) 

The energy delivered to the load becomes 

(2-lOj 
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and the power delivered to the load is 

KW= 2('T1 )(repetition rate)(lo-3 ) (2-11) 

Table I summarizes the output characteristic of 

the inverter for a five to one variation in load 

resistance. The values of Land Care sized to give 

a natural resonant frequency of approximately l~- - ~ 

KHz. The data presented gives the multiple by which the 

capacitor voltage will be increased, based on the supply 

voltage, the energy dissapated in the load, and the 

maximum expected kilowatt output. 

TABLE I 

OUTPUT CHARACTERISTICS FOR VARIOUS SERIES 
LAND C COMPONENTS, RESISTIVE LOAD 

R La CD 

.130 5~32 24. 

.104 5.32 24. 
• 078 5.32 24 • 
.052 s.32 24. 
.026 5.32 24. 

.256 10.5 12. 

.212 10.5 12. 

.159 10.5 12. 

.106 10.5 12. 

.053 ·10.5 12. 

• 530 21.1 6 • 
.424 21.1 6. 
.318 21.1 6. 
.212 21.1 6. 
• 106 21.1 6 • 

~un~ts are microhenries 
units are microfarads 

n 

6.52 
8.15 

10.87 
16.30 
32.60 

6.68 
7.94 

10.60 
15089 
31.78 

6.37 
7.96 

10.62 
15.93 
31.85 

chased on Ed equal to 100 volts 
dbased on 10800. Hz repetition rate 

T, ~ 

3.11 
3.89 
5.19 
7.79 

15.58 

1.58 
1.90 
2.55 
3.82 
7.65 

.76 

.95 
1.27 
1.91 
4 0 89 

IG7° 

62.0 
78.0 

103.9 
155.8 
311.6 

31.7 
38.2 
51.0 
76.5 

153.0 

15.3 
19.1 
25.5 
38.2 
76.4 
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- - - - - - - - - - - -
CHAPTER III 

FOURIER ANALYSIS OF THE INVERTER 

Introduction 

Most physical systems, unfortunately, are not 

submitted to simple periodic excitations such as pure sine 

or cosine waves. It was recognized long ago that if a peri

odic function2 could be expressed in a series such as 

(3-1): ·. · 

then each term could be handled individually and solutions 

to physical problems could be readily obtained.[2JDaniel 

Bernoulli (1700-1782) showed that the most general 

solution to the vibrating string problem is in the ~orm 

y :.-= ~Aksin(k7Tx/l )cos(k1Tct/l) • ..... . 
Joseph Fourier in his monograph,"The°orie 

analytique de la chaleur",(1822) for the first time proved 

that such· series converged for a large number of specific 

cases. t3)This was a major breakthrough in the theory of 

periodic analysis. 

2A function is said to be periodic if] a constant, 
2p, ~ f(t+2p)=f(t) Vt. 
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This Fourier analysis is based on the approximations 

developed in the previous chapter. The purpose of this 

analysis is to determine the range of frequency control 

that is inherent in this system. If a user of this system 

desires t~ maintain a constant po,;,rer output as the load 

changes it would be necessary to vary the frequency of 

repetition to avoid tap changes in the output transformer, 

if one is used, or change the value of the DC supply 

voltage. 

Analysis Details 

Fig. 3-1 shows the equivalent circuit of the 

system for the purpose of Fourier analysis. The current 

pulses are shown in Fig. 3-2. Current pulse amplitude 

is defined by equation (2-8) and the data taken from 

Table I for various values of series inductance and 

capacitance. 

-jX(N) 

R 

Fig. 3-1. Equivalent Circuit for Fourier 
Analysis. 

-2jX(N) 
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Fig. 3-2. Current Pulses for Fourier Analysis. 

It is clear that the Dirichlet conditions are met, 

since the · function has a finite number of discontinuities, 

and maxima and minima. The function is also bounded, i.e. 

a function is bounded on a set S if there exists a number 

M such that f(p) ~ M for all p 6:.S, and of period 271 where 

the maxima, minima, and discontinuities oGcur. [2J [~ 
The Fourier series can then be written. 

The standard representation for the series is 

(3-3) 

Clearly there exists no DC term thus I =O. The Euler 
0 

coefficients are given by 

2'1r 

AN = * JI(t)cos(Nwt)dwt (3;_4) 
0 

and 
1.1'( 

B = ~ ~I(t)sin(NWt)duJt (3-5) 
N 

0 



13 

Solving equations (3-4) and (3-5) it is found that 

A._: 1 [cos(l-rN)ff-1 + cos(l+rN)'77 -17 
-~ -1T ((1/r)-N) ((1/r)+N) J (3-6) 

and 

B _ 1 r sin(l-rN)-11 
tr -11" L ((1/r)-N) 

where 

- sin(l+rN)-71' 7 
((1/r)+N) j (3-7) 

r = frequency of repetition of the firing pulses (3-8) 
current pulse equivalent frequency 

and 

N=harmonic number (integer) 

The current waveform is symmetric thus the even 

harmonics are zero. A plot of the Euler coefficients is 

shown in Fig. 3-3. The harmonic magnitudes are on a one 

per unit basis. 

The impedance as seen by the current source i 3 

zi. (NC(}) - W NC( (R**2 
2R 

+ 4/( (w NC)**2) )½ 

The harmonic voltage across the load becomes 

The power delivered to the load becomes 

2 
p = V1rms 

R 

AJ;anf - 2 )- 1r . iwNRc ~ 

(3-9) 

(3-10) 

(3-11) 
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where 

V 
lrms 

(3-12) 

and Mis the nmnber of hannonics being considered. For 

this analysis the first nine harmonics were sufficient 

for use. [~ 

Figures 3-4 through 3-10 show the results of the 

Fourier analysis. The smallest inductance was chosen 

as about five microhenries since smaller values of 

inductance are difficult to achieve in large l()IA inverters. 

The capacitance was chosen to provide a series resonant 

frequency of 10000. Hzr and the largest value of load 

resistance was chosen to be ten times smaller than the 

excess loop reactance at 10000. Hz. The changes in the 

load resistance reflect a five to one load variation. 

The plot of the root mean squared load voltage 

versus repetition rate (Fig. 3-7) clearly shows the 

constant current characteristic of this inverter. 

Combining equations (2-8) and (2-9) it is clear that 

(3-13) 

and from Ohm's Law the peak load voltage becomes 

= (3-14) 
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The rest of the plots show the direct relation

ship of the output power to the repetition rate and the 

inverse relationship of output power to load resistance. 
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Fig. 3-4. Kil'owatt Output Versus Repetition Rate. 
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160 
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150 C=l2. microfarads 
Ede= 100. volts 

140 R in Ohms 
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110 

0, 100 
.µ 
.µ 
as 

90 i 
" ~ 80 
.µ 
::s 'i/0 0. .µ 
::s 
0 60 

so 

40 

30 

20 
R=.256 

10 

5 6 7 9 1 
Repetition Rate (Kilohertz) 

Fig. 3-5. Kilowatt Output Versus Repetition Rate. 
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Fig. 3-6. Output Kilowatts Versus Repetition Rate. 
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Fig. 3-7. RMS Load Voltage Versus Repetition 
Rate For All Load Conditions and Series Components. 
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Fig. 3-8. Output Kilowatts Versus Load Resistance 
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Fig. 3-9. Output Kilowatts Versus Load Resistance 
for a Family of Repetition Rates. 
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CHAPTER IV 

STATE VARIABLE ANALYSIS FOR RESISTIVE LOADS 

Introduction 

The previous analysis in Chapter III is not an 

exact means of determining the output characteristics of 

this inverter. A more precise analysis is necessary. The 

state variable approach was chosen because of the ability 

of this method to decompose a complex system into a set 

of several interacting systems and all necessary information 

concerning the past history of the total system is directly 

represented by the state variables. 

The normal state equation has the form 

• ~(t) = A ~(t) + B ~(t) (4-1) 

where ~(t) is the state variable column vector, ~(t) 

is the column vector forcing function, and each element 

of the A and~ matrices are constants in this linear case. 

The Laplace transform method was chosen to solve 

the state equation since it yields an exact analytical 

solution. The Laplace transform of a derivative is 

c((~(t)) = sX(s) - x(O+) (4-2) 

therefore the Laplace transform of equation (4-1) becomes 
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(4-3) 

or 

(4-4) 

where I is the identity matrix. The rest of the work 

involves finding the A and B matrices and determining 

the inverse Laplace transformation.[~ 

Derivation 

The proposed operation of the inverter demands 

the existance of five circuit modes. For the inverter 

shown in Fig. 2-1 the five modes are shown in Figures 

4-1 through 4-5. The network topology is the same for 

Modes two through five thus only one state equation is 

necessary to extract a solution for these modes, as 

only one SCR is allowed to fire at a time and the current 

must clear the energized SCR prior to any subsequent firing. 

Mode one is the idle mode which describes the inverter 

when all SCR current has cleared and no other SCR is 

energized. 

Notice that the capacitor voltages in the loop 

not containing the SCR being energized are dependent 

variables. These capacitor voltages are determined in 

the following manner. The current through each capacitor 

is equal since they are in series. Each capacitor has the 

same capacitive value thus the voltage change across each 

is the same. The state equations, as developed, assumed 
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these capacitors to be lumped into one capacitor, and 

since .- the voltage change is known, then each capacitor 

will have exactly one half of the voltage change seen 

across the series combination. This voltage change across 

each capacitor is determined and the appropriate initial 

condition is summed to it to produce the value of voltage 

across each capacitor. This insures that the proper 

initial condition exists when the mode changes. 

l 
Ed -c-

Ed - . c_ 

C 

+ 

q/2 

x1(t) 
C 

R 

Vl 
+ 

1 ___ 1----c -------1 _c __ _ 

C/2 

Fig. 4-1. Mode One Network Topology: No SCR's 

Energized. 

The state solution for this mode becomes 

(4-5) 



+ X3(t} 
I l 

C l 
Ede= 

r5F7 
+x2(t) 

Eclc 

R 

V1 + 

1 II C I _c 

Fig~ .4-2. Mode Two Network Topology 
SCR #1 Energized. 

1---------1! 1--( c---------1·fl 

R 

Eclc -= 
T~·-----~l~c_+ ____ .....,. x1(t) 

x3(t) .___j C 

x2(t}+ 

Fig. l.~-3. Mode Three Network Topology 
SCR #2 Energized. 
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Ede 

Ede 

Ede 

Ede 

I C 

I + x3 (t) 

x2(t) 

R 

V1 + · 

T 11 
C 

I C 

Fig. -~~.4·. :M..ode Four Network Topology 
SCR #3 Energized. 

11 C 
•• 

l 1-1 C 

R 

Vl + 

T CD I C 

x3(t) 
· + 

X2(t) 

Fig. 4-5. Mode Five Network Topology 
SCR # 4 Energized 



The state variable solution for Modes Two through Five 

becomes 

• 
0 1/L 0 0 

• 

29 

¥2 = -3/(4C) -l/(2RC) -l/(2RC) x2 + l/(2RC) Ede 
• 

l/(2RC) 

(4-6) 

and for tlu! purpose of Laplace traneformation (sI-A)-1 

l/(4C) -l/(2RC·) ,.,...l/(2RC) . ' , 

is 

(a~+a/(RC)) (a/L)+{l/(2RLC)) '. _ ~.l/(2RLC) 

(-3s/(4C))-(l/(2RC2 )) (s2+s/(2RC)) -a/(2RC) 

. (a/(40) )+(i/(2RC2 )) (-a/(2RC)+l/(4LC)) a 2+s/(2RC)~3/(ltLC) 

· · a3 +· (a2/(RC)) + (3a/(4LC)) +l/(2RLC2 ) 

(4-7) 
~ . . ~ 

The time domain sol~tion for Mode on.e is 

xl (t)=(xl (0)-Edc) E -t/(RC) + Ede (4-8) 

The Mode Two through Mode Five time domain solutions 

take the following form. [6] 

1,c(t)=(Ajf::-o<l tsin(tJJ t+ cp j )+BjE-2t )xtt(O:+'·) 

+(Aj+lE-oQ tsin(w t+ }t--' j+l)+ltj+lE:- 2t),C+l (O+) 

+(Aj+2£-C3U.tsin(Wt+ ~j+2)+Bj+#- 2t}~+2(o+} 

+(Aj+le:..c(l tain(Wt+ $V j+3)+Bj+3E.• 2t + 

8it}Edc (4-9) 

The load voltage becomes simply 

(4-10) . _ 
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Results 

Fig. 4-6 shows the typical transient waveshapes 

for a steady state operating condition. The per unit 

values are based on the data tabulated in Table I. As 

expected, the voltage across the capacitor associated with 

the SCR just previously fired retains its voltage for one 

half cycle of repetition rate thus insuring a reverse 

voltage across the SCR which is necessary to prevent a 

commutation failure. 

The load voltage is plotted in Fig. 4-7 and is 

compared with the load voltage obtained from the Fourier 

analysis. Fig. ~-8 through 4-10 show the RMS load current 

at a 10000. Hz. repetition rate as a function of load 

resistance. These results are again compared to the 

results of the Fourier analysis. The rest of the plots 

show the kilowatt output versus frequency and load 

resistance. It should be noted that only a 3 to 5% error 

exists between the state variable analysis and the Fourier 

analysis. This fact became evident early in the data 

compilation and for comparing the results it was deemed 

reasonable to only examine the extreme values of load 

resistance for each series component set, for various 

repetition rates. At the nominal repetition rate, 10000. 

Hz., each value of load resistance was examined. 
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- - - - - - - - - - - -
CHAPTER V 

CLAMPING OF THE I:t--TVERTER 

Introduction 

The results in the previous chapters clearly show 

the need to restrain the capacitor voltages. The current 

peaks vary by the inverse of the load resistance.. The 

change in current peaks is due to the change in the 

voltage across the series capacitors. Refer to Table I. 

The turnoff time problem is resolved since each SCR has 

a minimum of SOJA- seconds of reverse recovery voltage, but 

the peak repetitive blocking voltage in both the forward 

and reverse directions can easily damage the SCR's as the 

load changes. Fig. 5-1 shows one means of clamping the 

capacitor voltage. 

The concept behind inserting the diodes, o1 and 

o2 , is best explained by example. Consider the voltage 

across c1 • By Kirchoff's Voltage Law the capacitor voltage 

cannot exceed twice the battery voltage, Ede' in the 

direction indicated. r_.fuen SCR #1 fires the c1 voltage 

will reverse, thus this capacitor voltage will have no 

more than ±2Edc across it. Capacitor c3 will have, by 

Kirchoff's Voltage Law, no more than 3Edc and -Ede across 

it, due to the conduction of o1 • The same situation holds 

for the lower series loop. Fig. 5-2 shows the waveshapes 



expected when the load resistance is zero. 

Development of Clamping Analysis 

For the configuration shown in Fig. 5-1 there 

are a minimum of sixteen modes of operation. For the 

purpose of analysis, no SCR is allowed to conduct until 

the current has cleared from the last conducting SCR, 

43 

and no SCR is allowed to fire until the current has 

essentially cleared from any conducting clamping diodes. 

Figures 4-1 through 4-5 show the Mode 1, 2, 3, 4, and 5 

topologies. The new modes are shown in Figures 5-3 

through 5-14 along with their respective state equations. 

SCR #1 SCR #3 

?.+~-----~ ----t 

SCR #4 

Fig. 5-1. Inverter Circuit With Diode Clamping. 
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M=S M=4 M=3 M=2 

M = Mode 

-2Edc~----

Fig. 5-2. Transient Waveshapes for a Short 
Circuited Load. 

• 
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+ C 

R 

L 

X 
3 x2 ·+ 

Fig. 5-3 • Mode 6 Topology; D1 Conducts in Mode 3. 

i O 1/L O X 0 

= -2/13d .-l/13RQ -1A3RQ lft3RC Ede (5-1) 

x 1A3d -1;13RQ -1/PRd x lft3RC) 

Equation 5-1 ·ns the state variable equation for 

the Mode 6 topology. 

L 

xl 
C 2Edc C :r:.+ + 

-Ede x2 
R 

1 + 
-Ed 

V1 
- C 

le + I C 

Fig.5-4. Mode 7 Topology; Dt Conducts in Mode 4. 

= (5-2) 

Equation 5-2 is the state variable equation for 

the Mode 7 topology. 
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C 
-=r-2Edc 

+ 
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=-Ede 
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D1 
V1 + 

- Ed - C L 
~xl C 

+ 
C 

+ 
x2 

Fig.5_5 • Mode 8 Topology; D1 Conducts in Mode s. 
The state equations are the same as for Mode 6. 

C C 
----------=-+---! 1-I -----,,+-111-----, 

L 

F_ig. 5-6 • Mode 9 Topology; o2 Conducts in Mode 3. 

The state equations are the same as for Mode 7. 
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C xi-

+ C 
- X3 
- Ed - C x2 
- R 

D2 + 
.=._ Ede V1 

I C C 2Edc 
+ 

+ 

Mode 4. 
Fig. 5-7 • Mode 10 Topology; o2 Conducts in 

The state equations are the same as for Mode 6. 

L 
C 

x1~ 
C x3 

.=...Ede + 
X2 

R 
D2 

Vl + 
.=._Ede 

cI 2Edc C 
'to 

+ 

Fig. 5-8 • Mode 11 Topology; D2 Conducts in Mode 
2. 

The state equations are the same as for Mode 6. 
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Fig. 5-9. Mode 12 Topology; o1 and D2 Conduct 
in Mode 4 • 
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= + (5-3) 
• 

Equation 5-3 is the state variable equation for the 

Mode 12 topology. 

C 

2Edc + 
+ 'j 

D1 
-Ede 

R 

Vl 
+ 

D2 =-Ede C 
C ~Ede + 

X2 
L 

- Xl 

Fig. 5-10. Mode 13 Topology; o1 and o2 Conduct , 
in Mode 3. 

The state equations are the same as for Mode 12. 
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C 

2Edc + Xl I 
=.Ede R 

D1 
·+ 

de 
V1 

C + 
I f+ 

Fig. 5-11 • Mode 14 Topology; No SCR's Are Conducting and D1 Conducts. 

(5-4) 

Equation 5-4 is the state variable equation for the 

Mode 14 topology. 

C C 

-------+----+--, 1-l ---+--1 

R 

+ 

+ 

Fig. 5-12. Mode 15 Topology; No SCR's Are 
Conducting and D2 Conducts. 

The state equations are the same as for Mode 14. 



C 

C 2Edc + 
x1 

.::::::... Ede 
R 

D1 
D + 2 

-Ed V1 - C 

C C + 

. Fig. 5-13• Mode 16 Topology; No SCR'S Are 
Conducting and Both o1 and D2 Conduct. 

so 

(5-5) 

Equation 5-5 is the state variable equation for the 

Mode 16 topology. 

Inserting a load resistance results in asymmetric 

operation of the inverter. By using the mode firing 

sequence; 5, .4, 3, 2 for the main power SCR's it is 

readily seen that C4 is charged to 2Edc in the direction 

indicated (Fig. 4-3) in Mode 3. When SCR #1 energizes 

for Mode 2 firing, then due to the load resistor a 

current is allowed to flow through c2 and c4 • Instead 

of Mode 2' the circuit topology becomes that of Mode 11, 

since o2 will be forced to conduct and since Vc
4 

cannot 

exceed 2Edc the modes of operation then become; 5, 4, 

7, _14, ~. 9, 15, 11, 15. The modes wherein a power SCR 

fires is underlined. 

This asymmetry can be eliminated by replacing 



51 

D
1 

and D2 by SCR's. These clamping SCR's can be fired 

when c1 and C4 reach the appr.opriate voltage, in this 

instance, 2Edc• It will be assumed that the proper 

circuitry exists for the clamping SCR's to insure 

adequate turnoff time. Some reverse voltage will exist 

across them when the next power SCR is energized in the 

normal firing sequence. For analysis purposes, no 

power SCR will be allowed to fire until the clamping 

current is essentially nil. A typical waveform for this 

operation is shown in Fig. 5-14. The only modes allowed 

are 1, 2, 3, 4, 5, 7, 9, 14, and 15. 

Fourier Analysis 

Turning to Fig. 5-2 it seemed reasonable to perform 

a Fourier analysis on the inverter . under the SCR clamping 

conditions. This analysis was intended to be only an 

approximation. From equation 2-9 and Fig. 5-2 it was 

approximated that the average peak current would be 

I = 2.5Edc~ Pave 
(5-5) 

The same equations from the Fourier analysis 

of Chapter III will still hold for the inverter. Figures 

5-15 through 5-21 show the results of this analysis. 



(") 
0 

> 

('.I 

0 
> 

M=S M=4 M=7 M=3 M=9 M=2 

M = Mode 

Fig. 5-14. Typical Transient Waveforms for a 
Resistive Load. 

52 



53 

300. 

285. 
Land Care in microunits. 

270. L=5.32 
C=24. 

255. 

240. 

225. 

210. -i 195. 

c,J 180. 
Cl) 
H 
Cl) 
p. 165. 
~ 
'-"' 
.µ 150 • 
s:: 

t 135. 
::, 

L=lO.S 
C=l2. 

0 

"O 
120. 

CG 
0 10s • ..,::i 

90. 

75. L=21.l 

60. 

_______ C=6. 

LtS. 

30. 

1s. 

5. 6. 7. 8. 9. 10. 
Repetition Rate (KHz) 

Fig. 5-15. RMS Load Current Versus Repetition Rate. 



10. 

9. 

8. 

7. 

co 
6. 4-J 

4-J 

~ 
0 

. r-1 
•,-f 
~ s. 
4-J 
:s 
0. 

~ 
0 

4. 
·-

3 • 

. 2. 

s. 

Land Care in microunits 

R in Ohms 

L=S.32 

C=24. 

6. 1. a. 9. 
Repetition Rate (KHz) 

54 

R=.13 

, 

R=.078 

R=.026 

10. 

Fig. 5-16. Kilowatt Output Versus Repetition Rate. 



.. -. .,_ , 

1. 

s. 

Land Care in microunits 

· R in Ohms 

L=l0.5 

C=l2. 

R=.256 

R=.159 

R=.053 

6. 7. 8. 9. 10. 
Repetition Rate (KHz) 

55 

Fig. 5-17. Kilowatt Output Versus Repetition Rate 



3. -

2.5 

2. 
ClJ I 
.µ 
.µ 
CG 
~ 
0 
~ 
•M 
~ 1.s 
.µ 
::, 
p. 
.µ 
::, 
0 

L • . 

. s 

s. 

Land Care in microunits 

R in Ohms 

L=21.l 

C=6. 

6. 7. s. 
Repetition Rate (KHz) 

9. 

56 

, 
R=:53 

R=.318 

R=.106 

10. 

Fig. 5-18. Kilowatt Output _Versus Repetition Rate. 



10. 
Land Care in microunits 

f in Hertz 
REP 

9. 

8. 

L=5.32 

7. C=24. 

REP=7000. 

CIJ 6. 
+J 
+J 
cu 
~ 
0 

r-1 

"Q 5. 
+J 
::s fREP=5000. 0. 

+J 
::, 
0 4. 

3. 

2. 

1. 

.03 .06 .09 .12 .15 
Load Resistance (Ohms) 

Fig. 5-19. Output Kilowatts Versus Load 
Resistance. 

57 



OJ 
.µ 
.µ 

l .... 
•M . }4 

' .µ 
::, 

.fr 
::, 

·O 

... _, 

5 • . 

4.5 

4. 

~-5 

. 3. 

2.5 

2 • 

1.5 

1 • 

• 5 

Land Care in microunits 

fREP in Hertz 

L=l0.5 

C=l2. 

o5 .1 .1s .2 
Load Resistance (Ohms) 

Fig. 5-20. Output Kilowatts Versus Load 
Resistance. 

58 

fREP=7000. 

fREp=:5000. 

.25 



_3_.5 

3. 

2.5 

Land Care in microunits 

fREP iu Hertz 

L=21.l 

0=6. 

59 

a., 
.µ 
.µ fREp=lOOOO • 
co 
i 2. 

,-f .,.., 
~ 

.µ 
::, 

. .fr 
cS 1.5 

1. 

~5 

.1 .2 .3 .4 .s 
Load Resistance (Ohms) 

Fig. 5-21. output Kilowatts Versus Load 
Resistance. 

.6 



60 

State Variable Analysis 

A state variable analysis was undertaken for the 

proposed clamping of the capacitor voltages using SCR's. 

The results of this analysis is shown in Figs. 5-22 through 

5-28. The state variable analysis is more accurate 

for characterizing the i~verter operation. 

The departure of the state variable analysis from 

the Fourier analysis is due to several factors. From 

Fig. 5-14 it is seen that when clamping occurs in Modes 

4 and 3, i.e. the clamping SCR's conduct giving rise to 

Modes 7 and 9, then the load current is stretched. As 

firing is not allowed until the clamping current is es

sentially nil then a true 10 KHz repetition rate cannot 

be obtained without a change in the series components. 

This change would result in a narrower load current pulse 

for Modes 5 and 2. A 10.KHz repetition rate could then 

be obtained. 

The Mode 7 and 9 state equations for x 2 (t) is 

(5-6) 

and the load current,1
1

, becomes 

(5-7) 
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The nature of equation (5-6) and thus (5-7) is such as 

to cause an additional peak on the load current as shown 

in Fig. 5-14. The amplitude of this peak varies inversely 

with the load resistance. This causes the RMS value of 

the load current to be larger for small values of load 

resistance than would normally be expected from the 

Fourier analysis. 

For the values of L, c, and R investigated, 

the. Fourier analysis successfully showed the output 

trends inherent in this inverter but failed to give more 

specific, useful data. 
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Fig. 5-22. RMS Load Current Versus Repetition Rate. 



63 

10. 

9. Land Care in microunits 

9. R in Ohms 

s. 
L=S.32 

s. C=24. 

7. R=.13 

7. 

6. 

OJ 6 • R=.078 
.µ 
.µ 

r s. 0 
r-4 

"Q s • 
.µ 
:, 
0. 4 • .µ 
::, 
0 

4 • 
. : , 

3. 

3. 
R=.026 

2. 

2 .. -. 

1. 

l• 

• 

s. 6. 7~ 8. 9o 10. 
Repetition Rate (KHz) 

Fig. 5-23. Output Kilowatts Versus Rep.etition Rate. 
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Fig. 5-24. Output Kilowatts Versus Repetition Rate. 
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Fig. 5-25. Output Kilowatts Versus Repetition Rate. 
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Fig. 5-26. Output Kilowatts Versus Load 
Resistance. 
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Fig. 5-27. Output Kilowatts Versus Load 
Resistance. 
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- - - - - - - - ~ - - -
CHAPTER VI 

RESULTS AND CONCLUSIONS 

The· initial purpose of this thesis was to present 

a time sharing series frequency inverter and determine the 

output characteristics for a resistive load. The inverter 

proposed insured a aufficient amount of turnoff time for 

the SCR'• due to the parallel LC reaonant circuit topology 

which exists when a power SCR ia energized. Any output 

frequency can be uaed a• long as the load constraint develop

ed in Chapter II ia adhered to and the turnoff time of the 

SCR chosen ia sufficient for the desired application. 

The inverter was initially analyzed in ita simplest 

form, without clamping. The capacitor voltages were allowed 

~o readh their natural limit which waa determined by equation 

(2-9). Thi• natural voltage limit then determined the peak 

load current. A Pourier analyaia was performed using the 

infonnation developed in Chapter II. An exact analysi• wu 

performed where state variable techniques were employed. 

The computer wa• allowed to run until the capacitor voltages 

began to repeat to within 1%. The state variable analysi• 

agreed to within 3-5% with the Pourier analysis. The next 

consideration was the clamping of the capacitor voltages. 

The reason for the clamping is to prevent the 

catastrophic failure of the aeries capacitor or SCR due 
. / 
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to small changes in the load resistance. Toe clamping allows 

for a more flexable inverter with respect to the load. 

It has been noted in this thesia that diode clamping 

was not •ufficient for succeasful operation of this inverter 

due to the fact that a DC voltage level was found to be 

present on the load. For this reason, SCR's were used 

instead of diodea. Although the clamping SCR's will have 

aome reverse voltage across them when the next- sequential 

firing of the power SCR occurs, it would be better if the 

clamping SCR'• are in a chopper circuit. The additional 

circuitry required would be justified because the commutation 

for the clamping SCR's would be certain. 

A Fourier analysis wa• performed and compared to 

a state variable analysis. The current waveforms in the 

clamped case proved to be unacceptable for a Fourier analysis 

where the Euler coefficients used were developed in Chapter 

III. General trends with respect to the output characteristics 

were the only positive reaalt. 

A• any load heats the resistance of the load will 

tend to change. In order to allow a practical control range 

the power output should not be strongly dependent on the 

resistive value of the load. The most beneficial result of 

the clamped case analyais was the realization of a 2.7:l 

change in the kilowatt output for a 5:1 change in load 

resistance and the prevention of catastrophic voltage failure 

due to load changes. In the unclamped case the power output 

varied dire~tly with the load resistance. 
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A DC voltage of 100 volt• was chosen as the one 

per unit supply voltage. The output power can be determined 

for other voltage• by noting that the power output will 

vary by the square of the supply voltage. 

Future work on this system would include the study 

of this inverter with inductive, capacitive and resonant 

loads. Experimental determinations could also be included 

tor the further study and development of this inverter. 
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APPENDIX A 

SCR Tradeoffs 

An SCR is a four layer p-n-p-a device. The outer 

p and u regions are, respectively, the · anode and cathode; 

the inner region• are the p,-base and n.base, or gate. 

Any SCR is designed ultimately for repetitive off-state 

blocking voltage, maximum average current, and speed ·or 

minimum turnoff time. The design involves tradeoffs 'of 

these parameters. 

Then-base thickness, for all practical purposes, 

determines the rated -'.".repetitive off-atate blocking voltage. 

The approximate relationship for then-base thickness 

i• given as 

where 

w n 
3/2 

= 150. VRM 

Wu is then-base thickness ("'Im) 

and 

(A-1) 
• J 

VRM ia the rated repetitive blocking voltage. 

The on-•tate voltage expression developed is 

(A-2) 



where 

VT ia the on-state voltage 

JT is the on-state current density (A/mm.2) 

and 

tq is the turnoff time (A-/ sec). 
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The JT, VT product defines the power dissipation 

density, PT• The average power diasipation density, PTAVE• 

depends on PT, cathode area, total silicon area, and the 

duty cycle. PTAVE ahould be kept less than 2 watts/mm2 

•o that the junction will not be thermally over stressed. 

Equation A-2 clearly shows that, for a constant 

VRM and JT, as tq grows smaller VT increases thus PTAVE 

in.creases. Clearly a large load-power controlling 

ability tends to require a large turnoff time. 

Fig. A-1 is a plot of the VRM, JT product for 

several turnoff times. These points are plotted at the 

power dissipation density equal to the maximum, 2 watts/mm2• 

The plot shows that if a high load-power controlling 

capability is necessary at a high repetition rate, which 

normally requires a short turnoff time, a time sharing 

acheme is necessary. ~] 
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