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SECTION I

INTRODUCTION

The purpose of this work was to investigate and experimentally demonstrate

the feasibility of a reliably operating light weight converter to process

kilowatts of electric power, and with the promise to operate in the mega-

watt range.

The system was studied as a voltage transforming and stabilizing dc to dc

converter. Yet , its internal structure and mechanisms were to be suited for

direct three phase ac to dc conversion without the use of a heavy low pass

input filter.

The reliability of operation was to be demonstrated by the continued conver-

ter operation in the presence of severe disturbances , such as short circuited

output terminals. This reliability should be also indicated by operation of

the switching elements at a low and , unconditionally, predictable stress and

thus a low heat dissipation level at the required switching frequencies.

The light weight of the system is rooted in the high internal frequency of

10 kHz at full power, since the weight of magnetics and filters is , roughly,

inversly proportional to the frequency of converter operation for a given

power level.

- . L. - . . .~ ~~~
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A 10 kW converter system was constructed. Its test verified the proposed

functional concepts and the expected performance . An efficiency of the in—

verter which drives the high voltage transformer of up to 97 percent could

be derived from the test data. The inverter was successfully integrated

with the light weight 10 kW transformer—rectifier—filter for a dc output

voltage of 10 kV and with an interna l frequency of JO kHz.

The system aspects of an ac or dc to dc converter and the therewith asso-

ciated external characteristics are treated in section II. Special attention

is given to potential ripple suppression in the currents of an ac generator

and in the load using methods of active , nondissipative , filtering ; the

available mechanisms for potential systems stabilization are indicated.

The important frequency limi ting phenomena, especially in switches , are treated

in section III. The method used to overcome the now classical limitations of

static power converters to below I kHz and to attain 10 kHz with existing

components , is presented. The potential for use of yet higher frequencies is

indicated. The method can be app lied to any tyr of available and future fast

switching elements , such as thyristors , transistors and vacuum spark gap

switches.

The used power circuit and its characteristic features are presented in

section IV. Design of the JO kW converter is treated in section V , followed

by the presentation of test results of the experimental model in section VI.

— 2 —



An analysis of the experimental ly obtained results  is contained in the

conclusions of section VII. The results are related to the characteristics

of the components which perform the individual converter functions and

are used to project estimates of their usefulness in the construction of

larger converter systems , as intended .

The above referred to analysis is based on a differentiated approach to

power and energy densities of the major converter components reflecting

the actual stresses which are being , intrinsically, imposed on the res-

pective devices.

The road to the construction and demonstration of larger power units ,

such as 200 kW and beyond seems to have been cleared by the successful

completion of the 10 kW system . Newly available GATT type thyristors

appear to allow construction of up to 0.IS MW modules with one set of

switches in one single brid ge.

— 3 —. 1 ________________________



SECTION II

SYSTEM ASPECTS

The converter links the load to its dedicated source of electric energy .

The converter ’s purpose is to

(a) transfer the electric energy to the load ;

(b) transform the pattern of the voltage waveform of the source  of e l e c t r i c

ene rgy, the generator , to another pattern as required h~ ~he load , such

as a t h r e e  phase  ac to dc transformation ;

(c ) p e r f o r m  a v o l t ag e  s c a l i n g  f u n c t i o n ;

(d) stabilize the average ioad voltage so that it remain within preset

li mits of t o l e r a n c e  during conditions of steady state operation;

(e) limit the harmonic content that is “seen” by the generator and by the

load , respective ly ,  a~id which i s caused by:

(el) p o s s i b l y ,  an i n h e r e n t  c o n f l i c t  be tween the intrinsic characteristics

of genera tor and load , respec tive ly, and the

(e2) i n t e r n a l  f u n c t i o n al  mechan i sm of c o n v e r t e r  o p e r a t i o n ;

(1) facilita te over all system stability by reconciliation ot confti ct. .
~g

dynamic characteris tics of the source and the load ;

(g) p rovide spec i f i ed  genera tor  te rminal  c o n d i t i o n s  between cyc l e s  of

operation , such ~s possibl y a path for continued current flow , as re-

quired by certain sources of electric dc energy

— 4 —



The number of above e n u m e r a t e d  f u n c t i o n s  whi ch the c o n v e r t e r  has to p e r f o r m

will depend on the respective characteristics of the generator and on the load .

This is discussed with reference to an examp le in which a three phase generator

feeds a dc load .

I. AC to DC Conversion.

First , it is stated , that the polyphase generator technology produces a machine

which is meant to generate sinusoidal ac voltage waveforms in its individual

phases. These phases are meant to supply current of the same waveforms to the

load , which if possible , should be in phase with the voltage , or at least,

should not be lagg ing the voltage appreciab ly. The desired harmonic spectrum

of the current i
s of the individual phases of the generator is shown in figure

l(a). The dc load requires , ideally, a harmonic content of its load

F 1 desired I F,0 desired

— f  
0 

— f 
0

( a )  ( b )
Fi gure I.

Desired harmonic spectra of the current Ca) i of each

phase of a polyphase generator and (b) i of the dc load .

— 5 —
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current i with no other spectral line than that at f 0, as shown in figure

1(b). The converter should thus transform the composite action of the indivi-

dual waves of the generator phases to a smooth dc in accordance with its

functions stated in (b). This above described functions of waveform transfor-

mat ion is independent of the voltage scaling funct ion , as stated under (c)

above. The various aspects which are characteristic for the chosen example are

now discussed with reference to figure 2. The three phase generator , shown in

f i gure 2(a), emits the well known three phase voltage waveforms e5. shown in

f i gure 2(b) which is transformed to its rectified waveform e , filtered to
S rec

the form e. and eventually scaled to the voltage ae~ . The letter “a” design-

ates the scaling factor of a function which is performed within the inverter—

scaler; this is the function cited in (c) above . The current waveform in each

phase, the composite current 1srec 
of the rectified phases , its filtered form

i . and , eventually, its scaled form i/a — I which is the load current are

shown in figure 2(c). The frequency spectra of the current waveforms shown in

f i gure 2(c) are indicated in figure 2(d) by IF
~ 

,jF 1 and IF~ as functions

of the order number n—l ,2 of the spectral frequencies nf , where f5 is

the single phase frequency of the three phase generator.

The classical function of the low frequency filter indicated as part of figure

2(c) is to “remove” the harmonic content of the voltage waveform e , sos rec

as to smooth the voltage e. and the thereto pertaining current i1, before inver-

sion for the purpose of voltage scaling takes place . The high frequency filter

removes only the harmonic content that has been generated by the process of

inversion and rectification .

— 7 —



I t means , that all of the reconciliatory functions between the desired

s p e c t r a  shown in f i g u r e  1( a ) and (b) should be performed by the full wave

r e c t i f i e r  brid ge in conjunction with the therewith assoc ia ted  low f r e q u e n c y

filter.

No known rectifier— filter can perform that function , even if weigh t and

size were of no concern . The currentl y accepted “ideal” is a low pass filter

with an infinitely large inductor L. in its conventional L1C. configuration

as indicated in fi gure 3. The infinitely large inductor L. would cause a

‘srec
e

_ _ _ _  
I 

INVERTER

Figure 3. Conventional three phase rectifier—filter system .

rectangular phase current is 
with a flat top and without the indentation

shown in figure 2(c). The Fourier series for this current waveform is given by

i(t ) — (2ñ I /Tr){sinw t — -k s inSws
~ 

+ -
~~ sin7w t — } (I)

- 8 -



where I is given by

I ~~P fn e ,‘W (2 )
so o ssp

and

P the intended output power of the system ;

n ~ the over all efficiency of the electric

power system , except that of the generator;

e the rms voltage of the individual phases

of the ac generator .

The “infinitely large” inductor will guarantee a smooth current I
s rec

and result in an equally smooth form of the load current i0. Yet , it creates

the harmonic content of the current in the individual phases of the generator

which are quantified in equation (1).

If on the other hand there were a rectifier—low—frequency—low—pass—filter

combinat ion which would allow the phase currents i to remain sinusoidal then

the generator would get its desired current waveform and a near infinite

filter capacitor C. could smooth the voltage e., as desired by the load .

It was the purpose of the preceding argument to show that no known rectifier

filter combination could satisfy the requirements that were stated with reference

— 9 —



to figure I , even if infinitely large filter components could be afforded.

The low pass filters of the reality of technology consist of components of

the minimum acceptable size. The inductors are , usually, sufficiently large

to provide a continuous current i so that the current in one diode pair
S rec

of the full wave brid ge rectifier as shown in figure 3 would not be inter-

rupted and reinitiated during a work cycle of that diode pair. The purpose

of this restriction is to avoid current peaking in the diodes in the filter

capac i tor  and , poss ibl y ,  in the generator , all of which would contr ibute to

undue instantanuous stresses on components and to their heating .

The needed kVA rating of the dedicated generator can be estimated from the

relation

P
kVA . — ° (3)required 

n
~ 

(p.f.)

where

T

— fe i dt
s s

p . f .  , being the power factor , as defined in the
e i

S nns s rms .t a.me domain I I I  , and where

T
I . 2

— 
~~~ ~ 

(t)dt)

0

~ 

. - .~~~~~~



I,
so that i can be any function of time and need not be considered

as being the composite of its Fourier components.

The power factor p . f .  of a r e c t i f i e r— f i l t e r  with an “ in f in i t e ly” large

inductor is approximately .955. Yet , this power factor decreases rapidly

with the decreasing size of I.. . Power factors of 0.7 and less are , therefore ,

comonplace in these type of systems and are the cause for use of a conlnen—

Sur a te ly larger generator.

The converter which operates from an input voltage e1 
can be equipped with

the property of a nondissipative type active f i l t e r  which would remove

the low frequency content of e . .  This converter can thus reduce the burden

that is, otherwise, imposed on the low pass input filter. This can be re-

stated in the following way: If

e. e. av ~l + m sin 6 w t } m < < 1 (4)

F then the maximum possible attenuations ad of the normalized ripple amplitude

m and caused by this active f i l t e r s  is approximated by

ad F~
’61

~~~~

for the given conditions I 21 , where
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f — 2f .
F

f . the average frequency of inverter operation .

The total attenuation of the peak to peak ri pp le of , approximately, II percent

of the rectified waveform e is given by
s rec

100 v /v Il/a .a (6)
orpp o av pi. d

where

V = the peak to peak ripp le of the output voltage

v = the average value of the output voltage
0 av

a .  = the attenuation of the passive inpu t filter

as shown in figure 3.

The two attenuation factors a . and a are considered to be independent of
pi d

each othe r because it corcerns the attenuation of a passive network followed

by the effect of a pulse modulation process, by way of approximation .

The pulse modulation process which is incorporated in the converter operation

121 serves the dua l purpose : (I) to stabilize the output voltage by performing

pulse width (PW), pulse frequency (PF) or mixed PW—PF modulation (PW—PFM)

to contribute to the attenuation of the low frequency ripple contained in

- 1 2 - 

1



e 
rec 

and (3) to , poss i b l y, contribute to the dynamic stability of the over

all electr ic powe r system by performing the appropriate variations of this

process t pulro modulation , as needed. The physical structure of the powe r

circuit and its intrinsic mode of operation , preserve the functional integrity

of the system as a whole independent of externall y imposed adverse conditions.

The above discussed examp le illustrates the functi ons (a) through (g) of the

converter as stated as the outset of this section.

Means to attempt a reconciliation of the inherent conflict between an ac

generator and a dc load are currentl y being investi gated 1 31 . The discussion

of these means is beyond the scope of this treatise .

2.2 DC to DC Conversion .

In this case power is derived from a dc source , as shown in figure 4.

All properties , required of a converter and listed in (a) through (g) at

the outset of this section apply, except (b), which does not apply in this

case, since dc is converted to dc , even though the voltage of the source of

electric energy may vary and , possibl y, oscillate in a damped or undaniped manner.

The functions of the converter which include output voltage scaling and

stabilization could be extended to include maximum power point tracking of

the source and if required , dynamic stabilization of the system as a whole.

There is no other function in the power system which lends itself as suitably

for the purpose of system stabilization as the application of a control signal

— ‘ 3 —



IN V ERTER -

T 
RECTIFIER- FILTER,

VOLTAGE SCA LER
e~ AND STABILIZER, 

LOAD
T POWER POINT

TR A CKER ,

________  DYNAMIC SYSTEM
STABILIZER.

Fi gure 4. DC converter system in block diagram form.

to a very high impedance electronic mechanism which controls the rate and the

rate of change of transfer of energy. It controls , namely, the pulse modulation

process which in turns governs the power system behavior as a whole.

The functional mechanism of any dc to dc converter , for brevity referred to

as dc converter , is described with reference to figures 5(a) and (b). The

current i
s 

of the dc source of electric energy with the voltage e5 passes through

a hi gh frequency (H.F.) input filter on its way to the inverter and pulse modu-

lator. This inverter consists of a set of switches and other thereto pertaining

nondissipative elements such as inductors and capacitors . The inverter generates

a hi gh frequency (kHz) carrier current i
1 as shown in figure 5(b). This carrier I

-



.4~ 
~0 

I$ :8
0~~- 4-’

:4 H I_1_
~~~ ~Lu I’ ~~ —

‘7- — ,- -z I w —  U S
o ( f l D  Ui
o 

_ _ _ _ _ _ _ _  
Id00

.— a

~ ~~~~~~~~~~~~~~~~~~~~~~
.~~~~~~~ LL .01IThVYV 7~

~~~~~~~ 

_ _ _

— 1 5 —

..
“- -.,, -

~

,..-“————.—---. ..-.--.-



current is be ing modulated in frequency and in amp litude , while it is being

generated . The referred to modulation process serves the purpose of control

of the transfer of charge per hatf cycle

t k+I

= I I j
1~~

dt = r k I i I~ 
= T

k 
i
s 

( 7 )

t
k

where:

k 
= the instant of time at which the k—tb half cyc le  of o p e r a t i o n

starts; i
1 

is not , necessarily,zero at that instant;

= t
k+I 

— t
k~ 

the duration of one half cycle;

k- I
t = .~~~ T .; T ~~Tk i=1 ot om on

t k+ I

~~I I av 
( I / T

k
) I

t
k

The charge A which is tranferred from the source of energy throug h the inverter

to the transformer during one second

A = k~ I
A,K 

(8)

— 1 6 —
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where

F = the number II  half cycles with duration T
k 

per second , even through

T ~~r
om on

I I i e  m a g n i t u d e  of the average current i
5 av 

during the second in which all A
k

of equation (7) arc being suxmn~red up,

j i  = A (9 )say s

The “absolute magnitude ” signs in equation (9) are meant to emphasize that

Am peres are being equated t o  Coulombs per  second w h i c h  is , d i m e n s i o n a lly ,

orr ec t

The carri er current i
1 

is pr~ cessed by the hi gh frequency transforme r XF

with a voltage st ep—up ratio I;a which perform s the function of a scaler.

The secondary transforme r cir ui t includes the r e c t i f i e r  w h i c h  c o n s i s t s  of

a se t of diod es i n  f o r m  of a d i o d e  br id ge. This brid ge c o n v e r t s  the  sca led

current

i
1 /a ( t O )

to its rect ified form i~~ . The high frequency (H.F ) output fitter removes

— ‘ 7 —



1~

the harmonic content at double the average i nverter frequency and beyond . Thus

— 2f
~ 

( I I )

where

f. = the average inverter frequency;

= the pulse repetition rate F as defined with reference to equation (8)

The input fil ter and the output filters of the converter perform an analogous

uriction : they isolate the high frequency operatior of the dc converter from

the low frequency characteristic of the source and of the load. In that sense ,

they provide short circuit paths for the high frequency components which are

being generated by the internal functional mec~,anism of the converter.

The l i s t ing of the conver ter ’s f inct ions which were enumerated a~ the outset

of  this se ct ion is now repeated and identified in terms of the preceding di s-

cussi on of fi gu re 5:

(a) the co nverter , clearly, transfers t h e  electric energy from the source

t o  t he load;

(b)  no t app licabl e for a dc to dc conversion ;

(c) vol tage scaling is performed by the transforme r XF;

- 1 8 -



(d) the average load voltage is stabilized by letting the electric charge

per cycle;

A IT = constant; (12)
k ok

if a constant is assumed , even though e may vary dur ing every

pulse interval T
k
;

(e l) modi f y relation (12), if so des i r ed , to shift part or all of the burden

f the harmonic content which is generated by variations of e to the

source , or to the load according to a preset pattern; yet , l~~t A as de—

m ined in (8) be a constant;

(e2) remove the harmonic content at the 1vera~ c freq uency 
~F 

and beyond by

use or the inpu t and the outpu t filters;

(f) contribute to the dynamic stability of the electric power system by

introduction of appropriate effects o~ the current carrier modulation

process;

(g) not treated in this section.

The purpose of hi gh internal frequencies is the reduction ~ f th e phy s ical

sizes o l

(I ) tii t  transforme r XF;

(2) the input and the output filters;

(3) all reactive ellI I oI)t nts which are needed for the inversion and for the

pulse modulation processes.

I.
— ‘ 9 —
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The physical wei ght of the above named powe r components is , roughly, propor-

tional with the inverse of the frequency f. of the inverter operation , every-

thing else being equal. A figure of merit FM can be formulated in an attempt

to quantif y the signifi cant aspects of this a t is i l  relationshi p between the

physi cal weight W and some of the othe r conditions.

The fi gure of merit

P f.
FM ~ (13

W (H’~ ) f
p S S

All symbols , used in equation (~3) have been defined before . This figure ot

merit modifies the more coninonly used power density P 1W , expressed in

kW/kg by introduction of the relative power loss ( l — T ~~ ) and by the f r equ ency

rati o f./f . It is observed tha t  if for a change of the inverter frequency

f . fr om t .~ to 
~ i2 and of the corresponding physi cal weight from W

1 
to

( I~~)

then the fi gure of merit will not change substantially i f

w (f . ~~~~~ ) ) ~ . (IS)
p2 ~.I i. p 1

‘ e l a t i o n  ( I S )  is meant to express only a gross approximation .

4

I
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The same fi gure of merit can be applied to any of the individual passive

components of the converter system , especiall y to the transformer XF ,

the filter components , and other reactive components.

The quest for increasingly higher frequencies of opera tion is an

obvious result of the des ire to reduce the phys ica l  wei ght of powe r

equi pmen t , especially in the case of air or space born equipment.

A number of phenomena which can cause an increase of power losses and

in doing so imperil the integrity of the functional mechanism of con-

verters , tend to l imit the upper limits of internal frequencies of

converter operation . These are treated in the following section III.

SF . C TU )N  I I I

FREQUENCY L I M I T J N ( . PHENOMENA

Skin and proximity effects in conductive elements , parasitic effects

associated with the ind ividual components , and the physical limits of

functional concepts supp ly most of the frequency limiting phenomena.

The ~~esence of skin and proximity effects in magnetic components and

capacitors requires the careful app lication of design techn iques which

are wel l  known from the areas of radio and radar engineering. The

— 21 —



significant frequency ranges which are being encountered are :

( a) the low frequency reg ion of conventiona l and advanced e l e c t r i c a l

power engineering, say , from zero to near I kHz;

(b) the intermediate region of internal frequencies of advanced dc

converter technology , from 10 to 50 kHz;

(c) the high frequency region caused by the switching phenomena in

power semiconductors within fractions of microseconds , which

cause appreciable frequency components in the order of MHz.

Sizable energies are involved in all of these frequency ranges. The

significance of the effects of abrupt switching in power circuits is

discussed with reference to figure 6.

Opening of switch S
f in the circuit shown in figure 6(a) causes the

forcible in terruption of the current 
~~ 

flowing through inductor L

The magnetic field which is maintained in the inductor L and is caused

by the current i
~ 

before its interruption cannot be sustained without

this current. The magnetic energy C
m 

which is associa ted with this field

can ,likewise , not vanish and tends to be reconverted to electric

energy 
e’

This energy reconver~ ion process from em to ~ 
seeks to maintain current

flow through the opening switch Sf. A mechanical switch will arc under

— 2 2 —
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(a )  (C )

‘res

_ _  

-2’~OPEN - i r— OPEN

CLOSED - I ‘ CLOSED — ______________

Ib) (d)

Figure 6. Power electronic switching circuits which incorporate intended and

parasitic inductive elements in series with the switching elements

for (a) forced interruption of the switched current , (b) the thereto

pertaining curren t form i in the switch S
f 
and (c) swi tching at the

instant of natural termination of the switch current i in a resonantre s
c ircuit , (d) the thereto pertaining current form 1

res 
in the switch

S
res
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Vol tage
0 

of swit ch S
f

(a)

-o 

Pow:r Dissipation

Power Dissipation

(b)  ~~
—
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=

~~~ 

in Switch S

Figure 7.

Oscilloscope trace of: (a) current voltage and power dissi pation wave-

forms of a switching tr ansistor operating under conditions of forced

current interruption as discussed with reference to figures 6(a) and (b);

(c) the powe r dissipat ion of a switching transistor which processes a

resonant current as described with reference to figures 6(c) and (d).
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these conditions and thus demonstrate visibl y the stresses that are

imposed on it . The semiconductor switch undergoes similar stresses

whose phenomena are limited to the concerned lattice structure of

the device and not visible , bu t no t less severe .

The exten t of these stresses as translated into conversion of electric

energy to heat is indicated by the photographs of curve traces shown

in figure 7(a). The upper photograph of this figure shows current i~

and the voltage v
ce 

of a transistor which performs the function of

swi tch S1. The lower pho tograph in figure 7(a) shows the v i
1 

produc t

as provided by a multiply ing (Philips) oscill oscope .

it is seen tha t the v I product has a moderate value for conditions
ce f

of settled curren t flow. There is a narrow peak at the instant of

closing of the switch S
f 

which is due to the finite t ime which is needed

for the closing process. Falling of the voltage v
ce 

across the swi tch

and rise of the current i is the cause for this narrow peak of the v
I ce

i
~ 

prod uct at the initiation of the current pulse.

The area under the peak of the V i~ produc t at the termination of

the current pulse appears to exceed the area under the remainde r of

the v i curve for this current pulse . It is obvious that most ofce f

the heat dissipations in the switch is not caused by th e process of

conduction , but by the processes of current termination . The power loss

— 2 5 —
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in the switch

Vcess 
I
f 

(T
k/T k

) + 1
F ~~s 

+c )  ( 16)

whe r e

v — the voltage drop over the conducting transistor under
cess

conditions of settled current flow ;

i = the transistor current under the same conditions;
fss

T
k 

the pulse width;

the ene rgy d i ss i pat ion caused b y the tu rn on process;

C
T 

— the energy dissipation during the opening phase of the

switch.

Equation (16) demonstrates the frequency dependence of the switching

losses. Each switching device is l imited in its capability to dissi pate

heat. This limitation imposes one ceiling on the r epe t i t ion  rate w i t h

which it can switch a current

Ano ther , more sub tle limitation on the tolerance of the v i peak isce f

imposed by the internal distribution of current density within the

l a t t i ce  of the semiconductor device. This in te rna l  d i s t r ibu t ion  of current

density can exceed the heat tolerance of the material on that spot and can

L
_ _  

__- - 
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thus cause damage to the device. This damage increases rather sooner

than later and can cause a break down of the device , often referred

to as “secondary” break down.

The above described phenomena are the primary cause for limitation of

the internal frequency of operation of power converters. This limitation

increases with the increasing magnitude of currents that are being

processed by the switching elements 1 41

The preceeding description of the difficulties of the opening of switches

in induc tive circuits does not reveal a new phenomenon , but reiterates a

well known process. The argument is not limited to semiconductor switches

but remains valid for any type of switches , whether they are mechanical

in structure , gas filled or vacuum tubes with spark gap ignition ,

The curren t i in the circuit shown in figure 6(c) assumes a sinusoidalres

form when switch S closes at the instant of time t 0  and if i (O) 0,re s res
as indicated in f igure  6(d). It is assumed that the initial conditions

on capacitors C and C and on the inductor I. are appropriate for that

purpose. The current i rises with a l imited di /dt at the time whereres res

the switch S is closed This di/dt is determined byre s

di /dt — (e — v — v ) f L  at t 0  ( h i )
res s Co C

- 2 7 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



whe re

v 0 
— the voltage on capacitor C at t— O ;

v — the voltage on capacitor C at t 0

Likewis e is

di /d t (T ) — di /d t (0) (18)
res o res

if

T —
0

and if the bulk of the electric energy , presett in the circuit is not

removed during the time interval T • The switch closes at time t—0 and
0

does not counnutate a (diode) current of anpreciable magnitude as could

be the case in the circuit shown in figure 6(a). The v i product in
ce res

the switching element associated with the circuit of figure 6(c) near the

time t=0 is, therefore , minute compared to the one described with reference

to the circuit shown in figure 6(a).

Yet , the real problem could arise at the time t T  when the switch So res
is opened . The resonant current

I
-28 -



i (T ) — 0 when t = T ( 1 9 )res o o

as indicated in figure 6(d).

The i produc t is there , necessaril y zero at thai time . This
ce res

fact is verified by the photograph of the V
ce ~res 

curve trace , shown

in figure 7(b). A larger amp lifica tion of the v i p roduc t was used
ce reS

this time because of the absence of the substantial spike which appears in

figure 7(a). The effec t of the sinusoidal current on the shape o~ the

power dissipation curve in figure 7(b) is clearl y di scernible. The small

sp ikes which resemble elec tric noise at the termination of the pulse

a re comparable to the maximum magni tude of the v i p r o d u c t .  The
ce res

area under these sp ikes can be termed minute compared to the area under

the dissipation curve under conditions of settled current flow.

It appears tha t the opening of a switch in an inductive circuit at a

time when the switch current is zero, has the advantage of minimum power

dissipation during the opening process of the switch . The preceeding

statement is nothing else , bu t the reiteration of a fact that has been

well  known f r om the earl y days of elec tric science. The disappearence of

the substantial dissi pa t ion sp ike shown in fi gure 7(a), removes th e

frequency dependen t part from equation (16) for all prac tical purposes.

The power loss in the switching elements becomes thus , practically,

independent of the internal converter frequency (4), (5). The above



expl ained advantage of the use of series resonant circuits for

purpose of converter operation was used for the technica l approach for

development of a converter technology which would tolerate relatively

high internal f requencies .

SECTION IV

THE DC CONVERTER WITH SERIES RESONANT CIRCUITS

A dc converter system was chosen which utilizes a modulated current

carrier as discussed above for purpose of controlled power transfer

and comb ines this function with the advantage of switch operation in

resonant circuits.

1 . The Power Circuit

The essential features of the power circuit of a dc converter which

employ s series resonant circuits are shown in figure 8. The shown

simp lified schematic illustrates the above referred to type of dc

converter in its half bridge configuration . Two switch pairs consis-

ting of one thyristor CR Ii and an anti—parallel diode Dli (i — 1 ,2)

are used to close and open in alternating succession two series

resonant circuits. Each of these two circuits connects to the junction

of capac itors C II and C12 , ~nd includes the inductor L 1, the primary

- 30 -
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f W2~~~~~~~~~~~~~
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~~~~
VC 1 T Ci 2 CR 1 2~~~~ 

D2L / 022 _T
Figure 8. Simplified schematic of a dc converter which emp loys i scricr

resenant circuit.

wind ing  W
I 
of the tran~former XE , and one of the above identified

swi tch pairs . The firs t switch pair CR) 1—D hl connec ts the described

circ uit to the possitive terminal of the source of electric energy

with voltage e ;  the second switch pair CRI2—D 12 connects the same

circ uit to the negative termina l of the same source.

The output voltage v of the converter is assumed to be of constant

magn i tude  at t h i s  t ime . The seco ndary  w i n d i n g  W .~ of the transforme r XE

switches abruptl y wi thin the rectifier bridge consisting of diodes

D2j (j 1 ,2,3,4). This transformer reflects a voltage v
xa 

hack into

the primary circuit which always apposes the directions

- 3 1 -



of flow of the resonant current i~~. The polarity of this voltage

Vxa opposes , necessarily, the direction s 
of flow of the current i1, since

v
xa 

is limited by the output voltage v as modified by the transforme r

wind ing  ra t io

a = N
2

/N 1 
(20)

where

N. — the number of turns in winding W. of transformer XF.
1 1

The above stated limitation that

v = v / a  (21)
xa o

is due to the fact that the voltage on the secondary winding W2 
of

transformer XF rises under the impac t of the voltage t h :~ is impressed

on the primary winding of the same transformer until it is , for c ibl y,

limi ted by the secondary diode bridge to the voltage v of capacitor C .

The size of t~’is capacit or as reflected into the p~ hnary circuit , name l y

a
2
C = C

2 
>> C

! 
CI ) + CI2~ (2 2 )

— 32 —
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Capac itors C
1 

and C0 are so dimensi oned that the volt,~~c v~ over C
0

w i l l

C 1 ,’ a
v < 2e — -—— (23)orpp max s C0

Ineq uality (23) follows from the app licati on of the simple rule that

AQ = (C Ia 2 ) 2ae = C v (24)s o orpp

where

= the change in charge in each of the capacitors , which  is

equal if they are considered at the same leve l of impedance

which , in the case in question , is that of the secondary circuit;

V
orpp the peak to peak value of the output voltage ri pp le;

= the approximate peak to peak voltage v of the voltage v
1

of the junction of capacitors CII and C12 with respect to

the reference node (ground), as will become evident fromthe

further discussion of this top ic.

The inequality (22) renders the magnitude of V
xa 

almost invariant with

the tacit understanding that a control system exerts an m t  iLleuce oil

i so that v remain within prescribed l i n t s  of tolerance from a no2 o

niinal value V . The voltage v on the primary transformer winding WI

— .~3 
— 
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presents itself then as a square wave with amp litud e v
xa 

as given

by equation (21) and a frequency which is dictated by the pattern

of operation of the switches CR 1 1 — n i l  and CR1 2—D 12 .

The operation and the ph i l o sophy of the power circuit shown in figure

8 is briefl y exp l a i ned wi th r e fe rence  to f i gure 9.

The series resonant circuit consisting of inductor L
1 
and the (Thevenin)

equivale nt capac itors C
1 

= C
11
+C

12 
is indica ted in figure 9(f). This resonant

circui t is driven on one port by a square wave e with amp lit ude e / 2  and

on the other port by a square wave v 
ac 

wi th amp lit ude v .  These square waves

are indica ted in f i~ urcs 9(a) and (b) respectivel y. The ampli tude e / 2  stems

from the fact that the resonant elenents of the circuit in fi gure 8 “see”

Thevenins equivalent of e
s 
when ~

‘looking ” into the junction of capacitors

C 11 and C )) toward the source. This equivalent source has the voltage e / 2

i f  C
11 

— C
12

. The square wav e e 
ac 

is generated by connecting the resonant

circuit with inclusion of the transformer XF in continuinc-’ succession and

abruptly to the positive tormina l of the source with voltage e , thus cr ei t in ’

a potential e — e /2, or to the nec’ative termina l of the same source and
S S

creating a )ot (ntia l 0 — e /2. The negative voltage — / 2  is defined with

respec t to the same term ina1~ of the LC circuit as the poss itive voltage

+e /2 was defined for the positive amplitude of e
s S ac

— 35 —



The cause of the voltage v ac 
which appear s on the terminals of the primary

~ci ndLng \~ of the transformers XI’ was exp l ained above in the context of circuit

operations with respe ct to figure 8. The windinc ’ ratio ~.2/N2 
is here assumed

to be unity SO that for the sake of simplicity V
xa 

= v , with the tacit assump-

tion that a l l  c onmonents  are ideal.

Square waves i and v have the  same frequency under cond i t i ons  of c y c l i c
,1C 0 ,1C

s t a b i l i t  v , yet t hey  d i f f e r  by a “ phase  s h i f t ” w h i c h  amounts to a “ phase ang le ”

as indicated in figure s 9(a) through (e). Under the assumed cond i-

ti ons of cyclic stabilit y is =
rk rk+1

The net Ir iv in’ volta’e of the r e sonan t  circuit e — v is indicated in
s ac o a c

figure 9(c). The ensuing resonant current i
1 

i s indicated in fi gure 9(d).

Fi nall y the capacitor voltage v 1 
which was defined be fo re  is dep ic ted in

fig ure 9(~~).

~lopt and magnitude of t h e resonant current i
1 
can be d e r i v e d  i r n e d i a tlv

fro ’o the net  d r i v i n g  v o l t a g &  e — v . t inder  c o n d i t i o n s  of c y c l i c  s t a b i l i ty
~ 

ac o ac

the e n e rg  exchange 
~~k 

b e t w e e n  the  two e q u i v a l e n t  sources and the r e sonan t

c i r c u i t  mus t  be ,~cro over each closed cycle of ope ra t i on , or half cycle of the

resonan’ current, It  means t ha t

— I (e — V )i dt 0 (25)
s n e  o ac I

t k

— 3 6 —



The t r a n -’ er ot ‘neri’v r ‘-‘ the s ire, t i  t ce load i s  c o n t r o l l e d  by a d j u s t i n g

t h e  ‘‘ b t h I ~~e It ~~~l L  
rk  

whi cli i s  p r edor i n a n t  l y  gov erned  by t he  n a t u r a l  h a l f

p e r i o d  of the rt’~~on , i n t  c i r e c t i  t T and by t he  e x t e r n a l l y  c o n t r o l l e d  i n s t a n t

ot  t i n t ’ t
k i t  w h i c h  t h e  appropri ate t liv r i st o r is  b e i n g  e n e r g i z e d .

The c u r r e n t  i is  cond i ic  t ed by t h v r  i s t o r  CR 1 1 d u r i n g  t h e  t i m e  i n t e r v a l T
kf  

as

i n d i c a t e d  in f i g u r e  9 ( d ) .  The c a p a c i t o r  volta ge r eaches  i t s  c r e s t  when

i~ = 0 ni t  t he  end of the  above r e f e r r e d  to t ime interval T
kf . The net  v o l t a g e

e — v then apposes the f l o w  of c u r r e n t  t h r o u g h  the d i o d e  T) ) I and e n e rgys a c  o a c

is be ing  r e t u r n e d  f r o m  the resonant circuit to i t s  d r i v i n g  “sources ” .

This return of energy in c r e a s e s  w i t h  i n c r ea s i n g  p hase  ang le  and t h i s  in

turn requires that the energy which is accepted during the interv al Tkf de-

crease f o r  unchanged  e /2  and v . r) eer e a s e  of  the  e n e rgy  a c c en t e d  by t h e  r e s o nan t
5 0 - -

cir cuit in t h i s  t ime  i nt e r v a l r e q u i r e s , t h us a decrease of the amnlitude of i
1
.

The “ p hase  ang l e ” rk  thus  cont  r o l s  t he  ampl it u d e  of i 1 and by i m p l i c a t i o n  the

average  I i  of t h e  a b s o l u t e  v a l u e  of i w h i c h  i s  b e i ng  t r a n s f e r r e d  t i  t i c  1 o i dl a y

A n o t h er  way to de s c r i b e  t h i s  c o n t r o l  p r o c e s s  of i
1 

i s  t o  s t a t e  t h a t  t h e  amp l i t u d e

of and the  a v e ra g e  of i t s  a b s o l u te  v a l ue

Ii I increases for T I , or ‘L 0 (21))l ay ok o r
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and

Ii I decrease s f or I -
~ 2 T  , or 1~c fl (27)l a y  ok o rk

It means that

i i  ~~~~~ (28)I av

if the inverter frequency of operation

10 
= 1/(T

k 
+ T k+l ) f 1/ 2 T  = I/ 2-~i~~~~ (29)

is tuned to near the natural frequency of the resonant circuit , assuming

ideal cond i tions for simp licity of explanation .

Conver sel y,

Ii -+ I . (30)l a y  i

if the i nverter frequency of operation

f. l/(T
k 

+ T
k+l
) = I/2hT < f i/2T (31)

— 3 8 —
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I,
where

an average curren t which is a function of h

h > I , an arbitrary constant.

The converter frequency is detuned from the natural frequency of the resonant

circui t in the case which is characterized by relation (31). Detuning is

achieved by appropria te choice of the instants of time t
k 

at which the thyr i s tors

are being energ ized . Detuning of f. from f increases the apparent impedance

of the resonant circuit and reduces the transfer of energy from the source to

the load .

The “phase angle ” qJ ~~~ which governs the ratio f . I f , con trols the magni tude

of 
~I I av and , in effect , the power flow toward the converter ’s load .

The “mechanism” by which 
~rk 

controls the rate of flow of charge A,~ =

T
ok for the kth cycle toward the load is further explained with reference to

figure 10. All time intervals are expressed in rad ians 8 by use of the formerly

implied , transformation

t ( 32 )

The angle ‘
~~k 

is in figure 10(a) near its minimum

: ‘-‘-“ .. ‘- ‘ .- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . -



T kl It
I 

~ I~—--~ 
“-I

_ _-‘ i ( r 3 k ) , I

~~

~rk-1-~-1~~ A13k~~~~~\~~,,
,/

(b)

~ rk-1~~~ _

Fi gure 10

The res onan t cur ren t i
1
: (a) f o r  

~rk ‘
~rk min (b)  

~rk
(c) = it and > 2it .
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mm = I w (33)
rk off o

where

t f f  = the required turn—off t ime of thyris tors CRIi.

The a m p l i t u d e  Ik I  of is f o r  these  conditions near its maximum stead y state

va lue , as de termined  by des i gn. Figure 10 ( b )  i nd ica te s  i
1 

when 
~rk  2/ 3n ~.

The capacitor C
1 

loses the charge AQ
k 

whi ch corresponds to the ampere—seconds

during the time interval 
~rk— 1 

prior to ignition of the t h y r i s t o r  C R I i  at  t ime

The initial inductor voltage V
L ~

8k~ 
is therefore smaller than in the case

i l l ust r at ed in f i gure 10(a). This mechanism can be also recognized by a study

of f i gures 9 ( d )  and (e) in this context. The amplitude 1k1 dep end s , largely,

on v
L
(

k
). It is seen that 1

kI ’ as indicated in f i g ure 10 ( b ) ,  has appr ec i ably

decrea ted  w i t h  r e spec t  to i t s  magn i tude  in f i g u r e  10 ( a ) .  So has the av e rag e

~i I av of the a b s o l u t e  v a l u e  of i i . I t  a lso  ap pe ars by v i s u a l  compar ison  of

fi gures 10(a) and (b) that a smaller amount of ampere—seconds of i
1 

i n f i gure

10(b) stretchs over a larger time interval A k 
= 

k+ I 
—

The amp lit ude I reaches for invariati t t and v , its mini mum where .k1 rk

and V
k 

> 2ii, as indica ted in figure 10(c). The transfer of c h a r g e  toward the

load is for ‘
~rk ~ ~ governed  by a p u l s e  f r e q u e n c y  modulation process because

the charge per cyc l e

I
- 4 1 - 
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+ 2’rr

I (i 1 
1(1 8 = 

~k m m for  
~ k ~~~‘ (34)

is independen t of the pulse repetition rato 
~F 

and the average current

i t  f ~ (35)
l a y  F k min

for conditions of cyclic stability for any e and any v within design limits ,

provided 
~ rk ~~ ‘ ~~~~

It is noted in passing that the waveforms of the current i
1 
in figures 10(a)

and (b) illustrate cases of the mixed pulse amp litude—pulse frequency modulation

(PA—PFM) .

A more detailed treatment of this trop ic is found in the literature 16) ,E 8) .

The above described process of power transfer and control embodies the charac-

teristics of a converter which were enumerated at the outset of section II,

including the capacity to modif y the harmoni c con ten t of the source vol tage by

means of active filtering . It embodies , furthermore , the advantageous process

of terminating resonant currents through its controilled switching elements at

the instants of time when i
1 

— 0 which was discusses in the preceeding section 3.

These characteristics allows the construction of high power converters with
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capacities in the multikilowatt range with employ internal frequencies of 10 kHz

with present ly available materials . The ongoing improvement of materials , devices

and circ uits could raise this frequency of hardware type equipment within the

following 5 to 10 years , .to 50 kHz and beyond .

2. The Electronic Protection and Conttol System .

a. General Principles.

The powe r circuit of the dc converter shown in figure 8 is governed by an elec-

tronic system which performs two distinc t and totall y separated functions :

(I) the protection of the power system against the çossible effects of untimely

firing of any of the thyris tors CRIi and (2) the contro l of transfer of energy

to the load .

The two above named par ts of the electronic system are named in the shown order ,

because of their relative significance for the converter operation as a whole.

The transf er of energy through the converter is controlled by the application

of trigge r signals to the appropriate thyrist ors at the appropriate instants of

t ime t
k t as discussed throug hout sections II and III. These instants of time tk

determine the frequency of operation 1. of th e current carrier i
1 

for  everyon e

of its succeeding half cycles with duration as discussed with r ference to

fi gures 9 and 10.

I
_ _  
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The converters which use forced current commutation for the turn—off of their

thyris tors provide an ohmic closed circuit for the conduction of current from the

positive terminal of the source of electric energy through the thyristor(s)

and back to the negative terminal of the source. It means , that the integrity

of the system relies on the presumed certainty that this thyristor will be turned

oft before the current in this circuit would reach a magnitude which could not

be handled by the turn—off mechanism 1 9 1  . In othe r words: a once initiated

State of conduction of a “load current ” 1
th 

carrying thyris tor has to be ter-

minated by a mechanism of the converter which is limited to a maximum Lhyristor

cucrent value i . If for any reason that turn—off mechanism would not work ,
th  max

then it is hoped that the inverter fuse will.

In the case of the occurence of a short  c i r c u i t  condition as described above ,

it become s irrelevant wheter firing of the comp lementary thyrist or which would

a l s o  p r o v i d e  a sho r t  c i r c u i t  p a t h  f o r  the source c u r r e n t  would  take p l a c e  or

w o u l d  be avoided . The integrity of t h e  conven t iona l sy s tem which  emp l o y s  f o r c e d

comut it i o n  of t hy r i ~~tor  c u r r e n t s  thus  depends  on s a t i s f y ing b o t h  of t h e  fol-

lowin g two conditions:

( a )  t h a t  the thi yris to r current i~~ would not ri se above a ‘rt ’set maximum

v a l ue i
~~ 

under any regular or irregu lat conditions of operation;

(b) t h a t  the comp l ement ary thyr i stor in series with t h e  current carry ing

thcyr i s t o r would not be tired as long as t~~ ’ current ca:~ ving thyristor has

— . 4 4  —



not comp l e t e d  i t s  cy c l e  and t h e  t h e r e u p o n  f o l l o w i n g  t u r n — o f f  t i m e  has

e 1 ~l)i sed

I l l e  c o n v e r t e r  w h i c h  e m p l o y s  the  series rt’son ,’nt cir cuit s h o wn  in t i gli re M

places  the series capacitor C
1 

= C 1 1  
+ C 12 i n  t h e  p a t h  ol “load current ”

f l o w  th r o u g h  the conducting t h y r i s t o r.  N m e c h a n i s m , ‘ h e r  t h a n  the aposing

volt age v
1 
of the series capacitor is needed to turn—off 

~ih 
= . And

this voltage v
1 

feeds on 1t1) 
so that the conducting thyristor will , unfailing ly ,

terminate the current conductions under all conditions o operation .

The preceeding argument was made to show that it suffices to comp ly onl y with

requirement described above i~ (b) in order t o  safequard the integrity of the

series capacitor converter , ind i cated in figure 8. Requirement (a) is ,uncondition-

a i i y ,  satisfied by an inhe rent circuit property: the presence cf the series

capacitor C I. Avoidance of excessive voltage and current stresses is discussed

in subsection 4.2. 3.

b.  ‘h u e  F l c c t r n i c  Protection System.

The ele c ’r onic prot ection system prevent s tiring of  thyristors CR Ii as long as

the companion th yris tor has not terminated its cycle of conduction and has re-

gained its forward blocking capability I 101
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The imp lementation of this princi ple is ind icated in the block diagram repre—

seilta tion shown in fi gure Il .  The cri tical waveforms which are associated with

this process are indicated in figure 12. The function of the electronic protec-

ti on system is discussed here with reference to these fi gures.

A back bias signal appears on thyristor CR 11 after comp letion of conduction of

t h e  resonant current in the normalized time interval w T k f ,  f ormerl y def ined

wit h reference to figures 9 and 10. The cause f o r  appearance of this signal

is the sta t e of conduction of the antiparallel diode D I I  which now conducts

the ~u rrent i for t h e  normalized time interval ~~ . . The length of this
I rk r min

time interval - i s n o t  known ye t  at t = t + w T . The Back Bias Sensor I
rk k okf

established the fact of the existence of a back bias condition and conveys this

information in the form of a 0—I signal C B BL to the Si gnal Delay and Continuity

Check block; this block emits a si gna l  e D I if , and on l y  if the signal °B B I

has persisted without i n t e r r n h ~~ ion for a time interval ~ . — ~i t . Si gnalr m~ n o oft

e D I  elle rgize s t h e  Clear Signal Storage I . which stored the received information

“ i n l e t  initely ” until such time when i r e s e t  si ,~i i . i l  i s  app l i e d  to  i t .  The above

role r r e d  to c l e a r  si gna l  i p p e i r s  it  t h e  t i m ~ , and energ izes ‘in . inp ut port

ot  t h e  following AND cir cu it. Th yri st . or CR 12 is now tree to be tri ggered it

the option of the electronic control system .

A signal ZI which emanates from tl~ - ele t r on i c  c u t  rol system appears at

t he  second p o r t  of t h e  above r e f e r r e d  to AND i t  s ht ii ~ = rk ’  t h e  o r ig i n

of t h i s  si n a I  7 _ I  w i l l  be i ’ x p l a i i i ’d a t  a l a t e r  p o i n t  f : s  d e s c r i p t i o n .



Coinciduce of signals e
1~ 1 

and 7_ I i t  the  AND port energizes the Firing P u l s e

1;c nerator 2 which then fires CR 12; this thyristor will conduct current

until i=0 , -it which time diode D12 ‘nLinues conduction of this current.

The ensuing back bias condition of th yrist or CR12 is detected by the Hack

Bias Sensor 2. Analogous signal processing as exp lained concerning si gnal C BB I

ensues and t ti vristor CR 11 is , eventually, fired .

It is stressed that t h e  protection system acts completely independent t r m

the control system , in its approval for access of the firing si gnals of the

contro l system to  t h e respective gates. Condition (b) stated in subsection a.

is thus satisfied and the system can perform.

c. The Elect ronic Control System .

IDe Series capacitor converter which was introduced with reference to figure 8

can be provided with the output characteristics of a voltage limited current

source I 6~ ,I 81

Th e p r i n c i ple ot con t ro l is based on the  functional phil osophy of the “An a log

signa l to discrete t ime , interv al converter (ASDTIC)” 12 1 ,1 12 1 ,l 13 1 . T h i s  type

ii vt.’rtt ’ r c on t r o l  is now in increasing use because it provides a hi gh de—

st atic and dynamic stability to the therewith controlled pulse modu laters

and is largely temper tur e insensitive due to an internal auto—compensating

‘a chanism. It is o f t e n  — incomp let ely — referred to as a “two loop ” control

—



0
system w h i c h  does not characterize its inherent feature. A rep li ca k.i

1 
of

the resonant current i
1 

is derived via a current transforme r CT from the re-

sonant circuit. This replica is rectified to the form k
~l i 1 I and fed into

an in tegra ter , as indicated in figure II .

The signal processing operation which follows is , abundantl y ,  desc r ib ed in

the literature 21 ,I 81 ,1 121 ,I 13) . If the attenuated output voltage signal

k v  < ( k v )  (36)
0 0  o o n o m

is smalle r than the nominal value (k v ) of this signal then the si gnals
0 0 nom

Zi(i= I ,2) are generated at the instants of time when

k. f Ii 1 Id~ e i r  A~k 
( 37 )

It follows that

k+ I

(1/Af
~k
) I I i 1 Id~ 

= 1i 1 1 e S / k . (38)
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The average of the absolute value of i
1 

is thus a cons tan t , whatever the

shape of i
1 
and whatever the length of the t ime in terval It means that

the output current i of the system indicated in figure 8 is , arbi trarily,

determined by adjusting

e . /ak. i — I i I ji I /a (39 )
ir 1. o 2av l a y

The peak to peak voltage of C
1

t +Tk kf

V — 
~ I i 1 I d t  (4 0)

t
k
T(k_I)r

where

t
k
+Tk f

I I i jd~ Ii I T ( 4 1 )
I l a y  ok

t
k
T( k l  ) r

fu r conditions of cyclic stability.

It follows fr om (40) and (41) that

- s’-



v — Ii I T /C e. T IC k (42 )
cl pp I av ok I ir ok I I

where equation (38) is included into the consideration. Equation (42)

states that v can vary as much as T for the case of continuous current.
clpp ok

This variation is limited to

T +~~~ ~~T ~~ 2T (43)
o of f  ok o

which i s less than two to one [61 . In practice the ratio

T /T . 2/(5/4) = 1.6 (44)
ok max ok nun

If k v > (k v ) 
, then the maximum Threshold Sensor in figure I I  removes

0 0  o o n o m

the blocking signa l from the AND circuit which will then let the k v  signal

go out to the sununer ~~~. The effect is that the e. leve l is modified . The cur—

rent I~ I is then reduced to a value so that a preset value v is maintained.
I av

The current source characteristic of the  converter is modi fied and assume s

the eharacteristi .’ of a vol tage limited current source.

_ 
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SECTION V
p

DESIGN OF TUE 10 kW CONVERTER

I .  ;ent ’ra l  R e q u i r e m e n t s .

Certain specific requirements were formulated to demonstrate the feasib ility

of a reliable light weight dc converter. A number of critical functiona l charac-

teristics had to be demonstrated that would justif y the expectation that a

converter with the capacity of handling megawatts of powe r could be constructed ,

based on the demonstrated princ ip le s.

The critical characteristics had to hold the promise that this converter

(a) would operate with a high degree of reliability;

(b) could be constructed with a high power density, expressed in kW/kg.

The requirement of reliability incl udes :

(al) app lications of a functional concept that holds a minimum of uncertain-

tie s; this includes a progressive overload and short circuit capability

of the output terminals;

(a2) minimiza tion and enforcement of an absolute and pr edicta h ie li mit on all

rat ios

i /‘i and v /v
max av max av

for all converter and component functions;
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tai) 1 well controlled limitation of heat development in all parts of

the converter.

The hi gh powe r density requires:

(b1) a relative ly high internal frequency of operation , such as 10 kl-Iz

(bI) demonstration of successful converter operation at that frequency.

The f o l l owi ng basic requirements were formulated :

Input: Voltage , e 600 VDC , to be supplied from a battery bank ;

Curren t, i 
— 20 ADC

Output: Voltage , v 1 
250 VDC , to be dissi pa ted in a resis t ive l oad

For Test

Pu rpose Onl y: Current , i i 
40 A

For Integration Voltage , v
2 

250 VAC , square wave with a frequency

with HV between 5 and 10 kHz;

Transf ormer :

Current I~ I I A , in phase wi th above square wave .o2 av

- 5 4-



Voltage Ri pp le v 1% of v
orm s oav

D u t y  Cycle d 120 second s “on” as a maximum ,f o l l owed

by 15 minu tes “off” .

2. The Power Circuit Design.

The lower limit for the composite efficiency of the converter and of the high

voltage transformer was , as a preca ut ionary meas ure , assumed to be

0.83 (45)
m m comp

The amplitude v of the square wave e which is imposed on the transformerx s a c

was estimated to be I 61

V
xa n e / 2  — (0.83)(300) — 250 V (46)

An a ve r a g e  current

Ii I — P /v — I 0~ /250 40 A (41)
l a y  o xa av

appe~ir ed I~e’ct’ssary in order to transfer 10 kW to the load .
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The peak to peak voltage of capacitor C 1

> I i  I T /c (42)
c l pp I av ok I

The vol tage

v > 2~ 
(48)

cl pp s

in order that the system operate properly E 6)  . I t  f o l l o w s  f ro m  ( 4 2 )  and

(48) that

C > 1 I T /2e = 40.50 10 /1200 2~ F (4 9)
1 l a y  ok s

wh ere

T . — 1/21 . = 50 - I 0 
6 

seconds
ok min

The series inductance

L
1 

= (T / n ) 2 /C 1 = (40 10 6 /11) 2 / 2 . 10 6 
= 80 pH (50)
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assuming t hat  1 61

T / t  -0 ot t

The size ot the output capacitor C is governed by the output current i ,

the filter frequency 
~F 

and the acceptable peak to peak output voltage ri p p l e

v . The node equation for the posit ive terminal of the outpu t filtero rpp

capacitor C. can be written as:

= i 1-i = Cdv /dt + ~ ( S I )2 c o co o

wher e

l
c the capaciter current leaving the above defined node

di /di 0 for purpose of estimate of C w i t h  the  understanding that

v ~‘ <  I .o r p p

From equation (51) follows that for a normalized frequency t = I /fl

v ( i- ) = v (0) + (I /C )(I—cosfr.2~ /ii ) (52)co Co 2 on

— 57 — 

~~~~-.. , ~~~~~~~~~~~~~~~~~~~~~~~~ • -
-— —‘-—-—-.-_-.-- . --—



i t

= 1
2 

s i n

C = f c / f
on n o  F

The maximum of v occurs  when ~ arc sin 2/IT , as found from (51). The
co max

minimum of v o c c u r s  when ~ . = 11 — arc sin 2/n
Co mLn

Intr oduction of these values into (52) yields:

v = v  — v  . (53 )
orpp Co max Co nun

v = (21 I c ){cos arc sin 2/n + (I!’) arc sin (2/n)—I } (54)
orpp 2 In

v .4211 /C = .4 2 1  n~i /2 C (55)
orpp 2 on 0 on

V
= .661 i /v C (56)

V 0 oav ono av

or

C — .661 i /v (57)
on o orpp

The per centage ri pp le pc of the rins value V o r r m s of t he output voltag e ri pple

is r e l a t e d  t o  the peak to peak voltage 
~orpp 

by

v = v /2~ 1~ (5 8)
or tins orpp
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Introduction of (58) into (59) y i e lds :

.661 i 102 24 i
C ° ______ (59 )

Ofl j
2~ 2 p c v  p c voav o av

where

pc 100 v /v
0 rms oav

F ur  i = I and pc = I
0

C = 24 10~~ (60)

The value of the actua l output capacitor is found by app lication of the

frequency transformation

C = C f / f  ( 6 1)
o o n n  F

where

f — the  n o r m a l i z e d  f r e q u e n c y  I / I T ;

= t h e  filter frequency of 20 kHz at full power.

‘rh e ‘ i t p u t  c hi , i r i cteri s tic wa s  calculated with t h e  use of equation (61) and

C ~/~~~20~ .04 pF (62)

A capacit o r value of 0.1 pF was chosen for that purpose for reasons of pr ac—

ti cal ly, to y i e ld an rms ri pp le of , approximatel y, 0.4  per cent at tul l  powe r

h e  ration .
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The idelized model powered from a rectified sine wave with amplitude 12

- was chosen in order to attain the above carried out approximation .

The input capacitor C. is calculated in an analogous manner , even though

the charge accepted by the converter is s m a l l e r  than the charge A K w h i c h

is processed by the converter within the same time interval T
k
. The input

c a p a c i t o r

C. (10
4/250) 2 

~ 64 pF (63)

The design of the system as a whole was , ba si ca l l y ,  oriented toward a very

generous interpretation of the 2 “on” 15 “o f f ”  minute duty cycle which was

stat ed in the general requirerm’~ ’ts (1) above.

3. ‘I hi e Powe r Capacitors .

The series capacitor C
1 

= Cl l+C 12 proce sses all of the resonant current i
1

The m s  Va l i e  
~ i 

i s g iven by I I )  ,I 61

i = f~. I ’  . ( 64)I m s  i I a~

The current form factor C . ‘
~ I .25 for full powe r conditions of operation (61

The val ue

- (I. 2 5 )  ( 5 0  — 50 A (65)
I rms m s
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Ib i s m s  ii rr ent is equally divided between capacitors C II and Ch 2 , re spec tmve~ y.

- l l ie  c u r r e nt  in c a p a c i t o r  C I I  i s  t h e n

i = i = 2 5 A O h )
l e t  rms 2 I niis ntis

Hi gh q u a l i t y  c ipa  i t  u r s  , ma de  of e x t e n d e d  aluminium foi I and Ixilvpro n\’lclle

diel e ctric material (Components Research , Santa Monica , CA) were used for

the indic ,it ed purpose. th e s e  oil impre gnated , I 500 VDC capaci tors are provid ed

with heave screw t yg e terminals to accomodale the above referred to currents.

Test of these c i p a c i  t o r s  i n d i c a t e d  a loss factor

tim ~ ~~~~~~ ( 6 7 )

tom test conditions ol  a current dci sity d. = 50 A /pF and a frequency of
is rms

50 kHz. ‘I’he power loss 
~dcs 

in the two series capacitors is a p p r o x i ma t e d  by

P ~
‘ (50) 66D/v~~) 2•I0~~ 4.5 Watts. (h~~)dcs

flu temp cratu i - c’ rise of these capacit or; which operate ,it ne q u a r t e r  ot  their

rating was unly a few degrees Celsius. The capacit ors weigh approximately 200 g

per unit. The power d e i i ’ -~ i ty d ot th e series capaci tor

d. — 
4~
(l.5 .I0 3

)
2 10

h1
/0.2 ‘

~ S.o J/kg (69)
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The o u t  ~
i 1 t  filter capacitor C f o r  10 kV D C consi  s ts  of f o u r  s e r i e s  e Iem c ’n ts ,

each rat t-d in excess  of 3 kV . Oil impregnated m e t a ll i zed f i l m  on polypr h iv le tie

wa s  used  t or this purpose (Component Ccsi irch ) . These e I e rn e n t s  of  t hi ~ . I

10 ~Vth capacitor wei ghed , approxim atel y, 50 gr inic l e t  or e  their p o l  t i n g  m l

one b l o c k .  The energy d e n s i t y  of t h i s  c a p a c i t o r  can  be des cribed by

d
eo 

= c /kg = ~ o .i .io 6• ~o
8,o Os = 10 ’ J/k g (7 0)

l i e  rms current

i 2 t , C v (71)
co tins F o or m s

or

= 2~~ 20~ I 0~~ I0~~~ 40 0.5 A (72)
co tins rms

T h e current density d.
0 

per micro{a~ ad i s giv en by

d . 0.5/0.1 5 Amperes per pF (73)

An ord inary l aboratory type capacitor is being used as input filter capacit or

fu r purpose of isolating the resonant circuit from the hi gh t requency impedance

c h i ~I r a ~ leri stic of the source of electri c energy, t h e  storage battery and the

suppl y lin es. The used capacitor has an electric value of 100 F.
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An tins current i . of approximatel yci tins

i 1/ 2  i 25 A ( 7 4 )
cm rms I nTi s rms

is accomodated by this 100 pF capacitor with a current density

d . .  = 25/ 100  = 0,25 Amperes per oF (75)

The preceeding presentation distinguishes clearly betwe en the energy densities

and the current densities of the series capacitor C 1 , the output capacitor C

and t h e  input capacitor C. respectively. Each of these capacitors has a different

function it a specific impedance level ,a specific frequency of operation

(10 or 20 kHz) and needs to be desi gned and d imensio ned , accordi ngly .

The constraints which are being imposed on the design of each of these capacitors

i re different and will , ther efore , y ie ld d i f f e r e nt energy densities.

5 . lhe Series Inductor.

Ito v alue for t h e  s e r i e s  i n d u c to r  L
1 
was determined in subsection 5.2. to

be 80 pH . The inductor was desi gned for continuous operation to allow the

necessar y time intervals for the investigation of the cxp erim ~~tal hi ghs v i t i g e

tran sformer. lh is indu ctor is , theref or e , considerabl y bulki e r than t ‘weded

to be fo r the ~peei fied duty cycle and , furthermore , be c a u se  of a d i s a Jv an t a g c c u s

inp ut voltag e V V S .  output powe r P ratio.
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The inductor was fabricated with the use of two Arnold molybdeniuin pern ialloy

iron powder cores , of toroidal shape with an outsidediameter of 5 inches and

a net cross—section of -. 0.8 square inches. The relative permeability ~~~ I4.

Two ind uctors were connected in series for simp lici t y ,  each with an inductance

of , approximatel y 40 pIt and a number of NL 
of turns

N L I IA B = 40~ 10
6.65/5. f4. l0~~ .O . 13 38 (76)

I l k f  c max

Length and cross—section of the wire for both inductor halves were adjusted

such tha t

1.4 length of wire in meters
R — . 20 mohms ( 7 7 )

T ac 58 cross—sect ion in mm

so t h a t  each inductor winding would dissi pate . appro>.imately

2500~ 2 0 I 0~~ 50 Watts (78)
I tins r ac

The factor 1.4 in equation (77) accounts for an estimated rise of r e s i s L i n c e

by 30 percent , due t o  the rise of the average temperature of the wind i ng by

up to 75 °C and for the ohmic losses which are caused by skin and proximity

e t t e c t s  i t  the operating freq uency of 10 kiiz.
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d e t  i i  l e d  analysis of t h e  t r a d e — o f f  a sp e c t s  f o r  t he  design ~ f t h i s  i n d u c t o r

~s p r e s e n t e d  h ie r c  . s i n c & ’  t h e  p r i m a r y  ob cc t ive of t I i i  s I t o t t  was to  dt ’m o t i s t  r a te

t h e  f e a s i b i l i t y  of a c o n c e p t , i n c l u d i n g  i t s  r e l i a b i l i t y  of p e r o t  l u l l .

5 . [ i c  I i v r  i s l u r s .

(Ole pair of thyrist ors , each ~ ith a current carrying capacity of ISO

a I rward and reverse blo cking voltage of 1000 VDC and an tins current tole ran e

ot 225 A was used . Iht e se th yris tors have a wafer of one i n c h  d i a m t e r ;  t h o i r
tins

conducti on is initiated by a center ring gate. The turn—off time is guar anteed

to he les s than 12 gsec. [or the appropriate back bias conditions for a1junction

t (nhh ie r at ur e i f  125 
i

f: . The rate of rise of the anode to cithi od o voltag e after

turn—ott has to  be limited to 1 000 V/psec. for the first 350 Volt rise and

then in succession to 500 and to 300 V/psec.

I i e sv  t h i y r i s t ir  c h i r a c t e  r i s t i c s  ap p e a r e d  unequa led  a t  the r ime of t h e i r  selection

f o r  t h i s  pu rpose  (1975). Newe r thyristors wit h considerably improved c h o r e te—

r i s t i i s  ire currently available. The described thy ristors handle , e a s i l y , the

50 A ‘nd peak voltages up to 800 VEJ C . The thyristors were attached t ’  un

dersized ciul p late s , jointly with their antiparallel diodes. Individual

RLC networks are being used to limit the rate of rise of anode to c,it[iode voltage

ii, approximatel y 200 V/psuc .

— 65 —



•1

— 66 -



p
6. System Construction.

The f r ame  of the powe r system consists of the aluminium cool p lates for

the semiconductor devices. These cool plates with vertical fins are inter-

connected by nonconductive materials. The assembl y forms a rec tang u l ar box ,

sh own in f i gure 13. Two 5” fans force air verticall y up thro ugh this rectangle

which is “crowned” by the two described inductor halves. The power assemb ly

weighs 10.2 kg with exclusion of the fans . Again , no serious attempt was

made to optimize the components or the associated structure.

The contro l electronics are mounted on two boards so that all components

w h i c h  are mounted on printed circuits are , readily , accessible. The electronics

are ener g iz ed by cl osel y reg ulated power suppl ies  at 20 , IS , — 10 and — 15 Volts.

The power f o r  that purpose is derived from a 11 7 VAC sing le phase lin e.

A l l  s i gna l s  which emana te from the power sys tem are conveyed by shi e lded

coaxial cables to the control electronics to avoid the intrusion of the dreaded

con~non mode effects into the high impedance circuits of the control electronics.

A carefull y eng ineered system of sequentially interlocking functions avoids the

penetr ation of faulty and spurious signals , which are even being anihila ted

after they would penetrate into the logic system . Analog log ic is used for that

purpose in preference to digi tal log ic because of a high level of rejection

of dis t urbances. A photograph of the control electronics is shown in fi gure 14 .

The assembled converter system is illus t rated in figure IS.
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SECTION VI

RE SU L~. d

A lead—acid battery was used as source of electric de energy for the test

of the converter. This battery consists of assemblies with ind ividual nominal

voltages of 96 VDC.

The test was carried out in , essentially, six steps. One of the above referred

to battery assemblies after another was added to p rovide the supply voltage e

in successive steps f rom 100 to 600 VDC for purpose of system check—out.

The output terminals of the converter were , initiall y, short circuited for test

of the converter with the average of the absolute value ~i of the reso—
I av max

nant current i
1 ; the converter was then powered from a 100 VDC source . 

Prop er

operation of all critical converter functions was verified for the above des-

cribed conditions .

A resistive load of 7.3 ohm was then connected to the “low volta -c ’ output

t e r m i n a l s  of a f l o a t i n g  f u l l  wave diode r e c t i f i e r  b r i d g e  w h i c h  s imula ted  the

p r i m a r y  w ind ing  of t r a n s f o r m e r  XF , ind ica ted  in f i g u r e  8. I t  means t h a t  the

ou t p u t  rectifier bridge , the output filter C and the load were , phy s i c a l l y ,

brought into the primary Circuit at the appropriate impedance level , for pur-

pose of systems check—out and test. The high voltage transformer with rectifier

bridge and filter for an output of 10 kV was to be connected subsequent to

successful chick—out of the inverter part of the converter system .
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The results of the low output voltage test are summarized in T~.bl e I. All

indicated value s are given in their average form . They are , therefore , desi gnat ed

by capital letters and thus related to the same symbols with lowe r case letters

in the preceeding text. Distinction is made between dc output power 
~odc 

and

Table I

TEST RESULTS OF THE 1 0kw CONVERTER

F I V I P P P I00~~ 100~~s s o2 o2 L s odc oac dc ac

VDC ASC VOC ADC ( ( h I M  WATT WATT WATT 7. 7. v/ p s e c .

100 2 . 7  4 1 5 . 6 1  7 . 3  270 23 1 248 85 .5 9 1 . 8  IS

200 5.Y 90 12.33 7.3 1180 1 1 1 0  11 37 94.0 96.3 25

295 9.0 137 18.76 7.3 2655 2570 1626 Yh .8 98.9 4))

~7S 15.3 11 3 Iu .5S 7.3 7 2 h 7  6812 hO !~ 5 9 3 . 7  O ) •  1 110

5e0 10. I ~5O 4 .: . h O  . ~ 1 1 2  1i I0525 I ( t h 5  I Y b . 5 44 .6 I ~O

t h e  ~ output powe r ~‘ ac 
An estimate of the ic output power is calcul ated

is follows :

P 1’ + 3 v 1 (79)
o Ii odc D o2

— 7 1 —



W1IC Ic

— the voltage drop (-. IV) in each diode of the output

re ctifier brid ge;

A factor three (3), r a L l i e r  t h a n  two ( 2 )  i s  used f o r  the  d iode  b r i d g e  p a i r ,

3 3 , in (70) to accontodate the switching losses at IC kHz.

I t  was n e c e s sar y  to l owe r the load resistance R
L 

from 7.3 to 5.94 ohm s when

i t  h i -cam e  a p p a r e n t  t h a t  the  six battery assemblies in series could not sustain

an input vol tage of 600 VDC but  r educed  t h e i r  output voltage to 560 VDC when

a l oad  I r r i n i  o f  20. 1 Amperes was d rawn . An ac output power of 10.65 ~-~W was

atta in ed a t  this p o i n t  w i t h  an e rfi ci enc y of ) .6 percent , as calculated f r o m

the t i-s t data.

The a b .  ~ g~ v, ,i t i- st d a t - i  a c  com p i r t h to  those  ob t a ined  by t e s t s  p e r f o r m e d

by t h e  i it r ai t or in a c rl l rt hlt n~i i v l y equi pped l aboratory . A pair of calibrated

with- hand w it tm~- ~~~ with a cut—of t f r e l p i en c y  o f  100 kHz and w i t h  an a c c u r a cy

01 ‘ ; e r i e ’ I i t  ot lii , l o t  1 si le value were used f i r  that purpose . Tracking ~ f

tht- t w w a t  t rn I.e r s  of t i ,  S t i e  i t b ~ e (~ 1,i r ek  , Hanbarg ) and t lie sam e t pc was

observed i n  b o t h  si li s ot t h e  s y s t em s  f o r  c o r r e c t i o n  i f possibl e errors. The

ri-SI dii. ! • 1 1  or  is eat tm at d to be less than (I . 2 percent



‘Iw o s et s  o f  dot i arc given in Table II. une s i t ot data w oo taken wi  t h ~ capa —

c i t r v . i l u i - s  of .02 h F in the dv/dt limi t inc network for each ii t h e  two

t h y  r i st  rs . U  li e ix m u m  r i t e  of r i se  was t h e n  I in i ted to

t d v / d t )  500 V/ ~~sec .  f o r  e 520 VDC (80)
max s

whic h is 30~ it the coiiie rned stress capability of the thyris tor , as stated in

subsection 5.5. The powe r loss P in both dv/dt networks c a n  then be ar
dv/dt

prox i rn a t e d  by

~d v / d t  
2~ (520) 2 ( . 0 2 . 1 0 6 ) 2~~I O ~ 108 W a t t  ( 8 1 )

Tab l e 2

s l L S T l)ATA W liii S JMPLF: AN O W I T H  \t’t;NtNIl :D dv/ dt  Nh I)~OkF~

C E 1 V I P 1’ P 100 •~ IO U ~ dvf dtd s o2 o2 s odc o ac dc ic

F’ Vi)C ADC V hf . ADC W A I T  WATT W A I l  1 V/ :si- c

1 .02 5.~0 2 1 . 7 2  248 4 3 .54 ! I .~9/+ 10798 10928  Y S .6 96.8 501)

0. u ( 520 21 .70 2 4 3  4 3 . 5 3  11284  10578 10708 91.7 94.9 160
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Th e Ii rst set of data in Table II give s the test r e s u l t s  w h i c h  we !’- obt ai ned

wi t h i  a “ l i g h t ” dv/ d t — n e t w o r k  t h a t  c o n t a i n e d  a cap ic i t o r  Cd 
. 1)2 ; -F .

The dv/dt networks were then augmented for purpose of preernting any adverse

effe i on the thyristor opera t ion  t h a t  cou ld  be caused by a c o n d i t i o n  ot  re-

sonance between the parasitic effects of the source , the battery, the supp l y

lin e and the input filter capacitor. Such a condition of resonance could cause

added vol tage overshots to the input filter and with it , more severe voltage

stresses on the thyristors.

These augmented dv/dt—networks inc lude capacitors C
d 

= .06 pF , which have three

t imes the “n ormal ly ” needed values. The added power loss 
~dv/dr 

w h i c h  is  caused

by the increase o f C
d 

fr om its desi gn value .02 ~iF for the full powe r operation

refl ects itself in the data of the second line in Table Il:

~dv’dt 
+ 2~ (560) 2 .04 . 10 6 .2 . 10 4 250 W a t t  (83)

The concern about possible overshots for the above described reasons appeared

unfo unded .
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The “heavy” dv/dt—networks proved to be the most noticeable hot spot of the

which was constructed for the 2—1 5 minute duty cycle. Even though , the syste

could be operated continuously for 30 :it tes without damage to it.

The capability of the system to operate for lengths of t ime beyond the presc

duty  cycle proved welcome during the prolonged tests which were associated w

the development  work of the high voltage transformer. This high vol tage tran

former with its rectifier stack was integrated with the described converter

w i t h  the hi gh vol tage filter . The therewith associated voltage divider was i

t eg ra t ed  w i t h  the control electronics and operation of the thus integrated s

established. The short circuit capability of the system without damage to it

and without even blowing a fuse proved invaluable for the integration work.
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SECTION VII

CONCLUSIONS

I . The Demonstrated Technology

The feasibili ty of a highly reliable and ligh t weight multikilowatt dc converter

was demons trated . The characteristic operation of this type of converter allows

internal operating frequencies in the order of 10 kHz. This internal frequency

which is attained with available components exceeds the “state of the art ” of

converters with these power capacities by more than an order of magnitude.

The hi gh power frequency reduces weight and size of apperatus by approximately

an order of magnitude over the state of the art with the added features of

(a) voltage control capability , (b) active filtering according t o  the needs of

source and load , and (c) performing necessary functions of stabilization.

The hi gh degree of efficiency (up to 977. for the inverter) which is , almost ,

inherent in the presented type of converter adds to its reliability and reduces

the need for elaborate and heavy cooling mechanisms . The high degree of re il i

~~ lity is em p h a s i z e d  by the converters capability to endure r e p t- itedl y t h e  sud-

denly ui curing shi rt circuit conditions at its output terminals.

The t i t  i r e  of resonant type internal circuits allows the use of any fast switching

elements , such as conventional or CATT 1 1 4 1  th yristor s . transist ors , spark  gap

t r ig g e r e d  v a c t i u t t i  t ubes  and ri-l i t  ed dev ices  a t  c o n s i d e r a b ly h i ghe r r e q u e n c ie s

than othe rw i Si- at  t a i noble
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There is no appearent indication of an upper limit for the power level of

the presented system . One of the key elements is the current carrying capa-

bility of the switching elements. The converter technology is , usually ,

developed around the therewith imposed limitations .

2 . Swi tching  E l e m e n t s :  Available and in Development.

The intr oduction of a high power frequency concept into the high power (MW)

conver ter desi gn has had a major  impac t on high vol tage transformer technol ogy

and led to a drastic improvement of transformer power density 1 151

The continued improvement of fast switching thyristor technology seems to

inc rease  the e x p e c t a t i o n s  in t ha t  d i r ec t ion  whe re a few years ago there  were

only  specu la t ions  based on exp l o r a t o r y  work in i t s  e a r l y  phases . A powerf ul

fast s w i t c h i n g  t h y r i s t o r  of t he  GATT type 1 1 4 )  has , re cen t ly ,  become available.

This th yristor has forward and reverse voltage blocking capabilities of — I k V ,

a current switching capability of I kA and a turn off time of 10 usec.rms

with out and of 5 hsec. with assistance in the gate turn off process. These four

t e r m i n a l  d ev i c e s  have a “ snow f l ake ” type gate structure ; they are mounted

inside a “hockey puck” frame with relativly large double side cooling areas .

Further development of those devices to hi gher blocking vol tages such as -~ 3 kV

a p p e ar s  more subject to the expectations of a lucrative market than being impeded

by seri lis physical or technical limitations . The 2.6 kV thyris tor for 900 A rms

wi th the inner ring gate is , pres entl y, used in installed equi pment for high
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vol tage dc (HVDC) transmission lines up to 1.4 GW . The above cited fast

switching transistor can be viewed as derived from the ~r iL- r ring gate

thy r i s tor by app licati on of the “snow flake ” structure. This development

can be , also , viewed as a first step toward the fast switching mu lt iki low att

thyristor in the context of multirnegawatt ac to dc conversion and its converse ,

involv i ng hi gher in te rnal f r equenc ies 1 31

It is believed that it should be possible to construct a one Ml,! converter

with the employ of six sets of presen t ly ava i l ab le  thyristors in full brid ge

configura tions 1 81 . The number of thyri stor sets would not be affected by the

input voltage or by the use of one half or full bridge configurations in the

converter. Yet , the apparen t ly ongoing developmen t of these thyris tors toward

a 2.6 kV blocking voltage could cut the number of needed sets from six to two

for a megawatt converter.

The triggered spark gap switch appears to hold the promise to perform the

switching function within its limited life span for appreciable currents and

blocking voltages 116 1

3. Capacitors .

The brief analysis of capacitors requirements contained in subsection 5.3.

reveals the necessity to differentiate between the functions of these capacitors

and the therewith associated needed indivudual characteristics.
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The main  three  functions of these capacitors which are i sed as input filters ,

is series c ap a c i t o r  and as o u t p u t  f i l t e r  d i f f e r  in  ( a )  impedance leve l and

(b) rut s current carrying capacity per microfarad . The above named two cond i-

tions (a) and (b) have profound effects on the app lied technology in terms of

thicknes s of the dielectric material , current capacity of the “p Iatc~ ” ~‘hich

are imp lemented in the form of metallized dielectric or solid foil and the

type internal and external structure of the current carrying terminals. Thesc

effe cts translate themselves , necessarily,  into different energy densi t ies d
e

for each of the above named three functions , depending upon the applied maximum

volt age v , the current density per microfarad d. and the concerned fre—c max

quency of operation .

Zero order approximations can be obtained by extrapolation of the capacitor

weight for larger converters , by use of a differen tiated approach as referred

to above; simp lifica tion of this process by referral to indiscriminate energy

densities of capacitors would yield less than that.

The series capacitor which was used for construction of the presented system has

an energy density d of 5.6 J/kg , as g iven by equation (69). Yet , the usable

part of this energy density d
es max as limited by the current density d. of

the same capaci tor is 50 A /HF as cited with reference to equation (67).

The useful energy density is calculated from

d = 1/ 2 (v . ) 2 10 6
/0.2 (84)es max Ct. max
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in analogy to (69). The peak voltage amp litude

/2iTf . C (85)
cl inax cs rxns max 1 s

where

C5 1 iiF

i — 50 A at 10 kHz.
cs ruts max ruts

The useful maximum capacitor amplitude thus become s

70 10 6 / 6 .2 8 . 10 4 1100 V ( 8 6 )
ci  max

The useful energy density in (84) is then given by

d = 1/2  ( 1100 ) 2 Io
_6
,o.2 3 .1/kg . (87)

es max

This relativly low energy densi ty emphasizes the need for a departure f r ( m

vi rsimplifications of this matter. Yet , the impact on the converter technology

i s  no t as significant as may appears on the surt~tc t . The capability of this

capacitor to trans f er electric powe r ~~~ in a 10 kHz s i s t e m  is give-n by

P 1/2  v 2 C 11 12 kW (88)
Cs i -h m ax a
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I.
The power density d of this type of capacitors is thus

d = P /kg = 12/0.2 = 60 kW/kg (89)
p5 cs

It means that approximately 16 kg of the currently used type of capacitor

is needed for each MW of a series capaci tor power converter , or approximately

.035 lbs ./kW.

The size of the output capacitor depends on the permissible output voltage

ri pple. In the case of the presented converter it was shown that for an output
—2

vol tage ripp le v
or ruts 

= 0.4W 10 V it was necessary to apply an energy

Storage  r a t i o

L /~ = 5/0.3 16 (90)
0 S

where

Cci 
~ 0 .1.10 6.10 8 = 5 Jo u les , the energy stored in the outpu t

filter capacit or C ;

= 2 . 10 6(550) 2 0.3 Joules , the peak energy stored in the

series capacitor C 5 = C
1 

= 2 ~F

550 70/6.28.104.2.10 6 
= /T i /2~rf . C

I tins a 1

_______  -~~~ ~
11l

- 
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The ratio c i i  in (90) can be changed as a function ,~~

i f t  = 6 4/ 0 . 1  k ( 9 1 )
O S  C

where

= a constant which indicates how many times the output voltage

ripp le can exceed the value of a 0.1 per cen t rms r i pp le.

The relative weight ratio

W 1w = (C /d )(d It ) = 16(.75/100) = 0.12 (92)T T o eo es s
0 S

where

W
T 

— the needed weig ht of the output filter capacitor C ;

the needed weig ht of the series capacitor C
1

T
S

0.75=~~I/4)3 — the maximum energy densi ty of C
1 

for an amplit ude

of 550 V , thus one quart of d in (87).es max

The relative weight ratio (92) depends in each case on the chosen value

of k in (91). The numbers used in (92) are based on the materials of the

cons t r uc ted mod e l which , in turn did only partially use the powe r capacities
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of the used components. The output capacitor was designed and constructed

for the specific purpose for which it was used . The series capacitor C
1 

was

used onl y at one quarter of its energy density des max g iven by (87) and

employed only part of its peak energy storage capability d
es 

= 5.6 J/kg

given by (69). If all of the available energy storage capability of C
1 

had

been used , then

(W IW T 
) = (5/100)(5.6f1.2) 0.32

T
0 max

It means that the weight of the output filter capacitor could become com-

parable to that of the series capacitor , even though the energy dens i ty

ratio d
eo/d

es 
of the two types of capacitors is approximately 100/5.6 18.

The necessary derating of C
1 

was left out of the consideration for purpose of

simplicity at this time .

A similar situation arises for the input filter capacitor C.. The ratio (93)

is (a)  inc reas ed because of the lower inpu t vol tage level e
5 

and (b )  decreased

beca use of the , probabl y, less stringen t input current ripple requirements.

All functional requirements will have to be known before a meaning ful pr ediction

fo r the weight of a large converter can be made. It is the pu rpose of the above

argument to tii gh l i ght the dive rsity of considerations which concern the

converter design and to develop the concerned teihnelogy .
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-i . ~1agnetics.

The hi gh frequency converter with its present base line at 10 kHz made a

dr astic reduction of weight and size of the power transformer possible ,

t h us opening the road to a reliable light wei ght converter for power transfer ,

control , active filtering and dynamic stabilization .

The series inductor L
1 
and the dvfdt coils should be given continued attention

for purpose of further increase of their powe r density , even though the system ,

as described her e, is feasible with app lica tion of existing materials and

techniques. The above referred to attention should be , pr i ma r i l y , direc ted to-

ward the development of new concepts for magnetic energy storage with the use

of existing materials. Superconductivity should be excluded from consideration

of freq uencies in excess of ID kHz. The above referred to concepts are dis-

ti nguished from other more conventional , attempts to attain higher energy den-

siti es by the application of cooling methods . A study on how to reduce intrin-

sically the dissipated heat per Joule of stored magnetic energy should preceede

a “cooling” study, which should , indeed , be used to cool an intrinsically

more efficient process.

5. Gene r i. l Recommendations.

It appears productive for the purpose of yet higher power densiti es

to turther increase the internal frequencies of d converters . Present semi—
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conductor technology may allow frequencies up to 20 kllz at the MW level with

use of proven circuit concepts , as the one presented here .

More advanced c irc ui t concep ts may allow the app lication of even higher fre-

quencies with existing components and materials 1 171 .

The interface requirements of the converter with its intended source and load ,

respec t i ve ly ,  can add considerabl y to strengthen the purposeful direction of

the power converter development.

The US semi conductor industry should be exhorted and supported in a drive for

fast switching thyristors with large power capacitors to secure the capability

for construction of equipment for long life operation .
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