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ANALYSTIS AND DESIGN OF STATIC POWER CONVERTERS
WITH RESONANT HIGH FREQUENCY LINKS
. ’ \\
V.T. Ranganathan, Ph.D. '
Concordia University, 1983 -
.7 High frequency link schemes for dc-dc and dc-ac power

conversion, employing a resonant inverter as the link, are

. . ¥ .
investigated in *this thesis. - The inverter configuration

consists of a series.resonant LC circuit 3\71;}2 the }oad
connected across the resonating capacitor. A technique is
devneloped for steady-state analysis of the inverter when
feeding gonverter loads. Sim;le’ clesed form solut':ions

are obtained fdr the operating point of the inverter unfer

both forward and regenerative, power f£low conditions.

{

! the resonant inverter are’considered in particular.

Lo '

The following power conversion schemes incorporating” '~
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A de-dc converter consisting of the inverter feeding/

3.
an uncontrolled rectifier load is investigated. It is
. : ¢
shown that the output voltage can be regqulated by varying

the inverter frequency. Converter performance “i ¢ obtaine

* W
using the results of the analysis and a design pro"t:edu‘xie

3

is given.,
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A four qﬁadrant conyverter, in which' the two fuhctions

a

re performed ‘in a single !

o . T 1

of inversion and. cycloconversion

. ‘ LI -
stage,’ is developed using the inverter. The load current

is made to follow an external ref signal by control’-,

ter. - :
/

ling the on/off times of the inve

N ‘o , ¢
Y . ‘ ’ { @
: dc-ac power conversion tec which utilises * o

- B »

two resonant inverters as twin high frequency links is . ' ‘
developed. The two inverters operate at frequéncies ‘'which "
‘differ by twice the required low}‘output frequency.s The i 1(

difference between thelr voltages is then a hJ_gl; ¢

S e e g T

Erequency wave enveloped w1th1n a SanSOld at the lqw N ot

© Low frequency output is obtaméd by a

\ h
o r
process of cyclocomvers:.o‘“.r:ns which the modulation i's -

-

output frequency.

il "~

- ¢

incorporated in the input vgltage instead of the switching.. h
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% To ‘fa0111tate under/,s.q\gdlng and\appllcabz.llty of )

L)

severalfdesign examples are >
W | . !

?o - g

the analytlcfal results,

-
? presented. Also selected precH(’:ted resu.rts are verified °

. - — - - —

experimentally. -
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CHAPTER 1

'

“ INTRODUCTION "
e . ‘

1.1 Introduction .

‘o 1
o

The advent.éf semiconductor power switching dév;ZéR
.and the consequent developments in éower converter circuits
has led to widespread use'éf static power conyersion. '
Electromechahical means such as motor-generator sets, tra-/!
ditionally employed to convert electric power from/oﬁe form
to another, such as for example, from fixed frequency fixed
voltage ac to variable voltage dc or variable frequency
variable voltage ac, have been largely réplaéed by static
eqguipment. Static power conversion offe;s several advaﬂ—
tages, suc¢h as ease of installation and mgintenance of -
eqﬁipment andrlonger life due to absence of movingAparts.
Various funcﬁ%onal feathres such as output voltagifpontrol ‘

and regulation, and oﬁtput frequency control can be easily

incorporated in the static power conversion process.

\
Among the various conversion processes, conversion of

power starting from a dc voltage source is of considerable
| . .
pr%ctical importance. Variablg\irequency inverters
g

L

operating from a constant volta dc supply find widespread
'application in adjustable speed ac drives. The same

'appr?ach is used in constant frequency general power supplies.

k.
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This is -especially. true of uninterruptible power supplies

for critical equipment. The standby power source in such

applications is usually a battery and the use of -a constant

voltage dc intermediate circuit bécomes essential.

Fig. .l.1 shows in schematic form 5JQESt1c powér conver-
sionxarrangement‘th;this widely gmpfgyed for ac-ac conver-
sion. The input ac is passed through a 60 ‘Hz transforagr,
which provides isolation and voltage matching. The ac is
thén'rectifiéd to create a constant voltage d¢ stage.

The dc is thén converted into the output Ac using. a Sﬁﬁtic
inverter empldying forced commutation. ?his is termed dc

4 A /
v 13 4 .
link. power conversion.

The inclusion of a highﬁfrequehcy stage in such a
power conversion scheme can yield several attractive

features. Fig. 1.2 shows in schematic form an ac-ac

. conversion arfangement with a high' frequency link. The dc

voltage, instead of being directly inverted into the low
outéut é;equenéy, is first inverted intovhigh&frequency,ac.
The low 6utput frequgncy is then obtained using an;ac-ac
copveiter.K.Thié‘converter uses ghe high freqﬁency ac
véltége for commutation and dées not require forced
commutation. :&‘

v Wy
e .

The high frequency in'the'pfesent,coﬁpext is of the

Qrder of a few KHz, With such an arrangement,.isolation'

and voltage: matching can be performed 'at the high frequency,

R

T il

:
R

el

a2



Rl R

[PUEE————— R

‘ - L 4 I 4.‘, -
- LY
*
-3 -
o \ ‘ a . \
|
« r
<
1 "\ .
. - - DC
- AC %E Rectifier - . Inverter AC
input 3&_ - : output
) 60 Hz .
- transférmer .
Fig. 1.1 Static ac-ac conversion scheme ‘
N with' dc Tink. C
LY ’ !
; \ /
- - 4
3 - d ?
A4 o
I ._
AC DC High HF ac-ac | ac . ‘
Rectifier frequency » - Converter outpu o . “
H . w .
2 input inverter ) . ‘
) High |
- frequency N
. transformer . . s
W ’ '
Fig. 1.2 Static.ac-ac conversion scheme.
_with high frequency link.
o . , e -’l
. v . -
" . . .
o 4 .
» : -
\ . B ’ ~
A \) -
hand r ' a [y
- \ N *
: l 4 R .
' g .‘ 0 ‘
' ’ '_ B - |

ek i ik A Bk VM3 L RVTEEe v 3. 2l s R e o e s




S

~ .

;"

5\

i
f . . -

1e;ding to considerable reduéﬁ%én in s;Ze and yeight of .
ééhipment. The highffreéuenéy also results in reduced
size-of other magnetic and reactive components such as(
filters. A further significant adﬁéntage of a high internai
p :

frequgncy is thgt the converter ﬁgs an increased Speed‘og'
response. Cdnsequently the use of high frequency links -
in power conversién is of~goﬂéiderable interest. Recent ‘
adbances in'device téchnology havglrééulted in the avail-
ability of switching devicés with very low recovery times
and this has led to renewed interest in the utilisation of

such high frequency capabilities.~--,

In order to realise the high frequency link, resonant:

inVerters are the natural choice. Such inverters. produce

a sinusoidal output, which is necessary for feeding the output

AN .

converters employing line commutatdion and phase control.

They have avsimple circuit implementation;andt?m commutation

- results naturally from the circuit operation. They:'are

. especially well-suited for high frequency operation. Due

[

to ﬁ%e smooth voltage and current waveforms inherent in !

resondnt tircuit operation, such inverters cause raduced

electromagnetic interference, a factor which is-assuming

increasing importance due to the widespread use.of"
. , .

switching converters.
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' :Fig. 1.3 shows single-phase half-bridge veréions of
two.possib%e resonant inverter configurations operating
from a dc Voltagé source. Both inverters have series
resonant inverter circuits conneéted at their output.

They both rely on the resondnt reversal of current for

‘éqmmutation. - The difference between the two configurations

arises from the manner in which the locad is connected to

< the resonant circuit. 1In the inverter shown in Fig. 1.3a,

the load is connected in series with the resonant LC

circuit. In this casé the load sees the inverter as a

current source. In the inverter in Fig. 1.3b, the load is
connected in parallel to the resonating capacitor. The |,
invertgr therefore apbearé to fhe load as a voltage source.
For general power conditioning app%igétions requiring a
regulated ;utpqt voltage, the voltaqe.source configuration,
of Fig. i.3b is the more compatible of the two. The use

of phis configurétion t; obtaig a variable high frequency
link leads to different techniques and circuit configura-:
tions in dc-dc and dc-ac power conversion. This thesis

is concerned with the investigatf%n of such conversiqﬁ

methods.

1.2 Review of Previous Work

. r—

The use of a high fréqueﬁcy link in power conversion
[0 .

has been suggested in the past in comnection with various
applications. The concept was considered in the Soviet
X N
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literature for traction applications [1], [2], for driving -

high power ac locomotives supplied from a high voltage dc

iine. A high frequency link system can be used in such a
situation to achieve voltage transformation and obtain
manageable transformer'sizes. In the absence‘of a high
frequency link, very large transformer gizes would be
necessary to. accommodate the low frequencies required

for starting. |

. . : N

The power converter cascade conéisting of a dc-high

frequency ac inverte; Followed by a cycloconvertér is
referred to as a cycloinverter [3]. The use of cycla-
inverters for power conversion from fuel cells for
faerospace aéplicatipné was proposed by Lawson [4]. sSize
and Qeight of equipment are of critical impofgance in

N

such applications and so the use of ﬁ‘gh frequency‘power

- conversion is attractive. N

Nishimura et. al. investigated a pulse-width. controlled

& Rt e

e

B

ek ARG . B o T AN

P

.

cyc;qinverter and used it to con£r61 the exciting current
~of7an induction generator [5]. The'Cycloinvertér in this
case consisted of a parallel capacitor commutated sqqar;-
wave high frequency inverter;the inverter‘voltage pulses

are selectively allowed to appear on the output lines by

the. cycloconverter switches. Output voltage control is

[

B IR eI 4



achievea i:y dropping or including pulses. Sipusoidal out-
put is obtained by filtering the discrete pulses at the

‘output .

An inverter-cycloconverter system was proposed by °
Bourbeau for synchronous motor railcar propulsion [;S] .
In this scheme, a three-phase resonant invert;er is coupled
to a three-phase three pulse cycloconverter by means ~of
series coupling capacitors. The systenm is ;Jsed to supply
a contro}led current to ti'me synchronous motor; the current-
is controlled by varying the frequency of operation of the
resonant inverter. The ‘high frequency currents are also
used to provide excitation for the field of the synchron-
ous machine thr‘ough av current t'ransforme;, the field
current thus beihg made proportional i:o the armature

current,

A dc-dc conversion scheme ‘utilising a series resonant
inverter as a high frequency link was proposed by Schwarz
[.7], [81,19]. The rectifier load is connected in sei:ies.
with the IC resonant circuit. The converter therefore
possesses the characteristics of a current source. Current
is regulated by éontrollinz; the frequency of operation
of the inverter. Although ac output can be obtained
using anti-parallel output converters [10],[l1l], such

arrangements do not employ straightforward cycloconversion -

»
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technigues. The reason is that, the .output converters,

being connected in series with the resonant circuit, see

e el e SR ¢ ALtk Mnk, SR

a high fregquency current rather thn voltage.

McMurray investigated an electronic transformer !
utilising a high frequency lilnk [12]. 60 Hz ac input is
chopped at a _high frequency of about 10 kHz using a
thyristor series inverter. ‘The high chopping frequency
results in a reduction in-the transformer size. The 60
Hz waveform is reconstructed on the secondary side of
the transformer by ft;r'ther thyristoer switches which are
operated in synchronism with the switches on the primary
‘side. Thus the input and output are at the same frequency
and the system is primarily envisaged as a transformer.

The link again acts as a high frequency current séurce. |

% ]

Bedford proposed a family of power converters em-
ploying a high-frequency link, for supplying power to
loads such as ac motors [13]. The link is constituted by
a parallel resonant LC tank circuit. Typicaily, with a dec
input, the tank is excited by an inverter. The inverter
is operated at a frequency slightly abo;\re the resonant ; T
frequency of the tank, so. that the tank impedance is ‘ f
effectively capacitive. The tank therefore draws
leading current and provides cc;mmutation for the inverter,

. The output converter is a cycloconverter or phage—controlled

.
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rectifier which uses the tank voltage as its input.

- 10 - . :

\

By increasing the inverter operating frequency, additional
leading kVA is obtained for commutating the inverter under

conditions of increased loading. The inverter operating

..
N .

\

frequency is thus mainly used to adjust the commutation
margin [14], and regulation of the output voltage is.
achieved through phase control in the output converter.

For ac input, the inverter is replaced by a cycloconvefter.

IS

. The control and potential performance of this type of

system were inVestig'ated by Bose and Espe"lage (15].

The use of high frequency links has also been

.

- A
‘considered for high power utility applications. Gyugyi

et. al. investigated z;high frequency 1in}< scheme for
applli'catid_hs such as interconnection of power systems
[161,[17]1. In this case, the link consists of a three
phase parallel LC tank circuit, excited by a separate
c‘rrent—fed inverter. The tank voltage is then usc;,d to
provide commutation means for cycloconverters which handle
the main power flow between the two systéms being inter-
connec’:ted. .8ince the cycloconverters depend on the link
voltage for commutation, their operation is not affected
by fluctuations or transients in the 1line voltages. The
scheme allows control of the power factor at the interface

to the power systems. In terms of anticipated cost, it

appears to compare well with more conventichal systems[16].
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It promises to be a potential alternative in such

utility applications.

High-~frequeney link conversion schemes have been
proposed ;Eor interfacing solar cell arrays to the ‘ac power
line. The small transformer size resulting from high
frequency operation makes this arrangement attractive ‘_ -
[18], [19]. Considerations of weight and size are of
majo'r importar;ce in on-board pov;rer supplies for'vehicles.

This is another area where the potential offered by high

frequency links has attracted investigation {20].

Thus high frequency lirik power conversion has been
.
cqysidered- for a number of applications. Such schemes
generally involve an additional stage of power conversion.
Therefofe, for very high power utility applica'tions,
3

extensive investigation will be required before their
credentials are established. For powexr levels up to a . .
few tens of kilo-watts, however, and especially in
applications requiring light weight and small size of
conversion equipment, such as auxiliary vehicle power , .
supplies, high frequency links are attractive. Their
aéceptance has also been accelerated by recent improvements
in power semiconductor te;chhology, which have resulted in-

creased switching speeds for power thyristors.and also in

continuing improvement, in the power handling capability of

i
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transistors. The technigue of high fregquency conversion

should therefore find increasingly widespread application.

4

| '
: ’FJ 1.3 Scope of the thesis:./ ] °

o+

In the context of power conversion s;:arting fro;n a
dc volta’ge source, high frequency inverters are necessary -
to realise a high frequency link stage. The circuit of
Fig, 1.3b is a very simple inverter realisation and .
sati,sﬁies many of the reguirements in such an application.
This thesis investigates the performance of the inverter
of Fig. 1.3b when it is used as the 1link inve}“ter.in
high frequency link schemes and presents techniques of

dc-dc and dc-ac power conversion using the inverter as

a high frequency link.

A comprehensive steady-state analysis of the invetter
is developed in Che;ptei' 2, with the load on the inverter
being a phase—controlled converter, as is the case in high
frequency link schemes. The analysis leads to a closed form
solution for the operating point of the inverter, u;'lder
conditions of lagging-as well as leading conrtrol angle in
the phase-controlled converter and for both forward and

reverse power flow. Losses are not considered in the analysis,

In chapter 3, the performance ‘of the inverter with an

»

uncontrolled (diode) rectifier 1load is obtained using the



L

analysis developed in Chapter 2. The results are used to
characterise a dc-dc conversion scheme using the resonant
inverter as a variable high frequency link. Regulation of

the output voltage by control of the inverter frequency

. " is'explained. ® W

——

N
In Chapter 4, the use of the inverter circuit as a

current-regulated four-quadrant conversion arrangement is
described. Thisqarrangement includes the composite
functions of inversion and cycloconversion in a single

-

stage. '

In Chapter 5, a dc-ac power conversion scheme, using

<.

two high frequency links is developed and the phenomena

~

associated with power flow are analysed.

The'different conversion techniques are confirmed
experimentally using laboratory breadboards. Design

guidelines are provided for selecting components.

a
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CHAPTER 2
STEADY~-STATE ANAEX?IS OF THE HIGH FREQUENCY INVERTER .

2.1 Introduction:

The high frequency inverter configuration of Fig. 1.
3b is redrawn in Fig. 2.1 and shown feeding a converter
load. The inverter was originally develoéed to supply high
frequency sine-wave power to ac loads [211]. Analysis of
the circuit then has to take into account the fact that
the time constants. of the load across the resonating
capacitor are of the éame order as the period of inverter
operation. Consequené&y; a closed form solution for the
steady-state operating point of the inverter is difficult
to obtain. . The technique conventionally employéd is to
represent the behaviour of the circuit b§ the géverning
simultaneous differential equations. These equations are
then npmerically'solved using the digital computer. The
solution is allowed to proceed through a number of transient
cycles until the steady-state is detected by nofing'matching
end conditions. [21]. The results of such an analysis are
tabulated for different parameter combinations in the ‘
inverter and used in designing the inverter.

‘ g

When the inverter is used as a high frequency link

stage in dc-dc or dc-ac power conversion, however, the

A h gt 3
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loading on the inverter is different from the situation
considered in the above analysis in several respects.

For example, the link inverter ‘can encounter regenerative °
loads. Typically, this situation 6ccurs in a de¢-ac
conversion process, because the reactive portions of the
low frequency out;put cycle are reflected onto the inverter
as a regenerative load for several cycles of inverter
operation. This condition cannot be conveniently handled
by ‘the conventional analysis. There is a further motiva-
tion for adopting a different technique of analysis. In
link applications, the lcgad current, whether dc or ac,
varies at a rate very much slower than the operating
frequency of the inverter. Therefore the load current
reflected onto the link inverter by the output converter
of the link scheme is essentially a square wave. This
fact can be utilised to provide considerable simplification
in analysis and leads' to an analytical solution for the

steady-state operating point of the inverter.

A steady~-state analysis of the inverter is therefore
developed, in order to obtain ‘the operating point of the
inverter. The parameters which give rise fo a particular
operating point are the circuit component values, operating
frequency, magnitude of the load cu.:crent reflected onto the
inverter and the phase angle of this reflected load current

with respect to the link voltage. The steady-state is

characterised in terms of the capacitor voltage

e .

:
i
i
i
i
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and inductor current at the beginni.i'xc:; of an operating cycle
of the inverter. Various other quantities of interést',
such as the commutation margin, the current carried by the

senmicponductor devices, the Jgink voltage etc. can then be

derived in a straightforward manner.

2.2. Basic Inverter Circuit: !

v

AL
’ .'Th‘e’/‘basic circuit that is considered in.the a'nalysié

is shown in Fig. 2.1. The inverter has a half-bridge

configuration, with a centre-tapped dc source. Other versions

such as a full-bridge or cent”(:jtapped load are aiso péssible.

The analysis can/be easily adapted to such alternative con-

figurations. "Thz/erefore the half-bridge configuration is

. considered thro ghout.. Thyristors are shown as the power

switches. " Othe switching devices such as power transistors

can equally well be emplé;yed,' although in that case the

commutating' ab;i.lity of the resonant circuit is no 16nger a

crit‘:ical'facto . Thyristors, because of their many attract-

. ive characteri,fs'tics such as ruggedness and ease ofA gating,

|

"enjoy a domindlnt role in power conversion. Since the

‘resonant circdit configuration considered here results in
v i . .
the thyr§s¢tors' being commutated naturally, it is particularly

well-suited. for thyristor inverters. Therefore thyristors

"with low reco,‘very times are used as the switching elements

(

in'the ‘inverté&r throughout this thesis.
, L

‘
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2 o The semlconductor elements in the 1nverter con51st of ;
- * PR

the two thyrlstors Thl and Th2, accompanled by Ehelr respect—

\:,z:

o

ive feed- back dlodes D1 and D2. The inverter feeds a series 5

IC circuit. Typlcally, ‘for inverter frequenc1es of the

Y ) order of a few kilo-hertz, the inductor is of the order of
"a few tens of microhenries and the capacitor.of‘the order

. - of a few microfarads. The voltage across the capacitor is

used as the output of the inverter, i.e. the capacitor
voltage is the link voltage. The load on the inverter is
- ' _ the output converter consisting of the four switthes S1 to

m S4, the typical situation in a link application. 1In a dc-=dc

conversion' scheme, for example, the output converter will be
N .

a’'rectifier (controlled or uncontrolled), whereas for dc-ac ‘s
. L ; |

conversion, it will be.a cycloconverter. The .polarity con- K
o . N o Cow
ventions for different circuit guantities such as capacitor

~VOitage, resonant current in the inductor and the load

A

. purrént reflected onto the inverter by the output converter

~f o o L : ;
° are established in Fig. 2.1. , L -

Jr

’

~ Auxiliary circuit elements, such as.di/dt limiting

N 1t L »

reactors, snubbers and possible dc blocking capacitors are

»

N not shown in the diagram. Yrheir effects are not considered
in the analysis, which concentrates on investigating the - -, ‘
" ,effect of various power flow conditions on the steady-state

. ' c o Ty
operating point of the inyerter. Losses are also not considered. A

[
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.'wavefgiyi This waveform is of course not purely sinusoidal,

v . 1
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2,3 Operation Under No-load:

] “

In order to follow' the operation of the inverter, it
is héapfui‘as a firsf step to consider the operation under
no-load i.e. with the output'convérter disconnected in
Fig. 2.1. %ssuming that there is no initial voltage across
the capacitoi and no initiai current in the inddctoqr‘a
resonan@ pulse of current flows in the LC‘cirQuit on.
firing Thl. The waveforms of the cﬁrrent and the c;paciéor
vdltage are shown in Pig. 2.2a.. When the current reverses,
it flows threugh the aiode D1 and thyristor Thl is reverse
biased by the Qoltaq; drop across the diode. Similar
phenomena occur in the lower half of the circuit when Th2
is f}red.

In Fig. 2.2a it is assumed that the éime T, between

the instants at which Thl and Th2 are fired is greater

Y
than the period of oscillation T=2m/LC of the LC circuit.

;in this case, the current pulses in the uﬁper and lower

halves of the circuit are separated from each other. If
now the interval T_ . is reduced and made equal to T, the

th current pulses join to produce a continuous wave. The

IS

capacitor voltage pulses also join to produce an ac voltage

A Y
the positive and negative halves being described by the

function  }-coswt, where w=1//LC. - This mode of operation

/
4 *
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is depicted in.Fig. 2.2b. The turn-off time available
to the thyristors is the time for which the corresponding
feed-back diodes conduct. In Fig. 2.2b the recovery time

available is T/2.

It is possiblé to reduce the firing interval Ty still

further so that 'I‘S < T. Fig. 2.2c shows the first two
v

cycles of this mode of operation. It can be seen from the
figure that the current in the feed-back diode is not
allowed to proceed to zero. Instead, current is transferred

4

from D1 to Th2, when Thﬁ is fired. When the second oscilla-

tion starts through Th2, the capacitor has an initial vol-

tage and the inductor an initial current. During the
second oscillation, the ;mplitude of the voltage éwing
exceeds 2E. The circtiit obtains it§ stéady—state #fter

a few oscillations and the waveforms repeat themselves
during successive oscillations. Fig. 2.2d shows typical
steady-state waveforms. It can be seen that the capacitor
voltage waveform is an alternating one whose frequeﬁcy is
1/2’1‘s and whose amplitude and shape are determined by the
inkerval Ts between the firing of alternate thyristors.
Therefore the frequency of firing provides a means of
controlling the amplitude of the ac w;veform. It must
however be noted that the turn-off time available to the
thyristors is.the duration.for which the feed-back diodes

conduct and this duration decreases as the inverter half-

-

1
period Tg is reduced.

-
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2.4 Characteristics of Converter Load:

In link applications, the load on the high frequency

inverter is a converter, as shown in Fig. 2.1. The load

.
1 e e R SR L

current I is either dc or low frequency ac (typically

Y it 4
.

60 Hz). Any ripple in the load current is caused by the

RPN

high frequency components in the output voltage of the
converter' and occur at frequencies of the order of twice

the inverter frequency. Since the inverter frequency

is of the order of kilo-hertz and thus very much greater
than the load frequency, it is reasonable to assume that

there is sufficient inductance present in the load to

’

suppress all ripple currents and consequently load current

-

I consists onIy of the wanted frequency component: There- ~ v
fore the pagnitude of I can be assumed to be constant over

a cycle of the high frequency inverter. The lbad current

I is therefore refleéted as a square current wave IL of

amplitude I across the link capacitor over one cycle of

th33link voltage. Fig. 2.3 shows typical waveforms of

the- 1ink voltage v and the reflected load current. The

phase displacement between the two waves is equal to

the firing angle in the output convertex.

In the case of dc output, the firing angle and the

magnitude: of the load current are constant. Therefore

r—

Fig.2.3 represents the actual 1oading conditions. S

.

o
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Fig..2.3 Waveforms of link voltage and reflected
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-—\liring delay in

output converter

load current.
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In the case of ac ocutput, the ouiput converter is a

cycloconverter and the firing angle is modulated. The

magnitude of the load current also varies at the load

e it

”0 freéuehcy. Therefore the phase and amplitude of the

.square cﬁ}rent wave in Fig.2.3 vary continuously from
‘one inverter cycle to the next. The cyc18converter ban' - ?
be represented to a firsé app&okimation by a phase-
- controlled rectifier and tﬁéjeffect of loading can be

studied  at various firing angles and loading current . N
magnitudes. This appr?aéh provides adequate indication

of the effect of the loading on the link voltage, the

current ratings for the compoﬁents etc. and is more

o

amenable to analysis. , . ‘

The output converter shown in' Fig.2.l consists of \

ideal bidirectional switches, which can be turned oﬁ or off
as desired. . If thyristors are used as the switches in the
.output converter, they have to depend on the alternating
. link voltage for turning off. 1In that case oniy lgggingq . 7
‘control angles can be implemented in tﬁe output converter.
-But if switches capable of turning off are assﬂmed, it is

.

also possible to have leading or advanced firing angles

G

also ariseyin the new configuration described in Chapter 5. Co

in the output converter. Analogous loading conditions

Closely related to the firing angle ‘is the direction of

power flow in the overall power conversion arrangement.

2

W
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The forward direction for power flow is considered to
be from the dc supply to the link and consequently from
the link to the load through the output converter. The

reverse direction for power flow is then from the load

.to the link and thus from the link to the dc-supply. THus,

‘the link can encounter the following four classes of

loading.

1) lagging, (delayed) firing in the output converter, ..

forward power flog'(0<ad<90).

2) lagging (delayéd) firing in the output converter,

reverse power flow (90<ad<180).

3) leadinj'(advanced) firing angle in the outpuf

converter, forward power f£low (0<aa<90).

4) ieading¥(advancedfﬁfiring angle in the output
. t
converter, reverse power flow-(90<aa<180).

The link voltage and reflected load current corresponding

to these four classes of loading are shown in Fig. 2.4.

. 2.5 Basis of Analysis:

1

The steady-state operating point of the inverter
corresponding to a given loading condition can be

characterised by two variables:the initial capacitor

.
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Fig. 2.4b ' Delayed /firing in output converter;
' <180)

[

reverse, power flow (90<a

d

-

g o




“1

B ot

\J.‘st

¢

"Fig. 2.4c Advance firing in output converter;

forward power flowQ(0<aa<90)
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Fig., 2.4d Advance firing in output converter;
KA -
‘reverse power flow (90<aa<180)

¢

Fig. 2.4 ‘Waveform of link voltage and reflected
load current for the four classes of

'1oadingh'//A .
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voltage vy and the initial indu?tor current io. Further,
since the top and bottom halves of the invérter are
| iéentical, the capacitor voltage aﬁd inductor gﬁrrent
Jhave the same mggnitudes and opposite signs at éhe
beginning and end of a half-cycle of the inverter. This
fact is used as the basis oftthe analysis. ' The response
of the inverter is traced over a half-cycle. ‘The steady-
state operating point is 6btained by cbnstraining the
capacitor voltage and the inductor currentuto be equal
and opposite at the beginning and the end of the half-
cycle; To this end it is first necessary to oLtain

expressions for the circuit response over a half-cycle,

corresponding to different loading condi%ions.

2.6 Two Basic Circuit Modes: (

.

Examination of the circuit in‘Fig.2l.1 reveals that,

éhring a half-cycle of inverter operatioﬁ when one of the
two halves (upper/lo@er) is active, there are basically
two possible modes of circuit operation. The modes arise
because the load current I can be reflected onto the link
in two possible directions. In the first mode, labelled
Mode I, the dc source attempts to chérge the capacitor
while the load current drains it. In the second méde,
labelled Mode II, the load current aids the dc source in

charging the capacitor. The equivalent circuits for the

two modes are shown in Fig.2.5. Following the assumption

§
i
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Fig. 2.5a Equivalent circuit

2.5b Equivalent circuit for mode II
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for mode I.

1<+

"

Equivalent ci;cg&ts for the'two

L

circuit modes.

-

vy,




T
-

-~ *

~ 30 -
A N hd -
- that the magnitude of the load current does not change

appreciably over a cycle of the inverter, the load'is_re-
presénted in the equivalent circuits aéya conStaﬁt' '
éurrept source I. Circuit operation changes from one
mode to the other when one pair of switchgs along a
diagonal in the output converter is turne off and the
compliﬁéntary pair is turned on. The occurance of the two

‘modes is brought omt in Fig.2.6 for each half of the in-

;verﬁer. 'It can be seen, by comparing Figures\2.6b and
)

! . : l\
2,6c, and similarly’ Figures 2.6a and 2.6dL that when opera-
| |
tion is transferg;d in.the inverter from one half to the

A

-~ . {
other, the prevailing'circuit mode changes.

1

The response of the circuit for the two modes can

’

be obtained from the respective equivalent circuits.

Response For Mode I: - \ a \

From Fig. 2.5a, the resonant current i and the

capacitor voltage v are gov?rned by the following differ-

ential equations: ) : |

alhs |
\
|

L(di/dt)+(1/C) J'(i—I)dtjﬁE = E (2.1)

v = E-L(di/dt) (2.2)

Solving (2.1) for i and subsequently (2.2) for v; the

solutions can be written as follows:

I
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Fig. 2.6a Mode I with upper ‘half of

inverter ‘active.
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!

K4

Mode II with upper half of

inverter ‘active.

Fig. 2.6b
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g. 2.6 '0céurange of the two modés in each

haif of the inverter.
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2

\ i o= (l/z-) (-E—vi) simﬂ:J (ii—I)coéwt + I .. (:2.3_-)

v '=‘ E-(E—avi)co'swi: + z(ii—I)‘sinwt : (2.4)
“where, ' / ) : ' TR . o

2 = VI7T ' l '(2.5)

w o= 1/& | (2.6)

/Vi- -initial value of v at the beginning of the

mode; . .

N .

ii -initial value of i at&iz}‘)’e.beginning of the
mode.

3

Response For Mode II:
¢

-'  The solutions for the resonant current i and the

. . ' X :
. capacitor voltage v corresponding to Mode IX can be

,Similarly written as:

(1/2) (B-v,) sinwt + (i,+I)coswt - I S(2:.7)

(R
it

v = E'—(E-vi)coswt + zgii+I)sinwt (2.8)

LY

‘Therefore,' over a half-qyéle of inverter operation,

corresponding to the interval over which one half of the .
inverter is active, the response of the circuit can be

. , :
analytically defined, provided the order in which the s

& g
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modes occur and the duration of each mode is known.

X

2.7 Mode Sequences Corresponding to Different Load '

1

. Conditions: ' k

e

~

The mechanism of power flow in the inverter of Fig.
2.1 can be appreciated by examining the phase relationship
between the two voltages VS and v. Vs is tye square-wave
that is applied across the entire LC ciréuit iI.l the inver-

ter. Its amplitude is E, the dc supply voltage from centre-

. tap to either pole. v is the link voltage i.e. the voltage

across the resonating capacitor alone and it closely

approximates a sinuscid. The two voltages Vs and v can
be regarded as ac voltages separated by a reactor, namely
the resonating inductor L. As is known from the tI;eory
of pc?wer systems the phase relationship between Vs and v

»

is decided by the direction of powér flow between the two
voltages. For forward power flow i.e. power flow from the
dc supply to the link, the fundamental component V_, o.f Vs
leads v. For reverse power flow, V_, lags v. v being a
squarke wave, its zero-cro_ssings coincide with those of its
fundamental Vsl and so the above conclusions regarding iphase

relationships apply for the square wave Vs as a whole. ’ »

Thus VS leads v for forward power flow whereas Vs lags v

. for reverse power flow.

R S

i
!
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In terms of the phase relationship be tween the link

voltage v and the reflected load current I; seen by the

link, the above observations can be restated as follows:

-~

If the reflected load current lags or leads the link -

voltage v by an angle less than 90 degrees in magni tude,

then VS leads v.

If the reflected load current lags or leads the link
volfage by an angle greater than 90 degrees in magnitude,

then VS lags v

Based on these observations, the circuit waveforms can
be drawn corresponding to various loading conditions and
from ﬁhese the corresponding mcsde sequences within a half-
cycle of inverter operation can be deduced. This is illus-
trated in Fig.2.7 and Fig.2.8 for lagging and leading phase
relationship, respectively, between the li~nk voltage and re—
. flected load current. On® detail to be noticed in the latt-—
er case of leading phase relationship is that the order in
which the modes‘occur changes as the lead angle o becomes
equal to a particular value L. and again as it becomes,
equal to 180—aac'. It can be seen that for &=aac and again

. for a=180—aac' awSingle circuit mode prevails for the entire
half-cycle of the inverter. For all other values of o, both

modes occur during a half-cycle. The value of %o is decid-

7ed by the circuit parameters and the operating frequency

e

c
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F,ig.‘ 2.7a Forward power‘ flow; 0<a,<90;

d
Vs leads v.
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Fig. 2.7b(Revérse power flow;90<a

d<180; VS lags 'V

Fig. 2.7 Mode sequences for iagging phase
relationship bétween link voltage and
. reflected load current.
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:

Fig. 2.8a Forward power flow; 0<a_<a, V; leads V
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of the inverter. Relevant expressions are given in

Appendix A,

2.8 Analysis Corresponding To Two loading Conditions:

‘Once having deduced the order of occurrence of the
modes corresponding to various operating conditions As
above, the steady-state ope;ating point can be obtained.,
The analysis ‘is ca_rrieé out-in detail for the two situations
described in Fig.2.7a and 2.7b. The results for the load-
ing conditions of Fig.2.8a to 2.8f are summarised in

Appendix A, as their derivation is essentially simz"lar to

the procedure described here.

-

A) Reflected load current lags v, .forward power

v

-flow (O<ad<90) : C

This condition is described in Fig.2.7a, .Typical
circuit waveforms, including resonant current i, for such a
‘loading condition are drawn in Fig.2.9. The horizontal
scale in Fig.2.9 is in terms of the natural resonant fre-
qu.ency'w of the LC circuit. io'vo are the{ instantaneous
values of the resonant current i and the link voltage v at
the point A, which is considered as the beginning of‘a half-
cycle for.the inverter; il,vl are the respective values at

0

characterise the operating point of the inverter.

point C. The values i. and v, are the unknowns which

-
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From A to C, the circuit operates in Mode II (Fig.2.5b)

The response is governed by equations (2.7) and (2.8)

Thérefore,

i, = (l/z)(E—v0)51n6C +(1Q+I)cosec-1 (2.9)
v, = E-(E—v‘:))cosec+z(10+1)su.n()rC (2.10)
At point B, wv=0. Lgherefbre,'
. l »
E-(E-vo)coseB+z(10+I)51n6B.= o (2tll)

|-
The interval BC corresponds to the @hase delay angle Oy
on the ws scale. So, / .
I/: .
Oge1 = (3g/ T/ (2.12)

From C +3 D the circuit operates in Mode I (Fig.2.5a)

and the responéé is governeé by equations (2.3) and (2.4).
Point D represents the end of' the inverter half;cydle under
consideration. In the steady-state, therefore, the value;

of i,v at D are equal and opposite to those at A. Thus,

using (2.3) and (2.4) with il and v, as initial conditions.

!
e
[}

0 (1/z)(E-vl)sin6D+(il-I)cosGD+I (2.13)

N

!
<
1

0= E—(E-vl)coseD+z(11—I)s1n9D ’ (2.14)

ehadre o
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Substituting for i and v, from (2.9) and (2.10) in

1
(2.13) and (2.14),

P

-

-i (1/2) (E-vo).sin(ec+eD)+(i°+I) cos (-6C+6D)

0
§ ,
-ZIcoseo+I ) (2.15)

=V, = E-(E—vo)cos(BC+6D)+z(1D+I)s:.n(9c+GD)

' —ZzIsineD (2.16)
Now 6C+6D = wlg. Substituting in (2.15) and- (2.16) and

e - /

rqarranging R

K
ot

51nw';'s + 210(1+coszs) = 2choseD

—Esiané-zI (l+cbszs) (2.17)

Vo (l+cosw‘1‘s) +z1.051nw'1‘s = ZzIsmeD

-E(l—coszS)—zIsians (2.18)°

in terms of

§2.17) ‘and (2.18) can be solved for io, vy

-

eD and w‘I‘s, givihg:_

cos (wTs-e D) +cos@, EsianSl

io = I - -1 (2.19)
1+cosw’1‘s z (1+cosw’1‘s) ‘
. sin6, -sin (wT —é ) - - -
Vg = 21 D s D v (2.20)
l+cc:sz‘El

e el

.
o s, oo s KNI oAt b b b F A
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-y

In te>ms\o/f the angles Gﬂ\and ed‘el’ (2.19) and

(2.20) can be ‘expressed as:

J
i -1 COS(ede\el)"’cos(WTs"eB—adel) EsmwTs

- -1
0 1+coSwWT_ z (l+coswT,)

(2.21)

R sm(wTs-eB—edel)—51n(8B+edel)
0 =

(2.22)
l+coswT ' :
: s

(2.21), (2.22) 'can be substituted in (2.11) to obtain an
equation in the unknown GB. This resulting equation can
be solved for 8; and the solution then used in (2.21) and
(2.22) to-obtain the operating point for any given phase

delay angle edel’ Thus, substituting (2.21) ana (2.22) in
(2.11), ’ ‘ '

E ('1+cos‘wTs) -E (l+co szs) coseB—Es1§wTss1n6B

+z151n(6D+eB!)-’zIsm(w’I‘s-Gp-eB) = 0 (2.23)
Since .6D+BB = WTs-edel’ (2.23) becomes, ~.
; ) 7
Esian551n6B+E(1+cosw’I‘s)coseB . ' ‘
I .
h = E(l+coszs)+zIs:Ln.(wT.s—6dq})—zIsul&del (2.24).
- . . . . . ' .
(2.24) is of the form: . :
1 o - - ' Al
asinfy+bcosly = c, . \ (2.25)

where,

, .

0 . . b e . .
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E51ans

E (l+cosw’l‘s)

o
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-zIsi’nedel

|

E (lfcoszs) +zIs:.n(wTs—ed

el) ‘

-

.

(2.2¢)

(2.27)

boeow]

(2,28)

. In these equations a, b and c are constants defined

‘ by the circuit parameters, the opérating frequency: the

loa}i current and the delay

- rewritten as:

where

cos § =

‘ Now the angle w'I‘s = ww/ws

anglg edél'

v

=

a//(a'2+b ) and sin &

= b/ ./aL2+1o2

Tr‘(w/v:rS)J

-

’

(2.25) can be:

(2.29)

i '(2.30).

(2:31)

For proper operation of the inverter circuit, it is

nscessary that -the ratio w/ws of the resonant frequency of

the- LC circuit to the inverter operating frequency be :

between 1 and 2, i.e.
1< w/ws' < 2
Therefore,

n<w‘1‘s< 2T

[y

v

BN
~

(2.32)




DR

o e, e e

Consequently, ‘from (2.26) and (2.27), a is always

. ) \
negative and b is always positive. The angle'G therefore

lies in the 'second quadrant. Therefore the solution of

+

(2.25) for eB can be written as: ' -

1

» - ° \
6y = (1-sin”'(c//(a’+b%))=(m+tan"t (b/a)) (2.34)
: ' o d

. .o o, .
Equations (2.34), (2.21) and (2.22) determine the initial

conditions io,ﬁ and thus the steady-state operating point

0

of the circuit. - . L . -
. ?

ExamElei'Thééfollowing numerical 'example illustrates

the procedure for determining the operating point:

Let E = 100V, I = 10y, C .= SuF, L = 60 'uH

and f_ =. 6500Hz. - ‘ R

Then z = /L/C = 3.464 ohms. -

N

. “u
4 PR Y
.

.w = 1/V/IC = .0577x10-6 rad/sec’

- Ts= l/(2fs) =.153.8 usec.

WT_'= 4.44 rad =°254.46 deg. .
o

.

A

From (2.26) and (2.27),

a.= Esinwmé = -96.34. :. :
b = E(1+¢osz8) = 73,208

4 e A -

! . . 9 .
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Let the delay angle Ogq (on Wy scale) be 0, correspond-
ing to an uncontrolled (diode) rectifier load. Then, from

(2.12), edel = 0 deg.

-

From (2.28) c = 39.83
. LY -
'From (2.34) 65 = 18.10 deg. (on w scale) '
From (2.21) i0 = 33.43 A
From (2.22) vy = ~54.06 V
LY

B. _Reflected load Lurrent lags v, reverse power flow

(§0fud<180X: ’ - : .
- | . .

This situation is described-in Fig. 2.7b. Typical
c%;c;it waveforms includipg'qhe resonant current i are
shown in Fig.iz.lo. Since the direction of power flow is
reversed, Vs lags v.’ io and'ﬁo are again the in%tial
values of the resonant current and the link,voltage_at the

beginning of the inverter half-cycle, viz. the instant A;
$ * .

il’vl are the values at the instant B.

§

From A to B, Fié.'Z.lO, the cipéuit operates in Mode

II. The response is given by equations (2:7) and (2.8).

Therefore, ‘ .
il = (l/z)(E¢v0)6in63+(io+I)coseB-I (2.35)
. \ , ' .
v, = E—(Efvo)coseB+z(10+I)sinBB . {2.36)

i it st Lo
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Over the interval BD the circuit operates in Mode I..

1
and vl'as initial:conditions. Also D being the end of the

Response is governed by equations (2.3) and (2.4) with i
» ‘

half-cycle,. in the steady-state the values of i,v at D are

--io,-v0 respectively. Therefore,

-i

0 (i/z)(E-vl)sin8D+(Il-I)coseD+I (2.37)

=V, E—(E—vl)cosen+z(1l—1)sinSD : (2.38)

'

If the values il,vl are substituted from (2.35) and
(2.36) in (2.37) and (2.38) and it is recognised that’

'eE¢9D = wl_, the following solutions are obtained for io

v
1

and v0 in tgrms of GD: ' )
-~ ;
+ cos(wT _=8_)+cosf EsinwT
iy =1 s D B _ S -1 (2.39)
1+coszs z(l+coszs)

51n8D~51n(wTs—eD)

<
"

zl

(2.40)
l+cosw’1‘S

‘From Fig. 2.10 8y = WT_=8,.,+8p : (2.41)

-
-

Using this relationship in (2.39) and (2.40), io and Vg

can be expressed as follows:

_ % cos(edel—BCD)+co§(wTs-edel+eCD)- EsinwT, o
l+coszs z (1+coswT,)

19

(2.42)
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e

sin(wT -0, ,+8op) -sin(® 4., -80p) :
0 (2.43)
l+coszs )

o

These are ahalogous to (2.21) and (2.22) with —eCD

replacing 8- An equation in eCD’ similar to equation

(2.11) in 050

is satisfied over the interval CD with the value:

can be obtained by recognising that (2.4)

v=0, wt = -8 v, =V

CD’ i o' ‘i~ =

This gives: . "

E'(E+VO)COS(TGCD)+Z('io'I)Sin('eCD) =90

i.e. E-(E+v0)cosecn+z(10+l)31n6CD =0 (2.44)

Substituting for io,v0 from (2.42) and (2.43) in
(2.44),

-

E51nWTSSln9cp+E(1+COSWTS)COSGCD

Y+2Isind

\\ = E(1+cosw’1‘s)—zIsin(wTS-edel del. ; .Q.45)
This is of the form:
a51n6Cbe0056CD = c . (2.46)

The values of a and b are once again given by (2.26)

5 ¢

and (2.27), whereas: . -

c = E(l+coszs)-zIsin(wTs-edal)

+2I8in8 4.4 (2.47)
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The solution for GCD is giving by:

-~
.

Bep = (r=sin~L(c/v/a2+b2)) - (r+tan"t (b/a) (2.48)

(2.48) together with (2.42) and (2.43) determines the
*

steady-state operating point of the inverter.

Example: With the same parameter values as in the

previous example, let

ad = 141 deg.
From (2.12) edel = 199.3 deg.
From (2.47) c = 33.15
Using (2.48) 6op = 21.33 deg.
From (2.42) i, = 17.53 a
, From (2.43) vy = 443V

The initial conditions, together with the circuit
waveforms, serve to fully define circuit Operation
corresponding to each loading\condition. ‘Various circuit
quantities of interest, such as inverter output voltage,‘
amplitude, device currents, cémmutation time etc., can ‘
then be easily determined from ?he waveforms. An
illustration of this procedure is presented in Chapter 3,

in which the load on the inverter is an .uncontrolled

rectifier.

s
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: CHAPTER 3

DC~DC CONVERTER WITH THE RESONANT'INVERTER

AS A HIGH FREQUENCY LINK

3.1 introductionl

Power conversion from dc to dc is required in various
applications, such as regulated power supplies and front-
end power stages for inverters. Conventionally, choppers

have been employed to perform dc-dc conversion. However,

if the use of transformers to provide isolation and voltage

transformation is mandatory, it is necessary to employ an

intermediate ac link stage. °'High link frequencies of the

-order of seveféldkHz can be used to advantage, leading to

reduced transformer sizes. The resonant inverter of

Fig. 1.3b can be used to realise the high frequency ac
link stage in a dec¢-dc converion process. The load on the
inverter in this case is an uncontrolled rectifier. The
chqraéteristics of such a de-dc conversion arrangément are
considered in this chabpter. ‘Tpe dc-dc convertér is first
described and its operation is expléined. It is shown that
the output voltage can be regqulated by controlling the
inverter frequency, while the inverter is operating in the
normal coqtinuous current mode (Fig.2.2d). The steady-

state analysis described in Chapter 2 is then utilised to
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L) .
characterise the performance of the circuit and generate
design curves which c#n be used to select the circuit
components. . Results from a laboratory breadboard are also

presented to verify the power conversion concept.

o

3.2 DC-DC Converter Oﬁeration:

¢

The basic circuitef the dc-dc converter with the
resonant ifverter as the high frequency l}nk is shown in
Fig.3.l. The conversion proceeds in two stages. In the
first stage, the inﬁut dc is inverted into the high link
frequency uging the resonant invertef. A high frequency
Eransformer\is then used to provide isolation and voltage

transformation if needed. The high frequency ac is then

rectified and filtered to obtain the output dc. Typical

Pl

’Since the load on the inverter is an ﬁﬁcontrolled

rectifier, the waveform of the reflected load current IL\
is in phase with link voltage v. ' The direction of power
flow is from the link to the load i.e. in the forward

direction. Therefore, with an uncontrol}ed recti@ier load,
g 3

the operation of the inverter corresponds to the situation

considered in Section 2.8-A, with the delay angle

.edela 0. From eguations (2.21), (2.25)-(2.28) and (2.34),

the solution for the initial conditions v,,i, can be

obtained as follows.
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cosb_ +cos(WT_-6_) EsinwT
iy =1 B s B . ____ S -1 (3.1
l+coszS Z§1+coswts)
sin(wT -6_)-sinb
v, = 2I s B B . (3.2)
l+coswT , 2
s .
a51neB+bcoseB c (3.3)
and W
a = EsinwT (3.4)
. S . > .
b = E(l+coszs) X ' (3.5)
c = lil(1+c<.)szs);+zIs.1an’s > . (3.6)
Therefore, .
B = (ﬂ-sin_l(c/Ja!+b29)-(n+taﬁ—l(b/a)) ‘ ¥3.7)
& .- '

Since the re?tifier.is uncontroll?d, regulation of
thé output voltage has to be performed ;n the inverter ]
stage. The inverter has the characteristic feature that |
the amplitude of its output,voltagé can be varied by
varying the operating f}gquency fs. in:thq présent
instance, the variation of the inverter voltage with
frequenéy can be intuitively.e¥plained as folipws. From
Fig.3.2, it can\be seen that at the beéihning of a half-
cycle, when operation is transferred from one half;of the
inverter to the other, éhe initial voltage vb_on the °,
capacitor is negative. On Encreasing the féequéncy of@

operation of the inverter, this initial voltage increases .

/

f .
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‘

in magnitude, resulting in an increased swing of the
\ .

e .’.,‘ ’ :
capaci@br voltage and thus an increased amplitude for
T
the output voltage. \?herefore, the operating frequency
of the inverter can be used as the means for achieving

reﬁulation of the output dc voltage.

The effect of frequency on the voltage can be placed
on a quantitative basis by calculaéing the average

rectified link voltage Vav i.e. the average voltage at the

output of the bridge rectifier in Fig. 3.1. This can be
‘written ags follows:

s B D _
Vv l‘fﬁ?ﬁﬁd [ f -vdt + J vdt ] ‘ -~ (3.8)
A B : _ o

s

During the interval AB, the circuit is operating in Mode
1T }Fig. 2.5b) and v is given by (2.8). Similarly, over
tggsintefvil BD, the inverter is-operating in Mode I '
(Fig. 2.5a) and the expression for v is given by (2.4).

Therefore, -

g

Viv = (l/wTs)i J -{E-(E-vo)cose+z(iO+I)sin6}dB
0

. RS ») , .
o+ J {E-(E—vl)cdse+z(il—1)sina}dei ' . (3;9)
A .

where 8 = wt. Therefore, ' v

T A T

P



. from a quiescent value, the average voltage vy

- .58 - y .
» _‘ -_, ..
Vv = (l/wTs)[-E6B+(E-v0)51n6B—z(10+I)(l—cogeB)
Ty
\
4
+E6D—(E—v1)51n6D+z(1l~I)(l—cosBDX] (3.10)

Note that vl=0 with a rectifier load. A typical plot of

v as a function of the inverter frequency fs=1/2Ts is

-av

- -~
~shown in Fig. 3.3. The plot is given in terms of per-unit

values., The basiq’of the per—unif system is explained in

Appendix B.

It can be'seen.from the curve of Fig. 3.3 that the
output voltage can be regulifed by varying the inverter

frequency. For small variations of the inverter freguency

v is" nearly a

linear function of the frequency. Fig. 3.4 shows in block
diagram‘fofm a simple control scheme fdr achieving a

regulated dc output voltage.

3.3 Expressions for Other Circuit Quantities:

The operating point corresponding to a given .set of

parameters, such as dc input voltage, operating freguency,

load current and circuit coﬁboné‘& values, can be determinhed

using (3.1) to (3.7). It is then possible to obtain
expressions for various other quantities of interest in a

straightforward manner, usin@ the waveforms of Fig. 3.2.
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'3.3.1 Expressipn for vl,il: -

vl,i1 are the valuee of the link voltege.and the.-
resonant current at the end'of the first mode in the
inverter half-cycle. In the present instance, as can be
seen from Fig. 3.1,,the‘first mode in Mede II and it ends . |

at the instant ‘B. Consequently,‘ |
' M [

¥, =0 - | ‘ (3.£1)

Using (2.7) . _ R
| E-v

i = o _: . ao _
i, = - s;nBB+(10+I?coseB I

'

(3.12)

o . C . ’ < N ' )

- : N

3.3.2 Peak Link Voltage Vi o ) ‘ i i

-
Over the interval BD, the inverter operates in Mode

-

I. . From (2.4), with i/ =iy, v; =0, o

. i
v = E-Ecoswt+z(il-I)sinwt ~ ' . (3\&3) ,.

Therefore - ' o

' ‘ » o

vy = Rt (- L C L (3.14)

e e o

3.3.3 ‘Peak Thyristor and Diode Currénts: ° o

' < , . 4
”

~
The peak thyristor current occurs during the interval
tBD. The clrcuit operates in Mode I and the resonant current
is given by (2.3) with i = il' v, = = 0. Thus,’ !
. S , -
{ " ‘ ) 1< . \\
. . ¢ ' Lo,
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i = (E/z)sinwt-l-(il;I)coswt-o-I (3.15)
i
The peak thyristor current is thus given by
! i = I +/(E/2z) 2+(i —I)'2 : o (3 iﬁ)
TP - ~ S 1~ - e
The peak diode qur'rent is given by - .
ipp = ig 1f|v0|>E : (3.17)
— 2. T
lDP-— I —./(E/z) +(;.1—I?t 1f|v0i<E
. o

3.3.4 Commutation Time tq.

pr

The commutation time tq available to the thyristoxyg
. . . )
. in the jinverter is the time for which the feedback diodes

conduct, It is represented by the interval CD in Fj.gc 3.2.

e

. .-

‘Commutation time tq = Ts-(tAB+tBC) ) (3.18)

. . ~
Now, using (3.15),

. Wt&C = é’Bé a ?n-:sin_l(.-l/A) )-:tian_'l(z.(il-]:)/s) (3.19)

L]

-

where- A = /(;/z) 2+(il—I)'2

A}

Therefore, . tq = Ts-(l/w) (.eB+eBC) _ (3.20) .
. "8y is given by (3.7). : ST
- ) .. - . /
9 - '
" ) “
> | .
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3.3.5 RMS Capacitor Voltage: : “ o

-

. ) TN
'Consider the half-cycle AD in Fig. 3.1; the rms

capacitor voltage can be expressed as follows:

i

%p

Viems = {il/wTs){ J {E;(Elvo)gose+z(io+1)sin6}2d9
0

®p
L { {E-Ecos8+z (i,-T) sine}?ae}1%/? ©(3.32)
Y | ?
. . . \
3.3.6 RMS Inductor Current: .

Again considering the interval AD, the #ns inductor

\
current can ‘be expressed as follows:

8
: y B .
: y 2
irTS = [(L/wr ) { f {((E-vo)/z)51na+(10+1)cose-1}.de
0 _ -
o, : :
+ j (E/2)sind+(i,-I) coso+1}2a8}11/?  (3.22)
, 0 - ‘
~

In an analogous manner, the rms capacitor current. and the

",rms reactor voltage can be obtained.
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3.3.7 RMS Capacitor Current:

GD .

°p
’ . , 2 .o 2 1/2
Crms [(1/wT ) { J (i+1I) d9+'f (i-I) "a8}]

0 0

P-
i

D

B

P(l/wTs){ f {((E-vo)/z)sin6+(io+Iic056}2de
0

D

F]

+ {(E/z)sine+(il—I)c:Dse}zdefF]l/2 (3.23)

3

o @ -

-

3.3.8 RMS Inductor Voltage

OB 0b .
Vpng = LOAT f (E-v) 2de+[(~r:-v)2ae}11/2
g 0 0 .
:(
- - . B - y
/ E T! - B [ . 2
C = [(1/wT ) { I {((E-v,)cosB-z(i +I)sin6} a6
0
op .
+ j {Ecose—z(il—I)sinB}zde}] /2,'
0o |
8 (3. 24)

[
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3.3.9 RMS Thyristor and Diode Currents: >

The rms thyristor current is

e
B E=v ’

i'I'rms = [(]_/2w'rs){ f { 5 = sine+(io+1)cose—1}2d6
0

®ac

+ J {(E/z)sine+(il—I)cose+I}2de}]
0 .

172

(3.25)
The rms diode cur::'ent is:
i .
Drms = -
eD .
[(1/2wT ) f {(8/2) sind+ (i -1) coso+IF2a0}1 /2 (3.26)
8

BC ) o

3.3.10 Average Thyristor and Diode Currents:

7

The averagé thyristor currer&t is |

BB ; -

i = (1/2wT ) { [{((E-vo)l/z)six'\e-&(§.0+;[)qose-1}d6
0
BC
{(E/z)sin6+(ii-I)cosQ+I}d6} (3.27)

+
O —— @ U0

The average diode current is

BD,

dpay = (1/2w1)) J-ide o (3.28)
8

3 BC

: 14 \ K ﬁ&‘?ﬁ : A
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; BD } . ‘

= (1/2'wTs) Jv.{-(E/z)sinG:(il—I)cose-‘I)de} (3.29)
5]

BC

-

All the integrals ocurring above are simple in nature and
have been evaluated to yield expressions for the circuit

quantities. : i

3.4 Design of The DC-DC Conveérter:

i

/" The various relationships derived in the previous.

section are \;sed‘ next to generate performance curves for N
different parameter combinations. Using such curves,
circuit components can be selected to meet a particular

set of rqu,irements. Typically, ‘the required output dc
voltage has to be maintained over a specified range of !
operating condi'ti'ons. The worst case cgn‘ditions viz. D
the minimum supply voltage and the maximum load current ‘

are specified. The first step in the design is to

select the values of the inductor L aﬁd the capacitor C.

Two major considerations influence the selection of
these résonant circuit componen‘ts. These are reliable '
commutation of the thyristors in the inverter and good
efficiency for the overall circuit. To e;sure commutation,
the component values must be selected to provide adeqfiate P
| ‘ .

turn-off time to the tbyristor's under all conditions. To

- ce
improve the efficiency, it is necessary to select the .

PR

components so as to have a minimum of ringing current in
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the inverter, while meeting the load requirements.

Reducing the ringing current reduces the losses in the
circuit and also the kVA ratings of the components,
Therefore the values 0f L,C have to be chosen 1;0 achieve

the two objectives of commutation margin and minimﬁm

ringing current. The amplitude of current ogcillations L 2
in the circuit is dependent on the quality /C/TL = 1/z.
Therefore, the relation between the amplitude of the
resonant current in the inverter and the L-C componeni‘:
values should be known in order to select L and C. Usualli/

-

‘the resonant frequency w of the circuit is decided by

‘considerations of transformer size and ease of supressing
" interference with other equipment. Therefore the L-C

' product can be assumed known. Once C is chosen, L is also

determined. - ‘ :

The peak thyristor current i can be regarded as a

TP

measure of the ringing current in the inverter. Fig. 3.5 =

shows the variation of iTP with the capacitor value, with

the average rectified link voltage v__ as a parameter.

av

It can be seen that the ringing current decreases as the

. capacitor value is reduced. It is therefore desirable to

use as low a value of capacitance as possible. But the
recovery time available to the thyristors also decreases
as the value of C is reduced. Fig. 3.6 shows the

variation of recovery time tq with the capacitor value,

1

v

4
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again v\'rith V,y 35 3@ parameter. The, commutation time falls
sharply with the capacitor value. Thus the appropriate
value for C is the lowest value that will provide sufficient
recovery time té the thyristors employed .in the inverter

circuit.

Once the values of the resonant circuit ‘components
have been selected, their ratings and the ratings of the

thyristors,and diodes can be decided using per formance

. curves such as tg'xose shown in Fig. 3.7 and 3.8.‘ Fig. 3.7

shows the rms current carried by the reactor and the
capacitor as a function of the capacitor value, for a '

1]

particular v_ . Fig. 3.8 shows the rms and average current

av
carried by the thyristors. The design process is illustrat-
ed by the following example. In order to enhance the

utility of the results, the design is performed, in terms of

per-unit values.

Examgle :

Assume that a 2kW unit is to be designed; the minimum
dc supply voltage is 100V. K The output voltage is to be‘
requlated at 120V. The resonant frequency of' the LC
circuit is taken to be 8.33 kHz, corrésponding to a
resona_nt» period of 125usec. °The turn-off time requirement

foxr the thyristors is 25u§ec. 'The design proceeds as

follows: . ¢

.

P
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Minimum dc supply voltage = 100 V
Specified dc output voltage = 120V

Maximum load current = 22kW/120V = 16.67A
gL

The transformer is assumed to have a 1:1 turns ratio.
The base value for various guantities are computed as
; .

N\ v

follows:

100. Vv

Base ~volta;g§a Vhase

Base current ipase = 16,.\67 A

Base angular frequency Wiage = 2x8.33x103

=52, 3x103rad/sec

Base time tbase = 2r/ = l25usec

i

W,
base

Base inductance Lbase = vbase/(l )

. ’ basewaas'e
= 114.7uH
base = lba.se/(vbasewaase
¢/
= 3.18uF

Base capacitance C

)

L

The output dc voltage in per—-unit = '120/100 1.2 p.u.

Te 2‘p0ﬁ¢

1

Turn-off time required in per-unit = 25/125

A From Fig 3.6, the minimum capacitor value that will provide
\ { 1 o - .
a turn-off time of 0.2 p.u. for an output dc voltage of

N . . [y
1.2 p.u is found to be 1l.55 p.u.

Therefore the capacitbr value = 1.55x3.18 = ti.9'8 or 5yuF

x ©°  The inductor value =-114.7/1.55 = 74uH

ot
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From.Fig. 3.7, for an output dc voltage of 1.2 p.u., the
rms currents in the reactor and the capacitor for C = 1.55

i

p.u. are found to be:. /

IS

i = 1.675 p.u. iCrms

lms = 1.35.g.u.

In terms . 0f actual vaiues,

The rms reactor current = 1.675x16.67 = 27.9 A

The rms capacitor current = 1.35x16.67 = 22.5 A

For a p'articular output voltage, the rms voltage ratings of
the c:apacitor and the reactor are fairly independent of the

capacitor value. Fo‘a dc output of 1.2 p.u., these are

found to be, -
Vems = 1.38 p.u. Virms = .79 p.u.
. ‘ ¥
- In terms of actual va],ués,
v = 1.38x100 = 138\; !
rms ) P
- h!
.79%x100 = 79 V )

V. =
Lrms

. In terms of p.u. values,

~
Py

VA rating of the capacitor = 1.38x1.35 = 1.863 p.u.

VA ratings of the reactor = .79x1.675 = 1.323 p.u.
m ., ' : - |




In terms of actual units,

VA rating of the capaci tor| = 1.863x100x16.67 = 3106 VA

VA rating of the Maactor = 1.323x100x16.67 = 2206 VA

.

From Fig. 3.8, for C = 1.55 p.i,

;I‘hyristbr rms current rating = 1.175 p.u.

Thyristor average current rating = .6125 p.u.

In actual units,

Thyristor current rating = 1,175x16.67 = 19.6 A /-

Thyristor average rating = .6125x16.67 = 10.2 A
These ratings can also be utilised for the feed-Back diodes,

although the stress on th?m is somewhat lower. .In the case

.

of many actual devices sich as reverse-conducting thyristors,

the capacity of the in-built feed-back diode is the same as

that of the main thyristor.

»

2
3.5 Results from Laboratory Breadboard:

An experimental version of the c@nverter was tested in

the laboratory. The experimental converter did not include

the high frequency transformer shown in Fig. 3.1. The

oscillating circuit consisted of a SUF capacitor and a 74y 'H
N

inductor,’ giving a resonant frequency of 8.33 kHz. The wave—

formsg of link voltage v and reflpcted-i‘oad current ILf are
Iy N .

{

.
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shown in Fig. 3.9. Requdation of output voltage by the

inverter frequency is illustrated by the waveforms in

Fig. 3.10, showing the link voltage and the resonant

‘+ eyrrent. Fig. 3.11 shows the measured losses and efficiency

of the laboratory converter.  The efficiency is of the

order of 85% at an outfptit“ power level of 2.15 KW, which 4
. [ N . R s .
agrees well with the order of efficiency to be expected
from the circuit - generally 85 to 90%. «
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4.1 Ihtroduction:
. Rl v

CHAPTER 4 ‘ | 4

A CURRENT REGULATED FOUR, QUADRANT CONVERTER

USING THE RESONANT INVERTER

- -,
Power conversion schemes employing a high frequency
link typically congist of two conversion stages. The first

stage handles conversion from the input source-to the high\

frequency link, while the second stage creates the required

output from the link. The first stage is ¥n inverter for

systems with a dc inpuf. The second stage is a rectifier

if a dc output is required; while it is a four quadrant

converter for ac and four: quadrant dc ®utputs [13]. In the

latter case it is possible to combine the inverter ané four
quadraint output converter stages into a single stage of

power conversiop. The high frequency 1link is not explicit
but suppressed., A dc-ac converte.r based on this <pjrincip1e

has been investigated by Robertson and Hebbar [22]. But in
. ” “y .

. this €ase the firing of the inverter thyristors are not

dynamically controlled vtr:i.th the output cycle and so

control of the rms output voltage is difficult. Therefore

in order to achieve voltaye control at the output, the input

dc voltage has to be controlled, thus i‘equiring another

conversion stage.
»
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The resonang inveérter circuit under consideration in

» -

e
Y

- K L . . .
" s thesis can al'sodbe used to realise a dc=ac converter

" combining " thd functions of high frequency inversion and

cyclbconvez;.s,ion in one. stage. Such a converter is
- '

[

considgredﬁx in this chapter. In order to ach'ie\}.e\ contrel,
of the output, ~the ratio of the time intervals during which

the. firing signals to the invertei:..thyristors dre applied/

a

blocked is dynamically controlled.so as to reguléte the’

load 'ourrent. This technique basicaily consists in forcing

*

the current in an inductive load to.be confiﬁedgwithin a
"small band around a desired reference; the load current is

seng’ed and compared with the reference and the load is

. »

appropriately energised.and de-ene_;rgised to make the load ~

current stay within the specified band around the?refereﬁcé

rl

signal '[23], [24],(25],[26] .° Thus the load current can be

/
made to.folls}w the reference ih amplitude and phase.
: ) ' v .
The converter described here can therefore be looked upon

s
“

as a current regulated voltage source inverter employing

resonant commutation. The operation of ~the ciicu_it is
[y \ ¥
described and a design procedure for selecting components

is outlined. Results from an experimenta& version of the
converter, using an internal link resonant freguency of

30 kHz are“pre’sented.

s,
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-

Y

£

g, are removed. The inductive load regenerates back to the

. controlled by the internal é:urrent regulatlnq loop whoie

402 Principle of Converter Opéﬁratflio.n:

* A single phase ‘full-bridge.version of the gonverfer

* - - -

is shéwn in Fig.4.l. It consists of the resonant inverter ’ |

with the load connected across the resonating capacitor:

¥ Tty . -
“ghe resonant frequency #¥f the LC circuit is very high com-
pared'to the output fregquency. The load current is sensed

1

and compared w1th a reference in order to e€Ffect current - y

~

regulation. There are two aspects involved 1n»the opef:a—

tion of the converter.  The macrosc0pic or low fréquencv" -
\operatlon by which the load curxrent 1s made to follow t+he , 3

5 y
reference and the microscopic or high frequency operatlon,.u % ‘!%

which is decided by the inverter characterlstlcs. . R

< » ey , -

. <
[4 .
»

Macroséopically, the operation of the conyerter is

Y X :
purpose is to maintain the load current I, / Locked 1n . R ‘

i

: T

amplitude and phase to'the reference~signal IR., Phis
? .

e e
. h

is illustrated in Fig. 4.2, " puring ?hé positi‘%;éfhalf-cycle' .

N * 4

of the IR and IL signals, the pos:.tlv,ely sloped portlons
. f{ . . B

of the load current IL are obtalned by gating thyrlstpns .

Th“*"ﬁd T’h‘, while blocking 'the gating signals to 'I‘h2 and "

Th3 Ene‘rgy is transferred frem the dc supply to the load. . | :

’

When the-load curtrent increases beyond the reference signal

it R T e

8 e

IR by a predetermined rmargin AI, 'the,'ga—tlng si&nals glwand
F L4

3 -~
o, ]

"&m . ' . . L ' '. !
. i Fl +
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Fig. 4. 1 Current requlated. fpur quadrant converter using
single phase full-bridge resonant inverter.
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dc supply through the feedbaék diodes D2 and D3,'giviilg - | N
rise to -the negatlvely sloped portlons of the load current <

waveform. During the negative half- cycle of the I 51gnaL,

*

the complemenfary devices -take part in similar phenor{(ena

i.e., Ti’xz and ;I‘I}B

the supply to the load, while feedback diodes Dl and D4 .

'Rd

are gated on for transfer of energ-y'from

conduct regenerative load current back to the. de supply.

In thlS manner the load current‘is confined to a narrow

-~

band around the reference signal I duru}g both the
positive and negative half-cycles of IR. " The margin A%,

by which IL

varied with amplitude and frequency or even modula;%ed (27]

o ! o
to satisfy performance requirements. S ‘ ‘

is allowed to deviate from IR;.can be fixed,

! I
H

Microscopi}c_:ally", the gating of a diagopaily opposite

pair of thyristors initiates the conduction of the goscilla—

4
_ tory current i (Fig.4.3) through the dec source,, the gated

TN

thyristors and the resonant circuit components L and C.
The current i rises sinusoidally until it reaches its 'pé;\k
value i . At this point the reactor \_fol~tage VL=Ldi/dt is-

zero and the capacitor voltage v is equal to the dc source

'E. Past this point i begins to fall.while v 'continues to

v

rise beyond!E. v becames maximum th¢ moment i falls below

I Eventually ‘i becomes zero and 6hanges polarity as it

L:

begins to flow against the dc source. Since thyristors : \

B

dannot allow reverse conduction, i is transferred to the

¢ ' : .
anti-parallel pair of diodes. During the diode conduction

/ . ~
| o
! . v

/ -

PR

H
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" livered to the load and Vo
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. N ‘
" interval, the previously cohductlng thyristors become

reverse biased and recover their forward blocking capability.

This interval lasts until i falls to zero again. For the

next several microseconds the load current is supplied
exclusively from the capacitor C. This mode lasts until

either v becomes equaf to -E, at which point IL is trans-

fer‘red to the feed back diodes on the complementary diagonal,

or the appropriate paa: of thyristors is turned on agairm, -
The exact i‘abd v waveforms depend on their respective
initiall conditions. These conditions in turmt depend on °
factors such as the val‘ue of the loal current IL' the ratio

of switching to resonant frequencies and the-mode of

operaEion of the converter..

4,3 Analysis of Circuit Operation:

For purposes of analysis, it is agsumed that the load
inductance is sufficient to make the load time constant
lérgg' cor%lpared to £he period of Ope’ration TS of the
convérter. Since the thyristors in the converter a‘re
switched at- the r%t‘é of éeveral kHrz, this is a reasonable
assumption.  Consequently, the load is considered to be
represented by a constant currerit source I. The magnitude

of I is taken to be Vodc/R where RL is an equlv?lent

Ll
load resistance which accounts for the total power de-

dc is the dc wvalue of the output

voltage.

caied
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Considering the operation of the load in the first

, ) A’
quadrant of the v-i plane, the p°olarity of the current

. source representing the load is as shown in Fig. 4.1 and.

the active thyristors are’ Th1 aﬁd Th4. . The equival.entl ’
circuit for this mode of opeféﬁion‘ is shown in Fig. 4.4.
The resistamce R represents the losses in the circuit:

The resm.n»se.of the circuit can be obtained in terms of

[y

the* following quantities:

w ="1//LC natural resonant angular frequenéy
. :

a = R/2L decrement factor )
§ = a/w damping factor ‘

Wy = wvt-éz damped ‘angular freguency

z = JL/C | characteristic impedance

Q = z/R Quality factor

¥
IThitially, 3just before the thyrsitors are switched on',' :
the \qscillafing current i is zerod and the capacitor has an
initial voltage v(0) = V- . v, may be negative or posa'.tive
depending 6'n circuit: parameters and operating conditions .

[y

when the thyristors are switched on a resonant pulse of
current flows ‘in the circuit. The circuit response isQ

described by ol
\

-

Ri+L(di/dt) + (1/c) f(i—':)dt + v, = E ' (4.1)
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. - The solution of this equation'yields the current i

. and consequently the capacitor voltage v 'as followsgg‘&

-

&
»

atCOSW

E-Y,

o LI mat . o - —_—
i(ey=[ = Tl 1e sinw t-Ie Pi=2 SR
V4

. -
B o

e

(4.2)

PN

-

‘ E-v =
-t Q -t
» - - - o
*v(t) E (E VO,B;] e ‘ c?swdt - [~7Q— + 1z ]e?

-
.

(4.3)
’& . 5 P i , ',’. .
.. - . In deriving these solutions, it has been assumed that the
losses in the circuit are relatively small, 50 that w>>q
H 13

and-the following bpproximatybns hold:

wiwg, 2 = VE/C = wlL = 1/wC ’

N

W

.
"
\

a/wdzu/w =‘l/26

3
. \ 2 .

Equation§

~

(4.2) and (4.3) gre walid until the current i

;

'éomplétes one full oscillation and reaches” zero at time

T' 'as shown in Fig. 4.3. 'In a.lassless circuit with

'

8

infinite 0Q, T = T, Ehe natural period of bscillatioh.
The capacitor voltage at T' i.e. v(T') can be obtained

o

from (4.3). ’
° }

. . During the time interval from t=T' to t=T_, where 1/T_

-is thé converter switching frequency, thyristors and diodes -

Y

. are -not conducting. Consequently the current i remains at

- s e o

v - ¢
-

t [}

"

-

IO AN

sinwdt—RI

¢
zero and the capacitor is forced to supply the load current.

n
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The capacitor voltage during this time interval is given

P e A

by:

v(t) 5w - HEDD ', : 4.

-,

-
s !

‘'For (4.4) the value of the capacitoravoltage at t=Ts is

dbtained as:

¥

- - I(TS-T') - '
.V(Ts) = v(T') ' —c (?.5)

LY

Undér steady—stgte conditions,/v(Ts) ;ivO' Since (4.2)-
(4.5) fully describe thg _operation of éﬁe HF link in ter@sﬁ
of the load current, thelswétching period and the circuit .
~compbnent values, they can be employed to analyse the

. performance of the converter in terms of these parameteré,

. The résulﬁs of thé analysis' can be used to establish a
deéign procedure for the coﬁvér;er circq}t and provide
éuidelines for the sélectian of cimeuit components._ For o
this purpose, variations of the odtput voltage, the turn-,

off time, the peak éscillat}ng current etc.. under varying
load conditions and for different values of circuit
components and switching frequencies are obtained and

plotted. A computer program was writteh to perform the
analysis. The program trbces the circuit resQonée over

'é few cycles, using (4.2&2(4.5) until the stéad&—séate is °

reacﬁed.\ . " /
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The results of the analysis are presented in Figs. 4.5

- _ ) n
to 4.7. A Q of ten has been assumed for the circuit. Under .

the assumption that the load inductance is sufficient to

maintain the load current constant when the converter is
being continuously operated as a chopper, turn-off time
\

‘available to the thyristors is mainly determined by the

e it — — T Rt

ratio of the interval T between consecutive firings of the

thyristors to the natural period of oscillation TonQfE 3
of thé}LC circuit. The variation of the turn-off timentq ;
as a function of the ratio TS/T is shown iﬁ Fig. 4.6.
Figs. 4.5a to 4.5c show the variation of.tﬁe output ) :
capabilities of the converter‘with the capacitance value

C. It is assumed that the LC p;oduqt is determined from

considerations of operating frequency. Therefore, as C is

- ied, L is varied correspondingly so that the LC product
‘ is constant. Using the curves of Fig. 4.5 it is possible
to choose the capacitor value to meet given output power . . .
~ ; L

requirements. Given the load power and the load current

dc and the equivalent

load resistance RL can be determined. Therefore from the

corresponding curve the value of the capacitor'can be

requ&gements, the output dc voltage vy

selected. It can also be noticed from Figs. 4.5a to 4.5c

that for any given capacitor value, the output voltage

e
S

increases and the regulation improves as the\ratio~TS/T

aproaches 1. However, the turn-off time available to the ..
TR L

- —

thyristors decreases as TS/T tends to 1, as can be seen in
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. -are fired when

~ 95 -

\

e

Fig. 4.6. Again, under rated load conditions, the maximum

value of the oscillating current i.e. im is decided by the

ratio TS/T and the variation is shown in Fig. 4.7. It can

be seen that in order to minimise im and consequently the

losses in the circuit, it is desirable to operast at a o !
\ :
v } [] + 3 s [
value of T,/T wnich is as ciose to unity as possipble with-
v . ' !
; [ Y ; o T
out losing the minimum commutation margin required by tne

thyristors. \ ‘ ~ . 5\

\ : T - ' i
\ - :

So for it ha% been assumed that the converter is
operating under rgted load conditions and is cénsequently
functiohing\gg a cgbpper. Whegffhe load current is made

\

to follow a reference, the controller is active and thyristors

the slope of the load current is to be

~

reversed. From the point of view of analysing the circuit

behaviour, it is import;ﬁf to note that in this case the

initial conditions for the\iirst oscillation are i(0) = 1

and.v(0) = -E. The solutions to (4.1),wH§ch describe the ) \\ !
. \ N
first oscillation have to takKe the initial current in the ‘\
[
reactor into account and can be'\written as follows: ) Qo_\\ i
\ J \\\\ ' ’ 'y M
) \ |
. 2E, 2I, _-ot \ : | :
1(t) = [5- 55] e 51nmdt+I ) | ' (4.6) ;§
v(t) = E—[2E~RI]e'gtcoswdt—£E'e‘atsiﬁwdt—RI ‘%4.7) ‘ ) )

t . :2Q
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/|~ For subsequent oscillétionsthgimitial current is zero

' “and the solutions are given by (4.2) and (4.35, Vo beihg'
determined by circuit conditions.

! ‘ wt

-4.3 Design Procedure.
\\ .
It is assumed that the dc¢ supply voltage E, the )

S

jmaximum load PO' the maximum load current I and the:
resqnant frequency f£=1/27/IC of the oscillating circuig
have been specified. Using the information in Figs. 4.5 -
to 4.7, it is possible to select a suitable switching -
_frequency to give suffiéient commutation margin and

| consequéntly‘to select qomponent values to meet load—
requirements. The procedure may be illustrated by an

example.

: : Given, %
DC supply voltage T . 7
P0 = 125 vV,

Maximum load power
»

o, TR © Y AR e R ey
<

PO = } kw. ' . o

Rated load current

7w

I £ 10 A.

AT - Resonant frequency

a

- f = 30 kHz.

é ' ' Recovery time of thyristors ' .
- M . ' . .

i . PR

o I | tq‘= l5usec. : ‘ oo S

%N SR : e ol ‘ &



Selecting V =125v, 1

base=lqA’ Efl.o p.ua., I =1.0 p.u.

base

/

Outfhat power

P 3 .
p_ = 0 = 1000 . 4.8 p.u.

0
Vbase X Ibase 125 x 10

Aveérage loadgvoltage

Equivalent load resistance /

) (J
R = 0 p.u. 5 = 0.8 [ /
L (I p.u.) \ .

Period of oscillation
1 -

T = ——3 = 33.3 usec*
30 x 10

Select T =T = 33.3 usec-

base

PN

Then the commutation time tq in per-unit is

ty = 15pusec/33.3usec = 0.45 p.u.

Ny .
From Fig. 4.7, the Ts/T ratio which provides a commutation

time of 0.45p.u.is found to be 1.3. Therefore the switJ%-

-

ing frequency f, is given by

_  30kHz _
fs— ﬁ—ZB,kHz

- AR B e i A I
!
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From Fig. 4.5b, which corresponds to TS/T = 1.3, the

minimum capacitance which-will result in a V of 0.8 p.u.
. ?/= odc

for R, = 0.8 p.u. is found to be 7f7bp.u.; consequently
L = (1/7.7) p.u.

= SE o an3 o
Wpase = 2rf = 27 x 30 x ‘10 rad/sec :
E;§~ - . Thase _ 1 10 - 0.42 uF
—base  y W - lzsx2mx30 x100 . "
T base base '

V hEY
LBaée 2 base - : 125 5 = 66 LH
= base X Wbase 10 x 2m x 30 x 10
A~
Therefore, _ ' .
C = 7.7 x 0.42 =‘3.23 UF o
L =66/7.7 = 8.57 uH
) >

From Fig. 4.7, the peak oscillating current im is found .

to be 7.5 p.u., coriesponding to TS/T = 1.3. Therefore,

Peak thyristor current = 7.5 x 10 = 75A

4.4 Experimental Results: % \\\

.An experimental version of the converter was constructed
in the laboratory, employlng asymmetrical SCRs with low

recovery times. The inductor and capacitor that constituted

s

o B i YA

1
i
L4
f




the resonant circuit had the wvalues 5pyH and 5uF
.respectively. The oscillograms shown in figs. 4.8 to 4.11
illustrate the performance of the converter when feeding a

resistive-inductive load, with a load inductance of 2mH.

6
Fig. 4.8 shows the resonant current i and the capacitor

~

voltage v for different loading conditions. The.gorreépond-

ing waveforms for the capacitor current i, are shown in

C
Fig. 4.9. It can be seen that the natural frequency of the

’ N .
HF link is approximately 33kHz while the switching - e

frequency (f_ = l/TS) is approximately 23 kHz. The ability

of the converter to respond to a varying external current

command signaf I ié(depicted in Figs. 4.10 and 4.11. The

R

reference signal I_ and thé 'lgad current IL have been

R

recorded as mirror. images of each other. Fig. 4.10 shows
converter response .to dc IR signal, while Fig. 4.11 shows

the response to ac\IR signals. It can be seen that the

y B

& .
v 1. ¥ .

’converfer exhibits very fast response, while operating

either as a chopper or as &n inverter,

.

4.5 Conclusion

-

The resonant inverter, in conjunﬁticn with the
principle of current regulation, thus yields a converter
which combines the performance characteristics of a high,

frequency inverter and a cycloconverter in one stage of

'poﬁer conversion. The converter has a frequency range of

3
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voltage.
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a) With negative  initial capacitor. voltage.
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a) With %egative initial ¢apacitor voltage.

itial capacitor voltage.

" Waveforms of capécitor current and capacitor
voltage.
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b) With positive ihitial capacitor voltage.
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‘ig. 4.11 WwWaveforms of reference signal In and load current
- IL (AC. I signals-inyerter operation);
a) Triangular ac reference at 70 Hz, b) Sinusoidal
+ ac reference at 70 Hz; c) Sinusoidal ac reference
at 180 Hz. v ,

-
) .
. . N //

s 15

oy

WUIRS
>ad



i

- -

+
K
¢

operation and quick respbnse to external commands. "It
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o

can modulate tne load current IL according to any

reference signal IR with controlled ripple in the load

current.
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CHAPTER 5

DC~AC POWER CONVERSION USING TWIN HIGH

FREQUENCY LINKS

5.1 Introduction:

In dc-::.lc power conversion systems employing' a high
frequency link, 'the low Ofrequéncy (50/60 Hz) output is
usually realised by typical cycloconversién methods [13],
[1}5'] ,[16] .‘ An alter_nat‘ive -method to ‘échie“fe dc-ac power
conversion is possible by utilising two high frequency
llr;ks, each being reallsed‘ by means of a high frequency

e

inverter, with their operating frequencies differing by

twi;:e the required low output forequency. The technique of

- Jcombining the outputs of iﬁverters operating at the same

\\\ fr'equency but with a phase shift between their outputé,‘
in order to achieve cancellation of harmo_nicé, is well-
known [287. It is also possible to achieve output voltage
regulation}by controlling the phase shift [29]." H.owever,-.

.. the possibilities offered by two inverters operating at

different frequencigs have not been investigated.

A dc-ac power conversion system which utilises twin
high frequency links is investigated in this chapter.
- Fig.5.1 shows a block diagram of the dc-ac conversion

process.' The two high frequency inverters operate at .
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. ' ,
frequencies fl and f2 respectively. The differences

between £, and *"2 is 2f0, where f0 is the required 1low

1
.output frequency. The difference between the two link
;foltéges is a high frequency sinusoid, enveloped within
another sinusoid at 'éhg output -'freq/uenc'y fo. This voltage
can then be used as the input in a cycloconversion procésg.
"If the input to thé cycloconverter is of constant amplitude
as in normal cycloconversion, the firing angle of the cyclo-
converter has to be modulated about a quiescer‘xt value, using
a sinusoidal reference signal, in order to obtain a sinu-
soidal output voltciige. On the other hand, if thé .dnput
voltage is modulated in amplituge as mentioned above, the
firing angle does not have to be modulated. Sinusoidal
output vo‘ltage can be constructed by simple rectification/
inyérsion. Tl';e process can be vieweci as a form of cyclo—'
conversion in which the modulation is incorporated in the
input voltage instead of the switching. Ohmic isolation
can sgill be prpvided at high frequency. The frequency of
the output voltage can be varled by varying the dlfference

S

between the frequenc:.es of the two HF links.

5.2 Basic Principle:

e Consider two sinusoidal high fregquency wvoltage sources

o

operatirig at the frequencies fc+f0 and fc—fo, wher fc is

very much greater than the output frequency fo. The two

.

voltages can thgn be represented by

-

]

[ ————
i S
.

i
i




o T

Vl = ansm(wc+wo)t i - (5.1)
V2 = Vmsm(wc-wo)t
»
where w _=27f and w_=2nf , The difference of V., and 'V
c c o o . 1 2

- is therefore given by

V3_= Vl-v2 = Vm51p(wc+wo)t - Vms;‘.n(wc-wo)t (5.2)
i.e. V5 =2V _cosw_t sinw_t | , (5.3)

o

»

Equation (5.3) represents an alternating voltage af the high
frequenc.y fc whose ampli tude followa\,the quw frequency en-
velope descril-)ed‘ by 3VmSinwot' "I;he nattife of this<waveform
is shown .,in Fig.5.3a. ' The required output.voltage Vo at
the low fr-equénpy fo can be c;btained by suitably _invérting
alternate half-cycles of the volt?ge iqn Fig 5.3a, resulting

in the voltage waveform shown in Fig.5.3b.

The frequer{cy co}nponents in the output voltage waveform
V_ can be obtained ir; the following manner. The process of
obtaining the output voltage is equivalent to multip;lying' '
the ela::pression in (5.3) by a square wave V__ of unit ampli-
tude, in phase with ,,coéwct.' Since such a square wave has a

Fourier series expansion of the form:

-]

4
w

, . n—1 '
vs = i Pl)T"‘ﬁ;‘ .cosnw t - (5.4)

n=1
n odd ’
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‘the outputu.yolt'agé' Vo can be expressed as
. Voo

A
3x sSw

i.e. v = {Vmsm(wc +wo)t—yms1n(wc-wo)t}°

o . n_l '4
x{} (-1) "2 += cosnw t}
n=1 ¢
n odd
& '
— .m : ‘
Vo, = - s:.nwot
' v ., I ‘
+ — (1- - 3-){s1n(2w¢+wo)t—31n(2wc-wo)t} . ($.Sa)
_ sz (!3'- - %’-){sin(4wc+wo)t-sin(4wc-wo)t}
L )
;{:.
i.e v = i‘jﬂ sinw_t :
e T .° (5.5b)
© 2V. . . .
mo, 1 1 . kil L _
k-zl = (35=7 = 3557 (-1)" (sin(Zkw _+w ) £=sin (2kv, W)t}

Equation (5.5b) shows that the voltage Vo has a component
at the frequency fo of‘émplitude (4Vm/'n)," this being the

required output voltage. The spectrum of the output voltage
N .

is shown in Fig.5.4. It can be seen that the first pair of

unwanted frefuency components in the output occurs at the

frequencies 2f¢-+fo and 2fc—fo. Since fo is of the order of

60Rz, while fc is of the order of kHz,' the unwanted compo-
nents can be easily filtered. ' |
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‘While the amplitude of each of the voltage sources Vlv
and V, is Vm; the amplitude of the wanted freguency
component in the voltage V cons‘truc.:ted from the difference

of Vl and V, is .4Vm/” instead of 2Vm, as may be expected

ideally. This may be regarded as a derating in voltage,

-

computed as:

»

Voltage derating

]

(4Vm/'rr)/2Vm = (2/m)=.637 (5.6)

Let © be the phase angle of the load at the ’output
frequency fé.' The load current i - (Fig.5.2) can be ex-
presgsed in thé form .

io= imsin(wot—e) (5.7

Qg : .
assuming that there is sufficient inductance in the load
to smooth out ripple currents. The input gurrenﬁ iin of
the cycldconverter in Fig.5.2 can then be obtained by the
sa;me'méthod tha‘t was employed to obtained the expression
for the output voltage Vo i.e. by multiplying the output
current io by‘ a square wave of unit amplitude in phase with

cosw t. The resulting expression is:

1
A

iip} = (24 /) {sin((w +i ) t-0) ~sin((w_~w ) t+0)}

—(‘Zim/ﬂ) {sin( f3wc+wo) t-0) -sin( (3wc-wo) t+0) } (5.8)

-t .
+(2im/w) {sin( (ch+wo) t-0) -gin( (5wc—wo) t+0) }
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From this expression, the acti\'re‘powers supplied by the

~/ two sources are seen to be the same. From (5.1) and (5.8)

( S

Active power supplied by each source ‘~
vV_i .
M0 cosd _ ) (5.9)
From the expression (5.7) £ the output current io and the

S

expression 15.5b) for the oytput voltage V_,

(I(ctive powér absorbed by the load

4v

1 m . ’
= I  e— s0
— 2 T ~J.I“CO

ZVmim ' )
+ cosb . (5.10) .

-~
-

Thus each source supplies half the total active power
demanded by the load. The épparent power handled by each

4
source can be obtained as - -follows:

RMS voltage of each source = v /V2 (5.11)

RMS current in each source = /2 (5.12)" .

Hence the apparent power handled by each sourgce

= T /
From (5.9} and (5.137.,

-
Y
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'3

Power factor at which each source operates-

_ lemcos 6 . lem . &
m . 2 e ' .
_ 2 . .

F COSB N . ' - (5.14) ’ a
fp , - .

From (5.14) it can be seen that the best power factor at

A v
£

which each source- can operate is'(2/'rr)=.637.

5.3 Circuit Implementation:-

The power circuits that have to be realised in order

to use the above.dc-ac powel conversion technique are the.

1

two high frequency ‘inverters to pbtain the 4wo link voltages,

e

and the output cycloconverter to construct the low frequency

A

output voltage from the two link voltagéé.

a) DC-High Frequency AC Inverters: o -

These may be regar;ied as the "master'n_ stage in the -
power conversion process. ‘The amplitude and frequency e
of the output voltage are decided by the amplitudes and
frequencz.es ‘of 'the . two llnk ;nverters. The output cyclo=- '
conver ter merely performs appropriate rectification/ '
invle\;sion to construct the Ol}tp;.lt voltage ffo;n the’
difference of the two link voltages, as shown (in Fig.5.2..

It is not possible to incorporate the functions of voltage 3

regulation or frequency variation in. the output converter,

bt
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which may be regarded as a. 'slave’ sﬁage. Therefore the
high freguencf inverters employed to, realise the two links
must ﬁave the capabiiity to perform these functions,.in
addition to produciﬁg sinusoidal output, which, of course,

is a primary requirement.
: "y .

The resonant inverter of Fig.l.3b satisfies the above

requirements. The ocutput voltage of this inverter can be
regulated by varying the frequency, as was shown in

Chaﬁter 3. The expression for the output voltage Vo of

the dc-ac converter, given in (5.5b) shows that the ampli-

\

a

tube of the wanted frequency component in the output depends

on the amplitude of the individual link voltages, while its

3y
»

quencies of the two high fregquency spurces. Since only

the frequency difference decides the output frequency, the

rindividual link frequencies can be varied to perform output

voltage regulation, while keeping the difference in

!
frequencies constant.

The half-bridge confijuration is used for the inverter.

If full-bridge circuits are employed, it becomes necessary

.t use a transformer to obtain the difference of the two

link voltages. The centre-tapped dc supply in the half-

bridge configuration makes' it possible to .obtain the

. . . | Y
difference voltage without a transformer, as can be seen

)
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¢

from the complete converter circqjt shown in FigﬁS.S.

b) Output Cycloconverter:’ | A
" ! ' 3
Although the output’converter is structurally a
cycloconverter, the gating signals do not have to be
modulatéd. The input voltage to the cycloconverter is the
voltage,Vl--V2 shown in Fig.5.3a. 'The amplitude of the inpqt
voltage is very smS%l as the envelope crosses zero and

~

therefore, if thyristors are used to realise the cyclo-

-~

converter, commutation will be difficult at these points;

especially with a reactive load; Consequently, switches
capable of being force~cbmmutatgd haée to be employed.
In Fig.5.5 MQSFEThswitchés are indicated. While dual
converters can be employed.to carry output currents of
opposite p;larities, the use of bidirec;ional switches,\as
shown in‘Fig.S.S, eliminates the rieed for output current

sensing and changeover logic and was therefore preferred in

the prototype converter.

, Although the two link circuits have a common point,
as shown in Fig.5.5, this coﬁmoﬁ point is electricélly not
always\gt the middle potential of the cycloconverter input
Iines. For this reason, it is not possible to use a mid-
‘point configuration fqrhgge cycloconverter unless a trans--

former with é\centre-tapped secondary is used. |
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5.4 Operating Conditions for the Link Inverters:

S

Since the output cﬁrrent ig (Fig. 5.5) is alternating
at an angular frequency vy whichois very much less than W
the magnitude of io cén be assumed to be constant over'one.
éycie at the frequency of either 1link. Tﬂerefore the

current reflected onto the link by the output converter can

be represented by a sqgquare wave over one: cycle at the link .

frequency, as illustrated by Fig. 5.6. The magnitude of

this refelected load current follows the magnitude of the
load current iO and varies cyclically at a frequency 2fo
because 'the positive and negative half-cycles at the output
of the cycléconverter give rise to the same cur;ent

amplitude variations at the'input.

Moreover, while the link voltages are alternating at
the freguencies fc+f;, the load current seen by the links
alternates at a slightlj different frequency fc. Consequently,
the reflected load current 'slips'.past the link voltages.
The phase angle at which the %inks see the load current'.
therefore varies fr&m one cycle of the link freéuency to the
néxt. These-variationé fepeat cyclically at the‘freéuency ' r
2f°. for.a given load phase angle 8 at the output, the range |
of phase angles over which the links see the loéd current can

be established as follows.

%

Following the notation in Fig. 5.2, the link voltages V1

and V2 and the load currents Il and 12 of the two links

e
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obta}ned by reflecting the load current io can be re-
presented by a phasor diagram, as shown in Fig.5.7.
The frame of reference in Fig. 5.7  is assumed to rotate at

the frequency f .. Sihce I and I, are alternating at the

frequency fc' their phasors are stationary. Furthermore

the ‘phase.difference between Il and Iz°is always 180 because

~of the polarity conventions indicated in Fig.5.2. The two

* link voltages V1 and V2 are élternating at the frequencies

fc+fO ané fc—fo respectively. Therefore the phasor repre-
senting Vl moves'anticlockwisg at a rate of Qo radians/sec,
while the phasor represéptinq v, moves clockwise at the

same rate. Ol and 02 are the phase angles at which tﬁe two

o

- link voltages see the load current.

Consider the half-cycle of the output represented by
the interagi from one load current zero to the next.
Wavéforms of the output current and the wanted component of
the output voltage are shown in Fig.5.8, where a lagging
load has been assuﬁed.! Since the link frequencies. are very
much higher than the output frequency, the instantaneous
powér Po at tﬁe output at any- instant can be taken tg
equal the average power supplied over a cycle at the link
fregquency at that instant. The wanted component Vow of
the output véltage is obtained from (5.5b) as:

4v ,
= —FE' Sinwot

Vow (5.15)
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Fig. 5.8 Output cu;:"rent and wanted component

of output voltage over one .half-cycle.
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) Also, i= i sin (wot—e) (5.16) o
'{" . \\_4—’\
ot 1 4Vm ~ )
. Po = 5 — im(cose—cos(zwdt—e)) : (5.17)
l} The average powers Pi and P2 supplied over a cycle by /
N . N -
the two links -are given by: g'
} ‘ . .
4i .
= 1 o ~ .
Pl = f'vm - cosB1 (5.18)
4i . )
.1 0 .
P2 = 7 Vm - 00592 (5.19) '
The factor (4/m) ip (5.18) and (5.19) accounts for the’
~ ' . fundamental component of the square current wave of
.amplitude i_. ' ’ ' i
. o i
At any instant , : . £
A : i
\ Po = P1+P2 ) ) . (5.20)

e
k3
. eAResh o

\ Consider the instanrt t., in Fig.5.8, when the wanted compo-

2

nent voltage Vow has its peak value 4Vm/w. At this instant

- _the two phasors V1 and V, are 180 degrees out of phase.

2
Since the currents Il and 12 are always 180 out .of phase,

R T B TR

il

the two phase angles Gl and 62 are equal at this instant.

i
bl

Consequently,

’
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P, =5 —2 i 2cosd L -+ (5.22)

i,cosb cosb, (5.23)

4 l 4 . i
Py =5 V, 7 i,cosé cosé, (5.24)

From (5.22), (5.23) and (5.24), using the fact that

1 2 1 2

9, =0, and P, = P = Po’ it follows that

0, =0, =0 at t=t o (5.25)

" Thus at the instant when Vow attains its peak, the phase

angles 61 and 62 seen by the two links. are zero, irrespec--
tive of the load phase angle ©., Once this has been’

established, the phase relationships at other instants such

, as t1 and t3 can be deduced. Correspdnding phasor diagrams

are shown in Fig.5.9.

7
It can be seen that, for a lagging power factor angle

© at the output, the phase angle seen by the link voltége v, -

1

operating at the frequency (fc+ fo) - varies from 90-0
leading to 90+9’1aggingfthe phase angle séén by the link

voltage V, - operating at the frequency‘(fc—fo) - varies

2

from 90-0 lagging to 90+0 leading. At t = t the output

3'
current iO reverses polarity. 'Therefore the tw¢ currents

I1 and Iz change in phase by 180 and the cycle repeats again.

. Y
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Fig. 5.9 Phasor diagrams ‘at‘\_rarious instants.
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{

From the analysis developed .in Chapter 2, the behaviour

of the inverter for various phase angles of the load current

can be determined. Fig.5.10 shows the variation with fre-
gquency of the averéde rectified link voltage i.e. the volt-
seconds under the link voltage waveform, at various load
phase angles. It can be seen that irrespective of the load
phase éngle, an increase in the operating frequency resultg
in an increase in the average rectified link voltége.—
However, for a given frequency, leading phase angles -
corresponding to advance firing in the output convewter in
Fig.1l.4 -~ give rise to an increase in the link voltage
whereas lagging phase angles ~ corresponding £o delayed
firing in the output conver£er - give rise to a decrease.
This is also borne oug’by the curves in Fig.5.11, which
show the load regulation behaviour of the inverter at a
particular operating frequency, for various load phase
angles. Fig.5.12 shows the variation of some other circuit
parameters with.tHe load phase angle. The circuit recovery
time tq is lowest in the vicinity of 0 phase ahgle of the
load. The rms link voltage and the rms reactor current in

the inverter are higher for leading phase angles than for

lagging phase angles.

-

5.5 Experimental Results:

4

A prototype dc-ac converter was constructed 'in the

1aboratory to demonstrate the power conversion prlgzlple.‘

re ko o %
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Tﬁe converter utilised asymmetrical SCRs in the high
frequency inverters. MOSE‘.ETIQ were used as the switches in
the output convérter.~ Fig.5.13 shows oscillog;fams from the
experimental converter. The two link v‘oltages vq and Vo,
at frequenci;s of 6480 Hz and 6600 Hz respectively, are
shown in Fig.5.13a. The difference voltage V=V, is shown
in Fig.5.13b and consists of a high frequency ac enveloped
within a sinusoid at 60 Hz. The output voltag.e waveform
after cycloconversion and the output current v'vi{:h an RL lead
are shown in Fig.5.13c. The prototype converter provides. P
a general verification of the,conversion techni;;ue.
Performance' curves such as those in Figures 5,10 to 5.12 can

be used to select circuit components to meet specific design

c
»

objectives. )

-

5.6 Extension 0f The Technique For 3 Phase Output:

The twin resonant link power conversion technique can
be extended for three phase output by using three of the
basic converter circuits. A block diagram of a three ph;'ase
arrangement is shown in Fig.5.14. The inverters in the
three phases have to be appropriately phase shifted to
6btain balanced three phése output ‘volta'ges. Tlis can be '

-

accomplished as follows.

i

4 §
The three.-pairs of sinusoidal voltages generated by

the inverters of the three phases are represented as:

A
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The two link voltage
’ Vl, v2 L]
a) )
The difference *
voltage' ,Vl—V2 S
o * b)
~
Output voltage vy
ad current io'
. C) '
F:ig. 5.13 Waveforms from experimental converter; E = 20v;
L = 60uH; C = SuF; £, =6480Hz; £, = 6600Hz.
Scales: Time-5msec/div; voltage-50V/div ,
. R *
.Current-2A/div. ‘ - C L ’
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Vla= Vm31n(wc+wo)t - V2a= Vm51n(wc—wo)t
Vip= Vm51n{(w +wo)t-l20} V2b=-vm31n{(wc—wo)t+120} (5.26)
v, = Vm81n{(wc+wo)t+120} Vo= VhSLn{(wc—wo)t—lzo}

lc

“

' The three voltages at the frequency fc+fO form a balanced

three phase set, as do the three voltages at the frequency
fc—fo. The difference voltages for the three phases are

-~

theh obtained as follows:

=V, -V

. Vda 1a Voa = 2Vmcoswct51nwot
de= vlb-jv2b f 2Vmcoswct51n(wot-120)‘ (5.27)
vV, = V. =V =

ac™ V1eVac 2VMcoswct51n(wot+120)

The envelopes of the three difference voltages form a
balanced three phése set, while the high frequency waves
cbntained.within the eﬁvelopes in the three phases are in
phége. Cycloconversién now yields the required'threé phase
output at the frequency fo' The three outputs can be

connected in either in wye or in delta because' of -the -

isolation provided by the transformers.

'5.7 Conclusion: R

\"

\ ’ ) .
A dc-ac power conversion technique can thus be realised

¢

e o S MR
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by using twin high frequency‘links. It was shown that if

the two link inverters operate at frequencies fc+fo and " a

- B

f;-fd respectivelyn then the differénce between their output
voltages is an amplitude modulétéd sinusoid at the.high
frequency fc’ whose envelope is a low frequency wave at the
frequency fo. The output voltage waveform at the frequency
fo is construcﬁéd by a cycloconverter which merely performs
aépropri;te rectification/inversion. fhe firing angl;\of
the switches in the cycloconverter does not have to be
modulated. Qutput voltaée regulation is obtained by v;rying
the frequency of,opergtion of the two links, while keeping
the difference between the two fréquencies constant. As it
is possible to provide isolgtion at high freqpency, tﬁe
technique‘can be utilised in lightweight dc-ac power con-
version agplications such as vehicle power supplies,

portable power supplies for commgnication“equipmeﬁt etc. .°

'
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: S CHAPTER 6

4 CONCLUSION

6.1 Conclusions

The performance of a series resonant invexter configu-
ration with the load connected acroés the resonating

capacitor, while acting as a high frequency link in dc-dc

and dc-ac power conversion systems, has been investigated.

A teéhnique has been developed for steady-state analysis
of the inverter when it is acting as a ﬁigh frequency link

and feeding converter loads. The procedure assumes that. the

‘load current reflected onto the inverter is constant over a

cycle of the inverter because of the high inverter fréquency.
Losses‘ére ignored. A simﬁle closed form solution results for
the operating-point of the inverter, for forward as well as

regenerative power flow conditions.

A dé-dc conversion scheme using the inverter as a high ~
ﬁrequenc§ link has:been investigated. The performance of
the inverter is obtained using the above analysis. It is
shown that the output voltage can be regu}éted by varying
the operating frequency of the inverter. A design procedure

£
is developed using the results of the analysis.

by

i
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Moreover it has been shown that the resonant inver£§r
can also be used to realise a four quadrant\ converter, ei‘n
which the functions of dc to high frequency inversion and
cycloconversion are performed in a single stage. Control
‘'of the output is achieved by controlling the on/off :t:imes
of the inverter so as to force the load current to foilow
an external reference signal. The ability of 'the converter
to respond quicfcly“to external sigﬂals and operate over a

wide range of frequencies was demonstrated.

A new dc-ac power conversion technique using two
inverters'as twin hiygh frequency links has been dev\eloped..
By operating the two inverters at ffequencies differir‘xg by
twice the required _low ogtpu£ frequency, the difference
between their output voltages 1is shown to be a high
frequency wave vhose amplitude follows an envelope at the
low output frequency. The low output freguency is obtained
by. means of a cycloconverter, which merely pérforms
appropriate rectification/inversion without modulation of
the firing angles. The conditions of loading encountered
by t’he two link inverters were established. It ‘is shown
that output voltage regulation can be performed by varyiné

the frequencies of operation of the two inverters while

"keeping their difference constant. °

'
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, 6.2 Suggestions for Further Work
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i

T;ig gié{f.omance of the twin link techn.ique of dc-ac
power conversion, when inverter configurations other than
the one consigered in this thes;is are used as the‘ links,
is of interest. Alsc;, with this technique, the synchron-
isation of the output voltage to <ther voltages such as
the aclline‘ is a- su’bject‘that equires further invest-

igation.
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APPENDIX A
o ) )
Steady-state analysis of the high frequency inverter with
the load cufrent reflected qﬁto the link viz, I s lead- .
ing the link voltage v:
Case A.l : ’
Forward pbwgr flow; IL leads V by Olaz; : ' ~
0o <o, .-
This situation corresponds.to Fig. 2.8a. Fig. A.lL
shows the circuit waveforms in detail. The solution for
the operating point is g'iven as follows:
Solution: 'eCD is given by the solution of the equation
P,
. asf1n8CD+bc039CD = ¢ | | (A.1.1)
where, i ‘ ' N
a-= Eéfians i , .(_A.l-2) \ !
b = E(l+coswT,) R ¢V 5 ) R .
c = E(l+COSWTs)-ZISlnBadv+ZISJ‘n(WTs"eadv) (A.1.4)

.. VGCD \.= '{2ﬂ+sin_1(q/‘¢a2+52)}—{Tr+tan-l (b/a)}

(A.l.5)
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—BCD) ,+ cos (ea

The initial conditions at the beginning of a half cycle

cos (WTs-eadv dv+eCD) - 'Esians i

l+coszs Z(l#-co,sw'l‘s) .

(A.1.6) .

sin(0_, +6 . )-sin(wT_-6_. -0 _ ) .
2T — adv_"CD s adv_"CD (A.1.7)

l+coswT T

>Wis
'.
! ‘
$
] . )
| % '
¢ 2
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Case A.2 ) \\\\\_ ,Af‘

s

4 ‘ : )
Forward power flow; IL yeads Vv by dacufaac < 90)
- C ' o
/ This condition corresponds to Fig. 2;8b. AFig. A.2
. shows circuit waveforms in detail. ) s "

Solution: The initidl conditions are given by:

. EsianS
ig =~
Z(1+coszs) S Sy
‘ 4
, sians U
VO)= 2T —_—
l‘+coszs

is given by the

) . . \ )
The critical advance angle each

of:

i +bco = i
aSlneadvc bc Seadvc c

where,

a = EsianS+zI(l+cOszs) ~
P e * . -
b = E(l+COSWTS)_ZI%%ngS*
c = E(l+coszs)' -
- J -
N & o temeieml, /T 2. l-S(a} ., .
‘ ) .. eadvc = Fw‘31n (c/Ya +§ )} {7—7———m+tan

| Y s -

(A.2.1)

(A.2.2)

solution

(A.24 3)

“Librayre
A2.7)
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where S(a) = 1 ifa>o0, - , .
o .
- . e . . N ) I .
. (A.2.8) :
. M ‘ .
- . . . - . -
S(a) = -1 ifa< oo SN - .
v - . B . . P
< . , N -
. . o N .
. . ” ¢ s
) . ‘ v ‘ ) : ‘
\ . .
- .
o = 0_. x180/WT- ) ’ (A.2.9)
. . .
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. Case A.3

* Forward power flow; I, leads v by o

a’ %ac

This situation corresponds to 4ig. 2,8c. Detailed

circuit waveforms are shown in Fig. A.3.

Solution: 6. is given by the solution of

B

: as.in93+bcoseB =

-

where,

a ESanTS

o
]

z E(l+cosﬁTs)

Q
]

a4

- .

. éB~= {w-sinrl(c/Ja:+b2)}-{n+t$ﬁ‘l(h/a)} (A.3.5)

AN

E(1+co$wTs)er51n9adv+2151n(wTS-eadv)

The initial conditions are given by:

14

(A.3.1) .

L 4

(A.312)

" (A.3.3)

(A.3.4)

i = I._EsinVTs g cos (8, 4,~0p) +cO8 (W -0 5 +8,)
0 . . -
Z (1+cosw® +CoSWT
| 3 1HeosTs (.36
8in(8_ .. ~6_)-sin (WT_-6_. +6.)
vy =721 adv B s Yaav*’s’ .
) 1+coszs -~ (A,3.7)

el S ) o

R L

o, < 90°,

.-
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Case A.4

Reverse powér<flow; I, legds v by oy 90 < a_ < 180-a

L a ac’

-

This condition correspohds to Pig. 2.8d4. petailed circuit

waveforms_§re shown in Fig. A.4.

y &‘ N N
Solution: “eCD is given by the solution of:
/ ‘ ’
asanCD+bcoseCD = c . . ] (A.4.l),
“where, .
a= Esianc L. (A.4.2)
b = E(l+coswT_) - o  (A.4.3)
. 8 o . - ’. !
c =.E(l+cosz )+zIsine ady —2131n(wT eadv) (5.4.4)
. eCD = {n-sin_l(c/Jaz+b )}-{w+tan-l(b/a)} (A.4.5)

The initial conditions are given by:

)+cos(wT -6 -9 _..)

i =1 - EsinwTg -1 cos(eadv CD adv_"CD
0 .z(l+cosz5)| ‘ 1+coswT, S
’ A (A.4.6)
; - . Sln(eadv bcp) - smn(wT eadv-eCD) o _
N Vo = Tz, ‘ N .
’ ¢ 1+coswT
' ‘ (A.4.7)
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1,
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leading v; 90<c.a~; 180--c>ta
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Case 'A.5

Reverse power flow;

*

- 148 -

IL leads v by lBD-aaci

Thié situation corresponds to-Fig. 2.8e. , Detailed

v
-

Solution:

[

circuit waveforms are shown in Fig. .A.5.

-

Es:n.an5

z(l+coszs)

sinwT
8,

_zI ————— e

1+cosw'I‘s

The initial conditions are given by:

o " (A.5.I)

(A.s_iz)
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Circuit waveforms; reverse power flow with
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Case A.6'-..

Reverse power flow; IL leads v by o 180—aac<aa<180.

This situation corresponds to Fig. 278f. Detailed
circuit waveforms are_shown'in Fig. A.6.
Solution: eB is given by the solution of:
- . - ’ -
o
asinf +bcosby = ¢ ’ S (A.6.1)
. where )
. a = Esmans ) i | ‘/f (A.6s2)‘
b= E(1+coszS) (A.6.3)
¥, ='E(l+c°SWTs)+2181neadv_21§in(WTs-eadv). (A.6.4)
‘ | .= - . — e
¢ , - -
' L. b= {2mesint (c//aZ+b?) b-(rrtan™L (b/a) } (A.5.6)
The initial conditions are given by:
S cos (6, 4,7 0p) +cos (WT -6, 4 +85) . EsinwT g .
0 - 1+coszs z(l+coszs) ’
(A.6.6),
8in (8,9, =0p)=8in (WTg =0, +6.)

l+cosw'1‘S
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. ‘ APPENDIX B .

Per-unit system of values followed in presenting inverter

chatacteristics: ™

Base yoltage Vbase

= Minimum dc supply voltage from
{ . centre—taé to either pole.
m o
-= Maximum value of load current
— )
reflected onto the inverter.

-
Base current I
. base

"‘EEEé*Eﬁgulaf“fféqﬁencthgggé‘=fw—§~lf#Le,<themrespnantk¥
frequency of the LC

. clrcuit.

‘Base time tpase = 2T/ ¥p.ce

~ T ——Base inductance Lpage =

e i

Vbase/(?basewaase) 7

Base capacitance Cbaée = Ibase/(vbasewaase) -
) ,uvp.u. = V/Vbase

Ip.u. = I/Ibase .

. wp.u. = w/wba,sse' , ‘ »
4 t r = t/ . ' , . “ -
: p-Q. tbase .
. Lp-“- = LbaSe '
g ?p.u. = C/Cpase ,
N :

oo

S-S
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