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Introduction

Improvement of output alternating-voltage and current waveforms in
continuously controlled static converters has become an urgent problem
in connection with recent wider use of such converters. In most cases the
ideal waveform of input and output current is sinusoidal.

At the Institute of Thermophysics and Electrophysics of the Academy
of Sciences of the Estonian SSR a technique for obtaining a continuously
adjustable multistep sinewave-like voltage based on the use of an induct-
or operating as a controlled energy-storage device with its inductance
varied by stepped switching of the number of its turns, has been
elaborated.

Operation of corresponding switching controllers of alternating-
voltage amplitude is studied in detail in [l-10 ].

The present paper deals with an analysis of power conversion pro-
cesses in the controller under conditions of forced commutation.

General discussion

The circuit of the alternating-voltage amplitude controller is shown in
Fig. 1. It is assumed that the circuit is fed with sinusoidal voltage
u= U m sin cot, the switches I —IV and 1 ... n are ideal, and the load is
purely resistive. The energy-storage device consists of an inductor with
stepwise changeable turn number and infinite inductance L; iL denotes
the current passing through the inductor and иа ъ the voltage across it.
The input current i and the load current iR have a multistep waveform
with i=iR . Number of steps in the output voltage and current multistep
waveform equals to the number of the switches 1 ... n.

Since the output voltage uR contains higher-harmonic components,
its fundamental harmonic amplitude is smaller than that of the supply
voltage {ÖR(\)m<iUm) even for a=o, where a is the angle at which the
switches I, II or 111, IV commence to conduct. The value of t/B(1)rn
depends on the controlling angle a and the number of steps n. It has
been found that uR contains odd higher harmonics of the order of m=-
=4nkzth where k— 1,2, 3... .
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Since the circuit elements are assumed to be ideal, the input active
power has to equal the load power ( P = PR ). Only active powers are
regarded in this paper.

The input active power can be written as follows:

The load power at the fundamental harmonic may be expressed as

The input power is generated only at the fundamental harmonic, the
load consumes power at the fundamental and the odd higher harmonics

The switches I—IV consume power at the fundamental harmonic and
generate it at the odd higher harmonics

(4)

The power generated in the switches is consumed in the load

In addition to the described processes for len-Coo, energy exchange
between the switches and the inductor takes place. The switches consume
power at even higher harmonics and generate it at the second one

On the other hand, the inductor generates power at the same even har-
monics and consumes it at the second one

(7)

The power generated in the switches is consumed in the inductor

P=U mUß(i)mCosa/2R. (1)

Pr(D= (2)

Pr=Pr{l)-\- JŽj Рщ.Ык±l)- (3)
h— 1

сю
Pl(l) =— S Pl(inh±l)

k= i

DO OO

—4 S Pi(ink+i)= S Рнапк+р. (5)
k~ 1 h= i

oo

JŽ Pim——pm- (6)
ft =2

oo
PL(2) "S PL(2h)-

h=2
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(8)
and vice versa

In the further analysis per unit values of powers are used. Assuming
the unit power P u to be equal to the power of short-circuit controller

one can find per unit values for both the input and the load power as
well as for the power of the switches I—IV and of the inductor:

Energy exchange in the controller for different values of n

a) n= 1. For one-step load voltage waveform (Fig. 2) Ищ\)т
= 0.8106 Um cos a. Per unit values of the input power and of the load
power at the fundamental harmonic are found to be

The curves P* and P* for n= 1 versus a are shown in Fig. 3 and 4.R{ 1)

For n= 1, the switch 1 is on continuously.

Fig. 3.

< Fig. 2.

4Pl(2)— Рц2),

oo со

—2 p J*' Pim- (9)
h= 2 ft=2

Pu=Um'/2R‘=o.s, (10)

P* =P/Pu ; P*R =PrIPu\ P*l=Pl/Pu\ P*l =Pl/Pu. (11)

P* = 0.4053 cos 2 a,
P*,—0.3285 cos2 a.Л(1)
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b) n= 2. In case of two-step load voltage waveform (Fig. 5) £/л( i)m=
= 0.9459f7m c0s a. P* 0.4729 cos2 a and P^ (1)

= 0.4474 cos 2 a versus a are
shown in Fig. 3 and 4 as well.

Since the nature of power conversion processes does not depend on
the value of the controlling angle [ l ] only the data for a=o have been
regarded in the analysis and the power of 60 harmonics of Fourier’
series has been computed for the switches and the load.

The input power is generated only at the fundamental harmonic
(F* —0.4729). The load consumes power at the fundamental (P* (1)

=

= 0.4474) and the odd higher harmonics {P* —P* i=±= 0.0255). We have
obtained that the switches I—IV consume power at the fundamental
harmonic

and generate it at the odd higher harmonics of the order of (8&+1)

The power of 60 harmonics in the load becomes

For n= 2, the current and voltage waveforms of the switches I—IV
contain odd and even higher harmonics. The voltage and current of the

Fig. 4.

Fig. 5. �

4P* =4 • 0.6375 • 10~2i= 0.0255i(i)

—4 2J Plal
.. =4- 0.5456 • 10-2= 0.2182 • 10-1

ft=l

P*
Rm +JtP;(51i±1)=0.4474+0.2182-10-<= 0.4692

h= l
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Fig. 7.

i Fig. 6.

inductor involve only even harmonics. It has been computed that the
inductor consumes power at the second harmonic P* =0.1499-ICh1

L(2)
delivered to it by the switches I—IV

The same switches consume power at even higher harmonics

delivered to them by the inductor

A difference between the generated and consumed power in the
switches as well as in the inductor occurs because only a part of har-
monics (60) has been considered.

Two curves are given for m= 2 in Fig. 4. The upper one shows per
unit values of the load power plotted against the controlling angle in
the presence of all higher harmonics, the lower one shows the same power
for 60 harmonics computed.
c) n=3. For the three-step load voltage and current waveform (Fig. 6)
F r B(i)T0 =0.9791f7m cos a. P* = 0.4895 cos2 a and P*,. =0.4793 cos 3 a versus

Щ1)

a are shown graphically in Fig. 3 and 4. Fig. 3 as well as Fig. 7 show
that the load power at the fundamental harmonic grows rapidly when
increasing the number of steps. As it can be seen from Fig. 4 and 7, a
sufficient accuracy is obtained for the approximation of sinewave by the
multistep function applied when 3.

As it is known, power consumption and generation in the ideal switches
I IV must be equal, accordingly:

—4P* =4 • 0.3749 • 1 0.1499 • 1 0- 1 .
ДА)

4 2 p\m =4 • 0.3464 • 10-2 =0.1386 • 1o-i
ft =2

29

-^Р^г 0' 1386^'
h= 2
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The difference is given by the higher harmonics with the order of over 60.
The load power is found to be

The power consumed in the inductor P* =0.7493 • lO-2 is delivered to it
by the switches:

and the power consumed in the switches

is delivered to them by the inductor:

The foregoing analysis shows that there
is no basic difference between the processes
of energy exchange in the controller for
n—2 and n— 3. When increasing the num-
ber of steps, the power converted by the
switches I—IV decreases as it can be seen
in Fig. 7.
d) n— oo. For n= oo the load current and
voltage waveform is sinusoidal as shown
in Fig. 8. For a—o, it coincides with the
supply voltage. Per unit value of the input
and load power is

The higher harmonics in the current and
voltage waveforms of the switches I —IV
as well as of the inductor are shifted by
90°. Consequently, they neither generate
nor consume active power and the control-
ler operates as an adjustable linear in-
ductor.

Fig 8,
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4P* =4 • 0.2555 • 10-2=0.1022-1 0-1
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1(l2k±l)
=4 • 0.2416 • 1(H= 0.9664 • 10~2.
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P*m+2 р'
щак±l)

'=0-4793+0.9664 ■ 10-2=0.4889.
k= l

АР* =0.1877-10-2= 0.7508- lO-2
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29
4 SP! чь
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29
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P*.= P*.= 0.5 cos 2 a.R



266 Maire Ojaveer

Conclusions

1. The nature of power conversion processes in the inductive switching
circuit for alternating-voltage amplitude-control in conditions of forced
commutation depends neither on the number of steps in the output
voltage waveform nor on the value of the controlling angle. ,

2. The load consumes power at the fundamental and the odd higher
harmonics. The power at the fundamental harmonic is delivered to it
by alternating-voltage source, the power at the odd higher harmonics
by the switches I IV.
3. The switches I— IV operate as frequency converters, consuming
power at the fundamental harmonic and generating it at the odd higher
harmonics.
4. If \<fn<foo, power transmission at even harmonics between the
switches I IV and the inductor takes place.
5. For n=oo, the circuit operates as a controlled linear inductor.
6. Practically, for obtaining sinewave-like output voltage n= 3 is
sufficient.
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VAHELDUVPINGE AMPLITUUDI SUJUVALT REGULEERIVAS
INDUKTIIVLULITUSAHELAS TOIMUVATE ENERGEETILISTE

MUUNDUSPROTSESSIDE ANALÜÜS

On analüüsitud energia muundamist ja ülekannet ühefaasilises sundkommutatsiooni-
režiimis töötavas lüliti tüüpi vahelduvpingeregulaatoris, mille väljundpinge on astmelise
kujuga ja astmete arv muudetav.
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Майре ОЯВЕЭР

АНАЛИЗ ПРОЦЕССОВ ПРЕОБРАЗОВАНИЯ И ОБМЕНА ЭНЕРГИИ
В ИНДУКТИВНО-КЛЮЧЕВОЙ ЦЕПИ НЕПРЕРЫВНОГО АМПЛИТУДНОГО

РЕГУЛИРОВАНИЯ ПЕРЕМЕННОГО НАПРЯЖЕНИЯ

Анализируются процессы преобразования энергии в однофазном ключевом регуляторе
переменного напряжения в режиме принудительной коммутации в случае ступенчатой
формы выходного напряжения при различных значениях числа ступеней п.

Установлено, что характер обмена энергии в регуляторе не зависит ни от числа
ступеней в форме выходного напряжения, ни от угла управления. Нагрузка потреб-
ляет мощность как на основной, так и на высших нечетных гармониках. Ключи моста
работают преобразователями частоты, потребляя мощность на первой гармонике и
генерируя ее на высших гармониках. При 1 < п < оо происходит дополнительный
обмен энергии на четных гармониках между ключами моста и линейным дросселем.
При п оо ключи моста не участвуют в процессе преобразования энергии и регулятор
работает как линейный управляемый дроссель.
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