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Introduction

In the first part of this paper [*] frequency-power relationships have
been analyzed for an ideal alternating voltage switching regulator
operating in the mode of high-frequency pulse-width modulation in the
case of distortion harmonics being suppressed in the load current
(mode I). The object of this part of the paper is to derive and analyze
the same relationships for the case of distortion harmonics being present
in the load current (mode II).

Circuit equations

The circuit of the alternating voltage regulator is shown in Fig. 1.
As in the first part of the paper, it is assumed that the circuit is fed
with sinusoidal voltage u—Um &\na)t and the switches I and II are
ideal. The modulation angular frequency Q =ku>, where k~>2.

Fig. 1. Fig. 2

The existence functions of the switches are shown in Fig. 2 and can
be described by

oo

Qi— (1 а/2я) [2 sin {па/2) eos ( nkut+na/2) ] /шг, (1)
n=l

en=i—qi- t (2)
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These equations permit instantaneous voltages and currents of the
switches to be expressed as

Ui=uqu, ij—ioQi, uu=uqi, in= —ioQu, ' (3)
where i 0 denotes instantaneous output current which, according to
representation of currents of the switches used in [ 1 ], can be written in
the form [2 ]

oo

fo=h)(co)+ JtJ i’on =/m(l a/2jt) sin {(£)t ф)
n =1

sin {na/2) Г —q)(.nfe+i)]
m

n=i
ал L [cos 2 (p+ (n&-f-l) a sin2 cp] l/B

sin[(M^—l )co/+na/2 —cp(nfe-i)] 1
[cos2 (p-)~ {nk —I) 2 sin2 ep] 1/* J ’

where cp is the phase difference between the supply voltage and the
fundamental harmonic of the output current; cp g (in (4) q={nk-\- 1),
( nk — 1)) i,s the phase difference between q-i\\ harmonics of the output
voltage and current given by [2 ]

Фq —— arc cos (cos ф/ (cos2 ф;-|-<72 sin 2 ф) 1/2). (5)
Instantaneous output voltage u 0 has the form [ ! ]

oou 0 uon= Um {\ а/2л) sin to t
n—i

OO

sin(mz/2) [sin ((n^—l) co/+ /га/2)
П= 1

sin {{nk — l)iõt-\-na/2)]/nji. (6)
The expression for the instantaneous current of the parallel switch is

oo oo oo

hi= —Qn (i'o(co)+ i’on) =fii{co)+ hin —Qn ion =
n=ln=1 n=1

OO

=—/ m [a(l — а/2я) sin (со/ ф)]/2л,+/ т(1 а/2я) sin (/г-а/2) X
n—i

X [sin ( {nk~\- 1 ) Git пса/ 2 —ф) sin ({nk —1)
a sin {na/2) Г sin ( {nk-f 1) со /-fmx/2 ф(Пк+l))
2я n==l пл *- ) 2| sin2 ф) 1/е

(7)sin ( {nk —1) iöt-{-na/2 ф(пь-1)) ]
(С03 2 фЦ- {nk — 1) 2 5Ш2 ф)‘ /1г J

~ sin(ma/2)sin(mi/2)
m тпп2(cos2 ф+ {mk+ l) 2 sin 2ф) V*

X(sin[ ( {m-\-n)k-\-\) iüt-\- {m-j-n) a/2 ф((ш+п)/г+l)] +
-j-sin[ ((m n)k-\ -1) co/+ (m —n) a/2 ф«т-л)Нl)] }
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™ sin (mct/2) sin(шх/2)
т

т п^тт?{с°s*ч+Хтк —l) 2 sin2 (p)‘ /2

X {sin [ ( {m-\-n)k— 1) co/-f- {m-\-n) a/2 Ф((т+п)А—i)] ~F
;+sin {{{m n)k l)Q/+(m /2) a/2 cp((rn-n)ft-i)]} ■

As it is seen from (1) (3) the expressions for the instantaneous voltage
and current of the .series switch are analogous to (6), (7). From (7)
one can see that the currents of the switches contain additional
(( m-\-n) k-\~ 1) -th, ((m-j-rt)k—\) - !th, ([m —n)k-\- 1) -th and
{{m — n)k —l)-th distortion harmonics. The regulator operation in the
mode of {nk-\- l)-th and {nk — l)-th distortion harmonics being present
in the load current serves as a reason for generating these additional dis-
tortion harmonics in the current of both switches.

Frequency-power relationships
On the basis of above formulae one can find the expressions for real
powers in the load and in both switches. The real power in the load
can be presented in the following form:

00 00

Po=Po(co)+ Pon = {Umlm/2) {(1 а/2я) 2+ [ (sin2 (na/2) )/n2n2 ] X
n—l n= 1

X[l/(cos2 q)-F (n^-Fl) 2 sin2 (p) + l/(cos 2 cp-F {nk I) 2 sin2 -cp) ]}cos cp,
from which it can be seen that in the case under consideration the load
consumes power at the fundamental and distortion harmonics. The distor-
tion harmonics power is generated in the switches of the regulator. The
formula for the real power in the series switch can be expressed in
terms of

00 00

Pi =-Pl(co)+ Pln-\-P'l{(i))-\~ P'ln- (9)
n— l n= l

Note that [*]

Pm= {Umlm/2) (а/2я) 2 (1 a/2rt)cos<p, (10)
00 чОО

Pin = — Umlm{ I— а/2я) [sin 2 (na/2)coS'tp]/n^ 2 (11)
n—l n—i

'QQ 00

and Pm= j;Pin. Since Pi=o, consequently Р'Ц(o)=£ P'in- The
n—i n=l

two last terms of the relationship (9) turn out to be of the form
00

P'i{w)=U mlm {a/2n) (sin 2 (na/2)cos cp/2n2 jt2] X
n= l

Х[l/(соз2 ф+ (/2^+l) 2 зlп2 ф) + 1/(соз2 ф4- ( nk~ 1) 2 sin 2 cp) ], (12)
00 00

а/2я) 2 [(sin2 (na/2)) /2/г 2 я2] Xтг=l n= 1

X[l/(cos2 <p+ (nÄ+l) 2 sin2 <p) + l/(cos 2 '9-F {nk l) 2 sin2 cp)]



Energy exchange between harmonics in switches... II 335

oo

2 [{sin{ma/2)sin{na/2)sin{{mß-n)a/2))Jmn (т+п)я 3]Х
m,ro=l

X [l/(соз 2 ф-|- (/2^+l) 2 sin2 cp);+l/(cos 2 q>-j- ( nk l) 2 sin2 cp) ]— (13)
oo

—2 [ (sin (ma/2) sin ( na/2 ) sin ((m —n) a/2)) jmn( m —n) я3 ] X
m,n=l
тфп

Х[l/ (cos2 cp-f- (nk-{-\) 2 sin2 ф) + 1/(cos 2 q)+ {nk— l) 2 sin2 cp) ]}cos q> =
oo

2 [l/(соз 2 ф+ (n^+l) 2 sin2 cp)
71=1

+1 / (cos 2 <t>+ {nk -1 У2 sin2 q>) ] (Pj.,/2) +p’m.n.
The expression for the rea! power of the parallel switch

OO DO

PlI=Pll(a)-\- 2 P'lln (14)
n—l n—l

OO

is analogous to (9). It is known fl ] that Рща)= —Рад and P 1?г
n= 1

OO
=— 2 Pun. The other terms of (14) are found to be

71= 1
P /

ii(«)= [ (1 а/2я)2л/а]Р /

ад, (15)
OO OO

2P'un= [а/2 (2я —a) ] 2 [l/ (соз 2 ф+ (л^4-l) 2 sin2 ф) -f-
-71 =1 71=1

+ l/ (cos2 Ф+ (nk -1)2 sin2, tp) ] Pin - P' m,n. (16)
OO OO

Since fl ] P n=o and РщЫ)= 2 Pun, consequently Р /

Iад= 2 P'lln-
71=1 71=1

From the relationships (8), (13), (16) one can see that power
consumption at distortion harmonics in the load is

OO OO OO

2 Pon =— (2 P'in~h .2 P'lln) • (17)
71=1 71 =1 71=1

The power generated at the additional distortion harmonics in the
parallel switch ( —P'm,n), is consumed in the series switch.

Comparing the two modes of regulator operation in the case of
distortion harmonics being present in the load current (mode II), more
power is both consumed at the fundamental harmonic and generated
at distortion harmonics in the series switch. In the parallel switch
less power is both consumed at distortion harmonics and generated at
the fundamental harmonic.

Note that if z=R, then h = iz, hi —O. Consequently,
, OO OO

PlI(G)) P /

II(£0)= 2Plln= 2 P'lln,
71=1 71= 1

and therefore in the process of energy exchange in the circuit only the
series switch participates.

In order to illustrate the foregoing power formulae obtained in this
discussion, one can find their per unit values for the case z— R, a= n,
assuming that the unit power is equal to Umlm/2.
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Then

) =2PWC/m/m =-P- u)^l/8,

n==l n— 1 4 7

oo
p;* =—s?p'* = i/8,I(co) In ' ’

n=l

OO

71=1

OO

= = 1/4.
71=1

When in the case of an inductive юг (L+P) load the regulator
under consideration operates in mode I (same as a regulator regarded
in the first part of the paper).

Conclusions

Frequency-power relationships have been derived for an ideal alternating
voltage switching regulator operating in mode II (distortion harmonics
being present in the load current). From these relationships it can be
seen that power consumption at distortion harmonics in the load is
satisfied by power generation at the same harmonics in the switches.

Comparing .the two modes of regulator operation, in the case of mode
II more power is both consumed at the fundamental harmonic and
generated at distortion harmonics in the series switch. In the parallel
switch less power is both consumed at distortion harmonics and generated
at the fundamental harmonic.

The regulator operation in mode II is the reason for additional dis-
tortion harmonics being generated in the current of both switches. The
power generated at these harmonics in the parallel switch, is consumed
in the series switch.
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Maire OJA VEER

HARMOONILISTEVAHELINE ENERGIAVAHETUS
VAHELDUVPINGEREGULAATORI LÜLITITES KÕRGSAGEDUSLIKU

LA I US-IMPULSSMODULATS lOONI KORRAL. II

Artiklis on analüüsitud sagedus-energeetilisi seoseid vahelduvpingeregulaatoris, mille
koormusvool sisaldab moonutusharmoonilisi. Nimetatud seostest nähtub, et koormus
tarbib nii põhiharmoonilise kui ka moonutusharmooniliste võimsust; viimane genereeri-
takse regulaatori lülitites.

Майре ОЯВЕЭР

ОБМЕН ЭНЕРГИИ МЕЖДУ ГАРМОНИКАМИ
В КЛЮЧАХ РЕГУЛЯТОРА ПЕРЕМЕННОГО НАПРЯЖЕНИЯ

ПРИ ВЫСОКОЧАСТОТНОЙ ШИРОТНО-ИМПУЛЬСНОЙ МОДУЛЯЦИИ, и
Проведен анализ основных частотно-энергетических соотношений в ключевом регу-
ляторе переменного напряжения при наличии искажающих гармоник в токе нагрузки.
Установлено, что нагрузка потребляет энергию как основной, так и искажающих
гармоник. Последние генерируются в ключах регулятора.
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