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Abstract

This paper proposes a configuration for wransformerless connected compensators consisting of voltage source
inverters with parallei and series connected capacitors. The behavior of transmission lines and power flow contro!
with reactive series compensators are described. After presentation of the circuits and configurations their mode
of operation is shown in more details using an example which is representative for practical applications.
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1. Introcuction

In electric power systems large converters using conven-
tional turn-on thyristors are state of the art for more than
twenty years. Driven by the semiconductor technology,
which allows to build improved turn-off power devices and
driven by new market demands caused by the emerging
deregulation in power systems, new activities in this field
are coming up. With turn-off-thyristors or transistors the
characteristics of modern converters can be improved to
such an extent that new applications for FACTS (Fiexible
AC Transmission Systems) will be opened. They allow to
control the active and reaciive power flow in ac systems in a
much more refined way and, therefore, they allow to make
much better use of existing generators and power lines.

In this paper a configuration for reactive series compensa-
tors consisting of voltage source inverters with parallel and
series connected capacitors is proposed and investigated. In
chapter 2 the behavior of transmission lines and in chapter 3
power flow control with reactive series compensatois are
described. Chapter 4 presents circuits and configurations
and in chapter 3 their mode of operation is shown in more
details. Chapter 7 gives a summary.

2. Behavior of transmission lines

Transmission lines can be described with phasor equa-
tions and illustrated with phasor diagrams. Focussing at the
receiving end (index 2) it is suitable to use (1) and (2) which
are represented in fig.1. For reasons of simplification the
losses are neglected in (1), (2), (5) and (6).

U, = Uycospl + jI,ZsinBl )
p=dila here: 2
= Wsm(%‘ -9,0) where: 2
U,, = U,,e/®» : Input/Output voltage phasor 3
I, =5Le®% : Output current phasor 4
P : aransfer power
Z, = JL7C : wave impedance ()]
B =oJLC : phase constant (6)
i : length of the line
L, C : inductance/km, capacitance/km

The phasor diagram in fig.1 illustrates the eqs. (1) and (2)
for & km 400k V transmission line. The real axis i= fixed in
the direction of the phasor ¢/, =U,, the amplitude of which is
kept at its rated value U,=ip.u.. When the current phasor [, -
multiplied with Z, - at the receiving end is moving in the
1,Z,-sector, then the voltage phasor U, at the sending end
moves correspondingly in the U -sector - whick is a linear
cenformal mapping of the [, Z,-sector, according to (1).
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Fig.1. Transmission line, phasor diagram

Fig.1 shows: Increasing the consumption of active current
Re(1,) at the receiving end rises the angle ¢,, = Z(U wUs)
between the voltage phasors U, and U,=U, at the terminals
of the line. See also eq. (2).

The amplitude U of the phasor U, can only be kept at its
rated value U,=1p.u. if the current phasor I, follows the
cheracteristic 1,Z,(U,=U,=1p.u.) in the [,Z-sector. This
cha acteristic is a linear conformal mapping of the phasor
U, in the U -sector, following a circle with radius U,=lp.u..
That means: In order to keep the voltage at both ends of the
line at the rated values U,=l/,=1p.u. the generators - or reac-
tive power compensators - in the ac system at the receiving
end of the line have to compensate the reactive current con-
sumption of the load in such a way that the current I,, taken
out of the line, follows the above mentioned characteristic
LZWU =U,=1pu).
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3. Power flow control by reactive series compensators

3.1 Reactive series compensaters

Reactive series compensators are voltage sources through
which the line current is flowing. They, however. need no
power supply because they only deliver reactive power.
Their voltage phasor U pmp therefore. must be kept in a 90°
leading or lagging position relative to the line current phasor
i
U

comp

U omp®’® if

I, = e N
Ummp pos./neg.: ind./cap. power consumpiion

In the leading position the compensator behaves like a
controliable inductance and in the lagging position like a
controllable capacitance. The amplitude U, omp ©Of the com-
pensator voltage phasor U_, = can be freely controlled
between a positive and a negative maximum value by means
of a PWM inverter. In chapter 4 and 5 circuits, configura-
tions and operation modes of reactive series compensators
are shown in more details.

3.2 Benchmark system

To demonstrate the power flow control with series com-
pensators the configuration in fig.2 is used as a benchmark
system: Two ac systems. 1 and 2, each consisting of distrib-
uted generators G and loads L are linked together via two
transmission lines A and B. Line B is eguipped with a series
reactive power compensator. This configuration ailows bidi-
rectional power transfer. The ac system 2. however, shall be
regarded as the system which normally receives energy.
Therefore the main focus is on the receivitg end of the
transmission lines. It is assumed that both lines are coupled
to the ac system 2 via transformers which reduce the high
transmission voltage to an adequate level. These line trans-
formers are represented in fig 2 by their leakage inductances
L. For reasouns of simplification the transformers at the
sending end are peglected.

stem 1

iransmission

{ine A

Fig.2. Benchmark system

The assumed energy deficit in the ac system 2 has to be
covered by an energy surplus in the ac system 1. The power
transfer P=P, +F of both lines compensates for the differ-
ence between generated and consumed power P, -F; inthe
ac system 2. -0

P=Py+Py=P _-Pg (8)

The series comi)ensator fulfils the task to control the
shares P, and P, of the total transfer power P.

3.3 Controlled and uncontrolied transmission lines

in the following equations it is assumed that both ac sys-
tem voltages U, and U, are related to the high ansmission
voltage level.

(S

a) The characteristics of controlled transmission lines -
see fig.2 line B - can be derived from the equations of the
line (1), the compensator (7} and the voltage (9) of the
receiving end of the line.

U, = U,geoshly+ jI,pZ,sinBl, (1)
Usp = UpomptJOLgglip + Uy ©
Qcomp = jb;ampejaiss (7)

Introducing (3} and () for the phasors

Uy = U e®; Br @

and eliminating U, , leads. after short, purely algebraic cal-
culations, to (10). in equation {10) the real axis is fixed in
the direction of the voltage phasor U, = U,.

= Jjo
Lig = I;pe’%8

v, e/ = U,cos ﬁlg"‘jej@i:a([fycompcos BIB'“':BXLB) (10}
where: U,=U,; XL8=Zosin,BiB+mLGBcosBIB (11}

b) The characteristics of uncontrolled transmission lines
follows from (10) for U =0:

comp
U‘ej°"‘ = U,cosPl, +jef'PiIA12AXLA 12

where: U,=U,;

®

Xy =ZysinBl+wLg,cosBl (13)
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o

Fig 3. Uncontrolied and controlied transmission lines

The characteristics of controlled and uncontroiled trans-
misston lines - according te fig.2 - are illustrated tn fig.3 for
500km 400kV (B! . p=30°) transmission lines with a trans-
former (oL, g/ Zg=15%}) at the receiving end. In both cases
the real axis is fixed in the direction of the voltage phasor
U,=U, in the ac system 2. It is assumed that the voltage con-
trol of both ac systems keeps the amplitudes U, and U, at
their rated value 1p.2.. Fig.3a contains the characteristics for
the ancontrolled linc A. Tt shows the locus of the phasors
Uile,y). 1, Zy(9,,) and U,,(9,,) as a function of the
phase angle ¢, , between the phasors U, =U, -e/® and ¥,=U,
of both ac systems.
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Fig.3b conuains the samc phasors Uydo,,
1“3 O{(;}x‘ U mrv) and U “B(‘;}
B with the amphtude U,
age as a parameter: U
+02p.

In the uncontrolled line A the phase angle g, between
the phasors U, and U.=U, of both ac systems deler{mne-:
the active current Re(l, .40 and the transfer power
3 2UsRe(l,,).

In the controlied line B the wansfer power at a given phase
angie @,, can be controlled with the amplitude U, of the
compensaior voltage (the phasor U__ . of which has a 90°
phase shift to the current phasor [, - as explained in chapter
3.3.1 (M). Fig.3b shows how the control works: The ameph-
wde I of the current [, is amplified or reduced when the
amplitude &, . of the compensator voltage phasor
l_;,m_}, j!.,mq,e’ 25 is rising in the negative or positive direc-
tion. That means: Reactive series compersators act on the
amplitude 1,5 not on the phase angle @5, of the current
phasor I, g=I, /% at the receiving end of the line B.

The control characteristics are represenmted in figd It
shows the current amplitude 7, at the receiving end of the
Iine and the transmission power P=3/2- UyRe{l,) as a func-
tion of the angle ¢,, between the voitage phasors U, and
U.=U, of the ac sy Stcms I and 2, with the amphtude
of the compensator voltage phaser U/ omp=I Veomp®
parameter. In fig.4 currents. voliages acme power are
related 1o their nominal values 7. U and §,, . defined in
chapter 53.5.1.

”ﬂmn)
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Fig 4. Transrussion linc. Conrol characteristc.

Reaqctive series compensators shorten or lengthen the
transmission line electrically: At a given phase angle ¢,
between the voltage phasors U, and U, of both ac systems.
the compeasator increases the power transfer when absorb-
ing capacitive reactive power (U comp, neg ). At the same
phase angle ¢, the power transfer is roduced when the
compensator absorbs inductive reactive power (U, Pos.)-

3.4 Power flow control in networks

Electrical power utilities are under pressure to deregulate,
allow access to network by independent power producers
and lend their network to big customers for wheeling power
from chosen suppliers. This change in operation presents
new chalienges.

Reacrive series compensators are means io control the
power flow in highly interconnected electrical power trans-
mission networks with distributed generation and loads.
Shortening or lengthening the transmission lines electrically
they allow to choose the optimal routes for power transfer.

4. Circaits and configurations

In commercial FACTS applications, up to now. only line
commmated high voltage converters with series connected
turn-on thyristors could be used. GTOs with their high tndi-
vidual differences in turn-off time did not allow series con-
nection on a commercial basis.

Recent developments, however, with hard driven. low
inductance ring-gate GTOs shortened and equalized the
mdividual tum-off times to such an extend that series con-
nection becomes a problem that can be solved easily. In
addition solutions to supply the gate unit directly out of the
power circuit - instead of energy transfer from ground
potential - are on the way to be developed {2]. This opens
the way for real high voliage high capacity voliage source
inverters in fault tolerant ¥+1 configuration. which are
suited for FACTS applications.

4.1 Basic circuits

Future reactive series compensators basically consist of
transformerless connected voltage source inverter bridges in
each of the three phases in the wansmission line. These
bridges consist of two 2- or 3-level halve bridges. They need
no dc power supply because they generate only reactive
power.

The focus in this paper is on 3-level halve bridges. In fig.5
top each 3-level balve bridge is represented by a change
over switch, the output of which can be connected to the
positive, negative or zero potential of the dec voltage. Fig.3
left also shows the circuit of a 3-level halve bridge with four
reverse conducting GTOs and two clamping diodes.

¥ oo

ug
———-

Fig.3. Basic circuits. Pwai“sc paticrn generation
Each 3-level halve bndge can be controlled with nwo inde-
pendent 2-level pulse patterns. The full bridge, therefore.
can geperate an output voltage, which is composed of four
pulse patterns. As illustrated in fig.5 left each of the four
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pulse patterns is generated by the intersections of the same
sinusoidal modulation signal u,, with one of the four trian-
gular carrier signals ug, ; ; , which are 90° phase shifted
against each other.

The sinusoidal modulation signal a,, determines ampli-
tude U, and frequency f of the fundamental component of
the inverter output voltage u,, . The frequency F of the car-
rier signals -, , ; , determines the switching frequency F
per GTO. The 90° phase shift between the carrier signals
leads 1o a staggered switching sequence of the individual
GTOs and to a four times higher pulse frequency 4F in the
resultant output voltage of the inverter bridge - thus reduc-
ing the harmonics drastically.

4.2 Series connection

Single inverter bridges consisting of 3-level halve bridges
without direct series connection of GTOs can be built with
today’'s GTOs for about the following ratings:

rated dc voltage: U, =5kV
max. output voltage ampi.: U] omszd =5kV
rated power per phase: S =V2-U;2kA =SMVA

In most cases this are too low ratings for FACTS applica-
tions. Therefore series connection is a must. Two kinds of
series connection have to be taken into account: series con-
nection of semiconductors and of inverter circuits.

a) Series connection of N semiconductors has two main
advantages: It aliows to build high voltage inverter bridges
with higher capacity per single unit and with fault tolerant
design using one semiconductor more (NV+1) than needed.
The above mentioned ratings per single unit increase with
the number N of series conpected GTOs. With N=4, for
example, the ratings are:

rated de voltage: U, =20kV
max. output voltage ampl.: U, m;)sz =20kV
rated power per phase: =12-4;2kA =20MVA

b) Series connection of inverter bridges - shown in fig.5
top - has the main advantage, that the resultant puise fre-
quency increases with the number of series connected
bridges. With three series connected bridges the resultant
pulse frequency is 4-3=12 times higher than the switching
frequency per GTO. This reduces the harmonics drastically
while keeping the GTO switching frequency low and the
inverter efficiency high. See fig.5 right. With three bridges in
series, for example, the ratings are:

rated dc voltage times 3: 3-U, =15kV

max. resultant voltage ampl.: U, omszd =15kV

res. rated power per phase:  § =32-U;-2kA =15SMVA

c) The combination of series connected semiconductors
and series connected inverter bridges combines the advan-
tages of both methods. With N+1=4+1 GTOs in direct series
connection and with three inverter bridges in seres, for
example, the resultant ratings are:

rated dc voltage times 3: 3-U, =60k
max. resultant voltage ampl.: U, =U, =60k V
res. rated power per phase: S =3/ 2L 2kA ~60MVA

That means: The resultant voltage amplitude U, =60kV of
the series compensator is U, /U, =183% of the phase
voltage Uy =400kV-/24/3=327kV in a 400kV transmission
line. As shown in chapter 3 fig.3, this is the order of magni-
tude to control the power flow in a S00km 400kV line.

omp

4.3 Hybrid configurations

The power flow conwol range of inverters is basically
symmetrical: The power flow can be increased or decreased
when the inverter absorbs capacitive ., mp negative)
respectively inductive (U, . positive) reactive power. This
was shown in chapter 3.3.3. figs. 3 and 4.

Reactive series compensators. however, can also be com-
posed as a combination of inverters with series connected
capacitors C or reactors as shown in fig.6b. The purpose of
these hybrid configurations is to fulfil the control task with
reduced inverter capacity. This is, however, only possible
with an unsymmetrical control range: Inverters combined
with series connected capacitors C; extend the control range
for power flow increase (U,,,,,, neg.) and reduce the control
range for power flow reduction (U, pos.). Inverters com-
bined with series connected reactors do exactly the contrary.
In the following the focus is on inverters in combination
with series connected capacitors.

L L
Lk ®

iu B
L llm
Loy, U, L
. Lo i sy 20 .
= = = = ="
Uy Ui Ucomp Use 17, Leomp
+ -ch -

B
+ R@ LN -

L
Fig.6. Configurations with symmetrical (a) and unsymmetrical (b} control
range. AC quantities are represented as phasors, DC quantities as
instantaneous values.

In addition It is useful to install paraile! connected capaci-
tors C, which serve as filters. Dimensioned only for a small
fundamentai component of the current they, however, are
able to absorb the current harmonics of the inverter. Fig.6b
shows the hybrid circuit for one phase and the correspond-
ing phasor diagram. Fig.6a shows the inverter alone for
comparison. The mode of operation will be illustrated and
explained in more details in the following chapter 3.

5. Mode of operation

5.1 Phasor diagrams and control range

The hybrid configuration in fig.6b with a capacitor C; in
series 1o the inverter and a filter capacitor C, in parallel can
be described by the following phasor equations and illus-
trated by the phasor diagram in fig.6b top.
mep = QCP*QC,-’ 12 = !C;,*-linv (14)

ijlirsv = Qcpvginv; ijpQCF = lC’P (15)
joCUe =1, (16)
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If the inverter works in the capacitive mode (fig.6b top
right} the inverter voltage U, . (minus L, . which is smail}
and the series capacitor voltage U sum up to an increased
resultant voltage U, . of the compensator. With the
mverter working in the inductive mode (fig.6b top left) the
inverter voltage U/, is in opposite direction to the series
capacitor voltage U, and the resultant compensator voltage
U, omp becomes small. In this way the control range of the
compensator becomes unsymmetrical: an increased range
for power flow increase and a reduced range for power flow
reduction.

This is shown in fig.7 which contains the compensator
veltage amplitude U, as 2 function of the inverter voltage
amplitude U, with the line current amplitude /, as parame-
©r (U, pos/neg. in the ind/cap. mode for power flow
reduction/increase). Fig.7 shows: The higher the line current
{, the more unsymmetical is the power fiow control range.

PE U g Uy T e Lan
Ol =z : = 3

0.1
02~
03~
B4~

s Ugefn

03 02 -t 0 ot 0.2 o
Fig 7. Unsyrmmetrical control range
The characteristics m fig.7 are valid for S00km 400KV
transmission lizes for the following figures, which could be
representative in future applications.

Transmission lire:

z, =1283Q: B =30°; i =500km an
el /7, =15% (18)
Uy =400kV 273 =32660 kv am
Iy =Uy/Z, = LI3kA 20)
Sy =120, =185.19 MVA 2y

Z,: Wave impedance;  B: phase constant; [ length
©L;, 5 - Transformer leakage reactance

Uy. I, : Rated phase voltage and current amplitude
S, - Rated apparent power per phase

Inverter (series connection of three inverters):

Uy =U,, (mg=1)=20%Uy=321.8kV= 65.4 kV (22)
Q. =V2U, I, =20%S, =37 MVA (23)
X, =U, (me=1)/1 =576 Q (24)

F  =223Hz 5
U, :Rated dc voltage
/inv - Rated ac voltage amplitude (mg=1)
mg  : Modulation degree {mg=0...1}
Q... - Rated reactive power per phase
e : Rated equivalent reactance
F  : Switching frequency per GTO

Capacitances and inductance:

Xe, =@Cy2)" = 0% X, = 283Q 26
X, =L = 20% X, = 1L5Q @n
X, =(C,) =500% X, =288 Q (28)
X< =(aC,) =100% X, = 5760 29

X C; : Reactance of the inverters dc capacitance Cy2
X, :Reactaace of the decoupling inductance L
Xo o Reactance of the parallel filter capacitance C,
X¢, : Reactance of the series capacitance C;

It is interesting 0 aote that the rated reactive power

A

3¢, =111L.1MVA of the inverter is only Q. /5,=20% of
the rated transmission power 35,=335.5MVA of the line.
3.2 Line diagrams

The line diagrams in fig.8 illusirate two operation modes -
marked with “*” in fig.7 - in more details for the figures
given in chapter 53.5.1.

operation

a) capacitive compensaior voltage

The mode with maximum capacitive compensator voltage
U o mp fOT power flow increase is shown in fiz.8 left for a line
current iy, which is assumed to be 118% of the rated current
Iy. The modulaton signal w,, and fowr camier signals
ey 3 3 4 it fig.8a generate the resultant inverter outpat volt-
age u,, in fig 8b with a staggered switching sequence of the
individual GTOs.

This picture also contains the de voltages u,, u,, and u,,
of the inverter. They oscillate around the rated values U,
resp. U,/2 for reasons, which are explained below. The
modulation signal «,, in fig.8a. therefore. has to be compen-
sated in such a way. that the short term mean value «, . of
the inverter output voltage remains purcly sinusondal -
despite of the deviations in the dc voltages.

The inverter current i, in fig.8c generated in the decou-
pling inductance L by the difference of the inverter voltage
4, and the smoothing capacitor voltage uc
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. i
Yiny = Z ) }r(uCp - va)dt (30)

contains harmonics, the pulse frequency of which is four
times higher than the GTO switching frequency:
4F=4-225Hz=900Hz. The lower the switching frequency F
per GTO, the better is the efficiency of the inverter - but the
higher are the harmonics. F=225Hz is a suitable switching
frequency for todays GTOs.

Fig.8c shows that the harmonics i,,,,, in the inverter cur-
rent i;,, are absorbed by the smoeothing capacitor C, .

by = ‘iC,,H {index H: Harmonics) (34)

The capacitor C, - dimensioned according to (28) - is
large enough to keep its voltage u, in a good sinusoidal
shape and small encugh to draw en{y a small fundamental
current component. The resonance frequency f,,, of the fil-
ter is above the fundamental frequency f and below the
resultant pulse frequency 4F .

1
frpy = ——=== = 250Hz (32)
~ = mJLC,
f=50Hz < f_=250Hz < 4F=%00Hz %

The harmonics in the line current i, are nearly negligibly
for reasons explained below. The seres capacitor voltage
uc.. therefore, is sinusoidal.

ug, = é—s firete (34)

Fig.8c also contains the resultant compensator voliage

¥:omp WhiCh is the sum of the capacitor voltages u., and U
ut:omp = “C,, +"C, (35)

The resultant compensator voltage u,,,, is about two
times higher than the inverter voltage u,_, - according to the
objective of this hybrid configuration.

Fig.8d shows the reasons for the dc voltage deviations of
the inverter: In reactive single phase inverters the short term
mean values of the dc cuments i,, and i, follow a
2 f=100Hz sinus-line and cause a 100Hz ripple in the dc volt-
ages uy,, u,, and u,.

i ir.
LR =Fd“‘idpdt; Uy, =Z,;J.td"dt; Hy=ug, iy, (36)

The higher the dc capacitance C,; - dimensioned accord-
ing to (26) - the lower is the 100Hz ripple in the dc voliage -
but the higher are cost and volume of the inverter. The
100Hz ripple in the dc voltage could also be eliminated with
a 100Hz L.C filter at the inverters dc side. This is state of the
art in inverter locomotives with single phase ac supply.
Inductances, however, are rather bulky components which
should be avoided, if possible, in voltage source inverters.

Fig.8e finally shows the zero point current iyo=i,,—i,,. Its
mean value must be kept at zero in order to avoid an unbal-
ance of the dc voltages u,, and wy, [3]. See uy,—u,, and iy
in fig.8e.

The harmonic content of the resultant compensator volt-
age u_,,, .. which is already low, can be further reduced to a
negligible level with, for example, three series connected
compensators each with a dc voltage of U,=218kV (and
N=4 series connected GTOs). In this case the groups of four
carrier signals allocated to the modulator of each of these
three compensators have o be phase shifted against each
other in such a way, that all harmonics up to the resultant

pulse frequency 4F-3, which is 12 umes higher than the indi-
vidual GTO switching frequency F, are eliminated: The har-
monics generated in the line current i, by the compensator
become negligibly low.

4F -3 = I2F = 12-225Hz = 2.7kHz 3N

b} Inductive compensator voltage

Figs.8a..e right show - in exactly the same sequence of

line diagrams as in fig.8 left - the operation mode with max-
imum inductive inverter voltage for a line current i, which is
assumed to be 79% of the rated current.
Since inverter voltage u,, and series capacitor voltage
ug DOW are in opposite direction the resgltant inductive
compensator voitage u is very small. See also “*” in
fig.7.

Comparing the inverter output voltages «,, in fig.8b left
and fig.8b right it is interesting to note that the inverter volt-
age in fig.8b left is at its maximum, when the dc voltage u,
is also at its maximum. In fig.8b right, however, the inverter
voltage maximum is at the dc voltage minimum. That
means: the maximum amplitude of the fundamental compo-
nent u;,, - in the inverter output voltage has to be kept lower
in case of inrinctive inverter voltage and can be increased in
case of capacitive inverter voltage.

comp

6. Alternative configuration

The series compensator needs a considerably lower insu-
lation level, when it is possible to shift it to the grounded
neutral point of an existing line transformer. In addition, in &
three phase ac system, this allows to build the converter of
the compensator as a three pliase inverter with a comunon de
bus - such avoiding a 2f=100Hz power pulsation which
would generate a 100Hz dc voltage fluctuation. Fig. 9 left
shows this configuration for a three phase ac system. Fig. 9
right represents the corresponding single phase configura-
tion as it is used for ac supply of railway systems.

Fig.9. Three phase and single phase connection of the series compensator
in the grounded neutral point of an existing line ransformer.

7. Conclusion

Based on improved GTOs with hard driven, low induc-
tance ring-gate and with gate unit power supply out of the
main power circuit, high-voltage inverters with series con-
nected GTOs can be built, the ratings of which are suffi-
ciently high for high power FACTS applications. This paper
proposes and describes a transformerless connected reactive
series compensator consisting of voltage source inverters
and parallel and series connected canacitors for power flow
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control in interconnected electrical power transmission sys-
ter networks.

Transformerless connection means the elimination of a
bulky and expensive system component.

The compensator needs a coosiderably lower insulation
level, when it is shifted to the side of the grounded neutral
point of an existing line transformer.

Power flow control can - of course - also be used to damp
low frequency power system oscillations.

It has been shown that power flow can be controlied with
inverters, the rated power of which is very small compared
to the controlled power flow. By means of staggered switch-
ing sequences and filter capacitors the harmonics which the
compensator introducss into the ac system can be kept at a
negligibly low level - despite of a low GTO switching fre-
quency, which is necessary to keep the inverter efficiency at
a high level. Circuits, configurations and mode of operation
have been illustrated.
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