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Abstract

AC/DC convertors used in HVdc transmission systems inject harmonics into their asso-
ciated AC and DC systems. A conventional approach to filter these harmonics is to use
passive filters on both AC and DC sides of the convertor. Apart from their technical prob-
lems, harmonic filters constitute a considerable part of the volume and cost of present DC
terminal stations. Another possible alternative of harmonic suppression is to increase the
number of pulses of AC/DC convertors by transformer phase-shifting techniques, but the
resulting complicated circuitry together with its problems of insulation produce significant
technical and economical disadvantages.

In this thesis a novel method of harmonic suppression for HVdc transmission systems
is presented. It is a technique producing the same effect as transformer phase-shifting
but without complicated circuitry. Moreover, the possibility of increasing the number of
pulses of AC/DC convertors to any desired extent is proposed. The'concept can be applied
to parallel and series connections of convertors. Further applications, other than HVdc
transmission, are also suggested.
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Chapter 1

Introduction

1.1 General

In recent years there has been a significant increase of interest in HVdc transmission. This
increased interest results from economic, functional and environmental advantages offered
by an HVdc system [Arrillaga, 1983; Breuer et al., 1984].

Clearly it has not been easy for the HVdc technology to reach its present status.
Throughout its development innumerable technical problems have been overcome. One of
them, of a very complicated nature, is the limitation of the harmonics generated by the
convertor. That subject constitutes the main topic of this research project.

From the early days of HVdc technology, filters have been a basic component in all
HVdc installations. Apart from their considerable cost and complex design, filters often
create their own harmonic problems reported in several contributions [Andersen et al.,
1985; Stanley et al., 1977; Campos Barros, 1989].

There have been several attempts to achieve harmonic control by alternative means
and one of them, the DC ripple reinjection technique, is investigated further in this work.
This technique was first proposed in the late 1970’s and basically allowed to operate a
single bridge as a twelve-pulse convertor. This present research project has developed
the technique to a stage where it is now possible to obtain any desired pulse and step
multiplication on the AC and DC sides of the convertor respectively. This is achieved by
natural commutation and is equally valid for rectification and inversion. In addition, the
convertors can be connected in either series (high voltage applications) or parallel (high
current applications) as required by conventional HVdc transmission systems (point-to-
point and back-to-back respectively). A 2kW laboratory model has been specially designed
to verify the theoretical waveforms and a complete set of experimental results is given in
Chapters 3 and 4.

Applications of the DC ripple reinjection concept are mostly dedicated in this thesis
to HVdc transmission systems. The absence of filters is likely to simplify the design and
improve the transient performance of conventional and unit connected HVdc schemes. The
concept, however, is an innovative approach to accomplishing AC/DC conversion and is
expected to have important effects in other areas.
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1.2 Main Aims

The main objectives of the thesis are:

1. To present a general formulation of the DC ripple reinjection technique so that high
pulse AC/DC convertors can be achieved with the possibility of connecting them in
series or parallel.

2. To develop a flexible experimental model capable of representing alternative conver-
tor designs. '

3. To explore the capabilities of the technique to become a real alternative to the use
of pasive filters in HVdc transmission systems.

1.3 Chapter Presentation

The material studied in this research project is organized as follows:

, Chapter 2 briefly reviews conventional and alternative methods of harmonic suppres-

~sion applicable to HVdc transmission systems. It shows that several attempts have been

made to find suitable alternatives to filters, however, no alternative so far put forward
copes with the problem satisfactorily in all its complexities.

Chapters 3 and 4 present the so called ‘DC ripple reinjection technique’ and its applica-
tion to parallel and series connection of convertors respectively. A rigorous mathematical
treatment is included together with comprehensive experimental verification.

Chapter 5 considers the design of a laboratory model to verify the principles involved in
the DC ripple reinjection technique. This was built with sufficient flexibility to investigate
different (parallel and series) configurations up to a maximum pulse number of 48. A
detailed description of the hardware involved is given. Although the software is described
with reference to 24-pulse operation, enough information is given for its extension to other
pulse numbers. ' ‘

Chapter 6 shows that the HVdc field is a promising area for the application of the
DC ripple reinjection technique. Conventional (back-to-back and point-to-point) HVdc
schemes as well as unit connected schemes are shown to benefit from the use of this
technique.

Chapter 7, finally, presents the major conclusions reached by the present research
project. Further research is suggested in both HVdc transmission and other areas.



Chapter 2

Methods of Harmonic Elimination

2.1 Introduction

HVdc convertor stations are normally designed for 12-pulse operation and consist of one
or more groups of two series-connected bridges with 30° phase-shifted transformers. Such
a 12-pulse convertor arrangement is a source of voltage harmonics of the order 12n (n =
1,2,3...) ont the DC side and a source of current harmonics of the order 12n+ 1 (n =
1,2,3...) on the AC side. The amplitudes of the harmonics decrease with increasing order:
the AC harmonic current of order h is less than I /h, where I; is the amplitude of the
fundamental current.

The necessity of preventing these harmonics from flowing through the AC and DC
networks is due mainly to the degradation of telephone communications caused by induced
harmonic noise. In addition, these harmonics on the AC side result in overheating and
extra losses in electric machines and capacitors in the AC system, and overvoltage due
to excited resonances. These effects may not be confined to the vicinity of the convertor
station but may be propagated over great distances. The most difficult of these to eliminate
is the telephone interference. The conventional approach to filter these harmonics is to
use passive filters on both AC and DC sides of the convertor [Arrillaga, 1983; Kimbark,
1971]. .

In the following, different methods of harmonic suppression are presented. They can
be divided in two groups; 1) conventional methods and 2) alternative methods.

2.2 Conventional Methods

There are two widely used means of diminishing the harmonic output of convertors, namely
increase of pulse number and installation of filters. Any solution wich increases the pulse
number, reduces the harmonic orders penetrating into both sides of the convertor and
should be fully exploited. Beyond the economic range of higher pulse configurations,
harmonic elimination will normally require the use of filters [Arrillaga, 1983].

2.2.1 Pulse Number Increase

The relationship between pulse number and harmonic order indicates that the higher the
pulse number, the higher the frequency of the lowest order harmonic produced. The use
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of increased pulse numbers, however, has the following disadvantages [Arrillaga, 1983]:

e Increased levels of lower order harmonics when convertors are temporarily out of

service during maintenance.

e Increased number of transformers, both in service and spares.

e Increased complexity of transformer connections and the consequent problems of

insulation.

e At higher pulse numbers the harmonic cancellation becomes more dependent on

unbalances and distortion of the supply voltage as well as on the precision of the
phase-shifting of the transformers.

In high voltage convertors such as those used in HVdc transmission, the insulation
problem dictates simple transformer connections. A pulse number of 12, easily obtained
by star and delta transformer connections, has been accepted as the building block of
modern HVdc transmission systems. Any further harmonic suppression is carried out by
making extensive use of passive filters which is explained next.

2.2.2 Filters

Any necessary reduction in harmonic distortion of the convertor beyond that accomplished
by the increased piilse number is normally achieved by harmonic filters.

The passive filter approach, however, has some limitations as follows [Arrillaga, 1983;
Kimbark, 1971; Duke et al., 1990; Stephen et al., 1991; Wong et al., 1989]:

1.

The filtering is incomplete due to the fact that the network impedance at harmonic
frequencies may not be much greater than that of the filter impedance. As a result,
the filtering may not be satisfactory.

In practice a filter is not always tuned exactly to the frequency of the harmonic that
it is intended to suppress for the following reasons:

e Variations of the power system frequency, which result in proportional changes
in the harmonic frequency.

e Changes in the inductance and capacitance of the filter due to ageing and
temperature variations.

e The accuracy of the actual tuning is restricted by the discrete nature of tuning
steps.

Filters occupy a large area and their cost is a significant portion of the cost of the
HVdc terminal.

In addition to these drawbacks,the passive filters on the AC side have further limi-
tations:

Passive filters are non-selective, so they not only filter out the unwanted harmonic
components from the supply they are installed on, but they also serve as a ‘sink’ for
the distortion components produced by other consumers in the vicinity.

. Filters, while meeting the harmonic criteria, generate excessive reactive power at

light loads, which in turn gives rise to undesirable overvoltages.
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2.3 Alternative Methods

Apart from their considerable cost and complexity, filters often create their own harmonic
problems and tend to delay convertor recoveries following large disturbances. Also, effec-
tive filter design is still a complex process, mostly because the system impedance is part
of the design criteria, which does not occur with the alternative methods.

There have been several attempts to achieve harmonic control by alternative means
which is explained in the following subsections.

2.3.1 Active Filters for AC Harmonic Suppression

This method of harmonic elimination is basically illustrated in Figure 2.1. A current
transformer is used to detect the harmonic components coming from the non-linear load
which are then controlled in magnitude, frequency and phase. These are injected through
an amplifier, into the tertiary winding of a transformer in such a manner as to cause
cancellation of the harmonic currents concerned. Such harmonic currents need to be
injected into the AC system through proper means.

The main areas of concern with this system involve the coupling of the output of the
amplifier to the tertiary winding in such a way that the fundamental current flow does
not damage the amplifier. A quaternary winding and filter are used, as shown in Figure
2.1, to reduce the fundamental current in the amplifier output.

One advantage with this scheme is its ability to take account 6f uncharacteristic har-
monics, such as the third and ninth. The main disadvantage of the scheme is its inability
to effectively remove the large magnitude lower order characteristic harmonics without the
need for a very high power feedback amplifier.

Secondary current j, A
7~V P —
Signal processing ===~ -- =3
cireuit : i
| Fy !
' 1
[ SSpREDEEUEN |
4
F Amplifier jet—m—— |

L

Figure 2.1 Basic configuration of an active
filtex.

The concept of injecting harmonic currents for AC harmonic suppression is not new
[Sasaki and Machida, 1971). An improved and more practical means for generating and
injecting the characteristic harmonic currents for large power convertors has been already
presented [Herfurth, 1986]. The possibility of including power factor correction by phase-
shifting a derived fundamental sinusoid has also been proposed [Duke et al., 1990].
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2.3.2 Pulse Width Modulated HVdc Transmission

The advances of high power, high frequency, solid-state switches with gate “turn-off”
capability (GTO’s) have encouraged research and development in the PWM generation
of HVdc [Ooi et al., 1991]. This is following the remarkable advances of the pulse width
modulation (PWM) technique in the motor-drive industries.

The challenge is to perfect the PWM technique to handle hundreds of KV and thou-
sands of MVA. HVdc transmission systems, however, require higher reliability standards
than motor drive systems, thus any further examination of the PWM tecnique in this
area must consider its behaviour under transient conditions. This is not to imply that
the technique must track transient changes in harmonic patterns, but rather that its re-
sponse to system disturbances must be understood and controlled. Costs and losses of
GTO convertors is another concern and the reduction of them is of prime importance in
expanding the application of the PWM technique to HVdc transmission systems [Yamada
et al., 1990].

2.3.3 Harmonic Injection

Another means by which harmonics can be eliminated is to modify the convertor rectan-
gular current waveform by adding a harmonic current from an external source, as shown
in Figure 2.2. In such a scheme, as originally proposed by Bird [1969] and further devel-
oped by Ametani [1972], a triplen harmonic from the source is injected in the conducting
transformer phases. ‘

The following disadvantages of this method can be outlined:

1. need of a triplen harmonic current generator and its synchronisation to the supply
main frequency.

2. difficulty in adjusting the amplitude and phase of the sinusoidal injected current to
suit each particular operating condition.

3. restriction in the amount of harmonic suppression.
4. poor efficiency due to ineffective dissipation of the triplen harmonic power injected.

5. the passive system proposed by Bird although solving (1) and (2) above is only
applicable to rectifiers operating with 0° delay.

2.3.4 DC Ripple Reinjection

A technique, producing the same effect as transformer phase-shifting and referred to as DC
ripple reinjection, was proposed in the late 1970’s and basically allowed the operation of a
single bridge as a twelve-pulse convertor [Baird and Arrillaga, 1979; Baird and Arrillaga,
1980]. However, such technique did not find favour in conventional HVdc schemes, because
their power ratings are normally high enough to require several transformers and convertor
groups; these groups can then be arranged in twelve-pulse pairs at relatively low cost.

That pioneering work, however, set the foundations for the generalization of the tech-
nique attempted in this thesis, a concept that is expected to play an important role in the
design of future HVdc systems. As will be shown in the following chapters, the DC ripple
reinjection technique overcomes all the disadvantages present in the previous alternative
methods and probably it is the most challenging alternative to the traditional practice of
harmonic suppression by passive filters.
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B

—
]
d

L =smoothing or interphase reactor
N =neutral point

S =injected current source

C =cutoff circuit for direct current

Figure 2.2 Classical harmonic injection with
various configurations.
a) 3-phase half-wave rectifier
b) Diametrical rectifier

¢} 3-phase bridge rectifier

d) 6-phase double-star rectifier






Chapter 3

Generalized Pulse Multiplication
in Parallel Convertors

3.1 Introduction

Traditionally the idea of AC/DC convertors with pulse number higher than 12 has always
been associated with complicated transformer connections. A novel concept, so called ‘DC
ripple reinjection technique’, has been developed at this University by which AC/DC con-
vertors with any desired number of pulses can be obtained without complicated circuitry.
The application of the concept to parallel connection of convertors is given in this chapter.
A rigorous analysis of the general configuration shown in Figure 3.1 is included. This
analysis, provides general formulas and diagrams that permit a straight-forward design
of high-pulse parallel-connected convertors, giving in addition a clear understanding of
the principles involved. A complete set of experimental results is given at the end of this
chapter that validates thoroughly the concept.

3.2 General Conditions and Circuit Configuration

Figure 3.1 shows a general diagram of the proposed multipulse convertor. The average
output voltages of the two convertors are the same but their waveforms are displaced by an
angle 7 /p, where p is the pulse number of each convertor. As will be shown, appropriate
firings of the additional feedback thyristors T3,..., T, permit the establishment of a variable
vy, which if added to the conventional variable v, increases the pulse number of the output
variable v, in proportion to the number of controlable taps on the interphase reactor. A
corresponding increase of current steps modifies the AC current on the AC system side.

3.3 Voltage Considerations

3.3.1 Derivation of the Output Voltage Waveform

Figure 3.2 shows the effect of firing T} and T}, on the variable v,. When any left group
thyristor conducts
N,

k
Vak = 'J—V—'UM
0
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M

Vy \/2
- -~ -
\U\\\”W
| vy l v \ 1
NV Yx N N e
2n/p v /p tor 2
f—— convertor 1 E z converior

Figure 3.1 Multi-pulse convertor configuration.

(b)

Figure 3.2 Voltage vy composition.
a) When T} conducts
b) When 7, conducts
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then

N,
Vyk = Vgk = —N—’ivM (3.1)
0

And when any right group thyristor conducts

__ 4Vm
Vg = N, UM
0

then
N,

Uym = ~Vam = ‘*ﬁ??’M (3.2)
Figure 3.3 shows the successive circuit conditions of both convertors 1 and 2 caused by the
alternating changes of the conducting state. Figure 3.3 also shows that the same circuit
condition is repeated every 27 radians so that the number of different circuit conditions

is 27 /8 = 2p.

}._..*..__}-._.{ v v oo }..1+2._|_3 (conditions)

vy v1'\v2 ~ ~ - -
N N AN ~
\ \ N\ N NN N
AN AV AN AN A ANE AN AN Al 7
' \
N

Figure 3.3 Successive circuit conditions of
convertors 1 and 2.

Figure 3.4a shows the phasor diagram corresponding to condition 1 where Vy lags
Vi by 6. Condition 2 is shown in Figure 3.4b, where V5 is in phase with the previous
diagram whereas V4, displaced by 26, lags V3 by 8. The rest of the circuit conditions can
be represented in a similar way. The diagrams of Figure 3.4 also include phasors Vi, Va,
qu, V,q, where, from Figure 3.1

V=V -V (3.3)

p,=ths (3.4)
2

qu =Vo+ qu (3.5)

with qu defined in equations 3.1 and 3.2.

For a critical turns ratio Ng/Np, the waveform of the output voltage v, becomes a
sequence of sine-wave portions, which by an appropriate selection of the firing angle of the
feedback thyristors can be modified to yield the required shape and value.

For simplicity Figure 3.4 only shows (shaded and dark areas) the conduction pattern
of thyristors T7 and T, respectively. The angle of conduction of any feedback thyristor is
@/n which is also the duration of each sine-wave portion.
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(b)

Figure 3.4 Diagrams with reference to Figure 3.3.
a) Circuit condition 1
b) Circuit condition 2



3.3 VOLTAGE CONSIDERATIONS 13

Therefore the pulse number p, of the output voltage v, for each cycle of the supply
system voltage is given by

_ 27
pz - 9/’",
But because 6 = 7 /p, then
Pz = 2pn (3.6)

The conduction pattern of the feedback thyristors is clarified in the time diagram of Figure
3.5 where the following rule can be stated for the triggering co-ordination of the feedback
thyristors and the main thyristors of convertors 1 and 2.

Every change of conducting state in convertor 2 must be followed by a sequential turn-
on of the feedback thyristors from T to T,,. The same applies for convertor 1 except that
the triggering order is from T},—; to Tj. The interval between sequential firings is /n.

vy changes 2 changes vy changes vy changes
e condition 1. condition 2 condition 3 e°e
e 5] (%]
o/n
'-—VM<0_.-1 ‘.———r——vM>0 ‘-——VM<0——-—1 wi

Ty T2 Ta Tha1 Ty T2 Th
(26/n) ©/mn) (26m) (B/n) (20/n) (6/n) (268/n)

Figure 3.5 General triggering co-ordination.

3.3.2 Reactor Tap Positions

In Figure 3.4a, 0, defines the position of phasors qu through the following equation:

0
6, = Eﬁ(n+1—2q) g=1,..,n (3.7)

From equations 3.1 and 3.2 (where Vi, Vyq, Vz and V; are maximum values)

From Figure 3.4a
Vg = Vs tan |6] (3.9)
Ve = Vi cos(0/2) (3.10)
Vm = 2Vy5in(0/2) (3.11)
From equations 3.7-3.11
N tan |6,

L2 . =
No 2 tan(9/2) '’ b=n/p
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then
N. tanz%=(n+1-2q)
e .. | g=1,2,..,n (3.12)
Ng 2 tan(w/2p)
where:
n : Total feedback thyristors
P : Pulse number of convertors 1 and 2

N,/Nq: Relative tap position of thyristor q

3.3.3 Effect of Tap Position Alterations

The exact tap position expressed in equation 3.12 cannot be implemented in a practical
situation and the effect of the deviation from that value will be now examined.

With reference to Figure 3.4a, Figure 3.6 illustrate the angular displacement of phasor
Vg (£8,) when its tap position is altered. Then the respective angular displacement

" Vm
tanf, = -4
and, 7
reVM
tanf, = -2
anf, 7
tan _ r_;
tanf, 7,
then
’ ~1("q
A8y = 6] — 6, = tan (;; tan ) — 6, (3.13)

With 6, and 7, defined in equations 3.7 and 3.12 respectively.

From Figure 3.4a, A, must be compared with 8/n to appreciate the effect of modifying
Tq.

Figure 3.6 Angular effect of tap position
alterations,
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This effect is illustrated in Table 3.1 with reference to two simple examples, both using
the same reactor and a tap position of 0.25. The asymmetry is not seen to be significant
and in most cases only the second digit in equation 3.12 is important.

]
1
P n r1=g% r1=gi~ AB) 8/n a9, %
(Case 1) | 3(") | 2 |ooz32 |o.25 1.105° | 30° | 3.68 %
sk
C(Case 2) | 6" | 2 | o0.246 | o0.25 0.12° | 15° | 0.8 %

(*) Convertors 1 and 2 are hall-wave circuits
(**) Convertors 1 and 2 are bridge circuits

Table 3.1 Example of turn ratio deviation.

3.3.4 Conditions for Natural Commutation

The appropriate polarities of vps (i.e. vy — v;) that will enable the incoming thyristor to
turn on by natural commutation are shown in Figure 3.7.

wy(<0) vy(>0)

A/\

(Y Y Y Y VY Y Y VY VY
condition MW condition
1 2
oeTq W Tqet e . .quz f! Tgeies
triggering direction triggering direction

Figure 3.7 Natural commutation conditions.

From Figures 3.3 and 3.5 it is clear that the conditions of vps in Figure 3.7 are easily
satisfied. However there are some restrictions for a close to zero.

Figures 3.4b and 3.8 illustrate the behaviour of vps and v, for the specific condition 2
and z defines the location, along the respective sinusoids, of vas and v,. It is obvious that
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z = a considering that waveform v, is at a maximum when z = 0°.

The minimum condition 2 illustrated in Figure 3.8 permits to calculate the angle aprrn
that satisfies the restriction for vps in Figure 3.5.

That is

N
|
S|l

apIN = (3.14)

Equation 3.14 indicates that a fully uncontrolled circuit using the DC ripple reinjection
concept is possible, but that alternative is limited to the use of only two thyristors as taps
of the interphase reactor as in that case a = 0°.

minimum condition 2 |9 6 ;/\
. — - Jo /. condition 2
/ /(
/
Vx N M e
/ \ l
/ -
8/n \ : wt
%\ \
\
—lf N\
%min |l x=a ~ vx VM

Figure 3.8 Minimum condition for a.

Figure 3.9 Output voltage of any convertor.
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3.3.5 Mean Rectified Voltage

Figure 3.9 shows the generic output waveform of any convertor. The mean rectified voltage
Vpce of that waveform is

atB/2
Vpe = —;—/ , V cos wtd(wt) = %sing—cosa (3.15)

Applying equation 3.15 to the conventional configuration yields

V=V

p=29

2 0
Vxpc = %sinicosa (3.16)

and in the case of the modified configuration

V=V

B=0/n

2nv, . @
Vzpe = T; sin o~ cos (3.17)

The increased mean rectified voltage AVp¢ is

Vzpoe — Vxpe _ Vzpe
= -1 3.18
Vxpc Vxbpe (3.18)
and substituting equations 3.16 and 3.17

AVpe =

Vzpc _ nV,sinf/2n

= 3.19
Vxpc Ve sin 8/2 ( )
Observing an equal length of phasors V, in Figure 3.4
VomVa=Vin= — o (3.20)
COS(§ - E)
Then
V2 1
. S (3.21)
Ve cos(% - 5"5)
Finally combining equations 3.18, 3.19 and 3.21
AVpe% = [ nsinf/an ___ 1] 100 (3.22)
sin /2 cos(g - 2%)
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3.3.6 Asymmetrical Effect on Waveform v,

Although the AC current is well behaved for any value of n, from the point of view of
v, two cases need to be considered:
(a) n = 2: The pulse multiplication is perfect as phasors qu in Figure 3.4a have
the same length and there is no restriction for a as aprry = 0 in equation 3.14.
(b) n > 3: Comparing phasors V, and V, in Figure 3.4, or the corresponding
waveforms in Figure 3.10, it clearly shows the presence of a ripple increase Ar which
becomes zero as a approaches 90° and is defined as follows:

Ar = (V- Vp)cos(a+8/2n)  for a < (w/2-6/2n)

Ar=0  for(r/2-0/2n) < a<(7/2+0/2n) (3.23)

Ar = (V,’ —Vz)cos(a—6/2n)  for a>(n/2+6/2n)
and

rz = Vz[cos(a — 8/2n) — cos(a + 8/2n)]

rz =2V, sinasin(8/2n)  for 6/2n < a < (7 —0/2n) (3.24)

where V, and V; are defined in equations 3.10 and 3.20, respectively.

Figure 3.10 Illustration of ripple increase.
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The ripple increase indicated in equation 3.23 is valid only if n is odd, as in that case
the smallest vector in Figure 3.4 is V;. When the smallest vector is not in the middle

point but displaced by an angle §/2n (position of thyristor ¢ = n/2 in equation 3.7), V,
must be replaced by V;/ cos(8/2n) in equation 3.23.

Two cases are illustrated in Figure 3.11 for 24-pulse and 48-pulse configurations.

r7,4r0.25V,)

4

1.04 ’J71’;,‘-I;Tl<

pd ;/ b = 60°(P = 3)\§\\
/ﬁrl/ \@
AW N
| aMINg / ,
' 0.5+ / / rz/j/?— n= S
/ P 7// b = 30°(P = 6) \§§
%% )
/)<Af2
aMIN2Z ? / —
]
/ 'z,
7.5° 15° 45° 90° 135° a

Figure 3.11 Two examples of ripple increase.
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3.4 Current Considerations

3.4.1 Current Analysis on DC Side

In Figure 3.12 I,/2 and I, are the currents produced by the conventional configuration
where the DC output is derived from the centre point of the reactor. The superimposed
current ; represents the effect of connecting the output terminal to alternative taps of the
reactor, thus establishing an effective MMF balance.

Figure 3.12 Currents in reactor.

With reference to Figure 3.12, the behaviour of the current i; is now considered under

the assumption that Iz is perfectly smooth.
Equalising ampere—turns, when any left group thyristor conducts

(Iz/2 4 4;)(No/2 = Ni) = (Iz/2 — i5)(No/2 + Ni)

In, . Ne Iz, . Ny
Mty =y M-ty
and
ZJ—&IZ
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Similarly when any right group thyristor conducts

(Iz/2+ 15)(No/2 + New) = (I2/2 — ;)(No/2 — Np)

Iz . No Iz . No
g im iy =y Ny
and
) N,
'LJ = _W:IZ

21

The construction and general waveform of i; are shown in Figures 3.13a and 3.13b

respectively which is easier to understand with reference to Figure 3.5.

Current 4;, with a frequency p times the fundamental, circulates through the appropri-
ate main thyristors and phase windings in the clockwise direction, modifying the currents
in all the windings including the primary and as a result, the distortion of the AC input

current reduces. This effect will be discussed further in the following section.

T
N k
Nz [~~~ ]
0 | |
!
: ; wt
-%mlz ________________ I
0 Tm
(a)
j
20 =2
L L |
0 Z
N
« Tt T - 7 ] !
. ! | | [
T1 IT2 i Tn—l Th Tn—l !TZ ! Tl ! T2

wt

100

_Nn-ll 1
W?Z—————-——--‘—l' ]
N
iy, [ - e
Ny 'z

Figure 3.13 Current i; composition.
a) Construction
b) General waveform
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3.4.2 Current Analysis on AC Side

Although the graphical procedure is generally applicable, the results illustrated relate to
the specific configuration shown in Figure 3.14.

secondary Y secondary &

v v
Tg Tg T,

Ny __

M =o0amn2
Ny

2 =0a122

Apmin = 7.5°

R T S
primary

Figure 3.14 48-pulse configuration.

Figure 3.15 shows all the relevant current waveforms for the circuit of Figure 3.14
under the assumption that

Ni1 = Naz = V3N

For comparison the AC input current produced by the conventional configuration (ig,)
is also included. Finally with reference to the circuit of Figure 3.14 the following expres-
sions can be written for the AC input current of the modified and conventional configura-
tions respectively
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. 1, . .
igp = %(zu —ic) 4+l

. 1. - .
Ry = %(200 - 1'50) + 2ao

TeTe TaTh | Ta-T6 | 1576 | To-Ta | Te-Ta 17678
Ti-T7 [ M-Tg | Tp-T3 | ToTp ] T30 | T3-T;
Ip, i,
L

N O o Nty N W
S W W W o

1a/V3

PN

: U

Figure 3.15 Theoretical current waveforms of
circuit shown in Figure 3.14.

23
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3.5 Design of the Interphase Reactor

Although in the earlier formulation the reactor magnetising current (ips) has been ignored,
this current plays an important part in the design of the reactor. For a voltage vps to be
developed across the reactor (Figure 3.16) there must be a change of magnetic flux caused
by the magnetising current. The vps and ips reactor variables as well as the convertor
current 7], are shown in Figure 3.16 and their respective waveforms in Figure 3.17.

Iconvertor 1 | v v convertor 2
! | 1 2 |
| | |

Figure 3.16 Magnetisation of reactor.

3.5.1 Minimum Load Current

Let us now analyse the electrical interrelation (voltage and current) between both conver-
tors.

In Figure 3.16 1} and %} are the currents produced by the conventional configuration
plus the superimposed current due to the effect of connecting the output terminal to
alternative taps of the reactor, i.e.:

i = Iz/2 +1;

iy =Iz/2 -1
From Figure 3.13

—ij = ij(wt — 7/p)
Then

iy = 11(wt — 7 /p) (3.25)
From Figure 3.3

vy = vi(wt — 7/p) (3.26)

From equations 3.25 and 3.26 the electrical behaviour of each convertor is the same
but every variable displaced by an angle 7 /p, thus it is enough to analize one convertor.

In the left convertor ] must be positive enough to compensate for the negative peak of
ip because of the unidirectional behaviour of convertors, otherwise below a certain value
of Iz, known as the minimum load current Jzmin, the magnetising current cannot circulate
freely, the reactor no longer continues to provide the voltage vps, the circuit reverts to a
more complex intermittent conduction and in the limit Iz = 0, ips and wvps become zero.
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3.5.2 Magnetising Current Calculation

Let us first assume that Iz is sufficient to enable the magnetising current ¢ps to circulate
freely and that full symmetry exists, so that the reactor is not saturated and therefore its
inductance Lpg remains constant.

iMrVM W/p,
M
IM
\ 1| N !
\ ! ‘\M '
\ AR ! -
—— 7
\
o \l v are l wt
\b/ W/
—lm ’
i'y
12(1/2 + Ny/No) h,. A L A o
I2(1/2 = Nn/No) |- -t WAt W N
wt

Figure 3.17 Waveforms of vy, iy and 7}.

With reference to Figure 3.17, during the positive half-period of vps the magnetising
current is as follows:
dify

LB—JZ— =Vusinwt for (a-7/2p)< wt<(a+7/2p)

. 1%
iy = (—)wLB cos wt + K,
The corresponding current 7}, for the negative half-period of vas in Figure 3.17 is
derived as follows:

dil! :
Lp :iltw = —Vusin(wt —n/p) for (a+m/2p)<wt<(a+3n/2p)

. VM
iy = wln cos(wt — 7 /p) + K,

In order for vps to be finite, dips/dt must also be finite, and therefore iy must be
continuous, hence: :

ihe(a+/2p) = (e + 7/2p)

Vum
wLB

VM
wlp cos(a + 7/2p) + Ky =

cos(a — 7 /2p) + K,
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Vi
- wﬁg cosacosT/2p+ Ky = wsz cosacosm/2p+ K, (3.27)
The mean value of i3 must be zero, then
a+x/2p a+3%/2p
/ iy d(wt) + i d(wt) = 0
a—x/2p a+w/2p
VM . R K17r
iz [sm(a + 7/2p) — sin(a — 7r/2p)] + —p—-{-
VM R R K27l'
oln [sm(a + 7 /2p) — sin(a - 7r/2p)] + -~ = 0
Therefore
Ki+K,=0 (3.28)
The solution of equations 3.27 and 3.28 is
VM
==K, =
K, 2= cosacosm/2p

Finally

i = —szf (coswt — cosacost/2p)  for (a—m/2p)<wt< (a+7/2p) (3.29)
B

iy = uI)/zI [cos(wt -7/p) - cosacos7r/2p] for (a+/2p) < wt < (a+ 37/2p)
B

Figure 3.17 illustrates waveforms vps, ips and 4] which will be better understood with
reference to Figure 3.13.
The peak value of the magnetising current is given by:

Ing = iyg(wt = a4 7 /2p) = Vi sinw/2psina
wLlp

and taking into consideration equation 3.11
Vum = 2Vysinn/2p
Therefore

2V;sin? 7w /2p
= ————8i 3.30
wlp  Sne (3.30)

However equation 3.30 does not provide appropriate values for & = 0° and a = 180°.
A graphical analysis of equation 3.29 reveals that

In

oV si
=M(1—cosacosw/2p) for a<mw/2p

. — N°
IM—I?M(wt_O) oI
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2V; sin? 7 /2
IMzij\l(wtza—{-w/Zp):——ls——g—}l—w—[——z-’sina for w/2p<a<(r—m/2p)
B
2V sinw/2p

Ing = iy (wt = 180°) = (14 cosacosm/2p) for a>(rm—m/2p)

wlp
The variation of Ips with a is plotted in Figure 3.18 for p = 3 and p = 6.

0° 45° 90° 135° 180° a

Figure 3.18 Variation of Iy with a.

3.5.3 Relationship Between Iz, and Lpg
In Figure 3.16 the limiting operating condition is

min(i}) = maz negative peak of iy

From Figures 3.17 and 3.18

IZmin : ]'n
Izmin = = 90°
5 A Zmin = Im(for a = 90°)

and from equation 3.30

1 Nn) _ 2N sin 7 /2p

Izmin (E - FO

'wLB
and considering equation 3.12 finally

2V sin? 7 /2p

Ry sy cy oy 2y AN G

where:
N, tan w(n-1) ;ﬂ"pl
No  2tan e
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3.6 Component Ratings

The rating of the main thyristors and convertor transformers will be obtained for the
particular configuration of Figure 3.14, however for the rating of the reactor thyristors
and interphase reactor, general expressions will be considered.

3.6.1 Main Thyristors

The maximum voltage across the main thyristors remains unchanged for the conventional
and modified configurations.

The current rating of the main thyristors for the conventional configuration is as fol-
lows:

Inpax = 1z/2 =051z
Inggany = Iz/6 = 0.16717

Irms = Iz/(2v3) = 0.28917

Where Iz, the load current, is assumed to be constant.
Considering now the particular configuration of Figure 3.14 and with reference to
Figures 3.12, 3.13'and 3.15 '
N,

Inax = Iz (% + Yv—o) = Iz(% + 0.371)

Invax = 0.87114

Besides
1 N,
Iz (5 + 7\/’7)) = 0.622
1 N,
Iy (—2- - 7\75) =0.378
1 N
Iz (5 - WE) =0.129
Then
1
InEan = 5 [47/24(0.129 + 0.378 + 0.622 + 0.871)I]
Insean = 0.16717
and

I3ars = % [47r/24(0.1292 + 0.3782 + 0.6222 + 0.8712)I§]

Ippms = 0.3317
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3.6.2 Convertor transformers

The RMS current in the star secondary for the conventional configuration is (considering
Figure 3.15)

1 2x/3 1 )
2 —
Lopaes = 7 /0 (512) a8

Toopys = 0.40817

and for the proposed configuration

1
Dres == [47/24(0.1297 + 0.3787 + 0.6222 + 0.871%) I3

@RMS

Tapaes = 0.46617

Similarly the RMS current in the delta secondary for the conventional configuration is

I s = = [20/31/612) + 7/3(1/315)]

b4 =0.23615

aORrMS

and for the proposed configuration

2
"= ;1725 [7/12(0.0482 + 0.1267 + 0.207% + 0.29%)+

GRMS
+7/24(0.086% + 0.2522 + 0.4157 + 0.58%)|

I = 0.2691z

ARMS

Corresponding currents on the delta primary are

2
2 _ IZ
AOpps 7r/2

7/6[(1/6)° + (0.455)° + (0.622)?)

Ta0ppes = 0.45517

for the conventional and

ARrms

I2
= W—/Zz [7/24(0.048% + 0.1262 + 0.207% + 0.290%+
0.3652 + 0.425% + 0.485% + 0.545%+
0.589% + 0.611% + 0.633% + 0.6552)]

Tapys = 0.4617

for the proposed configuration.
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3.6.3 Reactor Thyristors

Figure 3.19 Voltage across feedback thyristors.

With reference to Figure 3.19 let us analyse the maximum voltage across any left half
thyristor when T;, conducts (since this is the worst condition).
Then

L N, + N
=

The maximum voltage across Ty (V7,) is

N,.+ N,
considering equation 3.11
Vg, = -]!'-‘—1%—1!52171 sinT/2p (3.31)

and the same voltage distribution, symmetrically, is established on the right half when
Ty conducts.
With reference to Figure 3.14 forn =4 and p = 6

Vr, = Vr, = (0.371)4V;sin7 /12

= 0.384V;
and

Vr, = Vr, = (0.371 + 0.122)2V; sin 7 /12

= 0.255W4

Where V; is the peak phase to phase voltage on the convertor side of the transformers.
Also, with reference to Figures 3.13 and 3.5, during each cycle 28, each thyristor carries
current Iz during a total conduction period of 24/n, then the following expressions are
obtained for the current of the feedback thyristors
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Ivax =1z
126
IMpan = 55_7{12 =Iz/n
1 23I2 _ Iz

Tems =360 12=

- with reference to Figure 3.14 for n = 4

ImMpan = 1Iz/4 = 0251z
I
IrMms = 724 = 0.5z

3.6.4 Interphase Reactor

The maximum voltage across the interphase reactor (when a = 90°) remains unchanged
and is given (considering Figure 3.8) by

=/2p
VaMms = \/§/ " Vi cos? wt d(wt) = VM\/% + 5?;? sinw/p
—x/2p

considering equation 3.11 -

1
Verums = 2V sin7r/2p\/§ + 5%— sinw/p

With reference to Figure 3.14 for p =6

Vrums = 0.512V;

Let us now consider the different currents through the reactor illustrated in Figure
3.20.

io iy i2 i3 i in
(lo) (h) () (13) ﬂ(_)__ (1a)

—

}Tl T, ITs Tk T

n

Figure 3.20 Currents through the reactor.

From Figures 3.12 and 3.13

io = Iz/2 + 1, (3.32)
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Then its RMS value

16 N 1 N
2 132 (= 4 222y
=%z IZ[( M AURAY o)

............. +(%—N"“ )2+ (____.)]

For any other current the contribution Iz/2 in equation 3.31 is no longer constant but
variable in sign depending on which thyristor is conducting. Therefore the RMS current
of branch k is

1 N
I —— =) 4 + (- 4+ =5)?
[ ) (3 + 7+
1 Ny 1 Nny
o+ oV +(2-7V;]

With reference to Figure 3.14 the currents through the reactor are

Ip=1I3=0.5711z
I =1 =0.375I

I, = 0.28217

Table 3.2 summarises the ratings of the main elements of the conventional (without
thyristor taps) and modified (with thyristor taps) configurations with reference to the
output current (Iz) and the transformer secondary voltage peak (V7).

3.7 Experimental Verification

A laboratory model, considered in Chapter 5, has been specially designed to verify the
theoretical waveforms and a complete set of experimental results is given in this section.

Figures. 3.21-3.24 give the experimental verification. Convertors 1 and 2 are conven-
tional configurations giving a pulse number (p) of 6 for Figures 3.21-3.23 and a pulse
number of 3 for Figure 3.24.

From equation 3.6 the pulse number of the output voltage v, is pz = 2pn, where n is
the number of feedback thyristors. Therefore the pulse number p, is 48,36,24 and 12 for
Figures 3.21-3.24 respectively.

For these Figures, diagrams labelled ‘a’ show the output voltage waveforms for the con-
ventional (v,) and modified (v,) configurations and diagrams labelled ‘b’ their respective
frequency spectra. Similarly, diagrams labelled ‘c’ display the current waveform on the
AC side for the conventional (ig,) and modified (i) configurations and diagrams labelled
‘d’ their respective frequency spectra. The reinjection current ¢; is shown in diagrams ‘g’
in Figures 3.21-3.23 and in diagram ‘e’ in Figure 3.24. These diagrams were taken using
a Hewlett Packard dynamic signal analizer 3561A.
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The rest of the diagrams include the respective circuit configuration and a display of
various DC voltages waveforms using a normal scope.

A comparison between the theoretical waveforms %;, iro and ig of Figure 3.15 and the
respective practical waveforms of Figure 3.21 fully demonstrates the theoretical treatment
developed in previous sections.

3.8 Conclusions

By means of a generalized and rigorous theoretical treatment, along with extensive
experimental verification, this chapter has shown the capability of the DC ripple reinjec-
tion technique to obtain any desired pulse and step multiplication on the AC and DC
sides of parallel-connected convertors. The mathematical analysis is straight-forward and
without any complication generates formulas and diagrams that permit the design and
understanding of these modified schemes.

WITHOUT T.T. | WITH T.T. 2%
Yuax ~ | Vi vy 0
MAIN Tuax 0.5 Iz 0.871 Iz 74.2
THYRISTORS| 'y v | 0.167 I 0.167 Iz 0
Trus 0.289 Iz 0.33 Iz 14.19
Ype (OUTPUT 0.955 V| cos af 0.984 Yy cos a} 3.04
Irus STAR SEC. 0.408 Iz 0.466 Iz 14.22
Irus DELTA SEC. 0.236 Iz 0.269 Iz 14.0
Irus DELTA PRIM. 0.455 Iz 0.46 Iz 1.1
Ppc OUTPUT Iz Vpe OUTPUT | Iz Vpg OUIPUT | 3.04
- 0.384 V, - (Ta,Ta)
Yk - 0.255 V, ~ (To,Te)
FEEDBACK
THYRISTORS| Iyax - 1z -
IMEAN - 0.25 Iz -
Irus - 0.5 Iz -
VrMS 0.512 vy 0.512 Vy 0
INTERPHASE 0.571 Iz 14.2 (I,,14)
REACTOR 0.5 Iz 0.375 1z 95.0 (Iay1c)
0.282 Iz —43.6 (Ip)

‘Table 8.2  Component ratings for the conventional
and modified (48-pulse) configurations
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Figure 3.21 48-pulse operation.
AV AN AV VA .
™ a) vx and vz at different angles
b) Frequency spectra of vx and vz

c) (AC )currents for the( co;wentional
iRo) and modified (ig) config.

(f) (e) d) Frgquency spectra of 15, and ig

e) Circuit configuration

f) Display of voltages o = 45°

g) Reinjection current i3;
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Figure 3.22 36-pulse operation.

a) vx and vz at different angles

b) Frequency spectra of vy and vz

c) AC currents for the conventional
() (3Rro) and modified (ir) config.

(f) Frequency spectra of 15, and ig

e) Circuit configuration

f) Display of voltages a = 80°

8) Reinjection current i;
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Figure 3.23 24-pulse operation.

a) vx and vz at different angles

b) Frequency spectra of vx and vz

¢) AC currents for the conventional
(iro) and modified (ig) config.

d) Frequency spectra of ig, and ig

e) Circuit configuration

f) Display of voltages a = 45°

g) Reinjection current i;
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Figure 3.24 12-pulse operation.

b) Frequency spectra of vx and vz
c) AC currents for the conventional
(iro) and modified (ig) config.

d) Frequency spectra of ig, and ig

e} Reinjection current i;
f) Display of voltages a = 45°
g) Circuit configuration

a} vx and vz at different angles






Chapter 4

Generalized Pulse Multiplication
in Series Convertors

4.1 Introduction

A generalised DC ripple reinjection scheme applicable to series connection of convertors is
presented in this chapter. It is capable of achieving, by natural commutation, any desired
number of pulses and thus provides a complete alternative to the use of AC and DC filters
in HVdc systems. A rigorous analysis of the general configuration shown in Figure 4.1 is
included. General formulas and time diagrams are obtained that permit a straight-forward
design of high-pulse series-connected convertors, along with a clear understanding of the
principles involved. Experimental results at the end of this chapter validate the concept
completely.

4.2 General Conditions and Circuit Configuration

Figure 4.1 shows a modified double convertor configuration with additional components
to permit DC ripple reinjection and thus high-pulse operation. The reinjection circuit
includes two capacitors C, two transformers T4 with several secondary windings, K single-
phase bridges and a by-pass thyristor Tk1. Each single-phase bridge is connected to the
secondaries of the reinjection transformers as indicated in the general configuration of
Figure 4.1.

The average output voltages of the two convertors are the same but their waveforms
are displaced by an angle 7/p, where p is the pulse number of each convertor. As will
be shown, appropriate firing of the additional feedback single-phase bridges and by-pass
thyristor, permit the establishment of a variable vy, which if added to the conventional
variable vx, increases the pulse number of the output variable vz.

Similarly the ripple reinjection bridges inject square-wave currents on the primary side
of the transformers T4, which modifies all the original current waveforms and as a result,
the distortion of the AC side current waveform reduces.
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convertor 1
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convertor 2

Figure 4.1 Multi-pulse convertor configuration.

Figure 4.2 Derivation of voltage vy.
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4.3 Voltage Considerations

4.3.1 Derivation of the Output Voltage Waveform

In Figure 4.1 the capacitors are required to block the DC component of voltages v; and v,.
As a first approximation let us assume that they are large enough to present a short circuit
to the AC components of v; and v, (viac and wasc) and thus, only this components are
present across the primary side of transformers T'4.
Figure 4.2 considers a generic bridge ¢ and explains the derivation of vy as follows:
* During T; conduction (Figure 4.2a)

vsi = ﬂ(v V24C)
si = (V140 ~ V240
and N
vy = Us;i = 'I“V—;'UM (4.1)
where
UM = V1AC — V24C = V1 — V2 (4.2)

Similarly, during T} conduction (Figure 4.2b)

N.
Vyir = —vsi = —“J'V—;'UM | (4.3)

Finally when thyristor Tk 41 conducts vy, ., =0

Figure 4.3 shows the successive circuit conditions created by the conducting state of
the two convertors. These are repeated every 27 radians and the number of different
circuit conditions per cycle is 27 /8 = 2p.

T Ry T I LI (conditions)

Figure 4.3 Successive circuit conditions of
convertors 1 and 2.

Figures 4.4a and 4.4b show the phasor diagrams corresponding to circuit conditions I
and II respectively. The position of Vs is kept fixed while V; leads or lags Va by an angle
6. The rest of the circuit conditions can be represented in a similar way. The phasor
diagrams of Figure 4.4 also include phasors VM, Vx, Vy, Vz. With reference to equation
4.2 and Figure 4.1 the following relationships can be written:
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Vm=Vi-V; (4.4)
VX = V1 + Vz (4.5)
Vz = Vx + Vy ' (4.6)

with Vi defined in equations 4.1 and 4.3.

Figure 4.4 Diagrams with reference to Figure 4.3.
a) Circuit condition I
b) Circuit condition II
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The selection of a suitable firing angle for the feedback thyristors, combined with
appropriate feedback transformer ratios permits the derivation of a sequence of sine-wave
portions for the output voltage vz. These sine-wave portions can be adjusted by normal
firing angle control to obtain the required mean value of vz.

For simplicity Figure 4.4 has only displayed the effect of a single reinjection bridge, i.e.
the conduction patterns of thyristors Ty and Tj. With reference to Figure 4.4 the duration
of each sine-wave portion (Af) and the resulting pulse number of vz (pz) for each cycle
of the supply system voltage will be as follows:

/) T

Ao = e— = e— .
2K 2pK (47)
27
Pz =55 = 4pK
if thyristor T4, is omitted and
0 T
A = = .
2K+1 p(2K+1) (4.8)
21
PZ= 25 = 2p(2K + 1)

if thyristor Tk 41 is considered.

The coordination of the feedback thyristors and the main thyristors is illustrated in
Figure 4.5 where the following rule can be stated.

Every change of conducting state in convertor 2 must be followed by a sequential turn-
on of the feedback thyristors from T3 to T}. With reference to changes in convertor 1 the
triggering order sequence should be from T} to T} instead. The interval between successive
turn-on’s is shown to be Ad.

vy changes v; changes vy changes
condition | condition Il
vy < 0 Y vm > 0
LES P Tk Tkea| 'k 7T, T'x T T T
(208) (A8)
beginning beginning

Figure 4.5 General triggering coordination.



44 CHAPTER 4 GENERALIZED PULSE MULTIPLICATION IN SERIES CONVERTORS

4.3.2 Feedback Transformers Turns Ratio

From equation 4.1 and using peak values for Vs, Vyy, Vx and V3

N »
also from Figure 4.4a
Vyi = Vx tané; (4.10)
Vx = 2V} cos(0/2) (4.11)
Vm = 2V sin(8/2) (4.12)
Combining equations 4.9 to 4.12
% = %:(%%—)- for i=1,... K (4.13)

where:

6; = :1—01?(21( +1-2i) (if thyristor Tx41 is omitted)

0 , . . ) .
6; = KT 1(K +1 —— i)  (if thyristor Tk41 is considered)
K : Total feedback single-phase convertor bridges
P : Pulse number of main convertors 1 and 2

6 :w/p
N;/Ng: Turns ratio of feedback transformers
4.3.3 Turn Ratio Alterations of Feedback Transformers

The exact turns ratios derived from equation 4.13 cannot be implemented in practice and
the effect of the deviation from that value will now be examined.

il

Figure 4.6 Angular effect of turn ratio
alterations.
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With reference to Figure 4.4a, Figure 4.6 illustrates the angular displacement of phasor
Vzi (A6;) when its associated turn ratio (r; = N;/Np) is altered.
The respective angular displacement (A;) is derived as follows:

!
tangl = 1i/M
an 6; Ve
%Y
tan§; = —
an 6; Ve
tand, 7!
tan 6; 5
then ’
NG, =6, —0; = tan™! (E tan 0,') - 6; (4.14)
T

With 6; and 7r; defined in equation 4.13.

From Figure 4.4b, A6; must be compared with A8 to appreciate the effect of modifying
;. :
This effect is illustrated in Table 4.1 with reference to a simple example (24-pulse
configuration). The asymmetry is of little significance and in most cases only the second
digit in equation 4.13 is important.

N, !

P K Tewy | 1= — ,;=ﬁ A, Ab | A0,%
N, N,

6 1 NO 0.4913 0.5 0.131° | 15° | 0.88

Table 4.1 Example of turn ratio deviation.

4.3.4 Conditions for Natural Commutation

Consideration is first given to the feedback thyristors which conduct initially and their
respective instant of conduction.

Assuming that initially all the feedback thyristors are in the blocking state and that
the current distribution in each single phase bridge is symmetrical, the equivalent circuit
of Figure 4.7 applies.

In Figure 4.7 there are K electrically active and independent loops, each of them fed
by a voltage vg; which, considering equation 4.1, is proportional to vyy.

With reference to Figure 4.5 and taking into account the appropriate sign of vps the
instant of conduction and the thyristors involved are those labelled ‘beginning’.

The generic transfer between thyristors for condition I in Figure 4.5 is shown in Figure
4.8.

The bridge 7+ 1 is fed by vs; (an external component) and vg ;41 (an internal compo-
nent). Since vs; > vg i4+1 only vs; decides whether the transfer from T; to T;4; can take
place by natural commutation and Figure 4.9 illustrates this condition.
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v vT
T I 11 1 S
=
1

l | <VS‘ 's
I i i ! vlr1 = _.ZL

v 1 i v

TI 1 1 T
° \_/ v °
Q L
L] L]
/\;\ i i ’/V-T\ v

Tk K K K —52}1

e AN e O N\ VTK =
vs
< « ‘s
/ —_
v ; Y] YT T -
Te K K YTk
AN S
Tkt

Figure 4.7 Initial condition of feedback
thyristors circuit.

' triggering : external

direction T component
¥
D B =
T <"S
- ~
. LA
Tiya
D —
Tiv1 < VS|+1 ’
~ N
LA 1A
internal triggering
component direction

Figure 4.8 Generic transfer between
feedback thyristors.

° vTi+1 .
. /_\ .
/—__\~

vs,
|
. N/ .
» L]
vTi+1

Figure 4.9 Effect of external component
on bridge 7 + 1.
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In Figure 4.9, vs; (and therefore vps) must be negative for thyristor T;;; to turn on
by natural commutation. In the transfer fromTy 1 to T}, the external component is zero.

Figure 4.8 shows the component which is relevant depending on the triggering direction
and this rule applies equally to conditions I and II of Figure 4.5.

By comparing Figures 4.5 and 4.3, it can be deduced that the conditions for vy in
Figure 4.5 are satisfied, although there are some restrictions for a close to zero. This can
be explained with reference to Figure 4.10 wich illustrates the behaviour of vy and vy

for the specific condition II illustrated in Figure 4.4b. As indicated in this Figure , vas
lags vy by w/2 radians. Also in Figure 4.10 x defines the location, along the respective
sinusoids, of vas and vy; furthermore 2 = a because waveform vy is at a maximum when
z = 0°.

It can be deduced from Figures 4.5 and 4.10 that the minimum angle (aprrn) that
satisfies the restriction for vps in condition II is

6
AMIN = 5 = AL (4.15)

Equation 4.15 indicates that a fully uncontrolled circuit using the DC ripple reinjection
concept is possible, but that alternative is limited to the use of only one reinjection bridge
as in that case (using equation 4.7 for K = 1) a = 0°.

minimum condition 1 /
p condition I}
= ol E——
/ N
/ \
/ A
o 11
/ \
Vx / \
\
/ \ Vi
/ \
| {
YA wt
J \
N \
S N \
¥ vy
Cmin i ™

Figure 4.10 Minimum condition for a.

4.3.5 Mean Rectified Voltage

Figure 4.11 shows a general output waveform for any pulse number. The mean rectified
voltage Vpc of that waveform is

1 [foth/2 2V . B
Voo =5 [ Vcosutd(wt)= Z-sin’ 116
DC=5 ) cos wt d(wt) 5 sin’g cos (4.16)
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wt

Figure 4.11 Output voltage of any convertor.

Applying equation 4.16 to the conventional configuration yields

V:Vz
p=0

V.
Vxpec = —g—z-sinicosa

and in the case of the modified configuration

V=V

B =N

2Vy . NG
Slnt — Ccos &

Vzpe = N} 2

The increased mean rectified voltage AVpc is

_ Vzpc —Vxpe _ Vzpe

AVpo = Vxbpc

and substituting equations 4.17 and 4.18

Vzpc _ 0Vz sin AG/2
Vxpc QO8Vy sinf/2

Observing an equal length of phasors Vz in Figure 4.4

Vx
Vz=Vzn=Vz =
(i Al
Cs\z T %

Then

Vxbe

)

(4.17)

(4.18)

-1

(4.19)
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Vz 1

Vx 6 _ A8
X cos( 3 2

Finally combining the above equations

AVpe% = Osin £6/2 ~1{ 100 (4.20)
~ 5 _ A6
Afsin 6/2 cos (5 - T)

Where A6 is defined in equations 4.7 and 4.8.

4.3.6 Asymmetrical Effect on Waveform v,

Although the AC current is well behaved for any increase of current steps, from the point
of view of vz only the simplest case, a single feedback bridge in the reinjection circuit,
leads to a perfect pulse multiplication as phasors Vz in Figure 4.4 have the same length
and there is no restriction for a as aprrny = 0 in equation 4.15.

Figure 4.12 shows the increase of ripple due to the asymmetry of vz illustrated in
Figure 4.4.

Figure 4.12 Illustration of ripple increase.

Clearly in Figure 4.12 the consideration of the smallest vector Vx of Figure 4.4 leads
to a ripple increase Ar which becomes zero as o approaches 90° and is defined as follows:

Ar = (Vz —Vx)cos(a+ A8/2)  for a < (x/2—- A6/2)
Ar=0  for (z/2-A00/2) < a< (x/2+ A0/2) (4.21)

Ar = (Vx — Vz)cos(a— 00/2)  for a > (x/2+ A6/2)

and
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rz = Vz[cos(a — A8/2) — cos(a + A8/2)]

rz = 2Vzsinasin(A8/2)  for Af/2< a< (v —A0/2) (4.22)

where Vx and Vz are defined in equations 4.11 and 4.19, respectively.

The ripple increase indicated in equation 4.21 is valid only if Tk is considered, as in
that case the smallest vector in Figure 4.4 is Vx. Otherwise the smallest vector is not in
the middle point but displaced by an angle §/4K (6;(i = K) in equation 4.13), thus Vx
must be replaced by Vx/cos(8/4K) in equation 4.21.

Figure 4.13 illustrates two cases with Tx; omitted and K = 2 (24-pulse and 48-pulse
configurations).

rz,Al’[O.SVl] .
1.04
' N T b=eer =3 WY
AV PT = RN
P NG
aMiINg
0.5 i
DT /¢ K=2 Q\
T s =6) | T
1 N
Va 5
/)ﬂﬁfz
aMIN2 / / Mt
/ 'z,
7.5° 15° 450 90° 135° «

Figure 4.13 Two examples of ripple increase.
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4.4 Derivation of Current Waveforms

4.4.1 Current Analysis on DC Side

With reference to Figure 4.14 consideration is now given to the behaviour of current %;
under the assumption that Iz is perfectly smooth.

Figure 4.14 Current in feedback transformers.

Figure 4.14 considers a generic bridge i and explains the derivation of current i; for
the two conducting modes, i.e. when thyristors T; or T} conduct.
Equalising ampere-turns in Figure 4.14, when any thyristor T; conducts

IzN; =1i;Ng
and
. N;
‘I,j = —ﬁ:-)-fz

Similarly when any thyristor T} conducts

IzN; = —;Ny
and
. N;
1 = -"]—V—(;IZ

This is represented in Figure 4.15a, which also shows that when thyristor Tk 41 con-
ducts ¢; reduces to zero. The general waveform of 7; is illustrated in Figure 4.15b taking
into consideration Figure 4.5.

In figure 4.14 currents %;; and i;; with a frequency p times the fundamental, circulate
through the appropriate main thyristors and phase windings, the first in the clockwise
direction and the second in the anti-clockwise direction. Thus currents i;; and i;2 modify
the waveform of the currents in all the windings including the primary and as a result,
the distortion of the AC input current waveform reduces. This effect is self-evident in the
waveforms ig of Figures 4.18 and 4.19.
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Figure 4.15 Current ; composition.
a) Construction
b) General waveform

4.4.2 Current Analysis on AC Side

Although the graphical procedure is generally applicable, the theoretical results illustrated
relate to the specific circuits shown in Figures 4.16 and 4.17 (i.e. the 24—pulse and 48-pulse
configurations respectively).

The following relationships apply to the circuit of Figure 4.16

Ni; = Ny, (for simplicity)

IR=14—1C = la—

N
N~ 0.717
N,
No - 0.228

Similarly for the circuit of Figure 4.17
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N11 = N22 = \/§N21 (fO’I‘ simplicity)

o1 .t
zR—\/ﬁ(zt1 ic) + %,

Ny
FO = 0.742
N,
m = 0.245

The most relevant current waveforms for the circuits of Figures 4.16 and 4.17 are shown
in Figures 4.18 and 4.19 respectively. In Figure 4.18 subscript ‘0’ identifies the currents
produced by the conventional configuration and ‘1’ the contribution of the reinjection
current. For comparison the AC input current produced by the conventional configuration
(ir,) is also included. ‘

primary

Figure 4.16 24-pulse configuration.
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convertor 1

AT, AT, AT, ™

il RN
b \]fo,' 2

LT, 4
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A T§
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T —
Ta Ta
B bF
Tfr T
Pt = IZ
b Ty
b pr
Ty Th
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X M vz
-3
il
=

convertor 2

Figure 4.17 48-pulse configuration.
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igure 4.18 Theoretical current waveforms of
circuit shown in Figure 4.16.
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Figure 4.19 Theoretical current waveforms of
circuit shown in Figure 4.17.
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4.5 The Feedback Transformers

In Figure 4.20 7571 and ipro are magnetizing currents so that the AC voltages vy4¢ and
vy4¢ can be developed across the respective transformer primaries.

Iz
i1 A ijl L .
l \
>Vc 1 Vibc
. /
lMl
- R
V2pc
V2 —_— o —— — ——
iM2
~
, l \
. ve VDC
3’21 IJZ T) // 2
' T’z

Figure 4.20 Magnetizing current of
feedback transformers.

Even though ips; and ipr2 were not taken into consideration in the previous analysis,
they play an important part in the design of the feedback transformers.

4.5.1 Minimum Load Current

Let us now analyse the electrical interrelation (voltage and current) between both conver-

tors.
In Figure 4.20 i} and 7} include the output current Iz and the superimposed AC

currents i;; and %j; respectively, i.e.

iW=Iz+ i1 =Iz+14;

i'2=Iz-—z'J'2=Iz—'ij
Also from Figure 4.15
—i; = z'j(wt - 7!'/p)

and therefore
iy = 11 (wt — 7 /p) (4.23)

Finally from Figure 4.3
vz = vy (wt — 7/p) (4.24)
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Equations 4.23 and 4.24 show that the upper and lower loops are electrically the same,
although displaced by an angle 7 /p and it is therefore sufficient to consider one of them.

In the upper loop 11 must be sufficiently positive to compensate for the negative peak
of ip71 because of the unidirectional behaviour of the convertors. Below a certain minimum
load current Izymin, current 1371 cannot circulate freely, the primary no longer continues to
provide the voltage v1ac, the circuit reverts to a more complex intermittent conduction
and in the limit Iz = 0, 7571 and v;4c become zero.

4.5.2 Magnetising Current Calculation

Let us assume that the capacitors are large enough to neglect the effect of vo and that
Iz is sufficient to enable the magnetising current ipsy to circulate freely; moreover, let us
assume that full symmetry exists, so that transformers T4 are not saturated and therefore
their inductance Lp remains constant.

IVI !\—[\,X - Vinc

E

._"'
p

LN N N /N

RRAR =
I

S

Tz(l - gﬂ;)

wt

Figure 4.21 Current waveforms on the dc side
of the convertor.

With reference to Figure 4.21, v;p¢ is given by

p atw/p
Vibc = / Vi cos 0 dé
2r -~/p
Vibe = -I—:-IFI—) sin(7 /p) cosa (4.25)
and ips1 must satisfy the following relationship
diy
Lp = U14C = Vicoswt —Vipe for (a-—m/p)<wt<(a+n/p)
Therefore v
iM1 = sinwt — —2C wt + K; _ (4.26)

wiLpB whp
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Two conditions must be met

(a) The mean value of iy, must be zero
(b) iar1 must be continuous for dips1/dt and then vy 4¢ to be finite.

Considering condition (a):

at+®/p +x/
/ N ingag - Yape /a P g do+
a-=fp wlp wlp a-=/p

atwn/p
+K, / 9 =0

a-x/p
and therefore
_ Vipc Wi o
K, = wlp® Py asin(r/p)

The final expression for ips1, considering equations 4.25 and 4.26 is

(4.27)

. _ oy, P . . P .
iM1= -7 [sm wt — - sin(r/p)sina — ;(wt — a)sin(r/p) cos a]

for (a—7/p)<wt<(a+x/p)

Condition (b) can be verified considering that the value of i at the start of one cycle
must be equal to its value at the end of that cycle, i.e.

imi(a — 7 /p) = ian1(a + 7 /p)

With reference to Figure 4.21 the negative peak of ips; is given By

hawso) = [isnla ~n/p)| = 222 [Bein(r/p) - cos(x/p))  (428)

However equation 4.28 does not provide appropriate values for & = 0° and o = 180°.
These are derived from a graphical analysis of equation 4.27, the result of which is illus-
trated in Figure 4.22, which also indicates the range of applicability of equation 4.28.
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V.
'Ml(NEG)[W[t]

033 — — — - = = — — —

scope of equation 4.28

0.09
0.07

0.01

0° 45° 90° 135° 180° @

Figure 4.22 Variation of Iyy(vEG) With .

4.5.3 Relationship Between Iz, and Lg

From Figure 4.21 the limiting operating condition is
min(iy) = maz negative peak of irn
then
Iz (1 - Fo-) = IMi(NVEG)

and considering equation 4.28

N Visina .
1o~ ) - S Bt - ot
Therefore
Lp = _MWisina [2 sin(7 /p) — cos(r/p)] (4.29)
w(l - %)IZ T

Finally the critical value of Lp is given by

V1 sin o .
La(ORIT) = Gy [ 2 /) —cos(r/p)] [H] - (430)
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4.6 The Blocking Capacitors

Although the voltages across the capacitors were not taken into consideration in the pre-
ceding analysis, they increase and distort the voltage across the feedback transformers,
which in turn causes some distortion on the ripple voltage reinjected into the DC output.

4.6.1 Voltage and Current Waveforms of Capacitors

E=(N +Ny)ly A8
wiNo
Nil;0

F =~k

ﬁ”’ﬁ Lo
o
e A & & A

Figure 4.23 Current and voltage of blocking
capacitors.

fi

<
0

T
s

>
=

The voltage waveform across the capacitors (vc), illustrated in Figure 4.23, is derived
from the circulating current ¢; as follows:

vc=-é,- zdt——% i(6) d6 .
Then
1 [*N,
vor = EE FOIZ do
ve, = 21dz 4 0<0<Ad

- ’wCNo

Where A#f is used to keep generalization and is defined in equations 4.7 and 4.8.
For vc to be continuous then i; finite

Ve = vc,(AO) + / —Iz dé

NiIzA8 NIz
_— - <
Ve, wC Ny + ‘wCNo(a Af) NG <0<L2N8



62 CHAPTER 4 GENERALIZED PULSE MULTIPLICATION IN SERIES CONVERTORS

Figure 4.23 illustrates waveform vc¢.

In addition to the AC voltage vc, Figure 4.20 shows the presence of the DC voltages
Vipc and Vapc, which are the mean values of v; and v, respectively. Therefore the resulting
voltage across the capacitors only changes its polarisation for values of @ larger than 90°,
i.e. in the case of non reversible HVdc transmission it would be possible to use electrolytic
capacitors with considerable size and cost reduction.

4.6.2 Distortion of the Output Voltage

N21, 40
- r4
A= wcmo2
_ (Ny+No)I5 A0
E= _IWC%!BL
N, I, a6
F= -k
—2v¢
20 =2x[p
2E |- - 7\,
2F 12
vyc

LN AN

NN £

TaTbe, T'aT'an, TpTaTa s « »

vz

Figure 4.24 Graphical composition of v5.

Let us now determine the effect of v¢c on the DC output. In Figure 4.20, considering vc,
the primary voltages of transformers T4 are given by

viAC = v14c — VC (4.31)
Ya4c = Y24c + V¢ (4.32)

From Figure 4.1

N.
Usi = "1;,';(”;.40 - "’;AC)
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Replacing equations 4.31 and 4.32 and considering equation 4.2

N.

vg = I—V—‘('vM - 2v¢) (4.33)
0

The rectification process performed by the feedback thyristors, illustrated in Figure

4.2, can be applied separately to the two components of vs; in equation 4.33 leading to
vy = vy +vyc
In Figure 4.24 the construction of vy¢ can be appreciated and the modified waveform

on the DC output (v%) is given by

vy =vx + vy = (vx +vy) + vye

[}
vz = vz +vye

The component voltages and modified output are shown in Figure 4.24.

4.6.3 Selection of Capacitance

While the modified AC side current waveform is unaffected by the blocking capacitors,
Figure 4.24 clearly shows that on the DC side, part of the harmonic reduction must be
sacrified for a reasonable rating of the capacitors.

From Figure 4.24 the increase in 7z due to the capacitors is

TZ Tz
Where A, specified in Figure 4.24, is
A= 2N12]zA0
wCN?
and from equations 4.22, 4.19 and 4.11

4V; cos 0/2sin Af/2sina
= < < —
rz cos(8]2 — 2582) for A8/2<a< (r-A0/2)
Therefore the final expression for the increase in rz is given by
F(0,A0)Iz
—\hov)z <a<(m— .
Arz ViwCsina for AN8/2< a < (m— A8/2) (4.34)
where
NZAbGcos(6/2 — N\§/2)
F(6,/0) = =
(8, 20) NZcos8/2sin AG/2
Equation 4.34 shows that Ary varies as a function of the output current Iz and delay
angle a.

A suggested selection criterion is to specify an acceptable Arz for the average levels
of Iz and a. The capacitor value is then derived from equation 4.34 as follows

F(8,A0)Izav)

C =
ArgavyViwsinagy

[F]  for Af/2<a<(m—A0/2) (4.35)

Where Ny /Ny is defined in equation 4.13 and A in equations 4.7 and 4.8.
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4.7 Component Ratings

The rating of the main thyristors and convertor transformers will be obtained for the
particular configurations of Figures 4.16 and 4.17 (24-pulse and 48-pulse configurations
respectively), however for the rating of the feedback thyristors, blocking capacitors and
feedback transformers, general expressions will be considered.

4.7.1 Main Thyristors Currents
() 24-pulse Configuration —Il%f; =0.717 ; —%ﬁ = 0.228)

With reference to Figure 4.18
Iz(l + Nl/No) = 171717

Iz(1+ Ny/No) = 122817
Iz(1- N3/No) = 0.77217

Iz(l — Ny /No) = 0.28317
then
Iyax = 171717

Imeany = 0.33317

Bpgs = 51; [27/12(0.283? 4 0.772 4 1.228% 4 1.717%) 13

Iryms = 0.65417
(b) 48-pulse Configuration (%—‘0- =0.742 ; %‘; = 0.245)

With reference to Figure 4.19
Iz(1+ Ny/No) = 1.74217

Iz(1+ Ny/No) = 1.24517
Iz(1— N;/No) = 0.75517

Iz(1 — N1/No) = 0.2581z
then
Inpax = 1.74213

Ippan = 033317

s = 51; [47r /24(0.258% 4 0.755% + 1.245° + 1.7422)15]

Ippms = 0.6617
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4.7.2 Main Transformer Currents

(a) 24-pulse Configuration

Considering Figures 4.16 and 4.18 the main RMS currents (supposedly Ny; = Nj3) are
as follows:

1
2 — 2 2 2 2\ 52
Brses = 5o [47/12(0.2837 + 0.772% + 1.228% + 1.717%) 13

Tag,s = 0.92517

Tapnes = 0.92517

(b) 48-pulse Configuration
Considering Figures 4.17 and 4.18 the main RMS currents (supposedly Nj; = Nj;) are

1
2 — 2 2 2 2y r2
Brpes = 5= [87/24(0.2587 + 07557 + 1.245% + 1.742°) I3

Tapnes = 0.93317
L= ;I/% ['zr/12(0.0862 +0.2522 + 0.4152 + 0.5812)+
+7/24(0.1722 + 0.5042 + 6.832 + 1.1622)}
I =0.5391z

GRMS

I2
Dinnes = ;/"22- [7/24(0.086% + 0.252% + 0.415% + 0.581%+

+0.73% + 0.8512 + 0.97% + 1.092%+

+1.178% 4 1.222% + 1.2667 + 1.31%)]

Tapys = 092117
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4.7.3 Feedback Thyristors

YT, =Vsy

VT, (internal component) = vg, /2
vT; (external component) = vsl /2

v =
Tk V8

Flgure 4.25 Voltage across feedback thyristors
when valves T} conduct.

With reference to Figure 4.25, when thyristors T] conduct it can be demonstrated that
thyristor Tk41 and thyristors without prime sign (T3, ....... y Tk) are in the worst voltage
condition, then

T = (vs1 -2i- vsi)

considering equation 4.32

(N1 + N;)

-2
v = A AV ——(vpm — 2v¢)

and
N
VTgyy = VUS1 = F(l)(vM - 21)(;)

It can be shown that waveforms vps and —2.'vc are in phase with maximum values
(considering equation 4.12 and Figure 4.24) given by:

MAX(vym) = Vi = 2Vy5in6/2

2(N1 + eveeenn + NK)Ion

MAX(—2'vc) = wC N,
‘Finally
Vi, = (1‘%;_”_) [MAX (o) + MAX(-200)]  for i=1,...,K (4.36)
V]

N,

Vi = 30 [MAX (var) + MAX(~20c)] (4.37)
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The same maximum voltage distribution, symmetrically, is established on thyristor
Tk 41 and thyristors with prime sign (77, .......... » Tx), when thyristors T; conduct.

With reference to Figures 4.16 and 4.17 and considering Iz = Izp4x) and A from
equation 4.7 the following ratings can be defined:

(a) 24-pulse Configuration (A6 =x/12 ; 6 = 60°)

Considering equation 4.36
0.0561
Vra = Vg = 0.717V; + ___.}%314_{2

and

0.0371z(Mmax)
, fC
(b) 48-pulse Configuration (A8 ==/24 ; 6 = 30°)

Vb = Vpy = 0.473V; +

Considering equation 4.36

0.0311
Vre = Vg, = 0.384V; + ___f?c_(‘&i)

and
Ve = Vi = 0.255V; + 0.0277(a4x)
| | 7C
Where V; in the case of 24-pulse configuration is the transformer secondary single-
phase voltage peak, whereas in the case of 36-pulse configuration it is the transformer
phase-phase voltage peak. Also with reference to Figure 4.15 and 4.5, during each cycle

20 each thyristor carries Iz during a total conducting period 2A8, then the following
expressions are obtained for the feedback thyristor currents:

Imax =1z

1 N8
IMEAN = 26I22A0 =3 —1Iz

2
IRMS_V?GI 2A0 = ﬂ Iz
Then:

(a) 24-pulse Configuration (A8 =7/12 ; 8 ==/3)

Imax =1z
Indpany = 0.2517

Ippms =051z
(b) 48-pulse Configuration (A8 = /24 ; 6 ==/6)

Ivax =1z
Ingpan = 0.2517

Ipms = 0517
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4.7.4 Blocking Capacitors
With reference to Figure 4.23 the maximum voltage across the capacitors due to i; is

(N1 + Nz + ... + Ng)IzA6
wCNo

Vmax(i;) =

Also the superimposed DC voltage expressed in equation 4.25 must be considered then:

VMmax = Yal sin & cos 0° + (N1 + N2 +‘wCN+ Nk)IzA8
0

(4.38)

From Figuré 4.15 the RMS current can be expressed as follows:

1 N2 T + ]V2
2 — 1 K\r2

Where A8 is defined in equation 4.7.
Consideration is now given to the configurations of Figures 4.16 and 4.17.
(2) 24-pulse Configuration (A8 =7/12 ; 6 =x/3)

From equation 4.38 and considering Iz = Iz(pm4x)

0.0391z(rmax)

Vimax = 0.827V; + 7C

and from equation 4.39

Ipms = 0.53217 (4.40)

(b) 48-pulse Configuration (A8 = /24 ; 0 =x/6)

From equation 4.38 and considering Iz = Iz(arax)

0.02117(arax)

Vamax = 0.95V; + 7C

and from equation 4.39
Irpms = 0.5531z (4.41)
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4.7.5 Feedback Transformers

By neglecting v¢, only v 4¢ and va4c magnetize the primaries of the feedback transform-
ers. Thus, each primary has the same RMS voltage which is maximum for & = 90° and
considering Figure 4.21, given by:

2 1 f=/» . 2
Viys = m[) (Vi sin 6)? do

1 p . 2%
A% =WVi4f= — 2~ — 42
RMS 1‘/2 yrd (4.42)

The RMS primary current is given by equation 4.39, whereas in the case of the sec-
ondary current (with reference to Figure 4.15 and during each cycle 28) each winding 4
carries current Iz during a total conduction period 4A@ (common path for thyristors T}
and TY}). The following expression is obtained for any secondary winding:

[1 ,
Ipms = EI‘%‘IAO = 2—?—0-12 (4.43)

Let us now consider the particular configurations of Figures 4.16 and 4.17.
(a) 24-pulse Configuration (A0 =7/12 ; p=3 ; 8 =x/3)
From equation 4.42

Vems(primary) = 0.54V;

From equation 4.40

Irms(primary) = 0.5321z
and from equation 4.43 the current of each secondary windipg is
Irms(secondary) = 0'.707I 7z
(b) 48-pulse Configuration (A0 =7/24 ; p=6 ; 6=7/6)
From equation 4.42 | -
Vems(primary) = 0.294V;
From equation 4.41
Irpms(primary) = 0.55317
and from equation 4.43 the current of each secondary winding is

Irms(secondary) = 0.7071z
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Table 4.2 summarises the ratings of the main elements for configurations of Figures

4.16 and 4.17 with respect to the transformer secondary voltage peak V; and the DC
output curent Iz. :

COMPONENT RATINGS
24-PULSE 48-PULSE
Vi 3V, \4
MAIN T 17171, 17421,
THYRISTORS| Iuen % I, % 1,
Taus 0.654 1, 0.66 1,
Vpe OUTPUT 1.87 V, cos a 197 V, cos a
Yous STAR SEC. 0.925 1, 0933 I,
Ius DELTA SEC. 0539 1,
Inys DELTA PRIM. 0925 1, 09211,
Vuax (Ta,Ta’) [ 072V, + 906 Tamax | 38 V,+ 008 Tovax
fe fe
FEEDBACK | o vor| oar v, s 9% T | oo, 092 L
THYRISTOR f fe
Tvax I I
Tyean 025 I, 025 I,
Tnus 051, 051,
BLOCKING | Vi 083 v, + 2% x| g5y 4 002 Lo
fe fe
CAPACITORS | Inys 05321, 0553 I,
FEEDBACK | Vays (PRIM) | 054 V, 0294 V, =
TRANSF. | Iys (PRIM) | 0532 I, 05531,
Inys (SECs) | 07071, 0.707 1,

Table 4.2 24-pulse and 48-pulse configurations.

4.8 Experimental Verification |

CThecs ebigedd

inelune Hae
o AnE WO tha i
i 5

A laboratory model, considered in Chapter 5, has been specially designed to verify the
theoretical waveforms and a complete set of experimental results is given in this section.

Figures 4.26—4.31 give the experimental verification. Convertors 1 and 2 are conven-

tional configurations giving a pulse number (p) of 6 for Figures 4.26-4.28 and a pulse
number of 3 for Figures 4.29-4.31

From subsection 4.3.1 the pulse number of the output voltage vz is 48, 36 and 24 for

Figures 4.26-4.28 and 24, 18 and 12 for Figures 4.29-4.31.

For these Figures, diagrams labelled ‘a’ show the output voltage waveforms for the con-
ventional (vx) and modified (vz) configurations and diagrams labelled ‘b’ their respective
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frequency spectra. Similarly, diagrams labelled ‘c’ display the current waveform on the
AC side for the conventional (ir,) and modified (ir) configurations and diagrams labelled
‘d’ their respective frequency spectra. The reinjection current i; is shown in diagrams ‘e’.
These diagrams were taken using a Hewlett Packard dynamic signal analizer 3561A.

Diagrams ‘f’ display various DC voltages waveforms using a normal scope and diagrams
‘g’ the respective circuit configuration.

A comparison between the theoretical waveforms i;, ig, and ig of Figures 4.18 and 4.19
and the respective practical waveforms of Figures 4.29 and 4.26 validates the theoretical
treatment developed in previous sections thoroughly.

The experimental verification of the reinjection technique can be considered complete
and its capability fully demonstrated. An extreme case was analysed where the main
bridge thyristors were continuously commutating. The configuration shown in Figure 4.31
(12-pulse operation) was examined under this condition and Figure 4.32 displays the ac
current without (ig,) and with (ig) reinjection.

4.9 Conclusions

The application of the DC ripple reinjection technique to conventional series-connected
convertors has been shown to permit any desired step and pulse multiplication on the AC
and DC sides respectively. A generalised theory has been described complemented with a
comprehensive experimental verification. ’
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Figure 4.26 48-pulse operation.

b) Frequency spectra of vx and vz
c) AC currents for the conventional
(iro) and modified (ig) config.

d) Frequency spectra of ig, and ir

e) Reinjection current i;
f % Display of voltages o = 75°
g) Circuit configuration

a} vx and vz at different angles
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Figure 4.27 36-pulse operation.

b) Frequency spectra of vx and vz
¢) AC currents for the conventional
(3Rro) and modified (ig) config.

d) Frequency spectra of ig, and ig

e; Reinjection current i;
f) Display of voltages o = 60°
g) Circuit configuration

a} vy and vz at different angles
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Figure 4.28 24-pulse operation.

b) Frequency spectra of vx and vz
c) AC currents for the conventional
(ro) and modified (ig) config.

d) Frequency spectra of 15, and ig

e¢) Reinjection current i
f) Display of voltages o = 45°
g) Circuit configuration

a} vx and vz at different angles
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Figure 4.29 24-pulse operation.

b) Frequency spectra of vy and vz
c) AC currents for the conventional
(2Ro) and modified (ig) config.

d) Frequency spectra of ig, and ip

e)) Reinjection current i,
f) Display of voltages a = 75°
g) Circuit configuration

primary

a} vx and vz at different angles



76 CHAPTER 4 GENERALIZED PULSE MULTIPLICATION IN SERIES CONVERTORS

\- J\ Iy 24 30 38 42 48
jL A A

5,7

“ﬂ 11,13
"UO1T19 2395 2931 3537 41,43 4749

18 17,19 35,37
\‘ J\\ a6 o0 M [0
. L
(d)
(b)
vy i
=
|2
|l T
pef e
(e)
M vz E

primary

Figure 4.30 18-pulse operation.

a) vx and vz at different angles

b) Frequency spectra of vx and vz

) AC currents for the conventional
(iro) and modified (ig) config.

d) Frequency spectra of ig, and ig

e) Reinjection current i;

f) Display of voltages a = 75°

g) Circuit configuration

©
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Figure 4.31 12-pulse operation.

a) vx and vz at different angles

b) Frequency spectra of vx and vz

¢} AC currents for the conventional
(iro) and modified (ir) config.

d) Frequency spectra of ip, and ig

e) Reinjection current i;

f) Display of voltages a = 75°

g) Circuit configuration



78 CHAPTER 4 GENERALIZED PULSE MULTIPLICATION IN SERIES CONVERTORS

1Ro
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Figure 4.32 Currents ig, and ig in configuration
shown in Figure 4.31 for the case of
a 60° commutation angle.



Chapter 5

Design of Physical Scaled-Down
Model

5.1 Introduction

Laboratory scale convertor hardware has been built with sufficient flexibility to investigate
the various configurations shown in sections 3.7 and 4.8. Flexibility was obtained by
providing sufficient power switching devices, feedback transformers with different turn
ratios and implementing the convertor controller on a microprocessor.

All the power switching devices are of equal rating so that they may be readily applied
in the main or feedback convertors. Also, this is useful to make comparison of losses be-
tween the reinjection thynstors (high switching frequency and current) and the ‘thyristors
of the main bridges (moderate switching frequency and current). -

The convertor control unit is based on a SDK85 microprocessor development kit. There
are different programs suitable for each configuration shown in sections 3.7 and 4.8. This
avoids using separate controllers for different convertors configurations and thus, the im-
plementation of each configuration is easily carried out by modifying the hardware involved
and loading the respective program within the microprocessor’s memory.

5.2 The Power SW1tch1ng Devices

A typical thyristor switch with its driver buffer is shown in Flgure 5.1. Ports 21 and
22 of the microprocessor are used to fire separately a total number of 16 thyristors. The
experimental model actually considers 20 thyristors, which is the number of thyristors used
by the configuration shown in Figure 4.26 (48-pulse configuration with main convertors
connected in series). The eight thyristors of the feedback circuit need only four firing
signals because they are arranged in pairs, with their gates connected in series (on the
microprocessor side of the optoisolators) for the simultaneous firing.

The two PC74HC244P data buffers (each one handling the eight signals of one port)
keep the output current of the microprocessor low and thus a good quality of voltage
signals. A secondary effect is to provide extra isolation between the microprocessor and
high voltage thyristors during faults.

The transistors (BC547B) are amplifier devices receiving the 16 signals from the two
data buffers. The optoisolators (OPI 2252) provide the necessary voltage isolation and
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the 10 pF capacitors are used to absorb any voltage transient. Batteries of 1.5 volts and
‘AA’ size are used as a voltage source of the gate circuit.

Figure 5.2 gives a physical overview of the experimental model from the microproces-
sor’s output to the interphase between the data buffers and the transistors. The Figure
considers the following:

a) I/O connector of the microprocessor

b) Interphase

c) PC74HC244P data buffers

d) interphase

2 x PC74HC244P

PORT
21y
15v
‘AA’ — A
TIC
S X 1068
PORT 1 KQ
22y

547B —

Figure 5.1 Typical thyristor control circuitry.

5.3 The Convertor Controller
The convertor controller consists of:

e The microprocessor which has overall control of the convertor.
e The hardware that synchronises the microprocessor to the power system frequency.

e The software controlling the microprocessor.

Before discussing each of these inter-related aspects of the convertor controller sepa-
rately, a brief overview is given.

The convertor controller generates gate ‘on’ signals and, with suitable buffer drivers,
can control the thyristors. Thyristor firing is based on a program plus a corresponding data
within the microprocessor’s memory. As an example Figure 5.6 considers the respective
program for the 24-pulse configuration shown in Figure 4.28 and Figures 5.7 and 5.8 show
the respective data.
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Figure 5.2 Layout of the control circuitry.
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In general the program does not change much between configurations. The main
differences are related with the interval by which the firing system is updated. For example
the updating interval adopted in Figure 5.7 is 15°. The interval selection defines the delay
angle a possible to choose, thus, in the example of Figure 5.8 a can only be chosen in
discret steps of 15°.

The data, unlike the program, changes substantially between configurations because
it is related to the firing sequence and thyristors needed which is completely different for
each configuration.

During convertor operation the firing angle can be advanced or retarded via the mi-
croprocessor keyboard by modifying one instruction in the program of Figure 5.6. The
synchronisation of the microprocessor with the power system frequency is explained next.

5.3.1 Synchronisation with Power System

+5v
2085\,
‘ +12v 5.6 KQ
22 KQ PORT
| LM710CN | 47 uF 23y
, 11
66v 2.2v VB - |3 T \

™ 9 Ve 3 14 15 —~—~—
14 o Vp
VA 419 l 6 PC74HC123P 13}——e—s FPoo

2 — Poy
l 1 ‘ 2 16 - P,
L L %1 KQ[ [~ Pcs

e

~5v s
+5v i [ Fes

Figure 5.3  Synchronisation with supply voltage.

Figure 5.3 shows the circuitry which synchronises the microprocessor with the power sys-
tem frequency and Figure 5.4 the respective relevant voltage waveforms.

The voltage selected as a reference signal on the power system side was the main
transformer secondary voltage between phases ‘a’ and ‘c’, as indicated in the left side of
Figure 5.3 with an experimental value of 66 volts. This voltage is stepped down giving
voltage V4 indicated in Figures 5.3 and 5.4. A pair of diodes (IN 419) in anti-parallel
connection modulates this last voltage giving Vp. The diodes conduct alternately and Vs
is the forward conduction voltage present in both diodes.

A voltage comparator (LM710CN) is used as an accurate, low-level digital level sensor
to process Vp giving as a result signal Vg. Finally, a monostable multivibrator gives a
positive pulse of adjustable duration ‘T’ and whose beginning coincides with the beginning
of the positive half-period of the original waveform V4. The duration ‘I’ is given by the
following relationship: ’

T =0.45 R[KQ] C[pF] [ns]
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Considering the values used for the experimental model:

T =045 5.6 4.7 10° [ns)

T =11.844 [ms]

i.e. about half of a period of fundamental frequency.

- This pulse is entered as bit Pgg in the input port 23, thus by succesive readings at this
port the microprocessor will know the exact beginning of the positive half-period of V4
and in consequence, the respective beginning for the main transformer secondary voltage
between phases ‘a’ and ‘c’.

Va
Vg
—
n__ /
Ve
Vb
g
e T i

Figure 5.4 Relevant voltage waveforms of circuit
shown in Figure 5.3.

5.3.2 Convertor Controller Software

As stated before, the implementation of every configuration shown in subsections 3.7 and
4.8 needs only two steps: 1) set up the circuit following the respective configuration and
2) load the respective program plus data within the microprocessor’s memory.

Figure 5.5 shows the flowchart of the control algorithm adopted and Figure 5.6 a
typical assembler source listing. The only changes needed in this listing for the different
configurations, are those related to the interval chosen for the updating of the firing system
and the delay angle a selected for the operation of the convertor.

The switching frequency of the feedback thyristors is much higher than the switching
frequency of the thyristors of the main convertors, thus, the updating interval must be
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chosen carefully and not exceed the period between switchings of the feedback thyristors,
in order to have control of the entire firing sequence.

The configuration shown in Figure 4.28 has been chosen as an example to illustrate
the implementation of the software. The updating interval selected is 15° and this decides
the overall content of the program in Figure 5.6 and the data in Figures 5.7 and 5.8.

The triggering coordination shown in Figure 4.5 and applied to this configuration,
gives a period between switchings of the feedback thyristors of 30°, which is the maximum
value to choose for the updating interval. Therefore the updating interval of 15° selected
is within limits.

The selection of the updated interval affects three instructions in the program of Figure
5.6, which are the instructions labelled 200B, 2021 and 2027.

Figure 5.7 shows the thyristor firing relative to the circuit taken as an example. Every
15° there is an updating of the whole thyristor system selecting the particular 1’s and 0’s
which apply at that moment. This firing listing is easier to understand by considering
the triggering coordination shown in Figure 4.5 and the respective configuration shown in
Figure 4.28. The 1’s and 0‘s relative to the firing of the whole thyristor system, at every
interval, define the binary content of ports P4 and Pp, which are the outputs needed
from the microprocessor. This contents are written in hexadecimal (the microprocessor‘s
number system) in the last column ready to be stored within the microprocessor‘s memory.

Figure 5.8 shows the storing of the previous data. The hexadecimal contents of ports
P4 and Pp, shown in Figure 5.7, are stored alternately as shown, which begins in location
2800. The availability is up to location 28FF, giving a total number of 256 locations for
this particular microprocessor.

This last Figure also shows information about the delay angle a. As stated before, the
updating interval defines the angles a possible to choose for a given operating condition
of the convertor. In this case a can be chosen in steps of 15° and in general this step
coincides with the updating interval.

The listing of Figure 5.6 was written for an angle a of 0°. This was considered by
storing in address 2008 the respective content of register C shown in Figure 5.8, that is,
C=00. Any other angle (indicated in Figure 5.8) follows the same procedure. A discrete
angle a step smaller than 15°, requires a correspondingly smaller updating interval. This
means the listings in Figures 5.7 and 5.8 will grow proportionally, and consequently, care
must be taken not to exceed the storing space available.

Finally the firing of the thyristors is arranged so that the gate pulses are on for the
entire thyristor conduction period. This provides a continuous current path through the
thyristors during convertor start-up and allows thyristors to reignite if the main current
should extinguish prematurely.



5.3 THE CONVERTOR CONTROLLER

START

1
Load B,C according to
angle a chosen

|
D =18y

Fire thyristors of port A J
]

. L increase register C I
1
[ - Fire thyristors of port B J
I

decrease register D

l increase register C

Delay to let thyristors
be on during 15°

Figure 5.5 Flowchart of the control algorithm.
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CHAPTER 5 DESIGN OF PHYSICAL SCALED-DOWN MODEL

ADDRESS| DATA SYMBOLIC COMMENTS
2000 31 LXi SP, 20C0 define stack pointer
2001 co
2002 20
2003 3E MVt A, 03 program }/O ports
2004 03
2005 D3 OuUT, 20
2006 20
2007 01 LXI B, 2800 define angle a
2008 00
2009 28
200A 16 MVI D, 18 control of data
2008 18
200C DB IN, 23 read zero crossing
200D 23
200E EE XRi, C1
200F Ci
2010 c2 JINZ, 200C
2011 - 0C
2012 20 .

2013 0A LDA X, B firing system
2014 D3 OuT, 21
2015 21 '

2016 0C - INRC
2017 CA LDA X, B
2018 D3 ouT, 22
2019 22

201A 15 DCRD define a cycle
201B 7A MOV A, D
201C CA JZ 2007
201D 07

201E 20

201F 79 MOV A, C
2020 EE XRI, 2F
2021 2F

2022 CA JZ 202F
2023 2F

2024 20

2025 0C INRC
2026 3E MVI A, BO delay 15°
2027 B0

2028 3D DCR A
2029 Cc2 JNZ 2028
202A 28

202B 290

202C C3 JMP, 2013
202D 13

202E 20

202F 4F MOV C, A
2030 C3 JMP 2026
2031 26

2032 20

Figure 5.6 Typical ASM85 assembler source listing.
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Pyz......Pas | Paa......Pao| Pps......Ppy| Pgs......Pgo P, P

NLLN LN T LT 1| "A "B
15° 1 1 1 1 1 1 8929
3° | 1 11 1 o 8A 2A
450 |1 1 1 |1 11 8A 8A
60° | 1 1 11 1 1| 8989
75° 1 1 111 1 1 8589
90° | 1 11 |1 1 1 86 8A
105° | 1 11 |1 11 8686
120° 1 1 11 1 1 8585
135° 1 1 111 1 1 4585
150° 1 11 1 11 46 86
165° 1 11 1 11 46 46
180° 1 1 1 1 1 1 4545
195° 1 1 1l 1 1 1] 5145
210° 1 1 1 1 11 5246
225° 1 1 1 1 1 1 5252
240° Bt 1 1 1 1 1 5151
255° 11 1l 1 1 1] 3151
270° 11 1 11 1 3252
285° 1 1] 1 11 1 3232
300° 11 1 11 13131
315° 1 |1 1 11 1] 2931
330° 1 41 1 11 1 2A 32
345° 1 |1 1 1 {1 1 2A 2A
360° 1 |1 1 1 |1 142929

Figure 5.7

Thyristor firing of circuit shown in
Figure 4.28 (24-pulse operation).
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B C DATA DELAY
28 00 89 (a=0°)
28 01 29

28 02 8 A

28 03 2A

28 04 8 A

2805 . 8 A

28 06 89

28 07 89

28 08 85

28 09 89

28 0A 86

28 0B 8 A

28 0C 86

28 0D 86

28 OE 85

28 OF 85

28 10 45

2811 85

28 12 46

28 13 86

28 14 46

28 15 46

28 16 45

28 17 45

28 18 51 (a =180°)
28 19 45

28 1A 52 (e = 165°)
28 1B 46

28 1C 52 (o = 150°)
28 1D 52

28 1E 51 (o =135°)
28 1F 51

28 20 31 (o =120°)
28 21 51

28 22 32 (a = 105°)
28 23 52

28 24 32 {a =90°)
28 25 32

28 26 31 (a =175°)
28 27 31

28 28 29 (a = 60°)
28 29 31

28 2A 2A {a = 45°)
28 2B 32

28 2C 2A {a =30°)
282D 2A

28 2E 29 (a=15°)
28 2F 29

Figure 5.8 Storing of data shown in Figure 5.7.



Chapter 6

Applications to HVdc
Transmission

6.1 Introduction

The HVdc area is shown to be promising for applications of the DC ripple reinjection tech-
nique. Conventional and unit-connected HVdc schemes are investigated in the following
sections. The absence of filters is likely to simplify the design and improve the transient
performance of conventional HVdc schemes. Specific technical concerns are addressed in
unit-connected schemes. The reinjection technique is seen to give an effective solution to
these concerns.

6.2 Potential Benefit of the Reinjection Technique

Chapters 3 and 4 have described the application of the DC ripple reinjection technique
to parallel and series connection of convertors respectively. The parallel connection of
convertors presents a DC output characterised by a high current and low voltage, whereas
the series connection by a low current and high voltage. It seems obvious that the first
connection (parallel) is suitable for back-to-back HVdc systems and the latter (series)
for point-to-point HVdc systems. The following paragraphs contain a discussion of the
advantages of incorporating the reinjection technique to back-to-back and point-to-point
HVdc systems.

In conventional HVdc systems, the elimination of the harmonic currents is carried out
on the AC side of the convertor transformers using filters. In the proposed configurations,
the same is done on the DC side of the convertor transformers by cancellation action. This
change of philosophy affects the economic and technical parameters as follows:

6.2.1 Design

The design process is very different for the reinjection and filter techniques. Effective filter
design is still a computational challenge. The following points are of particular concern:

1. The uncertainties of the frequency-dependent network equivalent impedance and its
variation due to line or generation outages or additions [Melvold et al., 1988].

Multiterminal HVdc schemes are being increasingly addressed in international DC
transmission conferences [IEE, 1991]. This concept is expected to add yet another
level of uncertainty.
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2. The differences between measured and calculated harmonic currents generated by
the convertor using traditional methods. New advanced methods, even though more
accurate, require excessive computational effort considering the large amount of cases
to be analysed [Saavedra and Tavares, 1989a; Dickmander et al., 1988; Andersson
et al., 1988].

3. The standards/guides for filter specification criteria still require further improvement
[Saavedra, 1989b; Melvold et al., 1988].

In general the filter design is a multi-frequency multi-element problem with a random
switching nature. Furthermore, filters modify the equivalent impedance at the convertor
busbars giving rise to resonance problems [Robinson, 1966; Gagliardi et al., 1990].

The DC ripple reinjection technique can overcome the above disadvantages. In a
high-pulse convertor the multi-frequency spectra is restricted to a small area (from the
secondary windings of the convertor transformers to the smoothing reactor) and thus
the AC system does not get involved in the design process. In addition, the DC ripple
reinjection technique yields an effective cancellation of every (characteristic) harmonic and
only tuned filters, with a high quality factor, can have comparable performance.

Moreover, back-to-back interconnections are more prone to harmonic and inter-harmonic
interaction between the two connected AC systems (specially when they have different op-
erating frequencies). Thus, the prospective use of a higher pulse configuration (and lower
harmonic content associated with the DC link) is an attractive proposmon [Arrillaga et
al., 1991a; Saavedra et al., 1989a].

6.2.2 Compactness

The use of DC ripple reinjection technique presents clear advantages, particularly in back-
to-back HVdc systems. In these schemes, as shown in subsection 3.6.3, the reinjection
thyristors are subject to a low voltage and thus a few number of them are necessary to be
connected in series.

On the other hand, the high voltage position of the filters makes numerous series-
connected RLC elements necessary to withstand the higher stresses. Also, the AC yard
gets bulkier due to the extra switchgear associated with the filters. The final result is
valuable space occupied.

6.2.3 Reliability

The ability of a system to provide an adequate supply of electrical energy is designated
as system reliability [Billinton et al., 1985; Silva, 1989]. There are other ways of defining
system reliability, however, it is generally agreed that the term covers two basic aspects
in a complex power system: system adequacy and system security [Billinton, 1984; IEEE,
1979].

From the view point of system adequacy the filter and reinjection technique alter-
natives will be equally reliable. A judicious approach to spares, the provision of intercon-
nections for energy support upon the sudden loss of generating capacity and the operating
criteria are more dominant in improving reliability than the adoption of either technique.
The simplified AC yard related with the use of reinjection technique, however, constitutes
an advantage.

Regarding system security, the ripple reinjection is expected to respond to transients
more effectively than filters. If the AC frequency changes noticeably the filters go off-tune
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and unexpected resonances may occur between individual filter arms and between the
filters and the AC system. Large frequency excursions are expected to occur in isolated
hydro plants supplying an HVdc transmission load [Fletcher et al., 1971; Chapman et al.,
'1976; Campos Barros, 1989]. Also, passive filters tend to delay fault recoveries and cause
lightly damped and distorted AC busbar voltages [Arrillaga et al., 1991a).

In contrast, the reinjection technique can smoothly handle frequency variations.
Furthermore, the reinjection circuit can be switched off or on quickly if necessary. This
is especially important in transient conditions, which are expected to upset the correct
commutations of the reinjection thyristors. For example in the configuration shown in
Figure 3.22, for 36-pulse operation and parallel connection of convertors, the reinjection
circuit can be switched off by blocking the lateral reinjection thyristors. There is no
perturbation as the outgoing thyristors stop conducting immediately after the current
becomes zero. Thus, the middle thyristor handles the whole DC current and the convertor
shifts to 12-pulse operation. Conversely, a de-blocking action will switch the reinjection
circuit on.

In the case of series connection of convertors, the reinjection circuit can also quickly
be switched off or on. This can be provided by both thyristor blocking action or turning
off switches in series with the capacitors. For example in the configuration shown in
Figure 4.27, for 36-pulse operation and series connection of convertors, the thyristors to
be blocked are Ty, T, and T¢, T%.

6.2.4 Reactive Power Requirements

In conventional installations reactive power requirements are met with switched static
reactive compensation supplemented by dynamic reactive compensation when required.
Static reactive compensation includes AC filters, shunt capacitors and shunt reactors.

The use of reinjection technique requires almost the same VAR supply arrangement
of conventional installations. Besides, a rerating of the shunt capacitors must be carried
out to compensate for VARs conventionally provided by filters. Shunt reactors, however,
are no longer needed. It is well known that the filters at light loads may supply VARS which
are more than the VARs required by the convertor and this can result in overvoltages.
Thus, the rise in the AC system voltage at light loads is prevented by switching-in shunt
reactors.

6.3 Unit Connected Schemes

A promising application of the DC ripple reinjection technique is related with a subject
which is normally referred to as “Unit-Connected HVdc Generating Stations”. The con-
cept is applicable in case of remote generation (mostly isolated hydro plants), with little or
no local load, supplying an HVdc transmission system. The subject has actually been dis-
cussed for many years [Calverley et al., 1973; Krishnayya et al., 1987; Kanngiesser, 1983],
with its many advantages presented, but as yet without a general acceptance from the
power industry. Unit-connected schemes differ from traditional schemes in that the gen-
erators are directly connected to the convertor transformers, thus eliminating at least one
voltage transformation step, AC filters and most of the AC switchgear and busbars at the
rectifier station. Unit-connected schemes are also associated with operating advantages,
namely the elimination of resonance problems and generator self-excitation, controllable
load rejection overvoltages, operating stability and potential for variable speed operation.
The elimination of filters, however, produces the following identified problems:
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1. The presence of harmonic currents in the stator and rotor windings gives rise to
pulsating electric torque. In addition these harmonic currents produce additional
copper losses [El-Serafi et al., 1980].

2. In unit connection schemes the use of DC filters is impractical if generators operate
in variable speed mode. Thus, telephone interference can be very substantial in the
case of overhead transmission lines [Kimbark, 1971].

.The DC ripple reinjection technique can overcome the above disadvantages. That
is, the harmonics absorbed by the generators can be substantially reduced along with the
harmonic content on the DC side, which is discussed next.

6.3.1 Modified Unit-Connected Schemes

It is probably uneconomical to use a high pulse configuration for the modified unit-
connected scheme. It is also unnecessary since generators do not need a high degree
of harmonic cancellation. Therefore the configuration shown in Figure 4.30 (18-pulse op-
eration) is the most suitable from the technical and economic point of view. It almost
halves the harmonic content on both sides of the convertor (in comparison to the conven-
tional 12-pulse proposition) and simplifies the basic hardware for each unit to a 2-winding
‘transformer with a 6-pulse bridge.

In most hydrostations the generator size is usually small although a number of
generators exist at one site. The series connection of a large number of .convertors (as
required by the conventional unit connection concept), each of equivalent rating to a
generator and each requiring a separate control may not be economical. Thus, a concept
referred to as ‘group connection’ has been proposed [Ingram, 1988; Campos barros, 1989;
Naidu et al., 1989; Woodford et al., 1989)]. In this arrangement all the small generators
are paralleled introducing savings in the transforming and rectification equipment. In
addition, this configuration has a superior transmission efficiency to the conventional unit
connection concept, in which the transmission voltage decreases incrementally whenever a
unit is taken out of service. Generator breakers and synchronization between generators,
however, becomes essential.

Although 18-pulse operation is an attractive proposition for the group connection
concept, higher pulse numbers may be justified, especially at variable speed mode when the
lower speed (and frequency) can create telephone interference on the DC transmission line
and can probably affect the dynamic behaviour of the machine. Under these circumstances,
the configuration shown in figure 4.27 (36-pulse operation) is the most attractive. The
power rating of the group of generators is high enough to require several transformers and
convertor groups and thus, the configuration for 36-pulse operation-can be arranged. As
a result, the harmonic content is practically eliminated on both sides of the convertor.

There are some economic aspects related with the use of the reinjection technique
in unit-connected schemes worth noting.

The size and weight of the reinjection transformers are reduced by a factor estimated
to be inversely proportional to the square root of the operating frequency. For example
with 150 Hz (18-pulse operation) the respective dimensions can be reduced to 58% of an
equivalent 50 Hz device (1/50/150 = 0.58). In general, the reinjection transformers used by
the reinjection technique operate at higher frequency than the fundamental, accordingly,
being cheaper than their 50 Hz counterpart.

The low voltage of the reinjection circuit is another factor of economic design for
the reinjection transformers as well as for the reinjection thyristors.
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The unidirectional polarity of the dc voltage in unit-connected schemes permits the
use of electrolitic capacitors with considerable size and cost reductions.

6.4 Conclusions

The HVdc field is an open area of application for the DC ripple reinjection technique. Al-
though further research is needed, it is expected that this technique can play an important
role in making HVdc systems more reliable, economical and easy to design.






Chapter 7

Conclusions

The steady state verification of the so called ‘DC ripple reinjection technique’, in its
experimental and theoretical parts, can be considered complete and its capability fully
demonstrated. Detailed conclusions are given at the end of each chapter. This chapter
provides some general conclusions and suggestions for further research.

The generalised reinjection technique applies equally to convertors connected in
series or parallel. Among the wide range of possible applications for the technique, the
HVdc field is considered the most promising for the following reasons:

o Stra.ight-forward design of a high-pulse convertor because the DC ripple reinjection
technique, unlike filter design, does not involve the AC system.

e As compared with filters and their associated switchgear, the compactness of the
DC riple reinjection technique can reduce substantially convertor station land area
requirements. This is especially important in metropolitan areas.

e By using reinjection technique there is no need of shunt reactors to absorb the excess
of reactive power generated by the filters at light loads (the supply of reactive power
by the AC filters at other operating conditions, however, is appreciated and must be
compensated by a rerating of the shunt capacitors).

Consideration has also been given to the incorporation of the DC ripple reinjection
technique to unit-connected schemes.

In conventional unit-connected schemes the harmonic content on both sides of the
convertor is substantial, thereby affecting the performance of the generators (torque pul-
sations and additional rotor-heating) and giving rise to possible telephone interference on
the transmission line. The DC ripple reinjection technique is seen to overcome the above
disadvantages.

7.1 Suggestions for Further Research in HVdc
Transmission

One feature of the DC ripple reinjection scheme not investigated in this thesis is its re-
liability, considering both static and transient conditions. In particular, because of the
absence of filters, it is expected that this scheme will improve the convertor operation
during system disturbances. Also, the effect of switching the reinjection circuit off during
large disturbances must be investigated.
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A theoretical analysis of the effect of the blocking capacitors has already been
carried out (see section 4.6) but without experimental and computational verification.
Further work is also needed to quantify the inductive effect of the reinjection and main
transformers on the harmonic cancellation of the proposed scheme.

It also is necessary to evaluate the impact of the DC ripple reinjection technique
over the system losses, especially those in connection with the reinjection thyristors due to
the high switching frequency and current associated with them. Losses of the reinjection
thyristors , however, are not expected to be high owing to the low voltage associated with
them (subsections 3.6.3 and 4.7.3).

Voltage unbalance in the operation of high-voltage DC convertors gives rise to un-
characteristic harmonics. The effectiveness of ripple reinjection to cope with this problem
is another area of investigation.

7.2 Suggestions for Further Research in Other Areas

The DC ripple reinjection concept, from the early stages, has been developed bearing in
mind applications to HVdc transmission systems and it is shown in Chapter 6 that this
area is most promising. However, it is important to mention the possibilities of application
of the technique in other areas than HVdc, since practically every system involving the
conversion of AC power to DC power or vice versa can take advantage of the concept.
Two important industrial applications are considered in the following:

Current-Fed Sinchronous Motor Drives

This synchronous motor drive generally becomes economic (in comparison to induction
motor drives) at high power levels in excess of 750 kw or 1 Mw (designs of over 30 Mw have
been evaluated). Supersynchronous operation is practical and the design offers excellent
overall drive efficiencies in excess of 95%. However, the inverter is not capable of load
commutation below about 10% rated speed and alternative methods of control are required
down to standstill. There is much resemblance with a back-to-back HVdc system, where
the commutation voltage at the inverter is provided by the internal EMF of the motor
which is variable in frequency depending on the motor speed. Thus, a simple and low cost
thyristor-inverter is used with an inherent capability to provide regenerative braking. An
independent DC source supplies the field excitation for the rotor. A number of references
provide further details of this drive [Bose, 1986; Ramshaw, 1973; Mohan et al., 1989].

The conventional inverter is a 6-pulse bridge, in consequence there are 6-pulse re-
lated harmonic currents in the stator which yield some operating problems. The rectan-
gular shape of the stator line current produces torque pulsations and thus two identified
problems [Nagase et al., 1989; Lipo, 1978]:

1. Torque pulsations affect the dynamic performance of the machine at low speeds. At
high speeds the shaft turns smoothly owing to the inertia of the rotor.

2. If operation is carried out at a speed where the torque pulsation frequency coincides
with the characteristic frequency of the drive system, resonance takes place, widening
speed fluctuation.

The DC ripple reinjection technique can overcome the above disadvantages by in-
creasing the number of steps of the stator line current. Since the machine does not need a



7.2 SUGGESTIONS FOR FURTHER RESEARCH IN OTHER AREAS 97

high degree of harmonic cancellation two alternatives seem suitable, the parallel connec-
tion of Figure 3.23 (24-pulse operation) and the series connection of Figure 4.30 (18-pulse
operation). Both alternatives need a three phase transformer (although with an extra
tertiary for the parallel connection) and the remaining elements are comparably bulky.
For its higher harmonic cancellation degree, however, the 24-pulse alternative seems more
attractive.

Electrochemical and Electrometallurgical Applications

Due to the very nature of electrochemical and electrometallurgical operations all equip-
ment must be capable of carrying rated load 24 hours per day, 365 days per year. Where
there is considerable coupling between utility power lines and telephone lines, unacceptable
telephone interference will occur as a result of rectifier-produced harmonics of sufficient
magnitud. Electrochemical and electrometallurgical rectifier systems are usually made
up of several six-pulse rectifiers with appropriate phase shift to create balanced higher
pulse systems (12, 18, 24, 30, 36, etc.) to avoid excessive harmonic generation. Filtering
equipment is an alternative normally restricted to the smaller installations.

Transformer phase-shifting in multiconvertor configurations, however, are normally
bulky and associated with complicated transformer connections. Furthermore, the har-
monic cancellation is not guaranteed as confirmed by the history of a specific case: New
Zealand Smelters. This installation operates by way of a 48-pulse rectiformer plant and the
total convertor power is some 450 MW, a size that makes advisable the use of 2 multiphase
circuit. In this case a bank of filters had to be installed (considering-the 5t%, 7tk 11tk 13th
and 18" harmonics) in 1983, when harmonic interference in the network forced legislative
measures to be taken [Simmons, 1983]. Unbalances in multiphase connections are quite
common, however, in other installations than the New Zealand case they have not led to
such a poor performance [Marti et al., 1940; Evans, 1943; Galloway, 1977; Moore, 1977;
Steeper et al., 1976; Stratford, 1981]. Nor can the diode regulator equipment (used by
New Zealand Smelters) be blamed because its respective harmonic content should be con-
sistent with the levels experienced by present-day installations using thyristors [Galloway,
1977]. Effective multiphase cancellation of harmonics is possible with a properly designed
installation [Stratford, 1981).

Nevertheless, there are a number of economic and technical reasons to believe the
reinjection technique should find interesting applications in this field. The reinjection
technique, unlike multiphase circuits, provides high number of pulses without complicated
connections and with accurate harmonic cancellation. The parallel configuration of con-
vertors, shown in Chapter 3, is the most suitable for this application considering the high
current involved.

The attractiveness of the reinjection concept is quite clear in this area, specially
considering the widespread use of large rectifier installations nowadays.
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