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Abstract — This paper intends to discuss some
practical results of the reverse-use of the harmonic
distortion energy from idle periods in conventional
HVDC converters. It is shown that this energy can be
used to reduce the total harmonic distortion, and so, the
costs of harmonic filters, and to increase the power and
utilization factors. The technique is based on the
diversion of harmonic currents from a conventional
HVDC converter to make it go through an auxiliary
power converter with special features.

Keywords —  energy re-cycling, harmonic
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[. INTRODUCTION

Quality of energy is a more and more relevant factor for
minimized costs of electrical generation and transportation
power systems. Strong points to be tackled are harmonic
distortion and losses [1,2]. Such distortion and losses may
be caused by circulation of currents at multiples of the
fundamental frequency and by low power factors [3,4,5],
besides not having full usage of the available equipments.

When considering the use of HVDC converters one of
the relevant factors is the current waveforms this equipment
can impose on the AC system current. Use of passive and
active filters and the increase of pulse number have been
the conventional solution for that [6,7,8,9]. However, little
has been said about use of and how to reduce the energy
diverted from the harmonic filters in a more creative way.

From the above argument, this paper proposes the use of
an auxiliary power converter in parallel with the main
HVDC converter as a form of diverting its harmonic
content to an auxiliary converter [3]. As a result of that it is
expected to simultaneously minimize the energy of the
overall harmonic content and to increase the utilization and
power factors [3]. This second converter should take
advantage of the available energy capacity within the idle
periods of conventional HVDC converters: those are the
periods between the phase voltage zero crossing instant and
the valve firing instant [3].

The principle of reverse-use of energy from the idle
periods of HVDC converters using auxiliary converters is
illustrated in Figure 1. For the purposes of this paper, the
AC source voltage and current waveforms may be divided
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into two portions: the first goes from the phase voltage zero
crossing up to the thyristor firing instant and the second,
goes from the firing instant to the next voltage zero
crossing [3].

Two main aspects can be observed in this idea. The first
refers to the reduced power demand from the auxiliary
converter, because it will be using just the available energy
of small firing angles that, usually in HVDC converters, are
something in between 2° to 20°. The second positive aspect
is that this energy can be used for operation of auxiliary
equipments, local consumption and/or re-injection back into
the AC source under the same network frequency.
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Fig. 1. Reverse-use of idle energy of HVDC converter.

As it was already commented above, it is mostly relevant
to consider the cost in any converter design. Therefore, to
make worthy the addition of auxiliary converters as
intended in this work, this one should be of relatively low
cost and of easy implementation. As a compensation, it
should be observed at this point that reduction of the
harmonic content implicates into smaller harmonic filters
and lower transmission cost in such a way that
improvement in energy quality must compensate all
investments. Furthermore, there will be global cost
reduction and an improvement in the quality of the
processed energy.

II. USE OF AUXILIARY CONVERTER IN PARALLEL
WITH A HVDC CONVERTER

The proposed reverse-use of the energy from idle periods
of HVDC converters is implemented as in Figure 2. Similar
scheme was used either for the simulated and practical
results.
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As it is known, the effects of the conduction angle over
the power factor, come from the current delay caused by the
firing angle (« ) [2-10]. The auxiliary converter is activated
during periods of time in which the HVDC converter is
inoperative, in order to compensate its inherent inductive
effect. In an ideal case, firing angles of up to 20° are the
most common case in HVDC converters. In other words,
this interval goes in round terms from phase zero crossing

to 30° + a, neglecting all distortions. For « larger than or
equal to 20°, the auxiliary converter should be activated
along the phase voltage zero crossing to the firing instant

given by « . For instance, with «=5° the auxiliary
converter is activated between 0° and 35°. By using this
technique, besides approximating the main converter
current waveshape to the sinusoidal form, it also improves
the power and utilization factors and the THD.

C_Mm-2

Fig. 2. Electrical schematics of the HVDC and auxiliary
converters.

Another very important point to improve the current
waveform is the current matching between the current level
given by the extinction angle of the auxiliary converter and
the beginning of the conducting phase in the main
converter, so as to make both work as complimentary
converters. As a consequence, the resulting current seen by
the AC system tends to a sinusoidal form, as illustrates
Figure 1. That improvement can be appreciated by
comparing the resulting current waveforms with the ideal
AC voltage for the resistive case.

III. DESCRIPTION OF THE AUXILIARY CONVERTER

The auxiliary converter used in this project is a
reinforced IGBT 12-pulse switched converter. The function
of the auxiliary converter is a current conduction path
during the idle periods to approximate the AC current
waveform to the AC voltage wave form.
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In Figure 3 it can seen the schematic of one six-pulse
IGBT bridge. The association in series of the two blocks of
this bridge forms a 12-pulse auxiliary converter as depicted
in Figure 2, the firing and blocking pulses of one bridge
must also have a 30 degrees shift from each other. The
overall interconnection schematic of the HVDC converter
and auxiliary converter is also shown in Figure 2.
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Fig. 3. Electrical schematic of one auxiliary converter bridge.
In quantitative terms, the DC output voltage of the

auxiliary converter is the voltage during the HVDC
converter idle periods defined as:

12 g+a
Ve =— V,,.sen(6).dé (1)
27 0
whose solution gives:
V
Vg = G”m [1-cos(30 + @ )] 2)

To avoid current overlaps, the conduction period in the
auxiliary converter is interrupted before the respective
HVDC converter valve is reactivated. This small dead time
corresponds to an angle (0 ) considered in the following
equations:

12 %m
Vg, = Z—j vV, sen(0)de
7T J0

S22 [ v, sen(0)d6 3)
27 gﬂz—b‘
Vg, = 6\7/[”‘ [1-cos(30 + & - &) “4)

For a purely resistive load the DC current is defined as:

Vi [1-cos(30 + & - 5)] (5)
Rz

Idc
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So, the DC power is given by:

P, = % [1-cos(B0+a-s)  (6)

aN|B<N

This available output power capacity can be used to
supply auxiliary loads, for energy re-injection in the AC
line, and/or to produce hydrogen and oxygen through
electrolysis of water.

In the AC side current there is a combination of the
HVDC converter current and the auxiliary converter current
so producing a practically sinusoidal line current and high
(almost unity) power factor.

IV. PARAMETERS OF QUALITY

For the purposes of this work, the following usual
parameters were used to define the quality indexes:

A. Total Harmonic Distortion (THD)
THD expresses the total harmonic distortion [2] of a
current or voltage signal and may be defined as:

THD = b
V1
22
THD: ‘//rms 5 l//l (7)
Vi1

where:
v, = effective value of the fundamental component of

voltage or current

v, = RMS value including harmonic components and
average value but excluding fundamental
component

¥ ms = total RMS value including all components

B. Power Factor

In usual systems of alternating sinusoidal current, the
power factor [2,3,4] is given by the cosine of the
displacement angle between voltage and current. Since in
converter circuits the current is not sinusoidal, the power
factor cannot be defined as described above. So, the
following expression is used:

_Vy.ly.cos(6;)

PF ®)

Vrms I rms
where:
PF = power factor
Vims = line voltage RMS

lims = line current RMS

From the definition of THD given by (7), it comes:

Y
% =JTHD,? +1

1
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Yms _ fTHD? +1

Iy
to get from (8), approximately:

PE = cos( ;)

= ©
J(THDZ +1).(THD? +1)

where:
THD,, = total harmonic distortion of the voltage

THD; = total harmonic distortion of the current

6, = fundamental displacement angle.

C. Efficiency (7.)

For the purposes of this paper, efficiency is defined as
the relationship between the power supplied to the load
connected to this equipment and the power delivered by the
energy source to this load [2,3]. In the case of HVDC
converters, the efficiency is the DC output power divided
by the AC input active power.

P
o = (10)

ac

D. Utilization Factor

The utilization factor is defined as the average power
divided by the RMS power (effective voltage multiplied by
the effective current) of the transformer secondary winding
capacity [9].

Pdc
P

rms

UF = (11)

V. PRACTICAL RESULTS

The results presented below were obtained either from
simulation in software (PSim, SIMCAD) or in a CEEMA
2kW prototype of 12-pulse conventional converter lab
operation. The comparative figures used to define the levels
of quality where the THD, PF, reverse-use of power in the
auxiliary converter, UF and 7. Such results were obtained
from a set up of 12-pulse conventional converter and from a
HVDC converter plus the main auxiliary converter. The
circuit layout used in PSim simulations and practical tests is
the same one shown in Figure 2. The practical results data
were obtained through a Tektronics oscilloscope (TDS
1012) and a Fluke power quality analyzer (model 434).

To emphasize the effects of the auxiliary converter on
the main converter parameters of interest, simulations and
practical tests were carried out in a conventional 12-pulse
HVDC converter without the conventional harmonic filters.
From the results of these tests a reduction of power
dissipation can be expected in each filter since they will
absorb lower harmonic content from the main converter.
However, simulations adding the harmonic filters to the
main converter would provide an overall behavior of the
converter group in a situation much closer to reality.
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The simulated voltage waveforms across the output of

auxiliary converter for a @ =15° can be seen in Figure 4,
and similar practical lab waveform is shown in Figure 5.

In Figure 6, the (V) line represents one phase voltages
and the (I) line represents the HVDC converter current for a
case without the auxiliary converter (woac). In Figure 7, the
(V) line represents one phase voltage and the (I) line shows
the total current through the HVDC in parallel with the

auxiliary converter (wac) for a =30°.
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Fig. 4. Voltage waveforms across the auxiliary converter terminals
(simulated outputs).
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Fig. 5. Voltage waveforms across the auxiliary converter terminals
(measured outputs).

Figure 8 illustrates the dynamic behavior of the HVDC
converter with & varying from 30° to 0°. In this figure the
(o) line is « , the (V) line represents the "a" phase voltage,
the (I) line represents current through the HVDC converter.
This figure can be compared to Figure 9 where the
waveforms are of a HVDC converter in parallel with the
auxiliary converter. In Figure 9 the (a) line is again « , the
(V) line represents voltage and the (I) line shows the total
current through the converters, in both figures all
waveforms represent the phase "a" variables. In Figure 9 is
the phase "a" current is smoother (lower THD) and it is
noticeable the reduction of PF. Also, there is not any
current overlapping for all values of « .
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Fig. 6. Waveforms of phase "a" voltage across and current through
of the HVDC converter without the auxiliary converter
(simulated outputs).
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Fig. 7. Voltage across and total current through phase "a"
waveforms with the auxiliary converter (simulated outputs).
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Fig. 8. Voltage across and total current through phase "a" with
«a variation from 30° to 0° without auxiliary converter
(simulated outputs).

In lab practical tests the addition of the auxiliary
converter decreases distortions on the AC line current
waveform. This effect can be seen when comparing Figure
10 and Figure 11. The Figure 10 displays the traditional
HVDC AC current and the Figure 11 shows the resulting
composed current drawn by the HVDC plus auxiliary
converters.
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Fig. 9. Voltage across and total current through phase "a" with
a variation from 30° to 0° with auxiliary converter
(simulated outputs).
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Fig. 10. Current through the HVDC converter terminals
(measured outputs).
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Fig. 11. Current through the HVDC converter plus auxiliary
converter terminals (measured outputs).

Overall results were obtained in the simulated and
practical tests as follows.

A. Total Harmonic Distortion (THD)
In order to estimate the total harmonic content, a PSim
ready-made block called THD control was used. This block
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returns the THD value and the fundamental waveform.
Figure 12 displays the spectral analysis of the HVDC AC
current only, without the auxiliary converter, and Figure 13
includes the effects of the auxiliary converter.

Practical results of spectral analysis on the AC HVDC
current without the auxiliary converter are shown in Figure
14. In Figure 15 the spectral analysis of the HVDC plus
auxiliary converter AC current is shown. Comparatively,
Figure 16 shows the simulated results with respect to the
practical results of Figure 17. It is significant the reduction
in the 11th and 13th harmonics, either of the practical and
simulated results, in the order of 50%. It is very clear here
the drastic decrease in the harmonic content as the firing
angle increases.
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Fig. 12. Simulated spectrum of the AC current without auxiliary
converter (o = 25°).
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Fig. 13. Simulated spectrum of the overall AC current with the
auxiliary converter (o = 25°).

B. Power Factor

Each converter power factor and whole group power
factor were calculated again by the PSim measuring blocks
known as RMS AC current and RMS AC voltage, either
across the AC and DC sides and the AC power meters.
From the resulting PSim simulation graphs, using the
facility "Measure", the necessary values of voltage, current
and power were obtained so that calculations were made in
an EXCEL spreadsheet. Comparative results for several
firing angles can be seen from the simulated graphs in
Figure 18 and the practical graphs shown in Figure 19.
Once more, it is evident the reduction in the power factor as
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the firing angle increases. In the case with o =25° the
simulated results shown an increase of the power factor
from 0.880 to 0.975, much similar to what was obtained in
the practical measurements (an increase from 0.890 to
0.970).

THDDC 1

Fig. 14. Measured spectrum of the AC current through the HVDC
converter terminals without auxiliary converter (o = 25°).
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Fig. 15. Measured spectral analysis of the overall AC current
including the auxiliary converter (o = 25°).

C. Efficiency ()

As in the case of the power factor, the efficiency of each
converter and group were calculated using the RMS AC
current and RMS voltage meter blocks, either in the AC and
DC sides and AC power meters. Efficiency of the main
HVDC converter is not significantly affected by inclusion
of the auxiliary converter operation. Efficiency of the
auxiliary converter will depend on its switching mode and it
is subject of next paper about this subject.

D. Utilization Factor (UF)

Once the values of the total DC power and apparent
power were calculated through Equation (11), an utilization
factor of 78.6% was obtained for the case without the
auxiliary converter and of 94.5% for the case with the
auxiliary converter, for maximum « of 30°. A high value
of UF was confirmed whenever the auxiliary converter was
used
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Fig. 16. Comparison between the simulated AC-side THD without
and with the auxiliary converter.
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Fig. 17. Comparison between the practical AC-side THD without
and with the auxiliary converter.
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Fig. 18. Simulated PF as defined in Equation (10).
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Fig. 19. Practical PF as defined in Equation [10].
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VI. CONCLUSIONS

Use of an auxiliary converter connected in parallel with
a HVDC converter with phase control can be considered an
important means for reverse-use of the idle periods energy
capacity of HVDC converters. Also, addition of an
auxiliary converter can minimize costs and improve the
power quality indexes of HVDC transmission systems.

As most of the present HVDC converters operate with
small firing angles, something between 2° and 20°, they are
exactly the most favorable angles for small capacity
auxiliary converters since they will have to manage only
low powers. This paper shows how the technique here
proposed may get: a power factor closer to the unit, high
operational efficiency, lower levels of THD, reduced
intervention needs of the harmonic filters and utilization
factors higher than 50% for transformers and
semiconductors in the arms of the converter.

The use of an auxiliary converter in parallel with the
conventional ~HVDC  thyristor  converter  may
advantageously improve quality of the transmitted electric
power under the following aspects: 1) reduction in the THD
values in all firing angles and especially up to 50% for
larger firing angles; 2) in many cases, power factors as high
as 0.90 can be obtained in the AC source without use of
additional power filters, and above 0.95 with filters, for
small and large firing angles; 3) efficiency of the main
converter is practically unaffected justifying the fact that
the addition of an auxiliary converter does not disturb the
main converter operation; 4) possibility of reverse-use of
the energy from harmonic distortions; 5) the example of
utilization factor in this paper goes up to 78,6%, working
without auxiliary converter, and 94.5% with the auxiliary
converter, considering a maximum ¢ of 30°.
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