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Abstract- Control strategy for the modulation of the DC power for Modified HVDC Systems is
proposed. A microprocessor- based firing scheme is presented which control the firing angles for
modified HVDC converter with by-pass valves. Fast and continuous control of the DC voltage is
possible with good operational characteristics. Using table-look-up algorithm to speed up the
response, it gives a full range control of the firing angle for both rectifier and inverter modes. The
algorithm is experimentally verified and is found to give a very-fast, precise and equidistant control of
the thyristor triggering. Harmonic generations into the AC system and the converter reactive volt-
ampere absorption have been reduced. The operations of modified bridge, the control algorithm and
the microprocessor implementation are described. Experimental results on a laboratory model
compare well with the predicted values.
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The conventional bridge is modified [6-14] in

1 Introduction

Phase-Commutated static power
converters have been used in power conversion
application for more than four decades in various
manufacturing processing, transportation
industries and HVDC transmission [1-4]. This
trends is now creating serious problems of
harmonics distortion and low input-power factor.

In the field of system voltage control,
several arrangements have been reported [2-5]
which use thyristors to switch or assist in
switching and various schemes to control the
firing angle of thyristor converters have been
described. The application described in this paper
however is differ from the other schemes, since
the new control feature 1is essentially a
modification of the bridge circuit itself and uses
techniques that are well established in
conventional bridge operation.
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such a way that it has additional thyristors which
form by-pass thyristors on each phase. In this
configuration, fast and continuous control of the
DC voltages is possible, and the need for an on-
load tap-changer may be removed. The direct
voltage can be controlled by controlling the firing
angles of the by-pass thyristors. Harmonic
generation into the AC system and the converter
reactive volt-ampere absorption may be reduced,
but more switching devices and therefore control
circuit are required compared with the
conventional converter requirements.

The digitized AC power signal together
with software algorithm are used to find the
correct firing output signals, which result in
reduced parts count, improved dynamic
performance, and increased control capability.

2 Modified Converter

The conventional bridge is modified by
additional valves which form by-pass valves on
each phase. In this configuration, fast and
continuous control of the DC voltage is possible,
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and hence an on-load tap-changer no longer used.
The direct voltage can be controlled by
controlling the firing angles of the by-pass
valves. Harmonic generation into the AC system
and the converter reactive volt ampere absorption
may be reduced.

2.1 Converter analysis

Figure (1) shows the circuit schematics
for a conventional bridge and a modified scheme
in which by-pass valves are used to control the
output voltage and input current harmonics.
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Figure.1: Converter schematics

Two modes of operation are possible with the
modified bridge.

a-Normal operation in which the main valve
firing angle « is kept near zero in the rectifier
mod, and DC voltage is controlled by variation of
the by-pass valve firing angle (¢, ) as shown in
Figure (2). When the bridge is operating as an
inverter Figure (3), the by-pass valves are fired
before the main valve because commutation
occurs from higher (more negative) voltage to
lower (less negative) voltage, The DC voltage
can be controlled by varying the angle of advance
(B,) which provide a safe extinction angle. The

angle at which natural commutation occurs is
delayed by an «,, owing to the difference
between the main and by-pass valve voltages.
The value of a,may be calculated from the

following formula [6].
a, =tan"'[(n.tan30)/2+n)] (1)
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Table.1. shows a range of values of ¢, against
the transformer ratio of the tap section (n).

Table.1 : o, against the transformer ratio
of the tap section (n)

n 0] 01 ] 02] 03 0.4
a,, 0 | 1.57]3.00 | 431 | 5.50
degree

b-Abnormal operation when the main and bypass
valve are fired together, therefore the bridge
reverts to the conventional control modified-

There are several modes of operation of the
alternative converter with by-pass valves for
different ¢, ranges. The following expressions

have been used in the derivation of the DC
voltage:

V,, =2V, sinot 2)
V, = \/5(1 + n)\/ph sin wt 3)
Vg =2V, sin(wt —120) (4)
Vg =2(1+n)\V,, sin(at —120) (5)
Ve =2V, sin(wt +120) (6

Ve =v2(1+n),, sin(et +120) (7)
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Figure.2: Rectifier current profiles for rang of «,
values from 0 to 27/3
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2.2 Rectifier mode of operation
a)For 0< ¢, <q,, referring to Figure (2a), the

limits of the output voltage for different parts
given as:

V. = 3 Ve +V, A | (2/6ya+7r,

d — T 2 (7] 6)+ay, ®)
V _ é \7 (57/6)+ay,

d — . Al (7/ 6)+op,+7, 9)
Therefore

V, =(n+1)V,[cosa, +coda, +7,, )]/\/E (10)

Where
3Wev,,

T
Mean DC voltage on no-load and no by-pass
valve in circuit.

< (7m +a, =7, ), referring

Figure (2b), limits of output voltage for different
part are given as:

V, =

Xy +2X, )
Y, =cos” | cosa, X +2X,)l
Vo Jo(n+1

b) Fore, <, to

V. = 3 V Vo | /6y,

d — T 2 (7/6)+ay (12)
V. = 3 +V A | (/6)ray 47,

d — P 2 (7! 6o+, (13)
V 3 V (57/6)+cy

d . Al (! 6)+a,+, (14)
Therefore

n hl ZN_ cosa, + 4smoz0
V nJ_ n .

V, :TO3 +Tcos(ab +)/b)—zsm(ab +yb) (15)

codaty +7,,)

+(n+21)ﬁ
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c)For (7/m +a0—7b)Sab <(27z/3—7b). The

limits of output voltage as shown in Figure (2c)
are given asp:

V. = 3 V +V (7! 6)+op+yp,
- 2 (/6)+ay (16)
V _E (7/6)+ap+ny
d — T Al (7/ 6)+op,+7m, (17)
V . é \ /7 | (57/6)+cy
d — 7 Al (7/6)+ag,+, (18)
Therefore
(n+2)43 n. |
cosy, 4251%
V.| n3 n.
V, :T; 4700(3050 +;/b)¥su(wq) +y)  1(19)
e 1M00é%+7m)4qslfﬁ%+ )
Where_ _
]/ :COS—I 1_ (x0+xb)|d (20)
i V,,J6(1+n+n?/3)
_1 Xlg
% =COS | cobr/ 6+ +71/6) (21
: br6+) nvphfzﬂ J 21)

d)For (27/3-y,)< a, <(27/3), in this case the

limits of the output voltage as shown in Figure
(2d) are given As:

V 3 V +V (7 6)+7p,

d = . 2 (7/6) (22)

3
_2\7 |5rie)
Vd B 7Z.VA (7/6)+7m (23)
Therefore
Vo
V, =3[l+cos;/m] (24)
Where
-1 XcId
Vm =cos | 1— (25)
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2.3 Inverter mode of operation

Hussein. D. Al-Majali, Bilal. H. Al-Majali

For general case in the inverter mode of 3 Microprocessor Control

operation as shown in Figure (3), the limits of the
output voltage are given by:

3 _
. (117/6)-A,
Vd - __VA T7/6)-pB-0 (26)
3., |1/6)-B-5,
Vi=—V, il;r/6))—ﬁ€) !
(27)
T
V. =2 VatVsaimerop
4= 5 [0woAom  (28)
Therefqre .
% cosf3, —gsinﬂ0
y +\/§<n+2)00£5+ﬂ0)+ﬂsi1(5+,8)
V=2 4 4 (29)
R (n+2)3
+TCO<,BO +5+7m)
+25ir{,80+5 +7.)
Where ) )
¥, =C€0S | cosO — (%o +X,)lg -6(30)

me/6i1+n+n2 /3)

Phases
JL Voltages

Figure.3: Inverter current profiles for modified
converter
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Firing angle control of thyristor
converters requires three basic operations: line
synchronization, delay control and distribution of
pulses. In microprocessor based systems, these
functions can be accomplished either by
software, hardware or both.

3.1 Basic function of firing angle control
Figure (4) shows the three-phase
modified converter with twelve pulses, in which
six pulses control the main thyristor and six
pulses control the by-pass valves. The principle
aim of the firing circuit is to convert the angle
control input into a corresponding phase angle
between the triggering pulses and the AC supply

misiiie
T ﬁ(

LT

Firing Circuit for
main Thyristors

L]

Firing Circuit for
by-pass-valves

Angle Control
Input

Figure.4: Three-phase modified converter

Figure (5) shows a circuit for the hardware
implementation circuit. It consists essentially of a
MPU+RAM, MC6802, an EPROM2716 and a
PIA MC 6821. Microcomputer chip containing
all these functions can be used in order to reduce
the hardware further.
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Figure.5: Hardware implementation

A simplified diagram of the line interface
circuit is shown in Figure (6). It consists
essentially of three zero-crossing detectors which
provide line status signal LA, LB, LC and an
edge detector which produces a synchronization
signal IRQ as shown in Figure (7). The
implementation program is executed upon
reception of synchronization pulse IRQ provided
by the line interface circuit every zero-crossing
of the line voltage. The MPU reads the line status
and the control angles a and ¢, then it

determines the mode of operation whether is
rectifier or inverter. If « <90 the converter
operated is rectifier mode, if « > 90 the converter
operated is inverter mode. It also determines the
kind of control whether normal or abnormal as
shown in Figure [8].

LA
ZCD ———»

LB
LYY Y ZCD > ‘ ‘
L
LC
LY YY) ZCD >
L= ]
ZCD --- Zero Crossing Detector
ED --- Edge Detector

Dot

NOR
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Figure.6: Line interface circuit

By-pass Switch Main Switch
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Line status 001 101 100 110 010 011 001

Synchronization
signal IRQ

Figure.7: Principle of firing angle control
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Figure.8: Firing control software

4 Results and Discussion

A suite of computer program was written
to determine the theatrical performance of the
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converter bridge using equation (1) to (15).
Harmonics analysis of the supply current
waveforms was obtained using a Matlab.
Theoretical and experimental results for the
converter with conventional control and by-pass-
valve control are shown in Figures (9) and (10)
for reactive power absorption and harmonics
content respectively. All results are obtained for a
fixed value ofl, The measured and

experimental results were in good agreement and
showed the general characteristic obtained using
by-pass valve control. A voltage range of about
+10% was possible by varying «,over 120°

with a near constant reactive power absorption.
Two bridges are invariably used with delta and
star connected primary windings to eliminate the
5% 7% and 19" harmonics etc. A delta-connected
tertiary winding reduced the triple harmonic
content with by-pass control. A large installation
may reduce the residual triple harmonic content
to an insignificant level. The proposed firing
scheme has a response time less than one-sixth of
the control of thyristor converter, dual converter,
or cycloconverter.
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(b) By-Pass Valve Control
Figure.9: Active and reactive power
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Figure.10: Harmonic content of supply current

5 Conclusions

A novel bridge arrangement for use in
HVDC converters is described. Computed values
and experimental results from a laboratory model
are in reasonable agreement and illustrate typical
performance characteristics. A microprocessor-
based firing control scheme for a modified
converter has been presented. Also, a very

compact, precise and fast —microprocessor
controller has been described. Comparison of
results obtained with the by-pass valve
arrangement and a conventional converter

indicates that there is a reduction in the VAR
absorption. At normal operating point, the
harmonics content of the supply current is
generally reduced.
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6 Nomenclature
V, = DC voltage

V= RMS value of phase voltage
V,= DC line voltage with zero delay angle on

no-load
I, = DC current in HVDC line

I, = instantaneous value of main thyristor current

Ip =
current
n = transformer tap-section turns (p.u)

X = main thyristor commutation reactance

instantaneous value of by-pass thyristor

X, = by-pass thyristor commutation reactance

a = delay angle of main thyristor
a,= delay angle due to unequal thyristor

voltages

a, = delay angle of by-pass thyristor

y = commutation angle due to main thyristor

7, = commutation angle due to by-pass thyristor
B,= angle of advance due to unequal thyristor

voltages
o = safety angle in inverter operation
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