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NOMENCLATURE
𝑉𝑑 : DC Voltage
𝑉𝑃ℎ : Phase Voltage
𝑛
: Transformer tap-section ratio in modified with one IGBT valve
𝑛1 : Transformer tap-section ratio of the first tap-section in modified converter with two IGBT valves
𝑛2 : Transformer tap-section ratio of the first tap-section in modified converter with two IGBT valves
𝑋𝐶 : Main valve commutation reactance
𝑄 : Reactive volt-ampere absorption
𝛼
: Delay angle of main thyristor
𝛼0 : Delay angle due to unequal valve voltages
𝛼𝑏1 : Turn-on angle of the first by-pass IGBT valve
𝛼𝑏2 : Turn-on angle of the second by-pass IGBT valve
𝛼𝐶1 : Turn-off angle of the first by-pass IGBT valve
𝛼𝐶2 : Turn-off angle of the second by-pass IGBT valve
𝛾
: Commutation angle due to main valve
𝛾𝑏1 : Commutation angle due to first IGBT by-pass valve through switch-on
𝛾𝑏2 : Commutation angle due to second IGBT by-pass valve through switch-on
𝛾𝐶1 : Commutation angle due to first IGBT by-pass valve through switch-off
𝛾𝐶2 : Commutation angle due to second IGBT by-pass valve through switch-off
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1.

INTRODUCTION
The huge advancement in semiconductor technology over the last three decades, especially in
alternating current (AC) to direct current (DC) converters that have been used in power conversion
applications. The major problems associated with these loads are the harmonic current injection into power
supply and volt-ampere absorption. That made providing cheaper and more reliable controlled converters of a
crucial importance [1] by improvement of power factor and absorbed volt-ampere reactive (VAR). This is
very important issue in any AC system especially in high power applications like high voltage direct current
applications (HVDC).
Control of a conventional converters stations, which uses three-phase controlled bridge for
converting AC to DC is achieved by fast-acting control of the main valves firing angles. But this
unfortunately reduces the power factor that should be near unity. This paper presents another algorithm to
control the output voltage and improving the power factor.
Tap-changers which are fitted on the converter transformer provide a near constant AC voltage input
to the bridge to correct relatively slow changes of AC voltage can be eliminated. Over years several
approaches were used to modify the conventional converter, the effect of pulse width modulation (PWM)
strategies is used in suppressing both AC harmonics and DC ripples is used [2]–[7]. High pulse converters
technique is used in [8]–[10] in these papers high pulse converters like 12, 24, 48 in the HVDC transmission
system is used to reduce harmonics in the DC link, but increasing number of pulses yields higher complexity
since higher number of components involved.
Filters are used in [11] and [12] these solutions are based on the use of filters that can suppress the
higher order harmonics. A voltage control scheme for an HVDC convertor which uses by-pass thyristor
valves connected to tapping points on the secondary windings of the transformer is suggested in 1990 in [13].
Fast and continuous control of the DC voltage is possible with good operational characteristics and low
values of reactive volt-ampere absorption. The on load tap-changer can be eliminated in this paper.
The technique using combination of two converters is presented in [14]–[16]. O’Kelly [14] proposed
a combination of two three-phase thyristor bridges. Two modified series-connected bridges have been used in
[15]. The same algorithm as in the previous has been followed in [16] but a voltage control scheme is
proposed which uses by-pass gate turn-off transistor (GTO) valves the other one operating as a conventional
bridge. GTO thyristor valve sections that has been used may be replaced by thyristors with forcedcommutation circuitry in [17]. The use of a modified three-phase bridge converter which uses GTO thyristors
as by-pass valves is suggested in [18] and [19]. It resulted in a reduction in the reactive power absorption.
Total harmonic distortion (THD) is reduced by 10% compared with the conventional full-wave fullycontrolled converter. The power factor of the system was improved.
Many papers these days also tries to improve the HVDC system, an actual view into the
development of HVDC converter stations build in modular multilevel converter (MMC) topology is
presented in [20].The reactive power is investigated and controlled at the inverter side of HVDC system that
uses line-commutated-converter (LCC) with controllable capacitors in [21]. There are several papers recent
studies [22]–[30] have suggested to improve the performance of HVDC converters.
This paper presents a general platform that studies the power systems. Small-signal stability, voltage
stability, and interaction phenomena of systems with both line-commutated converter-HVDC (LCC-HVDC)
and voltage-source-converter HVDC (VSC-HVDC) can be controlled using feedback control system (FCS)
in [31]. A generic root-mean-square (RMS) model of voltage source converter (VSC) in MMC topology for
HVDC application is suggested in [32].The modified converter that was implemented in [13] using
conventional thyristor as main valves and one GTO as by-pass valve is implemented in this paper using two
insulated-gate bipolar transistor (IGBT) as by-pass valves instead of one GTO.

2.

ANALYSIS FOR THE MODIFIED CONVERTER WITH TWO BY-PASS IGBT VALVES
The block diagram and the schematic diagram of the proposed algorithm using two by-pass IGBT
valves are shown in Figure 1 and Figure 2 respectively. Figures 2(a) and 2(b) for conventional bridge,
Figures 2(c) and 2(d) for modified bridge. An inductive load consisting of a very large smoothing inductance
(8 H) in series with a resistance (100 Ω) is used in this paper for three schemes conventional converter with
one IGBT, and with two IGBTs, connected in series with the output line converter bridge to provide a wellsmoothed DC current to a load connected at the converter output terminals, and to reduce the current
transients during system operation. The supply voltage on the side of the transformer was three-phase AC
source at 50 Hz and could be varied from zero to maximum voltage, namely 520 volt line voltage in the three
schemes.
Tap-changers which are fitted on the converter transformer provide a near constant AC voltage input
to the bridge to correct relatively slow changes of AC voltage. This approach is not efficient since it is
manual and classic. By the modified three-phase AC/DC bridge converters the control of the output voltage
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will be easy and achieved by control of by-pass IGBT valves, firing angles. For normal operation, the main
valve thyristor firing angle α is kept near zero, say (5° − 10°), to give minimum delay between input current
and voltage source, i.e., minimum reactive volt-ampere absorption and higher power factor. DC voltage is
controlled by variation of turn-on and turn-off angles (𝛼𝑏1 , 𝛼𝑐1 , 𝛼𝑏2 , and 𝛼𝑐2 ). In practical systems perfect
conditions for analysis of characteristic harmonics of a converter are never met, and as a result, harmonics of
uncharacteristic orders are produced. Unbalanced operation is studied in [33]–[35]. The transient state is
studied in [36], fast and continuous control of a modified HVDC converter [37]. In this paper the steady-state
is studied.

Figure 1. Block diagram of conventional bridge with two by-pass IGBT valves
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Figure 2. Alternative schemes for conventional bridge converter: (a) conventional bridge rectifier, (b) one
phase of conventional scheme, (c) one phase of alternative scheme using one by pass IGBT valve, and (d)
one phase of the proposed scheme using two IGBTs by pass valves

2.1. Operation under ideal conditions (negligible overlap)
The average output voltage under ideal conditions of the modified converter, with zero firing angles
of the main valves is derived in this paper and is given in (1).
𝑉𝑑 =

3
𝑛1
√6𝑉𝑝ℎ [1 + (cos 𝛼𝑐1 − cos 𝛼𝑏1 )
𝜋
2
𝑛1
−
(sin 𝛼𝑐1 − sin 𝛼𝑏1 )
2√3
𝑛2
− (cos 𝛼𝑐2 − cos 𝛼𝑏2 )
2
𝑛2
+
(sin 𝛼𝑐2 + sin 𝛼𝑏2 )]
2√3
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2.2. Finite overlap
Under finite overlap, 𝛼𝑏1 can be varied from−𝛼0 to 𝛼𝑐1 , and 𝛼𝑏2 can be varied from −𝛼0 to 𝛼𝑐2 .
2𝜋

Also 𝛼𝑐1 and 𝛼𝑐2 can be varied from 𝛼0 + 𝛾 to . So there are several modes of operation for different
3
ranges of 𝛼𝑏1 and 𝛼𝑏2 .
a. For (−𝛼𝑜 ≤ 𝛼𝑏1 < 0°) and (0° < 𝛼𝑏2 < 𝛼𝑐1 )
In this case, the first IGBT by-pass valve is conducting from −𝛼0 +γ till 𝛼𝑏2 , and is conducting one
more time from 𝛼𝑐2 to 𝛼𝑐1 , but the second IGBT by-pass valve is conducting from 𝛼𝑏2 to 𝛼𝑐2 . Output DC
voltage is given in (2) and the overlap angle 𝛾 is given in (3). Second commutation occurs between the first
and second by-pass valves in the same phase. So 𝛾𝑏2 is given in (4).
𝑉𝑑 =

3
3√3
1
cos(−𝛼𝑏1 + 𝛾) − sin(−𝛼𝑏1 + 𝛾)
√2𝑉𝑝ℎ [
𝜋
4
4
1
√3
+
𝑛 cos 𝛼𝑏1 + 𝑛1 sin 𝛼𝑏1
2 1
2
1
√3
+
𝑛1 cos(−𝛼𝑏1 + 𝛾) − 𝑛1 sin(−𝛼𝑏1 + 𝛾)
2
2
1
√3
√3
−
𝑛2 cos 𝛼𝑐2 + 𝑛2 sin 𝛼𝑐2 +
𝑛 cos(𝛼𝑏2
2
2
2 2
1
+ 𝛾𝑏2 ) − 𝑛2 sin(𝛼𝑏2 + 𝛾𝑏2 )]
2
𝜋

𝑋𝑏2 𝐼𝑑

6

√2𝑛2 𝑉𝑝ℎ

𝛾𝑏2 = cos −1 [cos( + 𝛼𝑏2 ) −

(2)

𝜋

] − ( + 𝛼𝑏2 )
6

(3)

(𝑋𝐶 + 𝑋𝑏1 )𝐼𝑑
𝜋
𝜋
𝛾 = cos −1 cos ( − 𝛼𝑏1 ) −
− ( − 𝛼𝑏1 )
2
6
6
𝑛
√6 (1 + 𝑛1 + 1 ) 𝑉𝑝ℎ
3
[
]

(4)

b. For (−𝛼𝑜 < 𝛼𝑏2 < 0°) and (𝛼𝑐1 > 𝛼𝑐2 )
In this case the second by-pass IGBT valve is conducting from −𝛼0+γ till its 𝛼𝑐2 . Then the first
IGBT will conduct 𝛼𝑐2 till 𝛼𝑐1 , the main thyristor valve will conduct just from 𝛼𝑐1 to (-𝛼𝑏2 +
voltage is given in (4) and the overlap angle 𝛾 is given in (5).
𝑉𝑑 =

3
1
√6𝑉𝑝ℎ [ (2 + 𝑛1 + 𝑛2 ) cos(𝛾 − 𝛼𝑏2 )
𝜋
4
1
(𝑛1 + 𝑛2 ) sin(𝛾 − 𝛼𝑏2 )
−
4√3
1
+ (3 + 𝑛1 + 𝑛2 ) cos 𝛼𝑏2
4
1
1
(𝑛1 + 𝑛2 − 1) sin 𝛼𝑏2 − 𝑛1 cos 𝛼𝑐1
+
2
4√3
1
1
+
𝑛1 sin 𝛼𝑐1 − 𝑛2 cos 𝛼𝑐2
2
2√3
1
+
𝑛2 sin 𝛼𝑐2 ]
2√3

5𝜋
6

). Output DC

(5)

c. For (𝛼 < 𝛼𝑏1 < 𝛼 + 𝛾 − 𝛾𝑏1 )𝑎𝑛𝑑 (𝛼𝑏1 < 𝛼𝑏2 )
In this case a small fraction of current flows in the main valve through the period which stars from
the natural commutation point until the first IGBT by-pass valve is fired. The first IGBT will conduct from
(𝛼 + 𝛾) to (𝛼𝑏2 + 𝛾𝑏2 ) and from 𝛼𝑐2 to𝛼𝑐1 . The second IGBT by-pass valve is conducting from (αb + γb )
5π

2

2

to αc2 . Finally the main thyristor valve will conduct one more time from αc1 to ( + α). Output DC voltage
6
for this case is given in (6).
Performance analysis of multi-level high voltage direct current converter (Rasha Ghilman Shahin)

1372



ISSN: 2088-8708

𝑉𝑑 =

3
1
1
1
sin(𝛼 + 𝛾) + cos 𝛼
√6𝑉𝑝ℎ [ (2 + 𝑛1 ) cos(𝛼 + 𝛾) +
𝜋
4
2
√3
1
1
+ (2 + 𝑛1 ) cos(𝛼𝑏1 + 𝛾𝑏1 ) −
𝑛1 sin(𝛼𝑏1 +𝛾𝑏1 )
4
4√3
1
1
+ 𝑛2 cos(𝛼𝑏2 + 𝛾𝑏2 ) −
𝑛2 sin(𝛼𝑏2 + 𝛾𝑏2 )
2
2√3
1
1
(𝑛1 + 𝑛2 ) sin 𝛼𝑐2 ]
− (𝑛1 + 𝑛2 ) cos 𝛼𝑐2 +
2
2√3

(6)

The cases (1, 2 and 3) are shown in Figure 3(a), Figure 3(b), and Figure 3(c) respectively.
d. For (α < 𝛼b2 < 𝛼 + 𝛾 − γb ) and (αb2 < 𝛼b1 )
2
The second IGBT will conduct from (α + γ) to αc2 . Then the first IGBT is conducting from αc2 to
5π

αc1 . Finally, the main thyristor valvewill conduct again from αc1 to ( + α). DC voltage for this case is given
6
in (7).
𝑉𝑑 =

3
1
1 1
( + 𝑛1 + 𝑛2 ) sin(𝛼 + 𝛾)
√6𝑉𝑝ℎ [( + 𝑛1 + 𝑛2 )cos(𝛼 + 𝛾) +
𝜋
4
2√3 2
1 1
√3
+
cos 𝛼 −
( + 𝑛1 + 𝑛2 ) sin(𝛼𝑏2 + 𝛾𝑏2 )
2
2√3 2
1
1
1
− 𝑛1 cos 𝛼𝑐1 +
𝑛1 sin 𝛼𝑐1 + 𝑛2 cos 𝛼𝑐2
2
2
2√3
1
+
𝑛2 sin 𝛼𝑐2 ]
2√3

(7)

e. For (𝛼 + 𝛾 < 𝛼𝑏1 < 𝛼𝑐1 − 𝛾𝑏1 𝑎𝑛𝑑𝛼𝑏1 + 𝛾𝑏1 < 𝛼𝑏2 < 𝛼𝑐2 − 𝛾𝑏2 )
This case is the normal case and in this case the main thyristor valve will conduct from (α + γ) to
(αb + γb ). The first by-pass IGBT will conduct from (αb + γb ) to (αb2 + γb ). Then the second IGBT
1
1
1
1
2
will conduct from (αb2 + γb ) to αc2 . The first IGBT will conduct again from αc2 to αc1 . Finally, the main
2

5π

valve will conduct again from αc1 to ( + α ). Output DC voltage is given in (8), the commutation angles
6
γ, γb and γb are given in (9), (10) and (11) respectively.
1

2

𝑉𝑑 =

3
1
1
√6𝑉𝑝ℎ [ cos(𝛼 + 𝛾) + cos 𝛼
𝜋
2
2
1
+ 𝑛1 𝑐𝑜𝑠(𝛼𝑏1 + 𝛾𝑏1 )
2
1
−
𝑛1 sin(𝛼𝑏1 + 𝛾𝑏1 )
2√3
1
+ 𝑛2 cos(𝛼𝑏2 + 𝛾𝑏2 )
2
1
−
𝑛2 sin(𝛼𝑏2 + 𝛾𝑏2 )
2√3
1
1
− 𝑛2 cos 𝛼𝑐2 − 𝑛1 cos 𝛼𝑐1
2
2
1
+
𝑛1 sin 𝛼𝑐1 ]
2√3

𝛾 = 𝑐𝑜𝑠 −1 [𝑐𝑜𝑠 𝛼 −

𝑋𝐶 𝐼𝑑
√6𝑉𝑝ℎ

(8)

]−𝛼

𝑋𝑏1 𝐼𝑑
𝜋
𝜋
𝛾𝑏1 = 𝑐𝑜𝑠 −1 [𝑐𝑜𝑠( + 𝛼𝑏1 ) −
] − ( + 𝛼𝑏1 )
6
6
√2𝑛1 𝑉𝑝ℎ
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(10)
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𝑋𝑏2 𝐼𝑑
𝜋
𝜋
𝛾𝑏2 = 𝑐𝑜𝑠 −1 [𝑐𝑜𝑠( + 𝛼𝑏2 ) −
] − ( + 𝛼𝑏2 )
6
6
√2𝑛2 𝑉𝑝ℎ
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(11)

The cases (4 and 5) are shown in Figure 4(a) and Figure 4(b) respectively.

(a)

(b)

(c)
Figure 3. Voltage and current waveforms of rectifier with two by-pass IGBT valves at commutation
reactance, 𝑋𝑐 = 3 Ω, n1=0.3, n2=0.15: (a)(−αo ≤ αb1 < 0°) and (0 < 𝛼b2 < αc1 , (b) (−αo < 𝛼b2 < 0°)
and (αc1 > αc2 ), and (c) (−αo < 𝛼b2 < 0°)and (αc1 > αc2 )
Performance analysis of multi-level high voltage direct current converter (Rasha Ghilman Shahin)
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(a)

(b)
Figure 4. Voltage and current waveforms of rectifier with two by-pass IGBT valves at commutation
reactance, 𝑋𝑐 = 3 Ω, n1=0.3, n2=0.15: (a) (𝛼 < 𝛼𝑏2 < 𝛼 + 𝛾 − 𝛾𝑏2 ) 𝑎𝑛𝑑 (𝛼𝑏2 < 𝛼𝑏1 ),
and (b) (𝛼 + 𝛾 < 𝛼𝑏1 < 𝛼𝑐1 − 𝛾𝑏1 𝑎𝑛𝑑 (𝛼𝑏1 + 𝛾𝑏1 < 𝛼𝑏2 < 𝛼𝑐2 − 𝛾𝑏2 )
3.

REACTIVE VOLT-AMPERE AND POWER FACTOR
Figure 5 shows the reactive volt-ampere absorption of the three cases against the turn-on firing
angles at different values of 𝑋𝑐 . Figure 5(a) for impedance 𝑋𝑐 = 0 Ω and Figure 5(b) for impedance
𝑋𝑐 = 1 Ω. Figure 6 shows the power factor of the three cases versus the turn-on firing angles at different
values of 𝑋𝑐 . Figure 6(a) for impedance 𝑋𝑐 = 0 Ω and Figure 6(b) for impedance 𝑋𝑐 = 1 Ω. It can be seen
that the reactive power is the least and the power factor are the highest in the converter with two IGBTs. The
THD for different values for the reactance Xc for the conventional converter, modified converter using one
IGBT and modified converter using two IGBTs is shown in Table 1.

Conventional

Conventional

1 IGBT

1 IGBT

2 IGBTs

2 IGBTs

(a)

(b)

Figure 5. Reactive volt-ampere for the three algorithms at different impedance, 𝑋𝑐 (Ω) for (a) reactance
𝑋𝑐 = 0 Ω, and (b) reactance 𝑋𝑐 = 1 Ω
Int J Elec & Comp Eng, Vol. 12, No. 2, April 2022: 1368-1376
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Conventional

Conventional
2 IGBTs
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2 IGBTs

1 IGBT

1 IGBT

(a)

(b)

Figure 6. Power factor for the three algorithms versus the turn-on firing angles at different commutation
reactance, 𝑋𝑐 ( Ω): (a) for reactance 𝑋𝑐 = 0 Ω and (b) for reactance 𝑋𝑐 = 1 Ω
Table 1. AC current THD for three algorithms
Different 𝑋𝑐 (Ω) at 𝛼 = 5°
0
1
3
5
Different
𝛼 at 𝑋𝑐 = 1 Ω
0°
5°
10°
30°

Conventional
Converter
30.7
28.93
27.37
26.1
Conventional Converter
26.93
27.97
28.93
32

AC current THD for three schemes (%)
Modified converter with one
Modified converter with
IGBT
two IGBTs
27.68
25.86
26.7
24.56
25.59
23.92
24.67
23.35
Modified converter with one
Modified converter with
IGBT
two IGBTs
25.59
22.82
26.7
24.02
28.51
26
31.44
26.72

4.

CONCLUSION
Fast and continuous control of the DC voltage is obtained with minimum values of the firing angles
of the main thyristors. The DC output voltage can be controlled by the firing angles of the two by-pass IGBT
valves, in this paper the analysis is made at different values of these angles. The DC voltage may be varied
over a range of 29%, eliminates the need of the on-load tap-changer. The main advantage is that the VAR
absorption is generally reduced, with more reduction in the VARs when a turn-off facility (i.e. IGBT) is
included. The power factor using the modified converter with two by-pass IGBT valves is improved.
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