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ABSTRACT

The Voltage Source Converter (VSC) is replacing the conventional line commutated current source converters in High

Voltage DC (HVDC) transmission systems. The control of a two-level voltage source converter and its design dealt with

HVDC systems and various factors such as reactive power, power factor, and harmonics distortion are discussed in detail.

Simulation results are given for the two-level converter and designed control is used for bidirectional power flow. The

harmonics minimization is taken by extending the 6-pulse VSC to multipulse voltage source converters. The control is also

tested and simulated for a 12-pulse voltage source converter to minimize the harmonic distortion in AC currents.
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1. Introduction

High Voltage DC (HVDC) transmission systems are
often economic means for delivering electric power over
long distances and/or in connecting two synchronized AC
networks, which may be at different frequencies''' ",
Most of the commercial HVDC systems have employed
the line commutated current source converters with the
thyristors as a switching device until recently. The VSCs
(Voltage Source Converters) are replacing the thyristor
converters in HVDC systems because of various
advantages. Self commutated device based voltage
sourced converters with ratings suitable for power
transmission are now possible because of the emergence

of new devices such as Insulated Gate Bipolar Transistors
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(IGBTs), Gate Turn-Off Thyristors (GTOs) with high

PHIL A two-level voltage

voltage and current ratings
source converter is now a widely used converter topology
for HVDC systems. The prototype model of a 300 MW
VSC based HVDC system is developed at reasonable high
power level """l The IGBT (Insulated Gate Bipolar
Transistor) is used in VSC based HVDC system for
medium power level with Pulse Width Modulation
(PWM) technique for harmonics elimination.

The GTO is used for high power level with fundamental
frequency switching and PWM control is not preferred as
it increases the switching losses !'*!. Various other voltage
source converter topologies are proposed for HVDC
applications, such as multilevel and ripple reinjection
techniques !'*"1"*/. These converters are proposed to avoid
the PWM techniques in case of high power converters to
reduce the switching losses. But the number of devices in
the circuit and control complexity increases with the
increasing number of levels in case of multilevel
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converters. A self commutated Back-to-Back (HVDC)
link of 100 MW with 16 units of basic two-level converter

[ and a 96-pulse converter

is proposed in the literature
operation is achieved with substantial reduction in
harmonics and with a DC voltage control. Many voltage
source converter configurations are proposed for reducing
harmonics, improving the system operation and control.
Here. a basic two-level voltage source converter is used
for the HVDC systems. The design of VSC is presented
with the analogy of a synchronous machine which can
operate either as a generator or as a motor with unity
power factor. The control of the converter is developed for
the control of DC voltage and flow of real power. The
switching devices are operated at a fundamental frequency
switching (FFS). The analysis and design of this two-level
converter is carried out mainly to demonstrate that there is
no need of wide variation in DC link voltage for unity
power factor operation. A reasonable high power factor
and high performance of the converter can be achieved
without much variation in the DC link voltage. The
application of two-level VSC is justified for improving the
power factor, harmonics and reducing the switching losses
for HVDC systems.

2. Principle of Operation

The operating principle of a designed two level voltage
source converter is explained here. The operation of a
voltage source converter can be realized similar to the
operation of a synchronous machine. It can operate at
leading, as well as lagging, power factors. The AC voltage
at the supply side is sinusoidal and at the converter side is
stepped voltage waveform. These two voltages are
interfaced through a reactance. The magnitude of DC
voltage is having a fixed relation with the AC voltage at
the converter input. The supply voltage (V) and excitation
voltage (E) of the synchronous machine have analogy with
the supply (V,) and the fundamental voltage (V.) of the
voltage source converter. The basic schematic diagram of
the voltage source converters used in HVDC system is
shown in Fig.1. Both the amplitude and the phase angle of
the output fundamental voltage V. of VSC are controlled
with respect to the source voltage V.. Two voltages are
interfaced through a reactor X. The voltage drop across

the reactor X can be controlled to determine the active and
reactive power flows.
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Basic diagram of a voltage source converter
based HVDC system.
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The magnitude of the two voltages controls the reactive
power flow in the circuit and the phase angle between two
voltages controls the active power flow in the system. The

basic equations governing the active and reactive powers are
V¥ .
P=—tlsiné (1)
X

-V

0 T :

where V; = supply voltage at the angle of 0°, V. =
fundamental of converter voltage at the angle of 3°, & is
the angle difference between the two voltages V, and V.,
and X = reactance between the supply voltage and
converter voltage waveform.

From these above equations it can be seen that the
active and reactive powers are controlled independently
through (V. sin 6) and (V. cos 3), respectively. Therefore,
by adjusting (V., sin 8) and (V,, cos 8) properly, a voltage
source converter is able to operate at any desired power
factor. The design of two-level voltage source converter is
carried out mainly focusing on power transfer, supply and
converter voltage magnitude and angle difference between
these voltages. The supply voltage is taken as fixed
magnitude of 1 pu and angle of 0°. Three devices remain
ON at all time. There are six mode of operation in a cycle

and each mode of 60° for a 6-pulse VSC.
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3. Control Algorithm

The control algorithm is to regulate the DC voltage at
the given reference value and to control the active power
flow from AC grid to DC side, along with supplying
required reactive power to the AC mains. A capacitor is
used at the DC bus to support the DC bus voltage at the
required value for real power balance between the two
sides of the converter, which is most important for the
successful operation of the HVDC system. The energy
stored in the capacitance reduces or increases if the active
power is not balanced between the two sides of the
converter stations. It consists of two controllers; one is the
DC voltage controller and other one is the current
controller.

3.1 DC Voltage Controller

DC voltage controller is shown in Fig. 2a, in which
reference currents (Ig*, 1;*) are achieved by the DC
voltage controller from the reference real power and
reference DC voltage as given below,

I'4= (P*/Vs) + Ky (V4 - Vae) (3)
I,=0 4)

where P is the reference real power to be transmitted
from one side to another side, Ky is proportional gain
constant, V, rms supply voltage, and V. reference DC
voltage. Reference reactive current (I, ) is taken as zero,
The first term in the

equation (3) decides the power flow in the system and

to maintain the reactive power zero.

second term achieves DC voltage regulation by means of
controlling the additional amount of active power flowing
from AC side to DC side.

Vv de KV

Vie

Fig. 2a DC voltage controller

When V, is lower than V.’ the i, is increased as
shown in equation (3), so that a small amount of active
power flows into the DC link capacitor through rectifier,
thus Vi rises up to V. When V,, is higher than the V.~
then i," is decreased so that amount of active power flow
into the DC link capacitor is reduced; thus V. is lowered
to Vdc_*

3.2 Current controller

The reference currents (I;*, I,*) from DC voltage
controller are given as inputs to the current controller, and it
provides reference voltages (V4*, V*). The operation of
the current controller can be explained by using the
following equations

Vy'= Ve— (R + 0L1) - K; (1% - L) )
Vq* = Vq - (R.Iq + U‘)le) - KI (Iq* - Iq) (6)

where K is proportional gain, Vy, V, are dq values of
supply voltage V; and I, I, are dq values of supply current
(I,). The block diagram of the current controller is shown in
Fig. 2b. A complete control scheme for back-to-back
HVDC system is shown in Fig. 3.

lq

Fig. 2b  Current controller

4. MATLAB Based Simulation of Two-Level
Voltage Source Converter

The two level converter is simulated in the MATLAB
environment with Simulink and Power System Block set
(PSB) toolboxes. Fig. 4a shows the MATLAB model of
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Fig. 3 VSC based HVDC transmission system with Control

two level 6-pulse converters, and Fig. 4b shows the model
of a 12-pulse voltage source converter. In this model, two
2-level GTO bridges are used in parallel on the DC side.
Two VSC bridges are fed from a Y/Y and Y/A transformer
with a phase shift of 30° between two bridges. The 2-level
GTO universal bridge is used to model the converter. The
control algorithm is implemented using Simulink blocks.
Three-phase grid supply of 33 kV, 50 Hz, is connected to
the converter through interface with reactance of 0.2 pu.
Three -phase AC input is fed to the bridge through
interface reactance. The voltages at the two sides of the
transformer are measured as supply and converter voltage.
A dc capacitance is connected at the dc side to store the
energy at the dc bus. The system parameters used for the
simulation is given in Appendix.
5. Results and Discussions

The performance of a two-level voltage source
converter in HVDC system is demonstrated for active
power flow control. Equation (1) is considered for power
calculation and the reactance is taken as 20% and supply
voltage is taken at constant value. The converter voltage
(Vo) is controlled from +20% so that it exhibits the
performance of a synchronous machine. The power factor
is varied by varying the excitation voltage (V.,), which is
analogy to the converter side voltage here in VSC. The
converter voltage is varied £ 20% for the power flow of
10% to 120%.
voltage and converter voltage, current, power factor for

Table 1 gives the angle between ac

various power levels with both supply and converter
voltages are considered equal and at a value of 100%.
Table 2 shows the variation required in the converter
voltage to achieve the unity power factor. The converter
voltage can be maintained at 1 pu for low power levels.
But for active power above 50% of rated power, the
converter voltage has to be increased from 1.01% to
1.03% to achieve the unity power factor.

Three Phase D__
uprh‘ ‘ ] -
W" p—p—s JM"W" ‘ =

\M

LL '}u»yh.\s"J.‘mt’\

Dscre,
Te = 520055

Powergn

e 31> Vabe Vdg Vig

Current conroler

DC votlage controler
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Fig. 4b MATLAB model of two-level, 12-pulse voltage source
converter
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Table 1 Performance with constant converter voltage

Power | 'V, Va I 3 Pf
(Pw) | (ew) | (pw) | (deg)

10 % 1 1 0.1 1.146 | 0.9999
20 % 1 1 0.2 2.2924 | 0.9998
30 % 1 1 0.3001 | 3.4398 | 0.9995
40 % 1 1 0.4003 | 4.5886 | 0.9992
50 % 1 1 0.5006 | 5.7392 | 0.9987
60 % 1 1 0.6011 | 6.8921 | 0.9982
70 % 1 1 0.7017 | 8.0478 | 0.9975
80 % 1 1 0.8026 | 9.2069 | 0.9968
90 % 1 1 0.9037 | 10.3698 | 0.9959
100 % 1 1 1.0051 | 11.537 | 0.9949
110 % 1 1 1.1068 | 12.709 | 0.9939
120 % 1 1 1.2089 | 13.8865 | 0.9927

Table 2 Converter voltage variation for unity power factor

Power V, Va I 8 Pf
(pw) | (pw) | (pu) (deg)

10 % 1 1 0.1 1.146 | 0.9999
20 % 1 1 0.2 2.2924 | 0.9998
30 % 1 1 0.3001 | 3.4398 | 0.9995
40 % 1 1 0.4003 | 4.5886 | 0.9992
50 % 1 1.01 | 0.5006 | 5.6822 | 0.9987
60 % 1 1.01 | 0.6002 | 6.8235 | 0.9997
70 % 1 1.01 0.7 7.9676 1
80 % 1 1.01 | 0.8001 | 9.115 | 0.9999
90 % 1 1.02 | 0.9002 | 10.1642 | 0.9998
100 % 1 1.02 1 11.3077 1
110 % 1 1.02 | 1.1002 | 12.4558 | 0.9998
120 % 1 1.03 1.2 13.4743 1

Fig. 5a shows the variation of ac current with the
fundamental converter voltage (V). Fig. 5b shows the
variation of power factor with the fundamental converter
voltage (V). It shows that the characteristic between ac

current with the converter voltage is similar to the V curve
of a synchronous machine. The unity power factor can be
achieved with constant converter voltage at low powers.
Fig. 5b shows the variation of the power factor with
converter voltage, which is similar to the inverted V curve
of the synchronous machine. When the converter voltage
is increased, the power factor also improves and it attains
unity at 1 pu power level. At these varying power levels,
the power factor reaches unity for the converter voltage in
the range of 1 pu to 1.03 pu. For the high power flow of
the converter its voltage needs a little variation for
maintaining the unity power factor. Fig. 6 shows the
variation of power factor with the active power for the fixed
fundamental converter voltage (V.;) of 1.01 pu and 1.014
pu. The power factor is around 0.82 for the 10% of active
power for the converter voltage of 1.014 pu, but it is unity
for same power with the converter voltage of 1.01 pu.

H i H i H H i
08 08S 09 0.5 1 1.05 b e | 115 12
Converter Vo tage [Ve)

Fig. 5a Variation of Supply Current with Converter Voltage
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Fig. 5b  Variation of Power factor with Converter Voltage
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The interface reactance is considered as 20% in this
system, which is one of the main parameters influencing
the active power flow. The effect of varying the
reactance is also studied on the performance of the system

from 5% to 50%. Effect of this variation of reactance on

the power factor and ac current is shown in Fig. 7a and Fig.

7b respectively. From these results it is observed that for a
two-level converter, the power factor is improved with
fixed dc voltage. This converter can be operated either in
reactive power control mode or dc voltage control mode.
For the reactive power control mode a small variation in
the dc voltage is required to maintain reactive power to
zero value.
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0?320

Fig. 6 Power factor variation with Power at V. = 1.01 pu and
1.014 pu

Fig. 7a  Variation of Supply current with Reactance

Simulated performance of a two-level converter is
shown in Fig. 8 and Fig. 9. The steady state and dynamic
behavior of the converter are shown separately for both

6-pulse and 12-pulse voltage source converters. A 6-pulse
GTO VSC bridge is used to realize a two level converter.
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Reactance (30

Fig. 7b  Variation of power factor with Reactance

The switching of the bridge is carried out at
fundamental frequency switching. In the steady state
condition, the power demand at the dc side is maintained
constant throughout the simulation as 100 MW, i.e 1 pu.
The control is designed in such a way that the dc voltage
is maintained constant to balance the power in ac and dc
side. The power demand is also taken as power reference
to the control system to keep the system in stable
condition. The steady state performance is shown in Fig.
8a. During the dynamic performance the power demand at
the dc side is increased from 50 MW to 100 MW at 0.5
sec. The behavior of the system during power change is
shown in Fig. 8b. The designed control system acts
immediately to bring back the dc voltage to its reference
value to maintain the power balance. The voltage regulator
compares the dc voltage with reference voltage and
produces the reference current. In current control loop, the
reactive current is compared with its reference value. The
output of the PI controller is considered as a reference
input to the current controller and it is taken as an angle
(0) between supply voltage and fundamental converter
voltage required for the desired power flow. The pulse
produced from the reference of the supply voltage using
phase locked loop (PLL) is shifted by an angle (3). The
converter voltage is shifted by an angle & from the supply
voltage. This angle 6 may be positive or negative
depending on the direction of power flow. The reactive
power drawn from the supply is maintained to zero value.

The power factor at the supply side is maintained unity.



254

Journal of Power Electronics, Vol. 8, No. 3, July 2008

0.85 0.9 0.95 1 1.05 1.1 1.15

Fig. 8b Dynamic performance of Two-Level, 6-pulse Voltage Source Converter
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The harmonic spectra of the supply voltage and current
are shown in Fig. 8c. The THD of voltage and current for
the 6-pulse converter operation is 0.08% and 14.82%
respectively. The harmonics are reduced by using a
12-pulse converter and it is also tested and simulated for
the same condition to improve the harmonic characteristics.
The steady state and dynamic performance of a 12-pulse
converter are shown in Fig. 9a and Fig. 9b respectively.
The harmonics spectra of voltage and current are shown in
Fig. 9c. The THD of ac current in 12-pulse VSC is
reduced to 4.52% from 14.82% of 6-pulse VSC. The THD
of voltage is 0.05%, where it is 0.08% for the 6-pusle
converter. The phase voltage and phase current are
observed in phase with each other as the displacement
factor at the supply side is maintained unity during both
steady state and dynamic operating conditions.

5. Conclusions

The two-level converter has been analyzed for HVDC
systems. Simulation of performance of a two-level voltage
source converter has been carried out in MATLAB.
Two-level voltage source converter has been a robust for
power flow control of high power transmission HVDC
system. The presented results have shown that only small
variation in dc voltage is required to maintain the unity
power factor at the AC mains for wide variation in active
power, with zero reactive power. Moreover, the proposed
VSC system has exhibited the performance similar to a
synchronous machine with bi-directional active power
flow.

Appendix

Rated Power = 100 MW, Rated voltage = 33 kV,
frequency = 50 Hz, DC-link voltage = 2.7 kV, AC link
inductor = 0.2 pu, resistance 9R,) = 0.0015 pu, C,4. = 15000
uF, converter switching device = GTO, switching frequency
= 50 HZ, transformer voltage ration = 33/2.1 kV
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