Narin Watanakul / International Journal of Engineering and Technology (1JET)

An Improvement VSC-HVDC Station In
Thailand

Narin Watanakul

Thammasat University of Thailand, Faculty of Engineering, Department of Electrical and Computer
Engineering, Rangsit Campus, Klong Luang, Pathumthani, Thailand.
E-mail:wnarin@engr.tu.ac.th

Abstract— The paper was to study design and improvement voltage source converter (VSC) based
HVDC long-distance transmission system around 110km between Thailand to Malaysia with rated
300MVA (£300 kV). This paper presents an application of an asynchronous back to back VSC-HVDC
system, which uses multilevel converter a 7- level Diode-Clamped SPWM converters topology technique
for the realization of HVDC system. The controller has been proposed by using PQ control and feed-
forward decoupled current control algorithm. The design and experimentally controllers of VSC in lab
scaled test, MATLAB/Simulink program were performed VSC-HVDC transmission system, simulation in
order to evaluate transient performance, can be controlled independently under two phase to ground
faulted and three phases to ground faulted conditions. The system are used as a guideline for analysing
and design of the data process control with the PQ-control HYDC system.

Keyword- Voltage direct current (HVDC), Voltage source converter (VSC), multilevel converter (MC),
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I. INTRODUCTION

Electrical energy is normally transmitted by means of transmission line. An electric circuit is an
interconnection of electrical elements connected together in a closed path so that an electric current may flow
continuously. Transmission by ac replaced dc transmission because of the case and efficiency with which
voltage can be transformed using transformers.The disadvantage of AC transitions system, the volume of copper
used is much more than the D.C. system, the inductance and capacitance of the line effects the regulation of the
line which is increased due to skin effect the line resistance is increased which further increases the skin effect,
the AC transmission lines are more effective to corona than D.C. lines, in an A.C. system the speed of the
generator and alternators is not economical, variation of these speeds must be controlled within very low limits,
in cable the alternating current cause sheath loss. The construction of the transmissions lines is not so easy as in
case of D.C. lines, the alternator must be synchronized, before they are made to run in parallel. The factor of
limitation of AC transitions system for long-distance transitions consist of voltage stability, reactive power
problems, steady-state stability and transient stability. For interconnected of AC transitions system consist of
load-flow problems (management of congestion), frequency control, voltage stability, inter-area oscillation and
blackout risk due to cascading effects. For example HVDC of Thailand and Malaysia installed in June 2002.
The HYDC Thailand—Malaysiais a 110 kilometre long HVDC power line between Khlong Ngae
in Thailand at 6°42'56”N 100°27'08”E and Gurun in Malaysia. The HYDC Thailand—Malaysia, which crosses
the border between Malaysia and Thailand at 6°31'47”N 100°24'11"E, serves for the coupling of the
asynchronously operated power grids. The HVDC connection Thailand—Malaysia is a monopoles 300 k\V DC
overhead line with a maximum transmission rate of 300 megawatts (MW). The terminal of the HVDC is
situated east of Gurun at 5°48'45"N 100°32'06”E as shown in Fig.1(a). This HVDC long-distance transmission
system interconnecting the 230 kV AC network of Thailand with the 275 kV AC network of Malaysia is
implemented in the first stage as a 300 MW monopoles metallic return scheme as shown in figure (Fig.1(b)).
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Fig.1. (a) The Map on location of this HYDC long-distance transmission system between interconnecting the 230 kV AC network of
Thailand with the 275 kV AC network of Malaysia (b) Typical schematic of distribution power system with HVDC converter station
main equipment

(® (b)
Fig. 2. The components of HVDC has been installed for current user (a) Components of HYDC Type of thyristor Electrically-triggered-
thyristor, 8kV (100 mm@) and (b) single line diagram of Monopoles links HVDC system configurations and components.

In present of installed monopoles link HVDC system configurations and components in Thailand consist of AC
switchgear, and the interconnecting 300 kV DC overhead line was included in Siemens’ scope of supply.
Commercial operation started in 2001.Technical Data Customer Electricity Generating Authority of Thailand
(EGAT) Tenaga National Berhad (TNB) Project name Thailand—Malaysia Location Khlong Ngae—Gurun Power
rating 300 MW, monopoles Type of plant Long-distance transmission, 110 km Voltage levels 300 kVdc, EGAT:
230 kV, 50 Hz TNB: 275 kV, 50 Hz Type of thyristor Electrically-triggered-thyristor, 8 kV (100 mm @) [1],[2]
as show in Fig.2 (a)-(b). Environmental constraints will play an important role in the power system
developments [3],[4]. However, regarding the system security, have to be integrated into the system, particularly
when the connecting AC links are weak and when sufficient reserve capacity in the neighbouring systems is not
available [5]. In the future, an increasing part of the installed capacity will be connected to the distribution levels
(dispersed generation), which poses additional challenges to the planning and safe operation of the systems.
Power electronics will be required to control load flow, to reduce transmission losses and to avoid congestion,
loop flows and voltage problems [6]-[7]. Basically, there are three kinds of multilevel inverters. The multilevel
converter topology for the VSC transmission system consist of the cascade converters (CC),flying capacitor
converter (FC)and neutral point clamped SPWM converter (NPC) [8].The comparison between VSC HVdc
transmission and LCC transmission. The LCC that the reverse voltage is available only for a 180° interval from
the firing angle o=0° point of the conducting thyristor. Due to the inductance in series with the ac voltage, this
process takes a certain amount of time — corresponding to the overlap angle. If the firing of this next valve is
delayed too much, the commutation (transfer of current from outgoing valve to incoming valve) is not
successful and this phenomenon is referred to as commutation failure. Dependence on an ac voltage source,
Reactive power consumption or generation requirement for ac system. For LCC HWdc consumes reactive
power of 50% to 60% of the active power. Switchable shunt capacitor banks are necessary for reactive power
compensation. For VSC HVdc transmission, the dc side voltage in a VSC is essentially kept constant. A VSC
system instead can keep the same voltage polarity for power reversal. The same voltage polarity during power
reversal makes the dc grid possible. For reactive power can be generated or absorbed. Reactive power can be
controlled independently from active power control at both ends of the VSC Transmission scheme.

This article presents application diagram of voltage source converter (VSC) station in Thailand to
Malaysia with control of an asynchronous back to back VSC-HVDC system, which uses 7-level neutral point
clamped SPWM converter topology technique, and a feed-forward decoupled current control in rotation frame
that the ac current is decoupled algorithm. The process PQ controller can realize the designated control of
active power (P) and reactive power (Q) strategy. the PQ power can exchange controlled independently, The
simulation results got from MATLAB software confirm that the control strategy provides satisfactory response
and strong stability.
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Il. BACK-TO BACK DIODE-CLAMPED CONVERTER SYSTEM

Basically, Three-level diode-clamped converter/inverter [9]. The neutral point converter proposed by Nabae,
Takahashi, and Akagi in 1981 was essentially a In the 1990 several researchers published articles that have
reported experimental results for four-, five-, and six-level diode-clamped converters for such uses as static var
compensation, variable speed motor drives high voltage, and high voltage system interconnections [10-13]. A
three-phase seven-level diode-clamped converter as shown in Fig.3.
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Fig. 3. three-phase seven-level diode-clamped converter circuit diagram.

As shows in Fig.3. The number of clamping diodes increases substantially with the voltage level VSC station
system, for example 7 - level voltage, the number of IGBT required for circuit system will be 6(m-1) about 36
IGBT set, the number of diode required for circuit will be 3(m-1).(m-2) about diodes are using 90 set (Power
diode) and , the number of capacitor required the dc capacitor it means equation (m-1) about 6 capacitor per
phase (Cdcl-Cdc6). Each of the three phases of the converter shares a common dc bus, which has been
subdivided by six capacitors into seven levels. The voltage across each capacitor is VVdc, and the voltage stress
across each switching device is limited to Vdc through the clamping diodes. Table 1.1 illustrated lists the output
voltage levels possible for one phase of 7-level diode-clamped converter using the negative dc rail voltage Vq
as a reference. State condition “1”means the switch is on, and “0” means the switch is off. Note phase has seven
complementary switch pairs such that turning on one of the switches of the pair requires that the other switch be
turned off. The complementary switch pairs for phase leg a are (Sal Sa’l), (Sa2, Sa’2), (Sa3, Sa’3), (Sa4, Sa’4),
(Sa5, Sa’s) and (Sa6, Sa’6). For a 7-level converter, a set of six switches is on at any given time. Advantages
for all the phases share a common dc bus, which minimizes the capacitance requirements of the converter. For
this reason, a back-to-back topology is not only possible but also practical for uses such as a high-voltage back-
to-back inter-connection. The capacitors can be pre-charged as a group. Efficiency is high for fundamental
frequency switching. For disadvantages: Real power flow is difficult for a single inverter because the
intermediate DC levels will tend to overcharge or discharge without precise monitoring and control. The number
of clamping diodes required is quadratic ally related to the number of levels, which can be cumbersome for units

with a high number of levels [10],[11].
TABLE |

Diode-Clamp 7-level Converter Voltage Levels and corresponding switch states
“1”means the switch is on, and “0” means the switch is off.

Switch State
Output(Vab) | Sa6 | Sa5 | Sa4 | Sa3 | Sa2 | Sal | Sa6” | Sa5” | Sa4’ | Sa3’ | Sa2’ | Sal’
V7 =6Vdc 1 1 1 1 1 1 0 0 0 0 0 0
V6 =5Vdc 0 1 1 1 1 1 1 0 0 0 0 0
V5 = 4Vdc 0 0 1 1 1 1 1 1 0 0 0 0
V4 = 3Vdc 0 0 0 1 1 1 1 1 1 0 0 0
V3 =2Vdc 0 0 0 0 1 1 1 1 1 1 0 0
V2 =Vdc 0 0 0 0 0 1 1 1 1 1 1 0
V1i=0 0 0 0 0 0 0 1 1 1 1 1 1
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Fig. 4. (a) The timing diagram of gate voltage waveforms for driver (b) voltage waveform resulting line-line voltages (Vab) corresponding
for seven-level diode-clamped converter.

As shown in figure (Fig.4 (a) and Fig(b)) illustrate that the smallest distortion is obtained of multilevel SPWM
with modulation (ma = 1) by phase level shifted carriers angle 45 deg for seven-level SPWM with carrier-
based PWM techniques and designs setting switching frequency (fs=10kHz). The line-line voltage is an 13-level
staircase waveform voltage, this means that an m-level diode-clamped converter has an m-level output phase
voltage and a (2m-1) level output line voltage. The line voltage consists of a positive and negative phase-leg (a-
b) voltages about (Vab = Val+Va2+va3+vad+Va5+Va6+Va7) [14].

I11. VOLTAGE SOURCE CONVERTER BASED HVDC TRANSMISSION

As schematically shown in Fig. 5 shows the circuit diagram configuration of a proposed voltage source
converter (VSC) interconnection between from Thailand station (1) to Malaysia (2) station with control of an
asynchronous back to back VSC-HVDC system, each station(1) and (2) rated 300MW/(+/-300kV DC), which
uses 7-level SPWM converter topology. The sending and receiving VSC station have same topology structure.
The AC system in Thailand station converter is rated at 3x116MVA,230kV/122.24kV/822A/50Hz, and
Malaysia station converter is rated about at 3x116MVA,275kV/122.24kV/822A/50Hz. The rectifier and the
inverter are interconnected through a 110km cable (i.e. 2 pi section) and DC filter connected smoothing reactor
(L) and capacitor (C1=C2). The two terminals are interconnected by a DC link. Each station consist of phase-
shift transformer winding, transformer with two separated winding (delta and wye) one wye primary winding
and two secondary winding (A /Y ), similar to a 12-pulse rectifier system, cancellation of the 5™ and 7" can be
achieved on the primary side of the transformer to the degree that these currents are balanced in each of the
transformer secondary windings, illustrate current waveform simulation by MATLAB as shown in figure

(Fig.6.).
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Fig. 5. The two-terminal VSC system, Voltage Source Converter (VSC) Based HVDC Transmission system configuration.
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We apply Kirchhoff’s voltage Law (KVL) is deduction of the power static equations withi power delivered to the
stiff grid. Expressing complex power Eq(3), and as shown single line diagram of equivalent circuit of power
flow as shown in figure ( Fig.7.).
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Fig. 7. Phasor diagram and the single line diagram of equivalent circuit of inductance (WL) and resistance (R), the total impedance coming
from transformer and phase reactor, point (Vs) is the PCC of the grid ac system, Point (\Vc) is the voltgae source converter (VSC), (a) A
typical configuration of a VSC converter terminal (b) active and reactive power flows (P+ and Q+) and (c) active and reactive power flow

(P- and Q-).

IV.MODELLING CONTROLLER FOR 7-LEVEL DIODE-CLAMPED INVERTER

This paper describes the operation and control of the VSC based HVDC transmission system has been proposed
using by Direct Power Control (PQ) controlled multilevel voltage source converter with 7-level SPWM. The
modelling block diagram consists of PLL (phase Lock Loop) used control with the line voltages and also to
compute the transformation angle used in the d and g-axis, using by the sine-cosine-ROM is vital for in-phase
strategy controller wave form. We obtain current (la,Ib,Ic) and voltage (Va,Vb,Vc) it is that flow pass LPF is
1*-order low-pass filter that LPF (low- Pass Filter) frequency signals setting of design Cut-off frequency
(f.=1000Hz).
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In equation Eq(1), gives that active power (P) is proportional to the DC current and DC voltage.
Furthermore it is mainly determined by the phase-displacement angle (5). A positive phase-shift results in that
the active power flows from the AC network to the converter. However the reactive power is mainly determined
by the difference between the magnitudes of magnitudes of the AC bus voltage and the converter output voltage
as shown in figure (Fig.7(a)) according to the Eq (1). The reactive power (Q) is fed from the voltage with higher
magnitude towards the voltage with the lower magnitude.In equation Eq (2) - Eq (3), obtain current (la, 15) in
the stationary reference frame (a, B), and transform to d-q transformation block current (Id, Ig) and voltage
(Vd,vq) [15]. The decoupled system (Inner-controller) consist fo two axis id-command and ig-command
components, in order to the performances of current Pl-controllers in such system, cross-coupling terms current
feed forward (id & iqg) as shown in figure (Fig.8). The PQ- theory power components are then calculated from
voltages and currents in the value of dg-coordinates by using coordinates transformation. In this with the
concept of d-q transformations in mind, we will discuss the mathematical representation of Single-line
representation of voltages source converter (VSC). PQ-calculated, mean value of the instantaneous real power
(P). It corresponds to the energy per time unity that is transferred from the power source to the load, in a
balanced way, through the a-b-c coordinates (it is, indeed, the only desired power component to be supplied by
the power source). It is also important to note that the three-phase instantaneous power (P) can be written in
coordinates systems, a-b-c and dg- coordinates transform. Mean value of instantaneous imaginary power (Q),
has to dg with power (and corresponding undesirable currents) that is exchanged between the system phases,
and which does not imply any transference or exchange of energy between the power source and the load, can
be written in both coordinates systems, a-b-c and dg- coordinates transform, in a-b-c coordinates the following
expression is obtained the three-phase power source voltage can be easily as shows in equation Eq (4). In
addition, in equation Eq (5), Eq (6), Eq (7) shows that there exist coupling between two axis components,
however, the PI current controllers have no satisfactory tracking performance when they have to regulate
coupled systems. Therefore, in order to improve the performances of the PI current controllers in such systems,
cross-coupling terms (Inner (Id&Iq) Controller) and current feed forward is usually convenient to used
[8],[25],[16],[17],[18],[19],[20]. We get the steady fundamental component Van,Vbn,Vcn by controllers
proportional of Vrd* and Vrg* transformations voltage variation.
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Vrd*:-( nd +?j(|d* id) + wLig (6)
Vrg* = -(kpq+k;—qj(id *_id) - wLid (7)
TABLE 11
Main system parameters the tester experimental & simulation
Parameter Rated-Value Per
unit
Station 1 (Rectifier Grid line VVoltage 230kV(Base) 1.0
Side) Thailand Frequency 50Hz(Base) 1.0
Rated Power 348MVA(Base) 1.0
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SCC, Impedance TR (Z) | 11.20% -
Phase Shift Transformer | 3x116MVA/230kV/ -

(Y/AIY) 122.24kV/822A
Station 1 (Inverter Grid line Voltage 275kV(Base) 1.19
Side) Malaysia Frequency 50Hz(Base) 1.0
Rated Power 348MVA(Base) 1.0

SCC, Impedance TR (Z) | 11.20% -
Phase Shift Transformer | 3x3116MVA/230kV/ | -

(YIAIY) 122.24kV/822A
VSC 7-Level Rated Power 300MVA 0.86
Diode-Clamped Switching frequency 10kHz 200
SPWM Converter Number of Phase level 12 -

shift multi-carrier Waves
for 7-level SPWM
Phase level shift angle 45deg -

Power IGBT/Diode 1200A/1200V -

LC-Filter HVDC L1,L2=1mH -

Voltage Output C1,C2 = 85uF

Reactor &Capacitor

HVDC Voltage Output +300 kVDC 1.3
Cable:2400mm?1563 | 110km x2 cable L = 0.159mH/km -
A/321.5kV (R=0.0139CYkm) C = 23.1uF/km
Converter Reactor Reactor 300uH -
Power Control Kp(P), Ki(P) 8, 10 -
Active Power (P)
Power Control Kp(Q), Ki(Q) 4, 10 -
Reactive Power (Q)
Inner (Id) Control Kp(id) , Ki(id) 0.75 , 100 -
Inner (Ig) Control Kp(iq) , Ki(iq) 0.75 , 100 -
AC Voltage Control Kp(vac), Ki(vac) 20, 10 -
Vdc Voltage Control Kp(vdc) , Ki(vdc) 20, 10 -

Table 1. describes main system parameters for the tester experimental and simulation by MATLAB Simulink
with 7-level Diode-Clamped SPWM converter. The performance of proposed PQ-control with dg-axis
(censoring), dg-axis(command) and dg-axis, the controller design the inner control loop in d-axis and g-axis
control can be done independently. Tuning of PI controllers in the current loops approach is to use the axis
decoupling by means of feed forward control loops must be turn, the PI controllers in the outer control loops
must be tuned to achieve a reasonable crossover, by in case short duration time. The parameter form a table for
setup for design and improvement voltages source converter for containing load rating of 300MW for
interconnection between from Thailand (station1) to Malaysia (station2) station with control of an asynchronous
back to back VSC-HVDC system.

V.STUDY RESULTS

The consideration AC side perturbations, given the converterl at rectifier-side (station 1)and converter
2 at the inverter side (station 2) was the controller designs are identical. An asynchronous back-to-back HYDC
link based on VSC converter rated at 348kVA (£300 kVDC) employing 7-level Diode-Clamped SPWM
converter hardware prototype as shown in figure Fig.9(a), Fig.9(b) and Fig.9.(c), the PWM has been tested for
amplitude with modulation index (ma =0.5,0.8) with sine wave with multicarrier waves (phase level shift) for
three phase seven level SPWM system. The MATLAB Simulink, In order to test the dynamic responses of the
VSC-HVDC regulators, two test cases have been studied. AC side perturbation, A two phase to ground fault
was first applied at t = 0.2 sec to 0.3 sec at station 1 (Thailand) in order to investigate the behaviour of VSC-
HVDC during unbalance faults. A three-phase to ground fault (Interruption short duration time) is applied at
station 2 (Malaysia) at time, t = 0.45 sec to 0.55 sec is decreased to 0.0 pu and recovers fast and
successfully to 1.0 pu. As usually t < 0.20 sec, the system operates in normal conditions and at t > 0.30
sec, station 1 is de-energized to clear the fault and at t> 0.55 sec, station 2 is de-energized to clear the fault, as
shown in figure (Fig.10)- (Fig.12).
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DC voltages drops and it contains an oscillation during the fault. and (b) a three-phase to ground fault (Interruption short duration time)is
applied at station 2 (Malaysia) at time, t = 0.45 — 0.55 second, it is consideration of the DC voltages drops an oscillation during the
interruption fault.
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Fig. 11. MATLAB Simulation waveforms of the studied system as usually t < 0.20 sec power flow active power +P(0.5p.u) and reactive
power +Q(0.25p.u) at station 1(rectifier side), power flow active power —P (0.5p.u) and reactive power —Q (0.25p.u) at station 2 (inverter
side) for the system operates in normal conditions and system under test case for fault condition (a) a two-phase to ground fault at AC side
perturbations in station 1 (Thailand) about AC voltage (Vpri), AC current (Isec), Pdg-coordinates, active power (+P) flow is 0.5p.u,
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transmitted from VSC1 to VSC2 at the rectifier side and oscillation Qdg-coordinates, reactive power (-Q) decreased 0.5 p.u. during the fault
with short duration time start of period 0.20 — 0.30 second. and (b) a three-phase to ground fault (Interruption short duration time) is
applied at station 2 (Malaysia) at time, t = 0.45 — 0.55 second, at t > 0.55 sec, station 2 is de-energized to clear the fault.
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Fig. 12. MATLAB Simulation waveforms of the studied system under test case (a) a two-phase to ground fault with short duration time

start of period 0.20 — 0.30 second and at three-phase to ground fault (Interruption short duration time) at time, t = 0.45 — 0.55 second of
AC side perturbations in station 1 (Thailand) and at station 2 (Malaysia) about real time value of AC voltage (Vpri), DC voltage and DC
current and (b) Vdc Voltage Controller and AC voltages controller for performance testing case of AC side perturbations with signal error
compensated.

V1. CONCLUSION

In this paper, we have presents a control strategy of PQ-control to the multilevel converter (MC) with the phase
level shift algorithm for 7-level Diode-Clamped SPWM converters topology technique for the realization of
HVDC system. The feed-forward decoupled current control algorithm (inner control loop) in d-axis and g-axis
control can be done independently. Tuning of PI controllers in the current loops approach is to use the axis
decoupling by means of feed forward control loops must be turn. The power flows that the active power (P) and
reactive power (Q) can be controlled with no mutual interference. In addition, the performance of the VSC-
HVDC from the simulation, it can fulfil fast and bi-directional power transfers was verified by fault condition
(one to two phase to ground fault and three-phase to ground fault (Interruption short duration time), when the
fault is cleared, normal operation is recovered fast. This study also provides guideline to further analyse. In the
future, simulations should be carried out to identify the appropriateness of the controllers.
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