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ABSTRACT

The necessity to deliver cost effective energy in the power market has become a major concern in this emerging
technology era. Therefore, establishing a desired power condition at the given points are best achieved using
power controllers such as the well known High Voltage Direct Current (HVDC) and Flexible Alternating
Current Transmission System (FACTS) devices. High Voltage Direct Current (HVDC) is used to transmit large
amounts of power over long distances. The factors to be considered are Cost, Technical Performance and
Reliability. A Flexible Alternating Current Transmission System (FACTS) is a system composed of static
equipment used for the AC transmission of electrical energy. It is meant to enhance controllability and increase
power transfer capability of the network. It is generally a power electronics-based system. A Unified Power
Flow Controller (or UPFC) is a FACTS device for providing fast-acting reactive power compensation on high-
voltage electricity transmission networks. The UPFC is a versatile controller which can be used to control
active and reactive power flows in a transmission line. The focus of this paper is to identify the improved Power
Transmission Capability through control scheme and comprehensive analysis for a Unified Power Flow
Controller (UPFC) on the basis of theory, computer simulation. The conventional control scheme cannot
attenuate the power fluctuation, and so the time constant of damping is independent of active- and reactive-
power feedback gains integrated in its control circuit. The model was analyzed for different types of faults — at
different locations, keeping the location of UPFC fixed at the receiving end of the line, With the addition of
UPFC, the magnitude of fault current and oscillations of excitation voltage reduces. Series and Shunt parts of
UPFC provide series and shunt injected voltage at certain different angles.

KEYWORDS: Flexible ac transmission system (FACTS), High-voltage dc transmission (HVDC), FACTS
devices, Power transfer controllability, PWM, Faults in HVDC System

I. INTRODUCTION

The rapid development of power systems generated by increased demand for electric energy initially
in industrialized countries and subsequently in emerging countries led to different technical problems
in the systems, e.g., stability limitations and voltage problems. However, breaking Innovations in
semiconductor technology then enabled the manufacture of powerful thrusters and, later of new
elements such as the gate turn-off thrusters (GTO) and insulated gate bipolar transistors (IGBT).
Development based on these semiconductor devices first established high-voltage dc transmission
(HVDC) technology as an alternative to long-distance ac transmission. HVDC technology, in turn,
has provided the basis for the development of flexible ac Transmission system (FACTS) equipment
which can solve problems in ac transmission. As a result of deregulation, however, Operational
problems arise which create additional requirements for load flow control and needs for ancillary
services in the system. This paper summarizes Flexible ac transmission system (FACTS),High-
Voltage DC Transmission (HVDC), FACTS devices, Power transfer controllability, Faults in HVDC
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System are discussed in this paper to explain how greater performance of power network
transmission with various line reactance can be achieved.[1,2].

(a) Reduced maintenance (b) Better availability

(c) Greater reliability (d) Increased power

(e) Reduced losses (f) Cost-effectiveness
During the state of power exchange in interconnected lines to a substation under variable or constant
power, the HVDC converters comprehends the power conversion and later stabilizes the voltage
through the lines giving a breakeven margin in the power transmission. The first large-scale thyristors
for HVDC were developed decades ago. HVDC became a conventional technology in the area of
back-to-back and two- terminal long-distance and submarine cable schemes [3]. However, only few
multi terminal schemes have been realized up to now. However, further multi terminal HVDC
schemes are planned in the future (Fig. 1). The main application area for HVDC is the interconnection
between systems which cannot be interconnected by AC because of different operating frequencies or
different frequency controls. This type of interconnection is mainly represented by back-to-back
stations or long-distance transmissions when a large amount of power, produced by a hydropower
plant, for instance, has to be transmitted by overhead line or by submarine cable. HVDC schemes to
increase power transmission capability inside of a system have been used only in a few cases in the
past. However, more frequent use of such HVDC applications can be expected in the future to fulfill
the requirements in deregulated [4, 6].

U

Fig 1 Various types of HVDC Connections

Static var compensators control only one of the three important pameters (voltage, impedance, phase
angle) determining the power flow in ac power systems: the amplitude of the voltage at selected
terminals of the transmission line. Theoretical considerations and recent system studies (1) indicate
that high utilization of a complex, Interconnected ac power system, meeting the desired objectives for
availability and operating flexibility, may also require the real time control of the line impedance and
the phase angle. Hingorani (2) proposed the concept of flexible ac transmission systems or FACTS,
which includes the use of high power electronics, advanced control centers, and communication links,
to increase the usable power transmission capacity to its thermal limit. [5].

When using carrier based Pulse Width Modulation (PWM), its switching frequency has to be
increased (typically, 33 times fundamental frequency even higher) [17], which cause considerable
power losses. It reduces the total efficiency and economy of the UPFC-HVDC project. And they are
also the Impediments for equipment aimed at the green, renewable Sector. Therefore, with regard to
PWM technology suited for UPFC-HVDC, how to reduce switching frequency and possess good
harmonics performance, excellent transient control capability simultaneously become critical. And
this is exactly the aim of the paper. The paper presents an innovative hybrid PWM technology, which
comprises a combination of a first PWM with a first switching pattern and a second PWM with a
second switching pattern. Hence during a first mode of operation, which may be a steady-state
operation, the converter is controlled by the first PWM and during a second mode of operation, which
may be a transient operation, the converter is controlled by the second PWM. An intelligent detection
function which enables the modulation and the corresponding control system will smoothly switch
from the first PWM to the second PWM and vice-versa when a disturbance causing a transient occurs.
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The development of FACTS-devices has started with the growing capabilities of power electronic
components. Devices for high power levels have been made available in converters for high and even
highest voltage levels. The overall starting points are network elements influencing the reactive power
or the impedance of a part of the power system. The series devices are compensating reactive power.
With their influence on the effective impedance on the line they have an influence on stability and
power flow. The UPFC provides power flow control together with independent voltage control [7].
The main disadvantage of this device is the high cost level due to the complex system setup. The
relevance of this device is given especially for studies and research to figure out the requirements and
benefits for a new FACTS-installation. All simpler devices can be derived from the UPFC if their
capability is sufficient for a given situation.[8].

II. HVDCAND FACTS

2.1 HVDC Converters and Functionalities for Power Transmission Enhancements.
During the state of power exchange in interconnected lines to a substation under variable or constant
power, the HVDC converters comprehends the power conversion and later stabilizes the voltage
through the lines giving a break even margin in the power transmission [9, 4]. The operation of
HVDC filters any system harmonics developed in the network and improves the power transmission
to the receiving end by independently adjusting the real and reactive power control. The significance
of HVDC controller considered as part of FACTS family device is a structure of the back-to-back
converter that governs the conversion of ac-dc-ac; like FACTS [9,12,14]. HVDC is assigned for
frequency and phase independent short or long distance overhead or underground bulk power
transmission with high speed controllability [9, 4]. This provides greater real power transmission and
less maintenance. It reduces the chances of installing power cables Especially in difficult transmission
that travels under water [4, 10]. By making use of the back-to-back converters, power transmission
under non-synchronous ac systems is easily adaptable. The installation of smoothing reactor the DC
Current and reactive power compensation at the sending and Receiving-ends smoothing reactor and
AC harmonics filter as Shown in Fig. 1. The installation of HVDC also depends on the dc voltage and
current ratings desired in the network that Yields for optimum converter cost. The converters
terminate. The DC overhead lines or cables that are linked to AC buses and network [9].HVDC used
for submarine cables connection will normally have 12-pulse converters as shown in Fig. 1 and Fig. 3.
The bridge converter circuit contains delta and Wye type transformer. The transformer windings filter
out system harmonics that occur by using the 6-pulse Graetz bridge converter [10]. Passive filters
involved components like reactors, capacitors and resistors are the ones that remove the Harmonics
[9]. For instance harmonics filtration Insulated Gate Bipolar Transistor (IGBT) or gate-turn-off
thyristors (GTO) are the passive filters used for HVDC connection [9].

Smoothing Reacior

7

:
5 b
3

i

2
AC Bus

Fig. 2 HVDC terminal station in cable transmission [1]
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Fig.3 Schematic diagram of HVDC back-to-back converter station [9].

The operation of HVDC is restricted when network system contains low short circuit ratios.
Therefore, insulation in the HVDC is essential in such cases. However, this does not

Restrict the converter stations operation. The HVDC insulation must withstand the stress produced in
ac and dc voltages to allow full operation of HVDC in the lines. In addition to this Graetz’s theory is
applied into the system to measure system harmonics occurring in the system to further allow energy
conversion in the HVDC system.
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Fig. 4 Transfor.mers and valve in 12-p1ilse bridge converter
2.2 Operation Condition of HVDC converter
Rectification of voltage-current using the sending-end converter, pole 1 filters the system harmonics
and ‘noises’ Occurring in the transmission. When power is filtered, the Conversion from DC is direct
back into the AC line at the Receiving-end of the HVDC pole 2 (Fig. 2). This sequence Operated
instantaneously when matching the AC and DC Voltages during the conversion process.
Requirements for this Conversion must have adequate impedance either on the AC or DC side of the
HVDC [10], see Fig. 3. The availability of the Smoothing inductors is to control the pulses of constant
current flows into the transformer’s secondary windings. This is because the transmission current has
pulses travels from the Primary side of the transformer, which have specific types of Connection and
ratio [9]. Thyristor schemes are more feasible in the converters. HVDC and FACTS used this scheme
to generate automated switching for close accuracy in their voltage conversion. The HVDC rectifier
produces commutation effects when power is fired into the pulses from the thyristor. The rectified
power is only then sent to the inverter for power inversion back to the AC line with the required
frequency at the receiving-end.
For an optimal converter utilization and low peak inverse Voltage across the converter valves, typical
3-phase bridge Converter is normally used. Simple transformers that installed in the lines resist
voltage variation and high direct voltages when insulated. The assumption and representation of
HVDC block-set are expressed in equations (5) to (17) for MATLAB.

404 | Vol. 1, Issue 5, pp. 401-416



International Journal of Advances in Engineering & Technology, Nov 2011.

OIJAET ISSN: 2231-1963
Idc = (VRdc_VIdc_Rchdc)/de _____________________________ (D)
x, = K, (Izgo = 1,.) @)
X, =K,(Iy—1,) (3)
V ndc I ndc
P km = S V Rdc I dc (4)
V.1
ka = \/Srz - [% VRchdc ]2 (5)
v .1
L e T (6)
Sn
Vi, g
Q. = \/SI2 _[%Vldcldc]z """" 7
The assumptions for the algebraic equations are then
cosa=x,+K,(I,,—1,) --------n-mmmmmmmmev 8)
2
V ede =ivk cosa—in cosa — 3 I, )
I1 IT IR
V.
I = —£ --(10)
Ny
32 3
Vldc = H Vm COS(H_y)_HXtIIdC """ (11)
3\/5 Vn cIn c
Si=1 —gn VL oo (12)
\%
Iy="" - (13)
m,
TABLE 1: HVDC data format in MATLAB
S.NO VARIABLE DESCRIPTION UNIT
1 k Sending bus(SE) Int
2 m Receiving end (RE) Int
3 Power rating MVA
S n
4 V.. Voltage rating at (SE) KV
5 1% Voltage rating at (RE) KV
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6 f Frequency rating Hz
7 V ) Z . DC voltage rating KV
8 I DC current rating KA

ndc
9 X . Transformer reactance (rectifier) p.u
10 X Transformer reactance (inverter) p.u
ti
11 M ) Tap ratio (rectifier) p-u
12 M . Tap ratio (inverter) p-u
i
13 K . Integral gain 1/s
15 K , Proportional gain p.u/p.u
15 R e Resistance of the DC connection ohm
16 de Inductance of DC connection H
17 a/r - Max. firing angle Deg
18 . Min. firing angle Deg
min
19 7/’ : Max. extinction angle Deg
Imax
20 ¥ Min. extinction angle Deg
i
21 - Max. reference current (rectifier) p.u
max
22 - Min. reference current (rectifier) p.u
romin
23 I Max. reference current (inverter) p.u
iomax
24 I . Min. reference current (inverter) p-u
iomin

This expression represents a single DC line circuit with two AC/DC converters connected as a RL
circuit. The MATLAB has PI controllers to control the extinction angle and also the firing angle of
the HVDC [6]. The type of HVDC used and available in MATLAB is a thyristor based model.

2.3 Flexible AC Transmission System (FACTS)

The objective of incorporating FACTS is into the power system lines are similar to HVDC but greater
flexibility are involved like improving real power transfer capability in the lines, prevention of sub-
synchronous resonance (SSR)oscillations and damping of power swings [9]. FACTS devices have
four well- known types which are used in many power systems in the world [9, 4, 10]. * Single * type
controller is the types of FACTS that installed in series or shunt in an AC transmission line, while
unified ’ type controller are the combined converters type of FACTS controllers like UPFC and
HVDC. The size of a controller is dependent on the requirements of the network and desired power
transmission at loading point Voltage Source Controller (VSC) is sinusoidal voltage and is used in
power system and other application. The quality of the sine wave is dependent on the size or amount
of the power electronics installed. The following types of FACTS devices are VSC type based
controllers:
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(a) Shunt controller: example device, STATCOM emulates like a variable inductor or can be a
capacitor in shunt or parallel connection in the transmission line. This type of device is capable of
imitating inductive or capacitive reactance in turns to regulate line voltage at the point of coupling.
Shunt controller in general controls the voltage injection [4].

(b)Series controller: example device, SSSC emulates like a variable inductor or a capacitor in series
with a transmission line and it imitates inductive or capacitive reactance in turn to regulate effective
line reactance between the two ends. Series controller in general controls current injection [4].

(c) Shunt-series controller: can be a standalone controller as STATCOM and SSSC. This type of
controller is a reactive compensator with the exception of producing its own losses. It is also
recognized as “unified” controller and requires small amount of power for DC circuit exchange
occurring between the shunt and series converters [4]. See Fig.2 for shunt- series controller.
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Fig. 5 Series-shunt compensator, UPFC

III. SIMULATION RESULTS

The rectifier and the inverter are 12-pulse converters using two Universal Bridge blocks connected in
series. The converters are interconnected through a 110-km line and 0.78H smoothing reactors as
shown in Fig 5(a).The converter transformers (Wye grounded/Wye/Delta) are modeled with Three-
Phase Transformer (Three-Winding) blocks. The transformer tap changers are not simulated. The tap
position is rather at a fixed position determined by a multiplication factor applied to the primary
nominal voltage of the converter transformers (0.90 on the rectifier side,0.96 on the inverter side).
The HVDC transmission link uses 12-pulse thyristor converters. Two sets of 6-pulse converters are
needed for the implementation stage. AC filters and DC filters are also required to minimize
harmonics.
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Fig. 5(a) Simulink diagram of the HVDC Circuit
The firing-angle control system is configured based on two 6-pulse converters in series, one of which
is operated as a modified HVDC bridge. The HVDC power converters with thyristor valves will be
assembled in a converter bridge of twelve pulse configuration. This is accomplished by star-star
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connection and star-delta connection. Reduction of harmonic effects is another factor of investigation.
Here, MATLAB/SIMULINK program is used as the simulation tool.

Two 6-pulse Graetz bridges are connected in series to form a 12-pulse converter. The two 6-pulse
bridges are 275Kv, 60 Hz totally identical except there is an in phase shift of 30° for the AC supply
voltages. Some of the harmonic effects are cancelled out with the presence of 30° phase shift. The
harmonic reduction can be done with the help of filters. The firing angles are always maintained at
almost constant or as low as possible so that the voltage control can be carried out. Six or eight of
equal rating bridges are the best way to control the DC voltage. More than these numbers of series
bridges are not preferable due to the increase in harmonic content. The control of power can be
achieved by two ways i.e., by controlling the current or by controlling the voltage. It is crucial to
maintain the voltage in the DC link constant and only adjust the current to minimize the power loss.
The rectifier station is responsible for current control and inverter is used to regulate the DC voltage.
Firing angle at rectifier station and extinction angle at inverter station are varied to examine the
system performance and the characteristics of the HVDC system. Both AC and DC filters act as large
capacitors at fundamental frequency. Besides, the filters provide reactive power compensation for the
rectifier consumption because of the firing angle.

The main circuit of an UPFC is rated at 10 kVA and its circuit parameters are represented in Fig .5.
The main circuit of the series device consists of three single-phase H-bridge voltage-fed Pulse Width
Modulation (PWM) inverters. A PWM control circuit compares reference voltage VC with a
triangular carrier signal of f,=1 kHz in order to generate twelve gate signals. An equivalent switching
frequency is 2 kHz, which is twice as high as f,, because three H-bridge PWM inverters are used. The
AC terminals of the PWM inverters are connected in series through matching transformers with a turn
ratio of 1:12. Since the rms voltage of the series device is 12 V, a kilovolt ampere rating of which is
11% of the controllable active power of 10 kW flowing between Vs and Vr.

Fig. 5(a), Shows HVDC system with UPSC the real power Output in the line is controlled to obtain
steady-state condition. when system harmonics is introduced. The weak power Transmission normally
occurring in long transmission lines was studied using MATALB. The diagram given in Fig. 5 shows
the computational layout of HVDC which is simulated for damping system harmonics and
rectification as well as with power inversion in its converters. Simulation of HVDC System carried
out using MATLAB / SIMULINK with UPFC and Simulation results was presented to create
oscillations with the line current and power waveforms during the power transmission. Fig 7 to Fig
14 shows the simulation results of HVDC system when three phase , Line to Ground and double
line ground with and with out UPSC. From the simulations results , it is observed that when different
types of faults i.e. three phase ., Line to Ground and Double Line to ground occurs the system are
having more oscillations and system takes more time to reach the steady state operation.. By using
UPFC the system reduces oscillation and thereby enhanced the power transfer capability of HVDC

)T

i

T MR S
R

Fig: 6 Simulation Result HVDC system
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In Fig. 6, fault is created in phase A of the rectifier bus at t=0.03sec, it results in unbalancing of the
phase voltages and generates harmonic oscillations in DC voltages and currents. The DC voltages and
currents of the rectifier are distorted and attain peak values up to 0.9 per unit and 0.016per unit
respectively at time t=0.12sec.

Fig.7 Simulation Result HVDC system when three phase fault occurs on Inverter

In Fig .7, it is observed that a 3-phase fault is created in the inverter side of HVDC system. The PWM
controller activates and clears the fault. The fault clearing can be seen first by a straight line of ‘0’
voltage between t=0.03sec to t=0.08sec. Before the fault a Vabc=0.17pu and Iabc=0.15pu. After the
fault is cleared at t=0.3sec, the recovery is slow and there are oscillations in DC voltage and current of
the magnitude 0.13pu and O.1pu respectively. The rectifier DC voltage and current oscillate and
settles to the prefault values in about 3 cycles after the fault is cleared.

T

Fig 8 Simulation Result HVDC system when three phase facult occurs on Inverter with UPSC

From Fig 8,it is observed that different types of faults i.e., three phase, line to ground and double line
to ground is created in the inverter side of HVDC system at t=0.15 sec. When these faults occur in the
system, it takes more time to reach the steady state operation. The PWM controller activates and
clears the fault. Further, with the addition of UPFC the system reduces oscillations and get pure
sinusoidal waveform at voltage Vabc=0.9 p. u and current Iabc=0.95 p.u at time t=0.15 sec.
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Fig9 Simulation Result for steady state operation of HVDC system on rectifier side.

At the rectifier side, when the fault is applied at time t=0.03sec, voltage and current magnitudes are of
the order of 1pu and 1.5pu respectively and alpha angle is equal to 7 degrees which is shown in Fig
9.1f alpha angle is changed to higher value the system takes longer time to reach steady state .If alpha
value increases, current value decreases. The waveforms obtained at rectifier side are same for
different types of faults.

Fig 10 Simulation Result for steady state operation of HVDC system on Inverter side
At the inverter side, when the fault is applied at time t=0.02sec,voltage and current
magnitudes are of the order of 0.03pu and 0.8pu respectively and extension angle is equal to
180 degrees which is shown in Fig . 10. The waveforms obtained at inverter side are same for
different types of faults.
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Fig 11 Simulation Result for Injected active and reactive powers of HVDC system

Fig 12 Simulation Result for line active and reactive powers of HVDC system
In Fig 12, when a fault is created at time t=0.21sec, the active and reactive power is maintained at
800KW and 400KVAR respectively from time t=0sec to t=0.21sec.At time t=0.27sec both active and
reactive power attain stability and becomes steady state. It is observed that no power fluctuations
occur in P and Q after t=0.27sec.By trial and error, the integral gain is set to be 5, so that the steady
state errors are reduced for P and Q.
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Fig.13 Simulation Result HVDC system when Line to Ground facult occurs on Inverter side

In Fig 13, it is observed that a Line to Ground fault is created in the inverter side of HVDC
system at time t=0.025sec. The PWM controller activates and clears the fault. Before the fault
a Vabe=0.14pu and labe=0.013pu. After the fault is cleared at t=0.08sec, the recovery is slow
and there are oscillations in DC voltage and current of the magnitude 0.2pu and 0.05pu
respectively.

Fig 14 Simulation Result HVDC system when Line to Ground faculty with UPSC

From Fig 14,it is observed that different types of faults i.e., three phase, line to ground and double line
to ground is created in the inverter side of HVDC system at t=0.15 sec. When these faults occur in the
system, it takes more time to reach the steady state operation. The PWM controller activates and
clears the fault. Further, with the addition of UPFC the system reduces oscillations and get pure
sinusoidal waveform at voltage Vabc=0.9 p. u and current labc=0.95 p.u at time t=0.15 sec.
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Fig.15 Simulation Result HVDC system when Double Line to Ground facult occurs on Inverter side

In Fig 15, it is observed that a Double Line to Ground fault is created in the inverter side of HVDC
system at time t=0.02sec. The PWM controller activates and clears the fault. Before the fault a
Vabc=0.17pu and Iabc=0.15pu. After the fault is cleared at t=0.33sec, the recovery is slow and there
are oscillations in DC voltage and current of the magnitude 0.33pu and 0.1pu respectively

AN

Fig 16 Simulation Result HVDC system when Double Line to Ground faults with UPSC

IV. CONCLUSION

According to results that UPFC improves the system performance under the transient and the normal
conditions. However, it can control the power flow in the transmission line, effectively. With the
addition of UPFC, the magnitude of fault current reduces and oscillations of excitation voltage also
reduce. The "current margin" is essential to prevent misfire of the thyristor valves. DC filters and AC
filters can not only eliminate the harmonic effects but also reduce the total harmonic distortion (THD)
as well. The current waveform in the case of a conventional controller has a lot of crests and dents and
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suffers from prolonged oscillations, whereas by using PWM controller, DC current fast returns to its
nominal value. The overshoot in case of the PWM controller is slightly less than conventional
controllers. It is more economical for the HVDC transmission system to transfer more power as the
power factor is almost near to unity and the energy loss is low. UPFC, however, has shown its
flexibility in easing line congestion and promoting a more controllable flow in the lines. HVDC can
be very useful for long transmission lines. It is more recommended in networks or interconnected
lines that have high variation of power demands and complicated network connections with different
power frequencies. UPFC in general is good for promoting line load-ability and pool through
interconnected network buses more effectively. UPFC can be very useful for deregulated energy
market as an alternative choice for more power generation to the load area.
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