LECTURE NOTES
ON

EHVAC AND HVDC TRANSMISSION

2019 — 2020

11 B. Tech Il semester (JNTUH-R17)

Mr. M. KUMARASWAMY, Assistant Professor

Department of Electrical&ElectronicsEngineering

MALLA REDDY COLLEGE
OFENGINEERING&TECHNOLOGY

(Autonomous Institution - UGC, Govt. of India)
Recognized under 2(f) and 12 (B) of UGC ACT 1956

(Affiliatedto JNTUH, Hyderabad, Approvedby AICTE - AccreditedbyNBA& NAAC-‘A’Grade -1S09001:2015 Certified) Maisammaguda, Dhulapally

(PostVia Kompally),Secunderabad-500100, TelanganaState,India




MALLA REDDY COLLEGE OF ENGINEERING AND TECHNOLOGY

111 B.Tech EEE I Sem L T/IPID C
3-/-1-3
(CORE ELECTIVE —I1)
(R17A0216) EHV AC & HVDC TRANSMISSION

COURSE
OBJECTIVES:

« To understand the concept of extra high voltage AC and high voltage DC transmission.

o To study the behavior of line parameters for extra high voltages.
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o To understand the basic concepts of HVDC, HVDC converters.
» To study the effect of harmonics and methods of suppression of harmonics by using
filters.
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Unit-1
Introduction to EHV AC Transmission

ROLE OF EHV AC TRANSMISSION

Industrial-minded countries of the world require a vast amount of energy of
which electrical energy forms a major fraction. There are other types of energy
such as oil for transportation and industry, natural gas for domestic and industrial
consumption, which form a considerable proportion of the total energy
consumption. Thus, electrical energy does not represent the only form in which
energy is consumed but an important part nevertheless. It is only 150 years since
the invention of the dynamo by Faraday and 120 years since the installation of the
first central station by Edison using dc. But the world has already consumed major
portion of its natural resources in this short period and is looking for sources of
energy other than hydro and thermal to cater for the rapid rate of consumption
which is outpacing the discovery of new resources.

This will not slow down with time and therefore there exists a need to
reduce the rate of annual increase in energy consumption by any intelligent society
If resources have to be preserved for posterity. After the end of the Second World
War, countries all over the world have become independent and are showing a
tremendous rate of industrial development, mostly on the lines of North-American
and European countries, the U.S.S.R. and Japan. Therefore, the need for energy is
very urgent in these developing countries, and national policies and their relation to
other countries are sometimes based on energy requirements, chiefly nuclear.
Hydro-electric and coal or oil-fired stations are located very far from load centres
for various reasons which requires the transmission of the generated electric power
over very long distances.

This requires very high voltages for transmission. The very rapid strides
taken by development of dc transmission since 1950 are playing a major role in
extra-long-distance transmission, complementing or supplementing e.h.v. ac
transmission. They have their roles to play and a country must make intelligent
assessment of both in order to decide which is best suited for the country's
economy.

NECESSITY OF EHVAC TRANSMISSION

v With the increase in transmission voltage, for same amount of power to be
transmitted current in the line decreases which reduces 1°R losses. This will
lead to increase in transmission efficiency.

v With decrease in transmission current, size of conductor required reduces
which decreases the volume of conductor.




v The transmission capacity is proportional to square of operating voltages.
Thus the transmission capacity of line increases with increase involtage.

v With increase in level of transmission voltage, the installation cost ofthe
transmission line per km decreases.

v" It is economical with EHV transmission to interconnect the power systems
on a large scale.

v" The no. of circuits and the land requirement for transmission decreaseswith

the use of higher transmission voltages.
ADVANTAGES

Reduction in the current.

Reduction in the losses.

Reduction in volume of conductor material required.

Decrease in voltage drop & improvement of voltage regulation.

Increase in Transmission Efficiency.

Increased power handling capacity.

The no. of circuits & the land requirement reduces as transmission voltage
Increases.

e The total line cost per MW per km decreases considerably with the increase
in line voltage.

AVERAGE VALUES OF LINE PARAMETERS

In order to be able to estimate how much power a single-circuit at a given voltage
can handle, we need to know the value of positive-sequence line inductance and its
reactance at power frequency. Furthermore, in modern practice, line losses caused
by I°R heating of the conductors are gaining in importance because of the need to
conserve energy. Therefore, the use of higher voltages than may be dictated by
purely economic consideration might be found in order not only to lower the
current | to be transmitted but also the conductor resistance R by using bundled
conductors comprising of several sub-conductors in parallel. We will utilize
average values of parameters for lines with horizontal configuration as shown in
Table 1.1 for preliminary estimates.

When line resistance is neglected, the power that can be transmitted depends
upon (a) the magnitudes of voltages at the ends (Es, E;), (b) their phase difference,
and (c) the total positive sequence reactance X per phase, when the shunt
capacitive admittance is neglected.

Thus, P = Es Ersin &/(L.x) ...(1.1)




where P = power in MW, 3-phase, Es, Er = voltages at the sending-end and
receiving end, respectively, in kV line-line, 6 = phase difference between Es and
Er, x = positive-sequence reactance per phase, onm/km, and L = line length, km.

Table 1.1: Average Values of Line Parameters

System EV 400 730 1000 1200
Average Hetght, m 15 18 21 21
Phase Spacing, m 12 15 18 21
Conductor 2% 32 mm 4% 30 mm G 46 mm 8 ¥ 46 mm
Bundle Spacing, m 0.4572 0.4572 - -
Bundle Dha., m - - 1.2 12

r, ohm/Ekm™® 0.031 0.0136 0.0036 0.0027
x, ohim /km (50 Hz) 0.327 0.2732 0.231 0.231
xr 10.55 20 642 85.6

*At 20°C. Increase by 12.5% for 50°C.
From consideration of stability, o is limited to about 30°, and for a preliminary

estimate of P, we will take Es = Er = E.
POWER-HANDLING CAPACITY AND LINE LOSS

According to the above criteria, the power-handling capacity of a single circuit is
P = E2sin d /Lx. At unity power factor, at the load P, the current flowing is

|=Esind/3 ..(12)
and the total power loss in the 3-phases will amount to

p = 31%rL = E2. sin? &.r/Lx* (1.3)
Therefore, the percentage power loss

%p = 100 p/P = 100. sin & .(r/x) ..(1.4)

Table 1.2. shows the percentage power loss and power-handling capacity of lines
at various voltage levels shown in Table 1.1, for 6 = 30° and without series-
capacitor compensation.




Table 1.2 Percent Power Loss and Power-Handling Capacity

Svstern EV 400 730 1000 1200

Perce.ntdge, Power Loss E"'?_ _ 476 £=2.5 Q—U=CI_TS D_D _0.534
Line Lg_ng,!hl km 10.55 20 64.2 556
P =05E%/Lx. MW

400 G670 2860 G000 8625

a00 450 1900 4000 5750

800 335 1430 3000 4310

1000 270 1140 2400 3450

1200 225 930 2000 2875

The following important and useful conclusions can be drawn for preliminary
understanding of trends relating to power-handling capacity of a.c. transmission
lines and line losses.

One 750-kV line can normally carry as much power as four 400-kV circuits
for equal distance of transmission.

One 1200-kV circuit can carry the power of three 750-kV circuits and

twelve 400-kV circuits for the same transmission distance.

Similar such relations can be found from the table.

The power-handling capacity of line at a given voltage level decreases with
line length, being inversely proportional to line length L. From equation
(1.2) the same holds for current to be carried.

From the above property, we observe that if the conductor size is based on
current rating, as line length increases, smaller sizes of conductor will be
necessary. This will increase the danger of high voltage effects caused by
smaller diameter of conductor giving rise to corona on the conductors and
intensifying radio interference levels and audible noise as well as corona
loss.

However, the percentage power loss in transmission remains independent of
line length since it depends on the ratio of conductor resistance to the
positive-sequence reactance per unit length, and the phase difference o
between Es and Er.

From the values of % p given in Table 1.2, it is evident that it decreases as
the system voltage is increased. This is very strongly in favour of using
higher voltages if energy is to be conserved. With the enormous increase in
world oil prices and the need for conserving natural resources, this could
sometimes become the governing criterion for selection of voltage for
transmission. The Bonneville Power Administration (B.P.A.) in the U.S.A.




has based the choice of 1150 kV for transmission over only 280 km length
of line since the power is enormous (10,000 MW over one circuit).

In comparison to the % power loss at 400 kV, we observe that if the same
power is transmitted at 750 kV, the line loss is reduced to (2.5/4.76) = 0.525,
at 1000 kV it is 0.78/4.76 = 0.165, and at 1200 kV it is reduced further to

0.124.

Some examples will serve to illustrate the benefits accrued by using very

high transmission voltages.

Q1.A power of 12,000 MW is required to be transmitted over a distance of

1000km. At voltage levels of 400 kV, 750 kV, 1000 kV, and 1200 kV, determine:
(1) Possible number of circuits required with equal magnitudes for sending and
receivingend

voltages with 30° phase difference;
(2) The currents transmitted; and
(3) The total line losses.

Assume the values of x given in Table 1.1. Omit series-capacitor compensation.
Solution. This is carried out in tabular form.

System, kv 400 750 1000 1200

x, ohm/km 0.327 0.272 0.231 0.231

P=0.5E/Lx, MW 268 1150 2400 3450
i) No. of circuits

(=12000{P) 45 10-11 ] 3—4
iby Current, kA 17.31 9232 6.924 5.7
ic) % power loss, p 4.76 2.5 0.758 0.584

Total power loss, MW 571 300 93.6 T0

The above situation might occur when the power potential of the Brahmaputra
River in North-East India will be harnessed and the power transmitted to West
Bengal and Bihar. Note that the total power loss incurred by using 1200 kV ac

transmission is almost one-eighth that for 400 kV.

EXAMPLES OF GIANT POWER POOLS AND NUMBER OF LINES

From the discussion of the previous section it becomes apparent that the choice
of transmission voltage depends upon (a) the total power transmitted, (b) the
distance of transmission, (c) the %power loss allowed, and (d) the number of
circuits permissible from the point of view of land acquisition for the line corridor.




For example, a single circuit 1200 kV line requires a width of 56 m, 3 — 765 kV
require 300 m, while 6 single-circuit 500 kV lines for transmitting the same power
require 220 m-of-right-of-way (R-O-W). An additional factor is the technological
know- how in the country.

Two examples of similar situations with regard to available hydro-electric
power will be described in order to draw a parallel for deciding upon the
transmission voltage selection. The first is from Canada and the second from India.
These ideas will then be extended to thermal generation stations situated at mine
mouths requiring long transmission lines for evacuating the bulk power to load
centres.

MECHANICAL CONSIDERATIONS IN LINE PERFORMANCE
1.7.1 Types of Vibrations and Oscillations

In this section a brief description will be given of the enormous importance
which designers place on the problems created by vibrations and oscillations of the
very heavy conductor arrangement required for e.h.v. transmission lines. As the
number of sub-conductors used in a bundle increases, these vibrations and
countermeasures and spacings of sub-conductors will also affect the electrical
design, particularly the surface voltage gradient. The mechanical designer will
recommend the tower dimensions, phase spacings, conductor height, sub-
conductor spacings, etc. from which the electrical designer has to commence his
calculations of resistance, inductance, capacitance, electrostatic field, corona
effects, and all other performance characteristics. Thus, the two go hand in hand.

The sub-conductors in a bundle are separated by spacers of suitable type,
which bring their own problems such as fatigue to themselves and to the outer
strands of the conductor during vibrations. The design of spacers will not be
described here but manufacturers' catalogues should be consulted for a variety of
spacers available. These spacers are provided at intervals ranging from 60 to 75
metres between each span which is in the neighbourhood of 300 metres for e.h.v.
lines. Thus, there may be two end spans and two or three sub spans in the middle.
The spacers prevent conductors from rubbing or colliding with each other in wind
and ice storms, if any. However, under less severe wind conditions the bundle
spacer can damage itself or cause damage to the conductor under certain critical
vibration conditions.

Electrically speaking, since the charges on the sub-conductors are of the
same polarity, there exists electrostatic repulsion among them. On the other hand,
since they carry currents in the same direction, there is Electromagnetic attraction.
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This force is especially severe during short-circuit currents so that the spacer
has a force exerted on it during normal or abnormal electrical operation.

Three types of vibration are recognized as being important for e.h.v.
conductors, their degree of severity depending on many factors, chief among which
are: (a) conductor tension, (b)span length, (c) conductor size, (d) type of
conductor, (e) terrain of line, (f) direction of prevailing winds, (g) type of
supporting clamp of conductor-insulator assemblies from the tower, (h) towertype,
(i) height of tower, (j) type of spacers and dampers, and (k) the vegetation in the
vicinity of line. In general, the most severe vibration conditions are created by
winds without turbulence so that hills, buildings, and trees help in reducing the
severity. The types of vibration are: (1) Aeolian Vibration,

(2) Galloping, and
(3) Wake-Induced Oscillations.

The first two are present for both single-and multi-conductor bundles, while
the wake-induced oscillation is confined to a bundle only. Standard forms of
bundle conductors have sub-conductors ranging from 2.54 to 5 cm diameters with
bundle spacing of 40 to 50 cm between adjacent conductors. For e.h.v.
transmission, the number ranges from 2 to 8 sub-conductors for transmission
voltages from 400 kV to 1200 kV, and up to 12 or even 18 for higher voltages
which are not yet commercially in operation. We will briefly describe the
mechanism causing these types of vibrations and the problems created by them.

Aeolian Vibration

When a conductor is under tension and a comparatively steady wind blows
across it, small vortices are formed on the leeward side called Karman Vortices
(which were first observed on aircraft wings). These vortices detach themselves
and when they do alternately from the top and bottom they cause a minute vertical
force on the conductor. The frequency of the forces is given by the accepted
formula

F =2.065 v/d, Hz ...(1.5)
where v = component of wind velocity normal to the conductor in km/ hour, and
d= diameter of conductor in centimetres. (The constant factor of equation (1.5)
becomes 3.26 when v is in mph and d in inches.)
The resulting oscillation or vibrational forces cause fatigue of conductor and
supporting structure and are known as aeolian vibrations. The frequency of
detachment of the Karman vortices might correspond to one of the natural
mechanical frequencies of the span, which if not damped properly, can build up
and destroy individual strands of the conductor at points of restraint such as at
supports or at bundle spacers.




They also give rise to wave effects in which the vibration travels along the
conductor suffering reflection at discontinuities at points of different mechanical
characteristics. Thus, there is associated with them a mechanical impedance.

Dampers are designed on this property and provide suitable points of
negative reflection to reduce the wave amplitudes. Aeolian vibrations are not
observed at wind velocities in excess of 25 km/hour. They occur principally in
terrains which do not disturb the wind so that turbulence helps to reduce aeolian
vibrations. In a bundle of 2 conductors, the amplitude of vibration is less than for a
single conductor due to some cancellation effect through the bundle spacer. This
occurs when the conductors are not located in a vertical plane which is normally
the case in practice. The conductors are located in nearly a horizontal plane. But
with more than 2 conductors in a bundle, conductors are located in both planes.
Dampers such as the Stockbridge type or other types help to damp the vibrations in
the subspans connected to them, namely the end sub-spans, but there are usually
two or three sub-spans in the middle of the span which are not protected by these
dampers provided only at the towers.

Flexible spacers are generally provided which may or may not be designed
to offer damping. In cases where they are purposely designed to damp the sub-span
oscillations, they are known as spacer-dampers. Since the aeolian vibration
depends upon the power imparted by the wind to the conductor, measurements
under controlled conditions in the laboratory are carried out in wind tunnels.The
frequency of vibration is usually limited to 20 Hz and the amplitudes less than 2.5
cm.

Galloping

Galloping of a conductor is a very high amplitude, low-frequency type of
conductor motion and occurs mainly in areas of relatively flat terrain under
freezing rain and icing of conductors. Theflat terrain provides winds that are
uniform and of a low turbulence. When a conductor is iced, it presents an
unsymmetrical cross-section with the windward side having less ice accumulation
than the leeward side of the conductor. When the wind blows across such a
surface, there is an aerodynamic lift as well as a drag force due to the direct
pressure of the wind. the two forces give rise to torsional modes of oscillation and
they combine to oscillate the conductor with very large amplitudes sufficient to
cause contact of two adjacent phases, which may be 10 to 15 metres apart in the
rest position. Galloping is induced by winds ranging from 15 to 50 km/hour, which
may normally be higher than that required for aeolian vibrations but there could be
an overlap.




The conductor oscillates at frequencies between 0.1 and 1 Hz. Galloping is
controlled by using "detuning pendulums" which take the form of weights applied
at different locations on the span. Galloping may not be a problem in a hot country
like India where temperatures are normally above freezing in winter. But in hilly
tracts in the North, the temperatures may dip to below the freezing point. When the
ice loosens from the conductor, it brings another oscillatory motion called
Whipping but is not present like galloping during only winds.

Wake-Induced Oscillation

The wake-induced oscillation is peculiar to a bundle conductor, and similar to
aeolian vibration and galloping occurring principally in flat terrain with winds of
steady velocity and low turbulence. The frequency of the oscillation does not
exceed 3 Hz but may be of sufficient amplitude to cause clashing of adjacent sub-
conductors, which are separated by about 50 cm. Wind speeds for causing wake-
induced oscillation must be normally in the range 25 to 65 km/hour. As compared
to this, aeolian vibration occurs at wind speeds less than 25 km/hour, has
frequencies less than 20 Hz and amplitudes less than 2.5 cm. Galloping occurs at
wind speeds between 15 and 50 km/hour, has a low frequency of less than 1 Hz,
but amplitudes exceeding 10 meters. Fatigue failure to spacers is one of the chief
causes for damage to insulators and conductors. Wake-induced oscillation, also
called "flutter instability”, is caused when one conductor on the windward side
aerodynamically shields the leeward conductor.

To cause this type of oscillation, the leeward conductor must be positioned
at rest towards the limits of the wake or wind shadow of the windward conductor.
The oscillation occurs when the bundle tilts 5 to 15° with respect to a flat ground
surface. Therefore, a gently sloping ground with this angle can create conditions
favourable to wake-induced oscillations. The conductor spacing to diameter ratio
in the bundle is also critical. If the spacing B is less than 15d, d being the conductor
diameter, a tendency to oscillate is created while for B/d > 15 the bundle is found
to be more stable. As mentioned earlier, the electrical design, such as calculating
the surface voltage gradient on the conductors, will depend upon these mechanical
considerations.

Dampers and Spacers

When the wind energy imparted to the conductor achieves a balance with the
energy dissipated by the vibrating conductor, steady amplitudes for the oscillations
occur. A damping device helps to achieve this balance at smaller amplitudes of
aeolian vibrations than an undamped conductor.




A simpler form of damper is called the Armour Rod, which is a set of wires
twisted around the line conductor at the insulator supporting conductor and
hardware, and extending for about 5 metres on either side. This is used for small
conductors to provide a change in mechanical impedance. But for heavier
conductors, weights must be used, such as the Stockbridge, which range from 5 kg
for conductors of 2.5 cm diameter to 14 kg for 4.5 cm. Because of the steel strands
inside them ACSR conductors have better built-in property against oscillations
than ACAR conductors.

RESISTANCE OF CONDUCTORS:

Conductors used for e.h.v. transmission lines are always stranded. Most
common conductors use a steel core for reinforcement of the strength of
aluminium, but recently high tensile strength aluminium is being increasingly used,
replacing the steel. The former is known as ACSR (Aluminium Conductor Steel
Reinforced) and the latter ACAR (Aluminium Conductor Alloy Reinforced). A
recent development is the AAAC (All Aluminium Alloy Conductor) which
consists of alloys of Al, Mg, Si. This has 10 to 15% less loss than ACSR.

When a steel core is used, because of its high permeability and inductance,
power-frequency current flows only in the aluminium strands. In ACAR and
AAAC conductors, the cross-section is better utilized.Fig. 1.1 shows an example of
a stranded conductor.

Sos,
Fig 1.1 Cross-section of typical ACSR conductor.

If ns = number of strands of aluminium, ds = diameter of each strand in metre and

pa =specific resistance of Al, ohm-m, at temperature t the resistance of the

Stranded conductor per km is

R = pa 1.05 x 10%/( 2 /4nd® ns ) = 1337pa ds?ns, OMs ..(1.6)

The factor 1.05 accounts for the twist or lay whereby the strand length is increased
by 5%
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PROPERTIES OF BUNDLED CONDUCTORS

Bundled conductors are exclusively used for e.h.v. transmission lines.

Only one line in the world, that of the Bonneville Power Administration in the
U.S.A., has used a special expanded ACSR conductor of 2.5 inch diameter for
their 525 kV line. Fig. 1.2 shows examples of conductor configurations used for
each phase of ac lines or each pole of a dc line.

CELIA R Y Y

. _® *-,_._.-*i .

(.

- _. o
Single  Twin FCond. 4-Cond. 6-Cand. 8-Cond.

Fig. 1.2 Conductor configurations used for bundles in e.h.v. lines.

As of now a maximum of 18 sub-conductors have been tried on experimental lines

but for commercial lines the largest number is 8 for 1150-1200 kV lines.

INDUCTANCE OF E.H.V. LINE CONFIGURATIONS

Fig. 1.3 shows several examples of line configuration used in various parts of
the world. They range from single-circuit (S/C) 400 kV lines to proposed 1200 kV
lines. Double-circuit (D/C) lines are not very common, but will come into practice
to save land for the line corridor. As pointed out in chapter 2, one 750 kV circuit
can transmit as much power as 4-400 kV circuits and in those countries where
technology for 400 kV level exists there is a tendency to favour the four-circuit

400 kV line instead of using the higher voltage level.

This will save on import of equipment from other countries and utilize the
know-how of one's own country. This is a National Policy and will not be

discussed further.
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Fig. 1.3 E.h.v. line configurations used.

Inductance of Two Conductors

We shall very quickly consider the method of handling the calculation of
inductance of two conductors each of external radius r and separated by a distance

D which forms the basis for the calculation of the matrix of inductance of multi-
conductor configurations.

Fig. 1.4 Round conductor with internal and external flux linkages.
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Figure 1.4 shows a round conductor carrying a current I. We first investigate the
flux linkage experienced by it due, up to a distance X, to its own current, and then
extend it to two conductors. The conductor for the present is assumed round and
solid, and the current is also assumed to be uniformly distributed with a constant
value for current density J = I/pr2. There are two components to the flux linkage:
(1) flux internal to the conductor up to r; and (2) flux external to the conductor
fromr up to x.

Inductance Due to Internal Flux

At aradius y inside the conductor, Ampere's circuital law gives H.dl=

I
H, 2ny=FKirior, H = —=-Y
i .

current enclosed. With a uniform current density J, the current enclosed up to
radius y is ly = y?I/r2. This gives,
Now, the energy stored in a magnetic field per unit volume is

o
I uguy 2
L y*. Joules/m?

1 3
Wy = EI»'CIl-'r'Hy = a2t

Consider an annular volume at y, thickness dy, and one metre length of conductor.
Its volume is (2my.dy.1) and the energy stored is
FPugt, 3
dW= 2y, dy = T;FJ' dy
Consequently, the total energy stored up to radius r in the conductor can be

calculated. But this is equal to , where = Li = inductance of the conductor per

metre due to the internal flux linkage.
Therefore,

Consequently,
L; = pp/ 8, Henry/metre
For a non-magnetic material, g, = 1. With po = 4nx 107 H/m, we obtain the
interesting result that irrespective of the size of the conductor, the inductance due
to internal flux linkage is
L;=0.05 p Henry/metre for p, =1
The effect of non-uniform current distribution at high frequencies is handled in
a manner similar to the resistance.
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Due to skin effect, the internal flux linkage decreases with frequency, contrary
to the behaviour of resistance. The equation for the inductive reactance is (W.D.
Stevenson, 2nd Ed.)

Ber(X)B'er(X)+ Bei( X ). B'ei(X)

[Bler(X)]° + [Blei(X)]>
where Xi(f) = reactance due to internal flux linkage at any frequency f, RO = dc
resistance of conductor per mile in ohms, and X = 0.0636 f /R . [If Rm = resistance
per metre, then X = 1.59 x 103f /Rm. ]

X(f)= Ry (X12).

SEQUENCE INDUCTANCES AND CAPACITANCES

The use of Symmetrical Components for analysing 3-phase problems has
made it possible to solve very extensive network problems. It depends upon
obtaining mutually-independent quantities from the original phase quantities that
have mutual interaction. Following this concept, we will now resolve the
inductances, capacitances, charges, potentials etc., into independent quantities by a
general method. This procedure will be used for many types of excitations other
than power-frequency later on. The basis for such transformations is to impress
suitable driving functions and obtain the resulting responses.

RESISTANCE AND INDUCTANCE OF GROUND RETURN

Under balanced operating conditions of a transmission line, ground-return
currents do not flow. However, many situations occur in practice when ground
currents have important effect on system performance. Some of these are:

(@) Flow of current during short circuits involving ground. These are confined to
single line to ground and double line to ground faults. During three phase to
ground faults the system is still balanced,;

(b) Switching operations and lightning phenomena;

(c) Propagation of waves on conductors;

(d) Radio Noise studies.

The ground-return resistance increases with frequency of the current while the
inductance decreases with frequency paralleling that of the resistance and
inductance of a conductor. In all cases involving ground, the soil is inhomogeneous
and stratified in several layers with different values of electrical conductivity. In
this section, the famous formulas of J.R. Carson (B.S.T.J. 1926) will be given for
calculation of ground resistance and inductance at any frequency in a
homogeneous single-layer soil. The problem was first applied to telephone
transmission but we will restrict its use to apply to e.h.v. transmission lines.
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UNIT-2
Corona Effects

Power Loss and Audible Noise

The average power-handling capacity of a 3-phase e.h.v. line and percentage
loss due to | 2R heating were discussed. Representative values are given below for
comparison purposes.

System kV 400 750 1000 1150
Line Length, km 400 800 400 800 400 800 400 800
3-Phase MW/circuit 640 320 2860 1430 6000 3000 8640 4320
(P=0.5 VI¥xL)

% Power Loss =50 r/x  4.98% 2.4% 0.8% 0.6%
kW/km Loss, 3-phase 80 20 170 425 120 30 130 325

When compared to the 12R heating loss, the average corona losses on several
lines from 345 kV to 750 kV gave 1 to 20 kW/km in fair weather, the higher values
referring to higher voltages. In foul-weather, the losses can go up to 300 kW/km.
Since, however, rain does not fall all through the year (an average is 3 months of
precipitation in any given locality) and precipitation does not cover the entire line
length, the corona loss in kW/km cannot be compared to 1R loss directly.

A reasonable estimate is the yearly average loss which amounts to roughly2
kKW/km to 10 kW/km for 400 km lines, and 20-40 kW/km for 800 km range since
usually higher voltages are necessary for the longer lines. Therefore, cumulative
annual average corona loss amounts only to 10% of I?R loss, on the assumption of
continuous full load carried. With load factors of 60 to 70%, the corona loss will be
a slightly higher percentage. Nonetheless, during rainy months, the generating
station has to supply the heavy corona loss and in some cases it has been the
experience that generating stations have been unable to supply full rated load to the
transmission line. Thus, corona loss is a very serious aspect to be considered in line
design.

When a line is energized and no corona is present, the current is a pure sine
wave and capacitive. It leads the voltage by 90°, as shown in Figure 3.1(a).
However, when corona is present, it calls for a loss component and a typical
waveform of the total current is as shown in Figure 3.1 (b). When the two
components are separated, the resulting inphase component has a waveform which
Is not purely sinusoidal, Figure 3.1 (c). It is still a current at power frequency, but
only the fundamental component of this distorted current can result in power loss.
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(a) (o) (c)
Fig. 3.1 Corona current waveform.

CORONA-LOSS FORMULAE
List of Formulae

Corona-loss formulae were initiated by F.W. Peek Jr. in 1911 derived
empirically from most difficult and painstaking experimental work. Since then a
horde of formulae have been derived by others, both from experiments and
theoretical analysis. They all yield the power loss as a function of (a) the corona-
inception voltage, Vo; (b) the actual voltage of conductor, V; (c) the excess voltage
(V — Vo) above Vo; (d) conductor surface voltage gradient, E; (e) corona-
inception gradient, Eo; (f) frequency, f; (g) conductor size, d, and number of
conductors in bundle, N, as well as line configuration; (h) atmospheric condition,
chiefly rate of rainfall, r, and (i) conductor surface condition.

A. Those Based on Voltages
(i)  Linear relationship : Skilling's formula (1931):

PcaV—-Vo
(if) Quadratic relationship
(@) Peek'’s formula (1911):
Pc a (V- Vo)?
(b) Ryan and Henline formula (1924):
PcaV(V-Vo)
(c) Peterson's formula (1933) :
Pc a V2. F (VIVo)
where F is an experimental factor.
(iif) Cubic Relationship

(@) Foust and Menger formula (1928):
Pco V3
(b) Prinz's formula (1940):

16




Pca V?(V—V,)
B. Those Based on Voltage Gradients
(@) Nigol and Cassan formula (1961):
Pc a E2 In (E/E,)
(b) Project EHV formula (1966):
PcoV.Em,m=5
In order to obtain corona-loss figures from e.h.v. conductor configurations, outdoor
experimental projects are established in countries where such lines will be strung.
The resulting measured values pertain to individual cases which depend on local
climatic conditions existing at the projects. It is therefore difficult to make a
general statement concerning which formula or loss figures fit coronal losses
universally.

CHARGE-VOLTAGE (g-V ) DIAGRAM AND CORONA LOSS
Increase in Effective Radius of Conductor and Coupling Factors

The partial discharge of air around a line conductor is the process of creation and
movement of charged particles and ions in the vicinity of a conductor under the
applied voltage and field. We shall consider a simplified picture for conditions
occurring when first the voltage is passing through the negative half-cycle and next
the positive half-cycle, as shown in Figure 3.2.

Equivalent
Corona Envelope

s (g ,__fi?"i‘**\:;.‘ .
\_ B0, \H /.E \ / J/

(a) (b) ic)

Fig. 3.2 Space-charge distribution in corona and increase in effective radius of
conductor

In Figure 3.2(a), free electrons near the negative conductor when repelled can
acquire sufficient energy to form an electron avalanche. The positive ions (a
neutral molecule which has lost an electron) are attracted towards the negative
conductor while the electrons drift into lower fields to attach themselves to neutral
atoms or molecules of Nitrogen and Oxygen to form negative ions. Some
recombination could also take place.
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The energy imparted for causing initial ionization by collision is supplied by
the electric field. During the positive half cycle, the negative ions are attracted
towards the conductor, but because of local conditions not all ions drift back to the
conductor. A space charge is left behind and the hysteresis effect gives rise to the
energy loss. Furthermore, because of the presence of charged particles, the
effective charge of the conductor ground electrode system is increased giving rise
to an increase in effective capacitance. This can be interpreted in an alternative
manner by assuming that the conductor diameter is effectively increased by the
conducting channel up to a certain extent where the electric field intensity
decreases to a value equal to that required for further ionization, namely, the
corona-inception gradient, Figure 3.2(c).

AUDIBLE NOISE: GENERATION AND CHARACTERISTICS

When corona is present on the conductors, e.h.v. lines generate audible noise
which is especially high during foul weather. The noise is broadband, which
extends from very low frequency to about 20 kHz. Corona discharges generate
positive and negative ions which are alternately attracted and repelled by the
periodic reversal of polarity of the ac excitation. Their movement gives rise to
sound-pressure waves at frequencies of twice the power frequency and its
multiples, in addition to the broadband spectrum which is the result of random
motions of the ions, as shown in Figure 3.3. The noise has a pure tone
superimposed on the broadband noise. Due to differences in ionic motion between
ac and dc excitations, dc lines exhibit only a broad bandnoise, and furthermore,
unlike for ac lines, the noise generated from a dc line is nearly equal in both fair
and foul weather conditions. Since audible noise (AN) is man-made, it is measured
in the same manner as other types of man-made noise such as aircraft noise,
automobile ignition noise, transformer hum, etc.

AN | dB AN | dB
I ’_/ljlill'l El [
A —
AN T
N \“‘m%
A -
0 100 200 —7 — 7
AC Line DC Line

Fig. 3.3 Audible Noise frequency spectra from ac and dc transmission lines.
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Audible noise can become a serious problem from ‘psycho-acoustics' point of
view, leading to insanity due to loss of sleep at night to inhabitants residing close
to an
e.h.v. line. This problem came into focus in the 1960's with the energization of 500
KV lines in the USA. Regulatory bodies have not as yet fixed limits to AN from
power transmission lines since such regulations do not exist for other man-made
sources of noise. The problem is left as a social one which has to be settled by
public opinion.

LIMITS FOR AUDIBLE NOISE

Since no legislation exists setting limits for AN for man-made sources, power
companies and environmentalists have fixed limits from public-relations point of
view which power companies have accepted from a moral point of view. In doing
so, like other kinds of interference, human beings must be subjected to listening
tests. Such objective tests are performed by every civic minded power utility
organization. The first such series of tests performed from a 500-kV line of the
Bonneville Power Administration in the U.S.A. is known as Perry Criterion. The
AN limits are as follows:
No complaints : Less than 52.5 dB (A),
Few complaints : 52.5 dB (A) to 59 dB (A),
Many complaints : Greater than 59 dB (A),
The reference level for audible noise and the dB relation will be explained later.
The notation (A) denotes that the noise is measured on a meter on a filter
designated as A-weighting network. There are several such networks in ameter.
Design of line dimensions at e.h.v. levels is now governed more by the need to
limit AN levels to the above values. The selection of width of line corridor or right-
of-way (R-O-W), where the nearest house can be permitted to be located, if fixed
from AN limit of 52.5 dB(A),
will be found adequate from other points of view at 1000 to 1200 kV levels. The
audible noise generated by a line is a function of the following factors:
(a) the surface voltage gradient on conductors,
(b) the number of sub-conductors in the bundle,
(c) conductor diameter,
(d) atmospheric conditions, and
(e) the lateral distance (or aerial distance) from the line conductors to the point
where noise is to be evaluated.
The entire phenomenon is statistical in nature, as in all problems related to e.h.v.
line designs, because of atmospheric conditions. with atmospheric conditions but
also with the hours of the day and night during a 24-hour period. The reason is that
a certain noise level which can be tolerated during the waking hours of the day,
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when ambient noise is high, cannot be tolerated during sleeping hours of the
night when little or no ambient noises are present.

CORONA PULSES: THEIR GENERATION AND PROPERTIES

There are in general two types of corona discharge from transmission-line
conductors: (i) Pulse less or Glow Corona; (ii) Pulse Type or Streamer Corona.
Both these give rise to energy loss, but only the pulse-type of corona gives
interference to radio broadcast in the range of 0.5 MHz to 1.6 MHz. In addition to
corona generated on line conductors, there are spark discharges from chipped or
broken insulators and loose guy wires which interfere with TV reception in the 80—
200 MHz range.

Corona on conductors also causes interference to Carrier Communication and
Signalling in the frequency range 30 kHz to 500 kHz. In the case of Radio and TV
interference the problem is one of locating the receivers far enough from the line in
a lateral direction such that noise generated by the line is low enough at the
receiver location in order to yield a satisfactory quality of reception. In the case of
carrier interference, the problem is one of determining the transmitter and receiver
powers to combat line-generated noise power. In the case of Radio and TV
interference the problem is one of locating the receivers far enough from the line in
a lateral direction such that noise generated by the line is low enough at the
receiver location in order to yield a satisfactory quality of reception. In the case of
carrier interference, the problem is one of determining the transmitter and receiver
powers to combat line-generated noise power.

As in most gas discharge phenomena under high impressed electric fields, free
electrons and charged particles (ions) are created in space which contains very few
initial electrons. We can therefore expect a build up of resulting current in the
conductor from a zero value to a maximum or peak caused by the avalanche
mechanism and their motion towards the proper electrode. Once the peak value is
reached there is a fall in current because of lowering of electric field due to the
relatively heavy immobile space charge cloud which lowers the velocity of ions.
We can therefore expect pulses to be generated with short crest times and relatively
longer fall times. Measurements made of single pulses by the author in co-axial
cylindrical arrangement are shown in Figure 3.4 under dc excitation. Similar pulses
occur during the positive and negative half-cycles under ac excitation. The best
equations that fit the observed wave shapes are also given on the figures. It will be
assumed that positive corona pulses have the equation

i,= k_zfp{e:_':” _ ey
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while negative pulses can be best described by

i = k_ipr.‘g": Pl
These equations have formed the basis for calculating the response of bandwidth-
limited radio receivers (noise meters), and for formulating mathematical models of
the radio-noise problem.
In addition to the wave shape of a single pulse, their repetition rate in a train of
pulses is also important.
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Fig. 3.4 Single positive and negative pulses
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Referring to Fig. 6.2, when a conductor IS posmve with respect to ground, an
electron avalanche moves rapidly into the conductor leaving the heavy positive-ion
charge cloud close to the conductor which drifts away. The rapid movement of
electrons and motion of positive-ions gives the steep front of the pulse, while the
further drift of the positive-ion cloud will form the tail of the pulse. It is clear that
the presence of positive charges near the positive conductor lowers the field to an
extent that the induced current in the conductor nearly vanishes. As soon as the
positive-ions have drifted far enough due to wind or neutralized by other agencies
such as free electrons by recombination, the electric field in the vicinity of the
conductor regains sufficiently high value for pulse formation to repeat itself. Thus,
a train of pulses results from a point in corona on the conductor. The repetition rate
of pulses is governed by factors local to the conductor. It has been observed that
only one pulse usually occurs during a positive half cycle in fair weather and could
increase to about 10 in rain where the water sprays resulting from breaking
raindrops under the applied field control electrical conditions local to the
conductor.

- -
Pulse Formation [ f‘ “ Pulse Train
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Fig. 3.4 Formation of pulse train from positive polarity conductor.
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The situation when the conductor is negative with respect to ground is the
reverse of that described above. The electron avalanche moves away from the
conductor while the positive-ion cloud moves towards the negatively-charged
conductor. However, since the heavy positive-ions are moving into progressively
higher electric fields, their motion is very rapid which gives rise to a much sharper
pulse than a positive pulse. Similarly, the lighter electrons move rapidly away from
the conductor and the electric field near the conductor regains its original value for
the next pulse generation quicker than for the positive case. Therefore, negative
pulses are smaller in amplitude, have much smaller rise and fall times but much
higher repetition rates than positive pulses. It must at once be evident that all the
properties of positive and negative pulses are random in nature and can only be
described through random variables.

Typical average values of pulse properties are as follows:

Tape Time to Time to 50% Peak Value Repetition Rate
Crest on Tail of Current Pulses per Second
AC D.C.
Positive 50 ns 200 ns 100 mA Power Freq. 1,000
Negative 20 ns 50 ns 10 mA 100 X P.F. 10,000

Pulses are larger as the diameter of conductor increases because the reduction in
electric field strength as one moves away from the conductor is not as steep as for
a smaller conductor so that conditions for longer pulse duration are more favorable.
In very small wires, positive pulses can be absent and only a glow corona can
result, although negative pulses are present when they are known as Trichel Pulses
named after the first discoverer of the pulse-type discharge. Therefore, only
positive polarity pulses are important because of their larger amplitudes even
though their repetition rate is lower than negative pulses.

FREQUENCY SPECTRUM OF THE RI FIELD OF LINE
The frequency spectrum of radio noise refers to the variation of noise level in pVv
or uV/m (or their dB values referred to 1 pV or 1puV/m) with frequency of
measurement.

Aw)= Ki, (B —CI]J"'-JII:CIE +u;2}][ﬂE +w?)
On a long line, there exist a very large number of points in corona and a noise
meter located in the vicinity of the line (usually at or near ground level) responds
to a train of pulses originating from them. The width of a single pulse is about 200
ns (0.2 [Js) while the separation of pulses as seen by the input end of the meter
could be 1 s or more. Therefore, it is unusual for positive pulses to overlap and

the noise is considered as impulsive. When pulses overlap, the noise is random.
Measurements indicate that from a long line, the RI frequency spectrum follows
closely.
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Thus, at 0.5 MHz the noise is 6-9 dB higher than at 1 MHz, while at 2 MHz
it is 6-9 dB lower. In practice, these are the adders suggested to convert measured
noise at any frequency to 1 MHz level. The frequency spectrum is therefore very
important in order to convert noise levels measured at one frequency to another.
This happens when powerful station signal interferes with noise measurements
from a line so that measurements have to be carried out at a frequency at which no
broadcast station is radiating.

The frequency spectrum from corona generated line noise is nearly fixed in
its characteristic so that any deviation from it as measured on a noise meter is an
indication of sources other than the line, which is termed "back ground noise". In
case a strong source of noise is present nearby, which is usually a factory with
motors that are sparking or a broken insulator on the tower, this can be easily
recognized since these usually yield high noise levels up to 30 MHz and their
frequency spectrum is relatively flat.

LATERAL PROFILE OF RI AND MODES OF PROPAGATION

The most important aspect of line design from interference point of view is
the choice of conductor size, number of sub-conductors in bundle, line height, and
phase spacing. Next in importance is the fixing of the width of line corridor for
purchase of land for the right-of-way. The lateral decrement of radio noise
measured at ground level as one moves away from the line has the profile sketched
in Fig. 3.5. It exhibits a characteristic double hump within the space between the
conductors and then decreases monotonically as the meter is moved away from the
outer phase.

Receiver should be located within the distance do from the outer phase or dc
from the line centre. Therefore, it becomes essential to measure or to be able to
calculate at design stages the lateral profile very accurately from a proposed line in
order to advise regulatory bodies on the location of receivers. In practice, many
complaints are heard from the public who experience interference to radio
broadcasts if the line is located too close to their homesteads when the power
company routes an e.h.v. line wrongly. In such cases, it is the engineer's duty to
recommend remedies and at times appear as witness in judicial courts to testify on
the facts of a case.
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Fig. 3.5 Lateral profile of Rl at ground level for fixing width of right-of-way of
line

for the radio-frequency energy on the multi-conductor line. This is the basis for
determining the expected noise profile from a chosen conductor size and line
configuration in un-transposed and fully-transposed condition. We consider 6
preliminary cases of charge distribution on the line conductors after which we will
combine these suitably for evaluating the total noise level of a line. In all these
cases, the problem is to calculate the field strength at the location of a noise meter
when the r-f charge distribution is known.

Here, we consider the vertical component of ground-level field intensity
which can be related to the horizontal component of magnetic field intensity by the
characteristic impedance of free space. We restrict our attention to horizontal 3-
phase line for the present. In every case, only the magnitude is of concern.

3. 9 The RI Excitation Function

With the advent of voltages higher than 750 kV, the number of sub
conductors used in a bundle has become more than 4 so that the CIGRE formula
does not apply. Moreover, very little experience of RI levels of 750 kV lines were
available when the CIGRE formula was evolved, as compared to the vast
experience with lines for 230 kV, 345 kV, 400 kV and 500 kV. Several attempts
were made since the 1950's to evolve a rational method for predicting the RI level
of a line at the design stages before it is actually built when all the important line
parameters are varied. These are the conductor diameter, number of sub-
conductors, bundle spacing or bundle radius, phase spacing, line height, line
configuration (horizontal or delta), and the weather variables. The most important
concept resulting from such an attempt in recent years is the "Excitation Function™
or the "Generating Function™ of corona current injected at a given radio frequency
in unit bandwidth into the conductor. This quantity is determined experimentally
from measurements carried out with short lengths of conductor strung inside a
cylindrical or rectangular cage.
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Consider Fig. 3.6 which shows a source of corona at S located at a distance x
from one end of a line of length L. According to the method using the Excitation
Function to predict the RI level with given dimensions and conductor geometry,
the corona source at S on the conductor generates an excitation function | measured
in mA/ m. The line has a surge impedance Z0 so that r-f power generated per unit
length of line is

E =127,
E: PZ{)
L |
S p
. Y -

L L L T LI LILE EF

Fig. 3.6 The excitation function and its propagation on line for RI calculation.

Under rain, a uniform energy or power per unit bandwidth is generated so
that in a differentiallength dx, the power generated is (E.dx). In this method, we
calculate the RI level under rain first and deduct 17 dB to obtain fair-weather RI.
This power will split equally in two directions and travel along the line to reach the
point P at a distance (y—x) from the source S. In doing so, it will attenuate to the
value e2(yX) where a = attenuation factor for voltage in Nepers per unit length.
Therefore, the total energy received at P due to all sources to the left of P will be

EL = [ (E.dx).e 20ly—x) =£{1_E—Em= )

Jo 2 da

¥

Similarly, the energy received at P due to all sources to its right will be

_ £ _ p—2a(L-y)
Ep = 4ﬂ[l € )
For a line of finite length, repeated reflections occur from the ends, but for a very
long line these are not of consequence. Also, unless the point P is located very
close to the ends, the exponential terms can be neglected. Therefore, the total r-f
energy received at P will be
Ep = E/2a
which shows that all points on a long line receive the same r-fenergy when the
corona generation is uniform.
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MEASUREMENT OF RI, RIV, AND EXCITATION FUNCTION

The interference to AM broadcast in the frequency range 0.5 MHz to 1.6
MHz is measured in terms of the three quantities : Radio Interference Field
Intensity (RIFI or RI), the Radio Influence Voltage (RIV), and more recently
through the Excitation Function. Their units are mV/m, mV, and mA/ m or the
decibel values above their reference values of 1 unit (mV /m, mV,mA / m). The
nuisance value for radio reception is governed by a quantity or level which is
nearly equal to the peak value of the quantity and termed the Quasi Peak. A block
diagram of a radio noise meter is shown in Fig. 3.7. The input to the meter is at
radio frequency (r-f) which is amplified and fed to a mixer.

The rest of the circuit works exactly the same as a highly sensitive super
heterodyne radio receiver, However, at the IF output stage, a filter with 5 kHz or 9
kHz bandwidth is present whose output is detected by the diode D. Its output
charges a capacitance C through a low resistance Rc such that the charging time
constant Tc = Rc C = 1 ms. A second resistance Rd is in parallel with C which is
arranged to give a time constant Td = Rd C = 600 ms in ANSI meters and 160 ms
in CISPR or European standard meters. Field tests have shown that there is not
considerable difference in the output when comparing both time constants for line-
generated corona noise. The voltage across the capacitor can either be read as a
current through the discharge resistor Rd or a micro-voltmeter connected acrossit.
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Fig. 3.7 Block diagram of Radio Noise Meter.
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MEASUREMENT OF EXCITATION FUNCTION

The corona generating function or the excitation function caused by injected
current at radio frequencies from a corona discharge is measured on short lengths
of conductor strung inside "cages"

Some examples of measuring radio noise and injected current are shown in Fig.
In every case the measured quantity is RIV at a fixed frequency and the
excitation function calculated. filter provides an attenuation of at least 25 dB
so that the RI current is solely due to corona on conductor. The
conductor is
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terminated in a capacitance Cc at one end in series with resistances R1 and Rc,
while the other end is left open. The conductor is strung with strain insulator at
both ends which can be considered to offer a very high impedance at 1MHz so that
there is an open-termination. But this must be checked experimentally in situ. The
coupling capacitor has negligible reactance at r-f so that the termination at the
measuring end is nearly equal to (R1 + Rc), where Rc = surge impedance of the
cable to the noise meter. The resistance Rc is also equal to the input impedance of

the noise meter.

CONDUCTOR
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CONDUCTOR || Source Filter T
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Fig. 3.8 Cage setups for measuring excitation function with measuring circuit.
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Electrostatic Fields

CALCULATION OF ELECTROSTATIC FIELD OF A.C. LINES

Power-Frequency Charge of Conductors

The method of calculating the electrostatic charges on the phase conductors
from line dimensions and voltage. For n phases, this is, see Fig. 4.1, with g = total
bundle charge and V = line to ground voltage.

where

1
ey U = [PT (V= [M][V]
[a]= [0, 02,03, -........ qn]t
[V]: [Vl, V2 , V3 feeeeeenas Vn]t

[P]= nxn matrix of Maxwell's Potential coefficients with

Pii = In(2Ht /req )and Pij = In(l ij / Aij ),i *j

_4_",.‘ L
/ Aj
™ & P
. 1
N 2
H; H:
{] LJ- Y| 3
/ R= =
A A A, I A A LA Er
& e 1
—r ®

Fig. 4.1 n-phase line configuration for charge calculation.
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EFFECT OF HIGH E.S. FIELD ON HUMANS, ANIMALS, AND
PLANTS

The use of e.h.v. lines is increasing danger of the high e.s. field to (a) human
beings, (b) animals, (c) plant life, (d) vehicles, (e) fences, and (f) buried pipe lines
under and near these lines. when an object is located under or near a line, the field
Is disturbed, the degree of distortion depending upon the size of the object. It is a
matter of some difficulty to calculate the characteristics of the distorted field, but
measurements and experience indicate that the effect of the distorted field can be
related to the magnitude of the undistorted field. A case-by-case study must be
made if great accuracy is needed to observe the effect of the distorted field. The
limits for the undistorted field will be discussed here in relation to the danger it
pOSes.

(a) Human Beings

The effect of high e.s. field on human beings has been studied to a much
greater extent than on any other animals or objects because of its grave and
shocking effects which has resulted in loss of life. A farmer ploughing his field by
a tractor and having an umbrella over his head for shade will be charged by corona
resulting from pointed spikes. The vehicle is also charged when it is stopped under
a transmission line traversing his field. When he gets off the vehicle and touches a
grounded object, he will discharge himself through his body which is a pure
resistance of about 2000 ohms. The discharge current when more than the let-go
current can cause a shock and damage to brain. It has been ascertained
experimentally that the limit for the undisturbed field is 15 k\V/m, r.m.s., for human
beings to experience possible shock. An e.h.v. or u.h.v. line must be designed such
that this limit is not exceeded. The minimum clearance of a line is the most
important governing factor. As an example, the B.P.A. of the U.S.A. have selected
the maximum e.s. field gradient to be 9 kV/m at 1200 kV for their 1150 kV line
and in order to do so used a minimum clearance at midspan of 23.2 m whereas they
could have selected 17.2 m based on clearance required for switching-surge
insulation recommended by the National Electrical Safety Council.

(b) Animals
Experiments carried out in cages under e.h.v. lines have shown that pigeons

and hens are affected by high e.s. field at about 30 k\VV/m. They are unable to pick
up grain because of chattering of their beaks which will affect their growth.,
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Other animals get a charge on their bodies and when they proceed to a water
trough to drink water, a spark usually jumps from their nose to the grounded pipe
or trough.

(c) Plant Life

Plants such as wheat, rice, sugarcane, etc., suffer the following types of
damage. At a field strength of 20 kV/m (r.m.s.), the sharp edges of the stalk give
corona discharges so that damage occurs to the upper portion of the grain-bearing
parts. However, the entire plant does not suffer damage. At 30 kV/m , the by-
products of corona, namely ozone and N 20 become intense. The resistance
heating due to increased current prevents full growth of the plant and grain. Thus,
20 kV/m can be considered as the limit and again the safe value for a human being
governs line design.

(d) Venhicles

Vehicles parked under a line or driving through acquire electrostatic charge if
their tyres are made of insulating material. If parking lots are located under a line,
the minimum recommended safe clearance is 17 m for 345 kV and 20 m for 400
KV lines. Trucks and lorries will require an extra 3 m clearance. The danger lies in
a human being attempting to open the door and getting a shock thereby.

(e) Others

Fences, buried cables, and pipe lines are important pieces of equipment to
require careful layout. Metallic fences parallel to a line must be grounded
preferably every 75 m. Pipelines longer than 3 km and larger than 15 cm in
diameter are recommended to be buried at least 30 m laterally from the line centre
to avoid dangerous eddy currents that could cause corrosion. Sail boats, rain
gutters and insulated walls of nearby houses are also subjects of potential danger.
The danger of ozone emanation and harm done to sensitive tissues of a human
being at high electric fields can also be included in the category of damage to
human beings living near e.h.v. lines.

Travelling Wave Theory

On an electrical transmission line, the voltages, currents, power and energy
flow from the source to a load located at a distance L, propagating as electro-
magnetic waves with a finite velocity. Hence, it takes a short time for the load to
receive the power.
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This gives rise to the concept of a wave travelling on the line which has
distributed line parameters r, I, g, ¢ per unit length. The current flow is governed
mainly by the load impedance, the line-charging current at power frequency and
the voltage. If the load impedance is not matched with the line impedance, which
will be explained later on, some of the energy transmitted by the source is not
absorbed by the load and is reflected back to the source which is a wasteful
procedure.

However, since the load can vary from no load (infinite impedance) to rated value,
the load impedance is not equal to the line impedance always; therefore, there
always exist transmitted waves from the source and reflected waves from the load
end. At every point on the intervening line, these two waves are present and the
resulting voltage or current is equal to the sum of the transmitted and reflected
guantities. The polarity of voltage is the same for both but the directions of current
are opposite so that the ratio of voltage to current will be positive for the
transmitted wave and negative for the reflected wave. These can be explained
mathematically and have great significance for determining the characteristics of
load flow along distributed parameter line.

The same phenomenon can be visualized through standing waves. For example,
consider an open-ended line on which the voltage must exist with maximum
amplitude at the open end while it must equal the source voltage at the sending end
which may have a different amplitude and phase. For 50 Hz, at light velocity of
300 x 103 km/sec, the wavelength is 6000 km, so that a line of length L
corresponds to an angle of (L x 360°/6000). With a load current present, an
additional voltage caused by the voltage drop in the characteristic impedance is
also present which will stand on the line. These concepts will be explained in detail
by first considering a loss-less line (r = g = 0) and then for a general case of a line
with losses present.
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Unit-3
Voltage Control

PROBLEMS AT POWER FREQUENCY

Power-frequency voltage is impressed on a system continuously as compared to

transients caused by faults, lightning, and switching operations. Certain abnormal
conditions arise when over voltages of a sustained nature can exist in systems which
have to be guarded against. Insulation levels will be governed by these, and it is very
important to know all the factors which contribute to such over voltages.
E.H.V. lines are longer than and their surge impedance lower than lines at 345 kV and
lower voltages. Also, e.h.v. lines are used more for point-to point transmission so that
when load is dropped, a large portion of the system is unloaded and voltage rise could
be more severe than when there is a vast interconnected network. Due also to the high
capacitance of e.h.v. lines possibility of self-excitation of generators is quite serious.

Shunt reactors are employed to compensate the high charging current, which not
only prevent over voltages during load dropping but also improve conditions for load
flow, and the risk of self excitation can also be counteracted. In order to improve
conditions, variable static VAR systems can also be employed as well as switched
capacitors which introduce harmonics into the system. Finally, the use of series
capacitors to increase line loading in long lines might bring about the danger of
subsynchronous resonance in which electrical conditions in generators can produce
torques which correspond to the torsional frequencies of the shaft and result in
mechanical damage. The system at power frequency consists of lumped- parameter
network elements connected to distributed-parameter transmission lines, and the
calculations are best handled through generalized constants in matrix form.

Sub-Synchronous Resonance Problem and Counter Measures

As pointed out before, electrical resonance frequencies lower than synchronous
frequency fo exist when series-capacitor compensation is used. The frequency fo
corresponds to the steady state speed of the rotor in large power stations. With steam-
turbine-driven generating units (designated T.G. units), the shaft or shaft portions
connecting the HP, IP, LP stages of the turbine and the generator-exciter are very long,
with their own characteristic torsional mechanical resonant frequencies. When the
electrical system operates in such a manner that the rotating fields in the generator due
to sub-synchronous currents produce torques of the same frequency as one of the
mechanical torsional frequencies of the shaft and of the correct phase, torques up to 10
times the break away or ultimate strength of the shaft can be reached resulting in shaft
damage.
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This phenomenon of electromechanical interaction between electrical resonant circuits
of the transmission system and the torsional natural frequencies of the T-G rotor is
known as "Sub-Synchronous Resonance", and designated SSR.

The phenomenon of SSR has been studied very extensively since 1970 when a
major transmission network in the U.S. experienced shaft failure to its T-G unit with
series compensation in the 500 KV lines. This has now gone into technical literature as a
classic problem and known as Project Navajo. The phenomenon, however, had been
known to exist for a few years according to many experts who predicted such a
phenomenon in series compensated lines connected to T-G units. As a result of
extensive study of Project Navajo, countermeasures to combat the SSR problem have
been designed and are operating successfully.

The SSR failure must therefore be considered as one of the governing factors in
design of series compensated lines when they are used for evacuating power from large
thermal power stations. The combined cost of series-capacitor installation and the
countermeasures is lower than the cost of additional transmission lines required when
no series-compensation is used. Three distinct problems have been identified in SSR
problem which are called
1. Induction Generator Effect,

2. Torsional Interaction, and

3. Transient Torque Problem.

The first two are known as steady-state problems while the last one occurs when system
conditions change due to short-circuits and switching operations.

STATIC REACTIVE COMPENSATING SYSTEMS (STATIC VAR)

One type of reactor compensation for countering SSR was mentioned as a
Dynamic Filter which uses thyristors to modulate the current through a parallel-
connected reactor in response to rotor speed variation. The advent of high-speed high-
current switching made possible by thyristors (silicon-controlled-rectifiers) has brought
a new concept in providing reactive compensation for optimum system performance.
Improvements obtained by the use of these static var compensators (SVC) or generators
(SVG) or simply static var systems (SVS) are numerous, some of which are listed
below:
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1. When used at intermediate buses on long lines, the steady-state power-handling
capacity is improved.

2. Transient stability is improved.

3. Due to increased damping provided, dynamic system stability is improved.

4. Steady-state and temporary voltages can be controlled.

5.Load power factor canbe improved thereby increasing efficiency of transmissionand
lowering of line losses.

6. Damping is provided for SSR oscillations.

7. Overall improvement is obtained in power-transfer capability and inincreased
economy.

8. The fast dynamic response of SVC's have offered a replacement to synchronous
condensers having fast excitation response.
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UNIT-4
HVDC TRANSMISSION

A high-voltage, direct current (HVDC) electric power transmission system (also
called a power super highway or an electrical super highway) uses direct current for
the bulk transmission of electrical power, in contrast with the more common
alternating current (AC) systems.! For long-distance transmission, HVDC systems
may be less expensive and suffer lower electrical losses. For underwater power cables,
HVDC avoids the heavy currents required to charge and discharge the cable
capacitance each cycle. For shorter distances, the higher cost of DC conversion
equipment compared to an AC system may still be justified, due to other benefits of
direct current links.

HVDC allows power transmission between unsynchronized AC transmission
systems. Since the power flow through an HVDC link can be controlled independently
of the phase angle between source and load, it can stabilize a network against
disturbances due to rapid changes in power. HVDC also allows transfer of power
between grid systems running at different frequencies, such as 50 Hz and 60 Hz. This
improves the stability and economy of each grid, by allowing exchange of power
between incompatible networks.

Power Transmission was initially carried out in the early 1880s using Direct
Current (DC). With the availability of transformers (for stepping up the voltage for
transmission over long distances and for stepping down the voltage for safe use), the
development of robust induction motor (to serve the users of rotary power), the
availability of the superior synchronous generator, and the facilities of converting AC
to DC when required, AC gradually replaced DC. However in 1928, arising out of the

introduction of grid control to the mercury vapour rectifier around 1903,
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electronic devices began to show real prospects for high voltage direct current
(HVDC transmission, because of the ability of these devices for rectification and
inversion. The most significant contribution to HYDC came when the Gotland Scheme
in Sweden was commissioned in 1954 to be the World's first commercial HVDC
transmission system. This was capable of transmitting 20 MW of power at a voltage of
-100 kV and consisted of a single 96 km cable with sea return.
Comparison of AC and DC transmission:
Advantages of HVDC over AC:
1) Technical Merits of HVDC:
The advantages of a DC link over an AC link are:
e A DC link allows power transmission between AC networks with different
frequencies or networks, which cannot be synchronized, for otherreasons.
¢ Inductive and capacitive parameters do not limit the transmission capacity or
the maximum length of a DC overhead line or cable. The conductor cross
section is fully utilized because there is no skin effect.

For a long cable connection, e.g. beyond 40 km, HVDC will in most cases offer the
only technical solution because of the high charging current of an AC cable. This is
of particular interest for transmission across open sea or into large cities where a
DC cable may provide the only possible solution.
1 Adigital control system provides accurate and fast control of the active power flow.
2 Fast modulation of DC transmission power can be used to damp power oscillations
in an AC grid and thus improve the system stability.
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2) Economic considerations:
For a given transmission task, feasibility studies are carried out before the final

decision on implementation of an HVAC or HVDC system can be taken.

Fig.1 shows a typical cost comparison curve between AC and DC transmission

considering:

e AC vs. DC station terminal costs

e AC vs. DC line costs

e AC vs. DC capitalized value of losses

The DC curve is not as steep as the AC curve because of considerably lower line
costs per kilometer. For long AC lines the cost of intermediate reactive power
compensation has to be taken into account. The break-even distance is in the
range of 500 to 800 km depending on a number of other factors, like country-
specific cost elements, interest rates for project financing, loss evaluation, cost
of right of way etc.

Costs Total AC Cost

Total
DC Cost

|AC Losses| |DC Losses|

DC Line

AC Line
DC
Terminals

AC
Terminals
>
Break-Even Transmission
Distance Distance

Fig 1: total cost/distance
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3) During bad weather conditions, the corona loss and radio interference are lower
for a HVDC line compared to that in an AC line of same voltage and same

onductor size.

4) Due to the absence of inductance in DC, an HVDC line offers better voltage
regulation. Also, HVDC offers greater controllability compared to HVAC.

5) AC power grids are standardized for 50 Hz in some countries and 60 Hz in
other. It is impossible to interconnect two power grids working at different
frequencies with the help of an AC interconnection. An HVDC link makes this
possible.

6) Interference with nearby communication lines is lesser in the case of HVDC
overhead line than that for an HVAC line.

7) In longer distance HVAC transmission, short circuit current level in the
receiving system is high. An HVDC system does not contribute to the short
circuit current of the interconnected AC system.

8) Power flow control is easy in HVDC link.
9) High reliability.

Disadvantages of HVDC transmission:

e Converter stations needed to connect to AC power grids are very expensive.
Converter substations are more complex than HVAC substations, not only in
additional converting equipment, but also in more complicated control and
regulating systems.

e In contrast to AC systems, designing and operating multi-terminal HVDC systems is
complex.

e Converter substations generate current and voltage harmonics, while the conversion
process is accompanied by reactive power consumption.
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As a result, it is necessary to install expensive filter-compensation units and

reactive power compensation units.

During short-circuits in the AC power systems close to connected HVDC
substations, power faults also occur in the HVDC transmission system for the
duration of the short-circuit.

The number of substations within a modern  multi-terminal HVDC
transmission system can be no larger than six to eight, and large differences in
their capacities are not allowed. The larger the number of substations, the
smaller may be the differences in their capacities.

The high-frequency constituents found in direct current transmission systems
can cause radio noise in communications lines that are situated near the HVDC
transmission line.

Grounding HVDC transmission involves a complex and difficult installation, as
it is necessary to construct a reliable and permanent contact to the Earth for
proper operation and to eliminate the possible creation of a dangerous ‘“‘step
voltage.”

Applications of HVDC transmission:

Connecting remote generation

Some energy sources, such as hydro and solar power, are often located hundreds or

thousands kilometers away from the load centers. HVDC will reliably deliver
electricity generated from mountain tops, deserts and seas across vast distances

with low losses.

Interconnecting grids
Connecting ac grids is done for stabilization purposes and to allow energy trading.
During some specific circumstances, the connection has to be done using HVDC,
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for example when the grids have different frequencies or when the connection has
to go long distances over water and ac cables cannot be used because of the hi

losses

Connecting offshore wind
Wind parks are often placed far out at sea, because the wind conditions are more
advantageous there. If the distance to the grid on land exceeds a certain stretch,
the only possible solution is HVDC - due to the technology’s low losses.

Power from shore
Traditionally, oil and gas platforms use local generation to supply the electricity
needed to run the drilling equipment and for the daily need of often hundreds of
persons working on the platform. If the power is instead supplied from shore, via
an hvdc link, costs go down, emissions are lower and the working conditions on
the platform are improved.

Dc links in ac grids
HVDC links within an ac grid can be successfully utilized to strengthen the
entire transmission grid, especially under demanding load conditions and during
system disturbances. Transmission capacity will improve and bottlenecks be
dissolved.

City-center in feed
HVDC systems are ideal for feeding electricity into densely populated urban
centers. Because it is possible to use land cables, the transmission is invisible,
thus avoiding the opposition and uncertain approval of overhead lines.

Connecting remote loads
Islands and remotely located mines often have the disadvantage of a weak
surrounding ac grid. Feeding power into the grid with an HVDC link, improves

the stability and even prevents black-outs.
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Types of DC link:

For connecting two networks or system, various types of HVDC links are
used. HVDC links are classified into three types. These links are explained
below:

1) Monopolar link:

It has a single conductor of negative polarity and uses earth or sea for the
return path of current. Sometimes the metallic return is also used. In the
Monopolar link, two converters are placed at the end of each pole. Earthling
of poles is done by earth electrodes placed about 15 to 55 km away from the
respective terminal stations. But this link has several disadvantages because it

uses earth as a return path. The monopolar link is not much in use nowadays.

DC transmission
line

I
d

AC power AC power

(’r‘u) < Q ) _{Z Converter 1 —@—

Raitificy
~ nec ne
Generating (Rectifier)

station

Converter 2
(Inverter)

|

Fig 2: monopolar DC link
2) Bipolar link:

The Bipolar link has two conductors one is positive, and the other one is
negative to the earth. The link has converter station at each end. The
midpoints of the converter stations are earthed through electrodes. The
voltage of the earthed electrodes is just half the voltage of the conductor used

for transmission the HVDC.
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The most significant advantage of the bipolar link is that if any of their links

stop operating, the link is converted into Monopolar mode because of the

ground return system. The half of the system continues supplies the power.

Such types of links are commonly used in the HVDC systems.

AC

systen

3) Homopolar link:

DC transmission
positive polarity

I
d

S Converter 1 _SZ
(Rectifier)

Converter 2
(Inverter)
lg

g
DC transmission

negative polarity

Fig 3: bipolar DC link

AC

system

It has two conductors of the same polarity usually negative polarity, and

always operates with earth or metallic return. In the homopolar link, poles are

operated in parallel, which reduces the insulation cost. The homopolar system

IS not used presently.
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Fig 3: homopolar DC link
Typical layout of HVDC system:

The HVDC system has the following main components.

« Converter Station
« Converter Unit
« Converter Valves
« Converter Transformers
« Filters

o AC filter

o DC filter

o High-frequency filter
« Reactive Power Source
« Smoothing Reactor
« HVDC System Pole




Converter Station:

The terminal substations which convert an AC to DC are called rectifier
terminal while the terminal substations which convert DC to AC are called
inverter terminal. Every terminal is designed to work in both the rectifier and
inverter mode. Therefore, each terminal is called converter terminal, or rectifier

terminal. A two-terminal HVDC system has only two terminals and one HVDC

line.
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Fig 4. schematic diagram of typical HVDC converter station

Converter unit;:

The conversion from AC to DC and vice versa is done in HVDC converter
stations by using three-phase bridge converters. This bridge circuit is also

calledGraetz circuit. In
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HVDC transmission a 12-pulse bridge converter is used. The converter obtains by

connecting two or 6-pulse bridge in series.

3d AC bus

Fig 5: circuit for 6-pulse bridge
Converter transformer:

The converter transformer converts the AC networks to DC networks or vice
versa. They have two sets of three phase windings. The AC side winding is connected
to the AC bus bar, and the valve side winding is connected to valve Bridge. These

windings are connected in star for one transformer and delta to another.

The AC side windings of the two, three phase transformer are connected in stars
with their neutrals grounded. The valve side transformer winding is designed to
withstand alternating voltage stress and direct voltage stress from Valve Bridge. There
are increases in eddy current losses due to the harmonics current. The magnetization in

the core of the converter transformer is because of the following reasons.

« The alternating voltage from AC network containing fundamentals and several
harmonics.

« The direct voltage from valve side terminal also has some harmonics.
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Filters:
The AC and DC harmonics are generated in HVDC converters. The AC harmonics

are injected into the AC system, and the DC harmonics are injected into DC lines. The

harmonics have the following advantages.
e It causes the interference in telephone lines.

e Due to the harmonics, the power losses in machines and capacitorsare
connected in the system.

e The harmonics produced resonance in an AC circuit resulting in over
voltages.

e Instability of converter controls.

The harmonics are minimized by using the AC, DC and high-frequency filters. The

types of filter are explained below in details.

« AC Filters — The AC filters are RLC circuit connected between phase and earth.
They offered low impedances to the harmonic frequencies. Thus, the AC
harmonic currents are passed to earth. Both tuned and damped filters are used.
The AC harmonic filter also provided a reactive power required for satisfactory
operation of converters.

« DC Filters — The DC filter is connected between the pole bus and neutral bus. It

diverts the DC harmonics to earth and prevents them from entering DC lines.
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Such a filter does not require reactive power as DC line does not require DC
power.

« High-Frequency Filters — The HVDC converter may produce electrical noise in
the carrier frequency band from 20 kHz to 490 kHz. They also generate radio
interference noise in the megahertz range frequencies. High-frequency filters are
used to minimise noise and interference with power line carrier communication.
Such filters are placed between the converter transformer and the station AC

bus.
Converter Valves:

The modern HVDC converters use 12-pulse converter units. The total number
of a valve in each unit is 12. The valve is made up of series connected thyristor
modules. The number of thyristor valve depends on the required voltage across the
valve. The valves are installed in valve halls, and they are cooled by air, oil, water or

Freon.
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Fig 6:circuit for 12-pulse converter
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Reactive power source:

Reactive power is required for the operations of the converters. The AC harmonic
filters provide reactive power partly. The additional supply may also be obtained from
shunt capacitors synchronous phase modifiers and static VAR systems. The choice

depends on the speed of control desired.
Smoothing reactor:

Smoothing reactor is an oil filled oil cooled reactor having a large inductance. It is
connected in series with the converter before the DC filter. It can be located either on

the line side or on the neutral side. Smoothing reactors serve the following purposes.

They smooth the ripples in the direct current.
They decrease the harmonic voltage and current in the DC lines.

They limit the fault current in the DC line.

> w b oPe

Consequent commutation failures in inverters are prevented by smoothing
reactors by reducing the rate of rising of the DC line in the bridge when the
direct voltage of another series connected voltage collapses.

5. Smoothing reactors reduce the steepness of voltage and current surges from
the DC line. Thus, the stresses on the converter valves and valve surge

diverters are reduced.
HVDC System Pole:

The HVDC system pole is the part of an HVYDC system consisting of all the
equipment in the HVDC substation. It also interconnects the transmission lines
which during normal operating condition exhibit a common direct polarity with

respect to earth.
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Thus the word pole refers to the path of DC which has the same polarity with

respect to earth. The total pole includes substation pole and transmission line pole.

Analysis of Gratez circuit:
The basic module for HVDC converter is the three phase, full wave bridge
circuit. This circuit is also known as a Graetz Bridge. The Graetz Bridge has been
universally used for HVDC converters as it provides better utilization of the
converter
transformer and a lower voltage across the valve when not conducting, this voltage is
called Peak Inverse Voltage called PIV and is important for selectionofthe Thyristor.
The bridge converter is represented by th e equivalent circuit in fig. (3) with
transformer and source impedance with a loss less inductance. Direct current is
assumed to be ripple free and valves as ideal switches with zero resistance when

conducting and infinite resistance when not conducting.
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Fig 7: circuit diagram for Graetz Bridge

Let the instantaneous line — to — neutral source voltages be

ca = Em Cos( ot+60°)

eb = Em Cos( t-60°)

ec = Em Cos( ot-180°)
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Then the line-to-line voltages are
eac = ea-ec = V3EmCos( ot+30°)

eba = eb-ea = V3EmCos( »t-90°)

ech = ec-eb = V3EmCos( ot+150°)
For the 6-valve bridge, with zero firing delay, the voltage waveforms across the
thyristors are shown in figure. At any given instant, one thyristor valve on either side is

conducting. The conducting period for the thyristor valve R1 is shown on the diagram.
R1 Y3 B5 R1

X

Fig 8: Thyristor voltage waveforms (0=0)
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Fig 9: dc output waveforms (a=0)
It can be shown that for the 6-valve bridge, the total r.m.s. ripple is of the order of
4.2% of the d.c. value (for zero delay 0=0 and zero commutation y=0.
The use of a choke reduces the ripple appearing in the direct current transmitted. If E is
the r.m.s. line-to-line voltage, then if a=0 and y=0, the direct output voltage is given

by
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Control angle (Delay angle):
The control angle for rectification (also known as the ignition angle) is the angle by
which firing is delayed beyond the natural take over for the next thyristor. The
transition could be delayed using grid control. Grid control is obtained by
superposing a positive pulse on a permanent negative bias to make the grid positive.
Once the thyristor fires, the grid loses control.
Assuming no commutation (2 thyristors on same side conducting simultaneously

during transfer), the voltage waveforms across the thyristors as shown in figure:
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Fig 10: Thyristor voltage waveforms (with delay o)
In this case, the magnitude of the direct voltage output is given by the equation
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Commutation angle (overlap angle):
The commutation period between two thyristors on the same side of the bridge is the
angle by which one thyristor commutates to the next. During this period y 2 conducting

thyristors on the same side. This is shown in figure.

B5 Rl

With both the delay angle and commutation being present, the magnitude of the direct

voltage may be determined from equation
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An alternate method of derivation of the result is based on comparison of similar areas

on the waveform. Figure
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In this integral, in graphical form, area Al can be replaced by area B1. Similarly,
area A2 can be replaced by area B2 and area A3 by area B3. The integral equation then

reduces to the form shown below.
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Where V2 E is the peak value of the line voltage. Simplification gives the desired

result as in equation
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Current Waveforms:
If Commutation is not considered, the current waveforms through each thyristor

(assuming a very high value of inductance Ld in the DC circuit to give complete
smoothing) is a rectangular pulse lasting exactly one-third of a cycle. This is shown in

figure for the cases without delay and with delay.

witha

Fig 11: Thyristor current waveforms
When commutation is considered, the rise and fall of the current waveforms would be

modified as they would no longer be instantaneous, as shown in figure.
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Since each phase has 2 thyristors on the opposite half cycles, the a.c. current waveform

on the secondary side of the transformer has a non-sinusoidal waveform as shown in

figure
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If commutation angle is not considered, we can easily calculate the r.m.s. value of the

AC current on the transformer secondary Is as in equation.

.2_}: z = IIE =4 RIES

. j .Iﬂ'l Y 3 Ta=0816514

Usually harmonic filters are provided on the AC system, so that only the fundamental
component need to be supplied/absorbed from the AC system. From Fourier analysis,

it can be shown that the fundamental component is given as follows, resulting in

equation
1 2 3
I=I“j‘= . [Iscos@td(mt)
A2 2 :
=", 2sin==""71,=0781,
T 3 T

If filters were not provided, it can be shown, using the Fourier series analysis, that the
RMS ripple on the AC system would be 0.242 1d (or 31 % of the fundamental)

Note: For normal operation neglecting the commutation angle, in the above
calculations of the alternating current, gives rise to an error only of the order of1%.

As can be seen from the voltage and current waveforms on the AC side, the current

lags the voltage due to the presence of the delay angle a and commutation angle .
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Inversion:

Because the thyristors conduct only in one direction, the current in a convertor
cannot be reversed. Power reversal can only be obtained by the reversal of the direct
voltage (average value) Vg.

For inversion to be possible, a high value of inductance must be present, and the delay
angle a>90° since V4 changes polarity at this angle. The theoretical maximum delay for
inversion would occur at a=180°.

Thus it is common practice to define a period of advance from this point rather than a
delay from the previous cross-over as defined for rectification. Thus we define p=n-a
as the ignition angle for inversion or angle of advance. Similarly extinction angle is
defined as & =n-w. The definition of the commutation angle y is unchanged. Thus =
ot+y.

Thus we have the practical relationship o< B < 1/2.

Fig 12: Thyristor voltage waveforms for inversion
Inversion cannot of course be carried out without a DC power source. Further, to

obtain the necessary frequency for the AC on inversion, the commutation voltage
Is obtained from either synchronous machines or from the AC system fed. In
isolated systems, L C circuits may also be sometimes used for the purpose. Figure

shows the thyristor voltage waveforms for inversion.
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During inversion, each thyristor conducts during the negative half cycle, so that
the direct voltage waveform and the corresponding current have the form shown

in figure.

Fig 13: Direct voltage waveform & thyristor current waveform

The equations derived earlier for the convertor are valid. However, they are usually
written in terms of the variables 3 and d instead of a and o.

Va =% Vy [cos (n-P) +cos(m-d)]

or (-) Va =% Vy[cos P +cosd] =Vocosfi + (3mlom) I

Since the direct voltage is always negative during inversion, it is common
practice to omit the negative sign from the expression. It can also be shown that

() Vg = Vpeosd -(3oldn) Iz
The power factor of the inverter can be shown to be given by the equation
cos@ = Y2 (cosd+cosf)

It is common practice to operate the inverter at a constant extinction angle &
(10°to 209).
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UNIT-5
INTRODUCTION, GENERATION OF HARMONICS, AC & DC
FILTERS,

Electrical energy transmitted through AC transmission or DC transmission is
to be delivered at the consumer’s terminals at specified voltage level of constant
magnitude without deviation from the ideal waveform.

An HVDC transmission system generates harmonic currents on the AC side
and harmonic voltages on the DC side during operation. The harmonic currents
generated at the AC bus of the converter get transmitted to the AC network and

then cause the following adverse effects.

a) Heating of the equipments connected.
b) Instability of converter control.

c) Generates telephone and radio interference in adjacent communication lines, thereby
inducing harmonic noise.

d) Harmonics can lead to generation of overvoltages due to resonance when filter circuits
are employed.

An HVDC transmission system consists of a rectifier and an inverter whose
operation generates harmonics on AC and DC side of the converter. The three
distinct sources of harmonics in HVDC systems are

1) Transformer.

2) AC Generator.

3) Converter along with its control devices.
Transformer as source of harmonics

Transformers can be considered as source of harmonic voltages, which arise
from magnetic distortion and magnetic saturation due to the presence of a DC
component in its secondary. The magnitude of these harmonics depends upon the
operating flux density. Converter transformers are usually operated at high flux
densities than conventional 3-phase transformers,
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and therefore the possibility of generation of harmonics is more.Although
the waveform is usually good, an AC generator may be regarded as a source of
balanced harmonics because of non-uniform distribution of flux on the armature
windings.

The converter which forms the basic unit in HVYDC transmission imposes
changes of impedances in the current.

¢9“ ie l >

¢ = ¢, sin ot

10
in =3 0 180° i (O

(a) (b)

Transformer magnetisation (without hysteresis)
(a) Magnetisation curve (b) Flux and magnetisation current waveforms

When hysteresis effect is considered, then the non-sinusoidal magnetizing
current waveform is no longer symmetrical which is mainly caused by triple n
harmonics and particularly the third harmonic. Thus, in order to maintain a
reasonable sinusoidal voltage supply, it is necessary to supply a path for triple n
harmonics which is achieved by the use of delta- connected windings.

Harmonics due to Converters

A 12-pulse connection consists of two 6-pulse groups. One group having Y-

Y connected converter transformer with 1:1 turns ratio and the other group having

Y-A converter transformer bank with 1:V3 turns ratio.

, YIY O
—CD—&

—ip 1:1

1:73
Schematic Diagram of a 12 Pulse Converter Unit
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Generation of Harmonics
The harmonics which are generated are of two types.

(1) Characteristic harmonics.
(i) Non- characteristic harmonics.

Characteristic Harmonics
The characteristic harmonics are harmonics which are always present
even under ideal operation.

In the converter analysis, the DC current is assumed to be constant. But in AC
current the harmonics exist which are of the order of

h=npxl
and in DC current it is of the
order of h=np
where n is any integer and p is pulse number.
Neglecting overlap, primary currents of Y-Y and Y-A connection of the
transformer are considered taking the origin symmetrical where

I = Ig for —t/3< wt<n/3

=0 for n/3<ot<2n/3 and orY-Y
-1t/3<wt<-271/3 connection
= - g for -2n/3< ot<-n converter
and
transformer
21/3< ot<n
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Figure (a): Phase current on primary side of Y-Y connection converter transformer Figure (b):

Phase current on primary side of Y-A connection converter transformer.
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(a) Design of AC Filters

1.Harmonic Distortion:
Harmonic Distortion is given by,

= s
Zn n
n=2

Ey

D= x100

where,

I, — harmonic current injected

Z, — harmonic impedance of the system

E; — fundamental component of line to neutral
voltage m — highest harmonic considered

Harmonic Distortion is also given by,
2. Telephone Influence Factor (TIF):

An index of possible telephone interference and is given by,
M T

YUaZa) |
Drss = i-"ﬂ—JXIOO
E

Fn = 5 n f]_ pn
P, is the ¢ message weighting used by Bell Telephone Systems (BTS) and
Edison Electric Institute (EEI) in USA. This weighting reflects the frequency

dependent sensitivity of the human ear and has a maximum value at the frequency
of 1000Hz.
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3. Telephone Harmonic Form Factor (THEF):

It is similar to TIF and is given by,
Fn = (n f1/800) W,
where,
W, — weight at the harmonic order n, defined by the Consultative Commission on

Telephone and Telegraph Systems (CCITT).
TIF is used in USA.
THFF is popular in Europe.

4.1T Product:
In BTS-EEI system, there is another index called IT product and is defined by,
1/2

IT=r| V= (lnFn)ﬂl
|ne2 i

Types of AC Filters
The various types of filters that are used are
1. Single Tuned Filter
2. Double Tuned Filter
3. High Pass Filter
a) Second Order Filter
b) C Type Filter
Single Tuned Filter
Single Tuned Filters are designed  —L— o

to filter out characteristic harmonics of = - I \_/

single frequency. " I—
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Double Tuned Filter

The Double Tuned
Filters are used to filter
out two discrete
frequencies, instead of
using two Single Tuned
Filters.  Their main
disadvantages are

I. only one inductor
IS subject to full

frequenc i
considerably

CIRUIT 1z | Vs FREQUENCY

Second Order High Pass Filter
The Second Order High Pass Filters are designed to filter out higher harmonics.

CIRCUIT

1Z| Vs FREQUENCY

High Pass C Type Filter
The losses at the fundamental frequency can be reduced by using a C Type Filter

where

capacitor C; is in series with inductor L, which provides a low impedance path to

the fundamental component of current.
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A converter system with 12 pulse converters has Double Tuned (or two Single
Tuned)

Filter banks to filter out 11" and 13" harmonics and a High Pass Filter bank to filter the
rest of harmonics. Sometimes a third harmonic filter may be used to filter the non-
characteristic

harmonics of the 3 order particularly with weak AC systems where some voltage
unbalance is expected.

All filter branches appear capacitive at fundamental frequency and supply
reactive power.

Protection of Filters

The filter is exposed to overvoltage during switching in and the magnitude
of this overvoltage is a function of the short-circuit ratio (higher with low values of
SCR) and the saturation characteristics of the converter transformer.

During switching in, the filter current (at filter frequencies) can have
magnitudes ranging from 20 to 100 times the harmonic current in normal (steady-
state) operation. The lower values for tuned filters and higher values are applicable
to high pass filters. These overcurrents are taken into consideration in the

mechanical design of reactor coils.
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When filters are disconnected, their capacitors remain charged to the voltage
at the instant of switching. The residual direct voltages can also occur on bus bars.
To avoid, the capacitors may be discharged by short-circuiting devices or through
converter transformers or by voltage transformers loaded with resistors.

If the network frequency deviates from the nominal value, higher currents
and losses will result in AC filters. If they exceed the limits,
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