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PART I. General Introduction
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1. General Introduction

> Distribution of resource and load in China

China 1s a vast, populous country,
of which the level of development and
resource distribution vary widely. In
China, Exploitable power resources
are mostly distribute in the west
regions of China, while the power
load distribute are mostly in the east.
The length between east and west is
about 2000~3 000km, so that the long
distance, large capacity power
transmission system is very useful in
this kind of situation.
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1. General Introduction

» Current two modes of long distance large capacity power transmission system

5

1. Ultra-high voltage AC (UHVAC) transmission system
2. Ultra-high voltage DC (UHVDC) transmission system

B Type BN Voltage level ] Capacity [ Distance [
AC

500kV 1000MW 300~500km
AC 1000kV 5000MW 1000~2000km
DC +500kV 3000MW 500~1500km
DC +800kV/5000A 8000MW 1000~2000km
DC +800kV/6250A 10000MW 1000~2000km
DC +1100kV/5000A 11000MW 1500~3000km

4 L %Y il
However, for 10001(&( U_ (’VAC the dlstanc 1IS-110. 1@ i

large amount‘of react V(\:;
As for 1100kV-UHV 'athough the transmissi@ wg‘,
is larger, th""' penstructlo‘n cost is high. 2
Conseque tly, the model of UHV HWACT i is prop
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1. General Introduction

» Advantages of UHV HWACT

* No need to install any reactive-load compensation equipment
* No need to build any Switching Station
* Lower overvoltage level

* Better economy efficiency
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1. General Introduction 7 e

2009.07~2011.09, sponsored by State Grid, four institutes of scientific research have
joined the research team on UHV Half Wavelength AC Transmission (HWACT) system.
They are China Electric Power Research Institute, State Power Economic Research
Institute, State Grid Electric Power Research Institute and North China Electric Power

University.
Researches are on different aspects of HWACT and the following part will introduce
the research results on macro level.
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1. General Introduction

» Different research aspects of UHV HWACT

* Insulation Coordination

* Electromagnetic Transient Characteristics

e Steady-State Operation Characteristics

* Current Differential Protection Principle for HWACT
* Economic Analysis and Reliability Assessment

 Compensation Technology for Electrical Length and Power Extraction System
of HWACT (This 1s what this presentation 1s mainly about, and the details are in
the following part of the presentation)
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1. General Introduction G |

> Results of research on UHV HWACT
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PART II. Compensation Technology
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2.1 Introduction for Compensation Technology

Compensation system of HWACT

The electrical length of the HWACT 1s about half a wavelength, and the
length is about 3000km (50Hz) or 2500km (60Hz) . Subject to conditions,
the practical line length between the two ends is hard to be exact a half-
wavelength. When the length 1s shorter than the half-wavelength,
appropriate technology should be employed to increase the electrical length
up to a half-wavelength.

Theoretically the compensation circuit and the compensated line should
have the same transfer parameter matrix, so that the voltage and current
distribution of the other part of the transmission line will not be affected.

Sending end
Compensation

Receiving end
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2.2 Computational Models

Transfer parameter matrix of the transmission line

Model of uniform lossy transmission line parameter matrix T
s + b
e 4 -
-———— 7 ————— > U, _COSh(Q/l) -Z, Sil’lh(ﬂ/l)_ _Ul
Ui Us Lz }: —isinh(yl) cosh(y1) || 1, }
~— - — “ —

Characteristic impedance: Z=[(R,;HjwL,)/(G,HjwC,)]"?

Propagation constant: y=[(R,HjwL (G HjwC,)]"?
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2.2 Computational Models

5

By and large, power transmission line is a low loss transmission line
with its p.u.l. (per unit length) reactance wL, being much more than its
p.u.l. resistance R, and its p.u.l. susceptance wC, being much more
than its p.u.l. conductance G,. So that the parameter matrix T can be
approximated as the following parameter matrix.

- cos(a) LOCOZ) - é—zSiﬂ(a) Locol)
_—j i—zsin(m LOCOZ) cos(a) LOCOZ)_
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2.2 Computational Models

Two types of compensation circuit

1. T compensation circuit (2 inductances and 1 capacitance)
II compensation circuit (1 inductance and 2 capacitances)

The capacitance value in T compensation circuit is greater than that in
IT compensation circuit, and the Inductance value in T compensation
circuit is less than that in IT compensation circuit.

Compared with the real transmission line, the compensation circuit
given can completely fit the reactance and susceptance parts of the
transmission line, and the resistance and conductance parts of are
ignored.

@%ﬁawa*% Iy LALLTFIEER 15

North China Electric Power University S School of Eiectrical and Electronic Engineering




2.2 Computational Models

T compensation circuit
L L 7
+ b

2 1 ’C
e T YL g C:Z L—Osin(a) /LOCOZ)
0

U, —c oy
) 1 |L
L =— /
w

0 1-— COS(CU,/L()C(JZ)
CO Sin(a)waocol)

® ® >
- B Z

I1 compensation circuit

I, + S _
—o N —r c 1 Co1 — cos(wy/LyCoyl)
(]1 J— - (]2 ‘ (DV LO Sin(a)1fL0C0l)
C C . L_
* .- Z; L= ZV—Sln(wﬂ/LOCOZ)
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2.3 Results and Discussions BN

The p.u.l. positive sequence impedance
Z,=0.0081+0.2615j Q/km

The p.u.l. positive sequence admittance
Y,=(0.0002+0.4328j) X 10> S/km
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2.3 Results and Discussions

1) Dependence of capacitance and inductance on compensation length

o 8_ ) _2505 Within the range of compensated
36_ —.capau ance 242008 length been considered (0~500 km),
) - -inductance ~ h 1 £ - -

Y 1150 8 the values of compensating capacitor
S4 S and Inductance are approximately
S | 11005 roportional to the Compensation
3, S pTop p .

S 50 _g Length. The value of the compensating

(a) Ttype . : : . C e
NN capacttor in T compensation circuit 18
about twice as in Il compensation
circuit, and the value of compensating
inductance in Il compensation circuit is
about twice as in T compensation
circuit. The value of compensating
capacitor is about several microfarad,
and the wvalue of compensating
00 100 200 300 200 508 inductance 1s larger, and the maximum

compensation length(km) value 1s equal to hundreds of

millihenries
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2.3 Results and Discussions

The sending and receiving ends approximately have the
same voltage amplitude and input impedance, which is an
important characteristic of HWACT. The value of input
impedance at the sending end will be very large if there 1s no
load at the receiving end. But the value of input impedance
maybe small if the practical line length is shorter than half
wavelength due to the transmission line effects. At this time,
there will be still some load at the sending end even if there is
no load at the receiving end.
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2.3 Results and Discussions

(2) Voltage at sending end versus line length with receiving end opened

1.05
1.00 p———o— g
53095f e
- yg
E 0.90 ; - —o—half-wavelength
—o- without compensation
0.85 - - ¥~ compensation
080 L 1 . L . L ) L
2500 2600 2700 2800 2900

line length (km)
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Compensation can be helpful to
achieve the same results as
HWACT. The voltage amplitude at
the sending end U, is equal to that at
the receiving end U, . The voltage at
the sending end will be significantly
less than that at the receiving end
without compensation. The greater
of the distance difference between
the practical line length and half
wavelength, the  higher the
overvoltage level.
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2.3 Results and Discussions

(3) Input impedance at sending end versus line length with receiving end opened

When the practical line length
is half wavelength, the value of

25— — input impedance at the sending
20'_ ) T‘j"-vﬁf,?ﬂ end Z, will be about 20 times

_ )/ larger than the wvalue of

— / characteristic impedance Z_, and
N 15T~ nalfwavelength ,uf the value of Z; will be more than
=10 | —o without compensation ! 20 times larger than the value of
N Y[ - compensation e Z. within compensation. The
51 e g value of input impedance at the
DR sending end will be smaller

0 without compensation, so the

2500 26Q0 2700 2800 2900 sending end will still output 20%
line length (km) natural power even if there is no
load at the receiving end.
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2.3 Results and Discussions

Distributed compensation points can be considered to reduce the claims of
compensating inductance. Some Compensation points are evenly distributed in
the transmission line. g

e Ea——

Sending end
Compensation 1
Compensation 2

O

Compensation N
Receiving end

a — the distance between two compensation points.
N — the number of compensation points.
The length of line is (N+1)a, and each compensation length /=[4/2-(N+1)a]/N
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2.3 Results and Discussions

Influence of the number of compensation
points on compensation effectiveness

1.04
1.03—

1.02 i — voltage at sending end

1.0l F - - inputimpedance at sending end

1.00
0.9 . -

0.98 ]
0.97

| U,/ U,

the number of compensation points
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1.04
1.03
1.02
1.01,
1003
0.99—
0.98

.|.|.|.|.|.|.|.|.|097
1 3 5 7 91113151719

North China Electric Power University Sy School of Electrical and Electronic Engineering

Suppose the length of the
transmission line i1s 2500km,
and the apparent power at the
receiving end is 80% natural
power with the power factor
0.9, we can see that the
compensation effect has reached
the stable if the number of
compensation points 1S more
than 5. It means that more
compensation points are not
necessarily better.
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2.3 Results and Discussions

| U,/ U,

5
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0.88
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Influence of power at receiving

end on voltage at sending end
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Influence of power at receiving end
on input impedance at sending end
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| P /P |

The values of voltage and input impedance at the sending end are basically
same as that in the half wavelength transmission line within compensation. The
values of voltage and impedance at the sending end will be significantly less than
that in the half wavelength transmission line without compensation, and the lower
power at the receiving end, the greater the difference.
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2.3 Results and Discussions 1 R

receiving end on voltage at sending end

| Ui/ U, |

3
jr

Influence of power factor angle at

Influence of power factor angle at receiving
end on input impedance at sending end

1.3 3.5
o -0 -
12} ™o N=10 3.0 - —— half-wavelength
1.1 I ~ ~ 25 _ —-o-  without compensation
1.0 it S?‘.\. et __ | 7 - - compensation
' N = 2.0F
0.9t o Sspo N=10
0.8F —=— half-wavelength i - o
07F -~ without compensation N a 1.0 [ o T N
Tt - ¥ compensation ~ 05} el o
0.6] . | .
[ [IRPRN R I T
| I U T

0_0.|. Lo 11
-75-60-45-30-15 0 153045 60 75

load power factor angle (deg.)

0-?75—60-45—30-15 0 15304560 75
load power factor angle (deg.)

The values of voltage and input impedance at the sending end are basically same
as that in the half wavelength transmission line within compensation. The values of
voltage and impedance at the sending end will be significantly less (larger) than that
in the half wavelength transmission line without compensation when the power-
factor angle is less (more) than 0 degree, and the greater the reactance component of
the load, the greater the difference.
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PART III. Power Extraction System
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3.1 Introduction for Power Extraction

System Z

» Reason For The Power Extraction System

&5
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Considering China's national conditions,
the HWACT transmission lines often
pass the places where the economies are
less developed.

When HWACT 1is only from one end to
another, 1t does no good to the places
where 1t passes by. However, by
applying the power extraction system
this problem could be solved. It’s not
hard in practical engineering and also
economical.
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3.1 Introduction for Power Extraction System

» Comparison Between Different Extraction Systems

e Substation

The most traditional methods. But the cost is high.

* Insulated ground wire

The capacity is low, it can only provide very limited power to the local
load or the communication equipment.

* Energy Extraction Reactor

Cost is high and it requires site or switching station.

* Parallel Energy Extraction line (Recommended method)

5

Economical, flexible, and easy to be implemented in practical engineering.
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3.2 Basic Principle of the Scheme

» Basic Principle of the Scheme
According to the theory of electromagnetic field, due to the electrostatic induction
between the energy extraction line and the transmission line, there will be certain
voltage to earth on the energy extraction line.

Insulated ground wire
®) o

Phase Conductor

Oa O B O c

Power Extraction Line

v

Transformer | Load

'

Cross-section diagram of AC transmission lines and extraction line
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3.2 Basic Principle of the Scheme

i ./" A T
» Equivalent circuit of power extraction system
ZS
L F—
+
: Transformer Z,
ES

In this figure, E, 1s the equivalent Open-circuit voltage, which comes from
electromagnetic induction. Z,is the internal impedance of the equivalent source.
These two parameters are decided by the space electromagnetic coupling
between the transmission lines and the power extraction lines.

30
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3.2 Basic Principle of the Scheme

» Research on Parameters of Power Extraction System

5

Based on the Half Wavelength AC Transmission system, a simulation model has
been built for the transmissions lines and power extraction lines. The
equivalent Open-circuit voltage is gained by applying the Multi-conductor
transmission line theory. Thevenin equivalent is done for the power extraction
system and the parameters of equivalent source are calculated.

The following part will demonstrate how the different factors influence the
parameters of equivalent source.
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3.2 Basic Principle of the Scheme /

» Open-circuit voltage

Transmission line in horizontal arrangement Transmission line in triangular arrangement

5007 ‘ ‘ 1 60
Capacitive coupling (only)
************************ Inductive & capacitive | > 507 |
.’Z 400 coupling 5km =4
(&)
?0 ——————————————————————— Inductive & capacitive o 407 ]
i i R =~
£ 300 coupling 10km S Capacitive coupling (only)
g 77777777777777777777777 Inductive & CapaCitiVG = 30 [ A Inductive & Capacitivei
E 200 ¢ coupling 15km 1 5 coupling 5km
2 5 20! J ]
§ s /S Inductive & capacitive
= 2, coupling 10km
2 100 1 S 10¢ _ ]
c T Inductive & capacitive
coupling 15km
0 | ‘ 0 | | |
0 10 20 30 40

Average height of extraction line /m

10 20

30

Average height

of extraction line /m

When the transmission line is in horizontal arrangement, the open-circuit will increase when
the average height increases. When the transmission line is in triangular arrangement, when the
average height increases, the open circuit voltage will increase first and the decrease.

The length of the extraction line makes little difference when it come to open circuit voltage.
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3.2 Basic Principle of the Scheme

» Internal impedance (1)

Transmission line in horizontal arrangement
50

®l
401

357

307

LGJ-400/35
Y 1 R LGJ-240/30
— LGJ-185/30

Internal impedance/ K()

20
0 5 10 15 20 25 30

Average height of extraction line /m

@s‘% ko 4§ QY LAHLTIEER

1. e s -
North China Electric Power University S School of Eiectrical and Electronic Engineering

Internal impedance/ K()

50

45 ¢

40 |

351

30

—————————————————————— LGJ-240/30
LGJ-185/30

LGJ-400/35 -

5 10 15 20 25 30

35

Average height of extraction line /m
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3.2 Basic Principle of the Scheme

» Internal impedance ( 2)

Transmission line in horizontal arrangement Transmission line in triangular arrangement
100 | | | | | 100
=
g s0 e
B S 10km
o

£ o0 — 2 60 20km
=2 =T 30km
= o M ,, 2 T
= 40 . £ 40 ]
= O e
B N 200 ]

0 | | | | | O 1 L L | | |

0 5 10 15 20 25 30 0 5 10 15 20 25 30 35

Average height of extraction line /m Average height of extraction line /m

It could be concluded from the figures that the longer the length and the bigger the radius, the smaller
will the internal impedance be. When the transmission line is in horizontal arrangement, at the height of
5~28m, the change of the internal impedance is small. When the transmission line is in triangular
arrangement, when the height is above 10m, the internal impedance gets saturated.
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3.2

5

Basic Principle of the Scheme £ N ;

Considering the practical engineering, the length of the extraction lines are made to
be 10 km. Using the current voltage level as open-circuit voltage and the
corresponding extraction lines are chosen. The results are shown below:

» The average height of the extraction line in horizontal arrangement

£

Open-Circuit Average Lowest height .
. comment
voltage (kV) height (m)- (m)
66/ ~f3 8.65 4.32 Abandoned (too low)
110/+f3 12.92 8.59 Fine
220/~f3 - 19.64 15.31 Fine -

» The average height of the extraction line in triangular arrangement

Open-Circuit Average Lowest height
. comment
voltage (kV) height (m) (m)
66/ 3 14.52 10.19 Fine
Abandoned(special .
52.50 (max) 24.60 20.27
voltage level)
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3.3 Load Characteristics and Its Improvement Methods Zoh ;

» Load Characteristics

Power extraction systems are usually built in the places where the economies are less
developed, so that the industry power consumption is relatively small. This presentation
mainly focus on the pure resistance load and the load with the power factor of 0.9.

The figure below 1s the Equivalent circuit of power extraction system. U 1s the voltage
at the load end, P and Q are the power consumed by the load.

According to the analysis, the Load Characteristics on different voltage levels (% kv,

100, 66 : : : : 200
—=kv, NG kv) are basically the same. This presentation will use N kv as example.

N

ES:LQ I Z, m P+ O

Equivalent circuit of power extraction system

b 55 W F TRFRE

School of Electrical and Electronic Engineering
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3.3 Load Characteristics and Its Improvement Methods

5

> Load Characteristics

7 ‘ ‘ 7

w BN (9] N
T T T T

[\

Load voltage /kV
Load voltage /kV

— cosp=1 |
""""""""""" cos@=0.9(inductive) 1r

[u—
T

(=)

10 10
Load /Q

— cosep=1 |
””””””””””” cos@=0.9(inductive)

\\2 1 1 \\\\\\\3 1 1 1 0

100 200 300
Active power consumed by load/kW

From the figure above, it could be concluded that when the load of the power
extraction system increases, the voltage on the load end will decrease rapidly.
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3.3 Load Characteristics and Its Improvement Methods

> Load Characteristics

Power supplied by power extraction system

220/+3 kV(KW)  110/+/3 kV(kW) 66/ ~f3 kKV(KW).

Load
t critical. qualified critical qualified  critical: qualified:
ype
power power.  powers  power-  power power

Resistive. 192 130 48 30 16 12+
cosp=0.9.
“f““q}_. 305 75 76 19. 26 6+
(inductive)

Set the low-voltage side of the power extraction system to be 10 kV. According to China’s
relative standard GB/T 12325—2008, the variance of the voltage should be within X 7%.
The chart above shows the critical power, which is the maximum power that the system can
provide, and the qualified power, which meet the power quantity requirement. Compared
with resistive load, the inductive load has worse performance, which means that improving
the power factor is of great significance.
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3.3 Load Characteristics and Its Improvement Methods £on

» Improvement Methods of Load Characteristics

Equivalent circuit of power extraction system after reactance compensation

Z, n:l

[
| E—

.
£(D 7 2

jawL

It because of the large the internal impedance of the extraction system that the system
has very low ability to provide power to load. Since the internal impedance 1s mostly
capacitive, series compensation reactor could be installed on the secondary side of the

transformer to improve the performance.

.. 200, 100, 66 :
If full compensation is wanted, for voltage level of 5 kv, —=kv, NG kv, compensation

V3 V373
inductance should be 0.279, 1.11, 3.24H respectively.
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3.3 Load Characteristics and Its Improvement Methods o)

» Improvement Methods of Load Characteristics

7 | ‘ 7
6/ I — 6
> 9| | 5
= >
O 4+ , / 7 i L
] /, P
§ 3 ‘// ”””””””””””” cosp=1 1 éﬂ 3
?é A cos®=0.9(inductive) S
= 2 cos¢=1(compensation) s 2
| cos®=0.9(inductive ] — 1 — cosp=1
0 . L ‘(‘:‘o‘mpel‘lsat‘m‘n) ,,,,,,,,,,,,,,,,,,,,,,, cos@=0.9(inductive)
2 3 0 ‘ ‘ ‘
0 0.5 1 1.5

Load /Q Active power consumed by load/kW

The results after compensation are shown above. It could be seen that after the
compensation, the performance improves significantly. However, it is at the cost that the
compensation reactor absorbs a large amount of inactive power. Consequently, the load
of the system should not be too large, or it will have high requirement for the capacity of
the compensation reactor.
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3.3 Load Characteristics and Its Improvement Methods i

» Improvement Methods of Load Characteristics

Before Power supplied by power extraction system
compensation Lond 220/~3 KVKW)  110/~3 kV(KW) 66/ /3 KV(KW)
. critical  qualified critical qualified  critical. qualified
e
7P power power. powers  pOWer"  power power
Resistive. 192 130 48 30 16 12«
cos¢p=0.9.
aad 305 75 76 19. 26 6+
(inductive)
Power supplied by power extraction system
After Load type 220/43 (MW).  110/+3 (MW). 66 /3 (MW).
compensation N
P Resistive 1.6 0.4 0.15
cosp=0.9(inductive) 1.3 0.3 0.1
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3.4 Line Fault Influence

2 j \v I/f M
———
» single-phase earth fault occurred in the UHV HWACT line
Transmission line in horizontal arrangement Transmission line in triangular arrangement
500 | | 140 ‘ ‘
— Normal Operation | Normal Operation
Sa00 Edge phase line fault - 1200 Edge phase line fault
| Middle phase line fault z T Middle phase line fault
o 5, 100
S300/ S g
S S
5200/ g o0
A= =
: Lo40
2100 |
O OQ 2071
O ~ O ‘ ‘ ‘
30 0 10 20 30 40

Average height of extraction line /m Average height of extraction line /m

Results of transmission line in different arrangement are shown above. In horizontal arrangement, the
edge phase line fault will cause the equivalent voltage to increase while the middle phase line fault will
cause the equivalent voltage decrease significantly. In triangular arrangement, both kinds of faults will

cause the equivalent voltage to increase. And generally, the higher the extraction lines are, the more
severe the results will be.
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3.4 Line Fault Influence

P

» Single-phase Earth Fault Occurred In Load Line
The line current of high voltage side before reactance compensation
Lond 220/~3 kV(A)  110/+3 kV (A) 66/ ~f3 KV (A)"
Max Line Max Line Max Line
J[}’pe
powWer fault power fault power ' fault
Resistive 1.10 3.01- 0.52 1.51 0.33 0.87
cos@=029
. . 0.58 3.01 0.29 1.51. 0.16 0.87
{(inductive’
The line current of high voltage side after reactance compensation
Lond 220/ 3 kV(A) 110/~3 KV(A)  66/+/3 KV(A). .
oaa -
1.6 Line 0.4 Line 0.1 Line
type--
MW fault. MW. fault MW. fault:
Resistive 12.75 1453.50 6.33 892.10« 3.92. 247.82 .
cos@=079 .
) ) 11.43 1453.50. 5.71 892.10. 3.42.  247.82
(inductive).
43
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PART IV. General Conclusions
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4. General Conclusions

» Conclusions for Compensation Technology

&

The compensation circuit composed of capacitance and inductance can effectively
compensate the missing length of the transmission line even if the loss of line is ignored
through the comparison of the voltage and input impedance at the sending and receiving
ends in several conditions.

The value of the compensating capacitor in T compensation circuit is about twice as in I1
compensation circuit, and the value of compensating inductance in Il compensation
circuit is about twice as in T compensation circuit. The value of compensating capacitor
1s about several microfarad, and the value of compensating inductance is larger, and the
maximum value is equal to hundreds of millihenries.

Distributed compensation points can be considered to reduce the claims of compensating
inductance, but the compensation effect will reach the stable if the compensation points
had reached a certain number, and more compensation points are not necessarily.

For the condition that the length of transmission line is less than half-waveform, the
voltage and impedance characteristic will be different from that in HWACT without
compensation, and the technical advantage of point to point transmission of HWACT is
nonexistent without compensation employed.
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4. General Conclusions

» Conclusions for Power Extraction System

5

Through the research of HWACT system’s basic principle, the elementary

parameters of the power extraction system are analyzed. The results show that it is

practical to build power extraction system (2\%0 kv, 10

66 :
= kv, 7 kv) by using power

extraction lines.

Adding series compensation reactors to the power extraction system could improve
its load characteristics and enlarge the power capacity of the system. And relative
current/voltage protection device should be added to the build power extraction
system.

Power extraction system has very important economical and social effect. Compared
with WWWW, using power extraction lines could provide larger power capacity and
compared with power extraction reactors, power extraction lines are more
economical, which make it a good possible choice.

The impact that power extraction system cause to the power system and its technical
&economic feasibility still need further study.
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That’s all, thank you!
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