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Safety and Common Symbols

The following safety and common symbols may be used in this manual and on

the equipment:

Symbol Description
DANGER indicates a hazard with a high level of risk which, if not
A DANGER avoided, will result in death or serious injury.
WARNING indicates a hazard with a medium level of risk which,
A WARNING

if not avoided, could result in death or serious injury.

A CAUTION

CAUTION indicates a hazard with a low level of risk which, if not
avoided, could result in minor or moderate injury.

CAUTION

CAUTION used without the Caution, risk of danger sign A\,
indicates a hazard with a potentially hazardous situation which,
if not avoided, may result in property damage.

Caution, risk of electric shock

Caution, hot surface

Caution, risk of danger

Caution, lifting hazard

Caution, hand entanglement hazard

Notice, non-ionizing radiation

Direct current

Alternating current

Both direct and alternating current

Three-phase alternating current

L

Earth (ground) terminal
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Safety and Common Symbols

Symbol

Description

Protective conductor terminal

Frame or chassis terminal

D
A
v

Equipotentiality

On (supply)

Off (supply)

Equipment protected throughout by double insulation or
reinforced insulation

In position of a bi-stable push control

DD OO —

Out position of a bi-stable push control
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Preface

The production of energy using renewable natural resources such as wind,
sunlight, rain, tides, geothermal heat, etc., has gained much importance in recent
years as it is an effective means of reducing greenhouse gas (GHG) emissions.
The need for innovative technologies to make the grid smarter has recently
emerged as a major trend, as the increase in electrical power demand observed
worldwide makes it harder for the actual grid in many countries to keep up with
demand. Furthermore, electric vehicles (from bicycles to cars) are developed and
marketed with more and more success in many countries all over the world.

To answer the increasingly diversified needs for training in the wide field of
electrical energy, the Electric Power Technology Training Program was
developed as a modular study program for technical institutes, colleges, and
universities. The program is shown below as a flow chart, with each box in the
flow chart representing a course.

DC Power

Circuits

A2 v v L2 k2 k2 v L 2
Beimancnt Lead-Acid Solar Power Introdu.ctlon DC Power HEEE S Ni-MH Hydrogen
Magnet DC 3 . to Wind A Power "
Batteries (Photovoltaic) Electronics o Batteries Fuel Cell
Motor Power Circuits
1-Phase AC conventonsl 3-Phase AC
1-Phase Power DC Machines
Power R Power
Electronics Transformers and Universal Circuits
Motor
|
y i i ¢ i i A 4 y
n . Introduction
High-Frequency 3-Phase AC Thyristor to Electric 3-Pha_se Basic Controls 3-Phase
Power Power Power Rotating Transformer
. . Power X (Motor Controls)
Transformers Electronics Electronics N Machines Banks
Substations )
Yy YV 1 y
Home Power Factor AEES Motor Drives ||Frogrammable
Energy CereE e Induction (Operation) Logic Sensors
Production Motors P Controller
y l 4 Y \ 4
3-Phase
SAEED (P DC Motor 3-Phase Motor EHFIEED Wound-Rotor bt B Ry e
Rectifier/ N . Induction . Electricity Transmission
Drives Drives Induction N .
Inverter Motor Starters X Generation Lines
Machine
A Y I A

BLDC Motors and
Vector Control
PMSM Drives

Principles of Doubly-

Fed Induction
Generators (DFIG)

3-Phase Vector
Drives

nsmission Syste|

Static Var
Compensator
(sve)

y N

Wind Power Elec.
Generation (DFIG with
Vector Control)

Wind Power Elec.
Generation (PMSG with
Vector Control)

Electric

Vehicles

(Asynch

Wind Power Elec.
Generation

ronous Generator)

The Electric Power Technology Training Program.

© Festo Didactic 86380-00
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Preface

The program starts with a variety of courses providing in-depth coverage of basic
topics related to the field of electrical energy such as ac and dc power circuits,
power transformers, rotating machines, ac power transmission lines, and power
electronics. The program then builds on the knowledge gained by the student
through these basic courses to provide training in more advanced subjects such
as home energy production from renewable resources (wind and sunlight), large-
scale electricity production from hydropower, large-scale electricity production
from wind power (doubly-fed induction generator [DFIG], synchronous generator,
and asynchronous generator technologies), smart-grid technologies (SVC,
STATCOM, HVDC transmission, etc.), storage of electrical energy in batteries,
and drive systems for small electric vehicles and cars.

We invite readers of this manual to send us their tips, feedback, and
suggestions for improving the book.

Please send these to did@de.festo.com.

The authors and Festo Didactic look forward to your comments.

© Festo Didactic 86380-00



About This Manual

The development of HVDC (high-voltage, direct-current) transmission systems
began in the early 1930’s. In 1954, the first commercial HVDC transmission
system was built in Sweden. This HVDC transmission system, called HVDC
Gotland link, allowed transfer of dc power over a submarine cable linking the
mainland of Sweden and the island of Gotland. At the time, HVDC transmission
systems used mercury arc rectifiers to convert ac power into dc power for
transmission over dc transmission lines. However, with the advent of
semiconductors and the development of high-power electronic devices, mercury
arc rectifiers were gradually replaced by thyristor bridges. Thus, since the end of
the 1970s, new HVDC transmission systems most commonly use power
converters made of thyristor three-phase bridges to convert electrical power from
ac to dc, or from dc to ac.

Nowadays, HVDC transmission systems are used to transmit large amounts of
electrical power over distances as long as 1000 km with very low transmission
losses. HVDC transmission systems use overhead transmission lines made of
only two conductors, compared to the three conductors in an ac transmission
line. HVDC transmission systems can also use submarine cables made of only
one conductor to efficiently transmit dc power under water over much longer
distances compared to conventional ac power transmission systems.

The major advantage of HVDC transmission systems is that they permit the
exchange of power between independent ac power systems operating at
different frequencies. Furthermore, acpower systems linked by an
HVDC transmission system do not need to operate in synchronism. Thus, each
system can continue to operate with its own power controller and be developed
independently.

HVDC transmission systems are an important element in the implementation of
smart grids, as they allow fast and precise control of the amount of power
transmitted between critical nodes of the grids. HVDC transmission systems also
allow the direction of power flow to be reversed as required. HYDC transmission
systems are often used together with flexible AC transmission systems (FACTS)
to improve the control of the flow of electrical power in large interconnected grids.
The use of HVDC transmission systems in conjunction with FACTS can help to
stabilize ac power grids, increase the power-carrying capacity of existing
transmission lines, limit the effects of disturbances in ac power systems and
provide more accurate and faster frequency control compared to conventional
frequency controllers.

© Festo Didactic 86380-00

X



About This Manual

HVDC converter station near Wellington, in New Zealand (photo courtesy of Marshelec).

Safety considerations

Safety symbols that may be used in this manual and on the equipment are listed
in the Safety Symbols table at the beginning of the manual.

Safety procedures related to the tasks that you will be asked to perform are
indicated in each exercise.

Make sure that you are wearing appropriate protective equipment when
performing the tasks. You should never perform a task if you have any reason to
think that a manipulation could be dangerous for you or your teammates.

Prerequisite

As a prerequisite to this course, you should have read the manuals titled
DC Power Circuits, p.n. 86380, Single-Phase AC Power Circuits, p.n. 86358,
Single-Phase Power Transformers, p.n. 86377, Three-Phase AC Power Circuits,
p.n. 86360, Thyristor Power Electronics, p.n. 86363, Three-Phase Transformer
Banks, p.n. 86379, and AC Transmission Lines, p.n. 86365.

Systems of units

Units are expressed using the International System of Units (SI) followed by the
units expressed in the U.S. customary system of units (between parentheses).

Xl © Festo Didactic 86380-00
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Exercise 3

DC Current Regulation and Power Flow Control in HVDC
Transmission Systems

EXERCISE OBJECTIVE

DISCUSSION OUTLINE

DISCUSSION

© Festo Didactic 86380-00

When you have completed this exercise, you will be able to explain how a current
control loop operates. You will learn how to use current control loops at the
rectifier and inverter stations of an HVDC transmission system to automatically
control (regulate) the dc line current, and thus the amount of power transferred
via the transmission line.

The Discussion of this exercise covers the following points:

= QOperation with a current control loop at the rectifier bridge
AC voltage fluctuations at the inverter bridge. AC voltage fluctuations at
the rectifier bridge.
= QOperation with current control loops at the rectifier and inverter bridges
= Setting the amount of power transferred through an HVYDC transmission
system
= Reversing the direction of power flow in an HVDC transmission system

Operation with a current control loop at the rectifier bridge

As you have previously learned, an HVDC transmission system allows dc power
to be transferred via a transmission line in either direction. However, the dc line
current, and thus the amount of power transferred via the line, is very sensitive to
fluctuations of the ac voltage at either converter station.

This problem is generally solved by using a current control loop at the rectifier
bridge, as Figure 36 shows. The current control loop uses a current sensor to
measure the actual value of the dcline current /;. This loop compares the
measured value of current /; to the value of the current command /z.¢ (desired
current value) and corrects for any difference (error) between the two by
modifying the firing angle of the rectifier bridge until current /. is equal to the
current command /ger.
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Converter station 1

Power flow

=

Smoothing inductors
and transmission line

Converter station 2

Bridge 1 X, Bridge 2
(rectifier) ' (inverter)

AC Multiple-tap > ™ Multiple-tap AC
power transformer transformer power
network network
1 2
Current 4*

sensor e
E -

Current control loop

i

Firing
control unit

Firing angle
control signal

: Error :

| detector |

Current | Error =) |
command lfi I
(Jrer) : amplifier :

| |

I - |

: Filter » Feedback A!

| \ [T amplifier [

| |

: |

Figure 36. Current control loop used at the rectifier bridge of an HVDC transmission system.

The addition of a current control loop at the rectifier bridge of an
HVDC transmission system modifies the voltage-versus-current relation of the
rectifier bridge. Figure 37 shows the voltage-versus-current relation of a rectifier
bridge whose firing angle is controlled by a current control loop. In this example,
the current command /z.r of the current control loop is set to 0.5 pu. The current
control loop automatically adjusts the firing angle of the rectifier bridge to keep
the dc current flowing through this bridge at a constant value, i.e., at the value of
the current command /Zz. (0.5 pu).

To adjust the firing angle of the rectifier bridge, the current control loop produces
a firing angle control signal (amplified error signal) which is applied to the firing
control unit of the rectifier bridge. The firing angle control signal is proportional to
the error (difference) between the measured current [, and the current
command /z.r. Furthermore, the polarity of the firing angle control signal is the
same as that of the error (difference) between the measured current /;- and the
current command /ger.

© Festo Didactic 86380-00



Exercise 3 — DC Current Regulation and Power Flow Control in HVDC Transmission Systems & Discussion

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Bridge dc voltage, Fuc
[1 pu = 1.35 x Line voltage E;_;]

-1.0

-1.1

-1.2

© Festo Didactic 86380-00

In the firing control unit, the firing angle control signal is multiplied by -1 to obtain
the desired control action. Therefore, when the detected error is positive (i.e.,
when the measured current /4 is lower than the current command /x.¢), the firing
angle control signal after multiplication is of negative polarity and decreases the
firing angle of the rectifier bridge in order to increase the bridge dc voltage, and
thus the dc current flowing through this bridge. Conversely, when the detected
error is negative (i.e., when the measured current /. is higher than the current
command /), the firing angle control signal after multiplication is of positive
polarity and increases the firing angle of the rectifier bridge in order to decrease
the bridge dc voltage, and thus the dc current flowing through this bridge.

Rectifier bridge

/ (bridge 1)

0.1

0.2

0.3

‘\azoo

0.4

5 0.6

The firing angle of the rectifier bridge is
adjusted automatically by the current
control loop so that the dc current flowing
through this bridge remains equal to the
current command (/er)

Rectifier bridge
current command
Irer (set to 0.5 pu)

0.7 0.8 0.9 1.0

\ a= 170°

Bridge dc current, Zi(pu)

Figure 37. Voltage-versus-current relation at the dc side of the rectifier bridge.
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Most firing control units can apply the arc cosine function to the firing angle
control signal in order to linearize the relationship between this signal and the
bridge dc voltage. The arc cosine function compensates for the non-linearity of
the bridge dc voltage-versus-firing angle relation, which is cosinusoidal in nature.
This improves the performance and stability of the current control loop. Note that
when the arc cosine function is used in the firing control unit, the firing control
signal does not have to be multiplied by -1 as this multiplication factor is already
provided by the arc cosine function.

AC voltage fluctuations at the inverter bridge

Figure 38 shows how the current control loop of the rectifier bridge keeps the
value of the dc line current I; constant, i.e., at the value of the current
command /z.r, when ac voltage fluctuations occur at the inverter bridge. In this
example, a firing angle of 18° is required at the rectifier bridge to set current /. to
the value of the current command /.- (0.5 pu) when the ac voltage at the inverter
bridge is at the nominal value. The ac voltage at the rectifier bridge is also
considered to be at the nominal value. The voltage-versus-current relation of the
inverter bridge at the nominal ac voltage is shown in bold red.

When the ac voltage decreases at the inverter bridge, the current control loop
increases the firing angle of the rectifier bridge to prevent current /;- from
increasing, thereby keeping current /4 at the value of the current command /z.r.
Conversely, when the ac voltage increases at the inverter bridge, the current
control loop decreases the firing angle of the rectifier bridge to prevent current /4
from decreasing, thereby keeping current /o at the value of the current
command /ger.

Notice that when the ac voltage increases too much at the inverter bridge, the
current control loop decreases the firing angle of the rectifier bridge to the
minimum value (0°). However, this is not sufficient to keep current /4 at the value
of the current command /.. As a result, current /,, and thus the amount of
power transferred via the transmission line, starts decreasing significantly. A
solution to this problem is discussed later in the discussion.

© Festo Didactic 86380-00
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1 12 T T T O t
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Figure 38. When ac voltage fluctuations occur at the inverter bridge, the current control loop
at the rectifier bridge readjusts the firing angle of the rectifier bridge to keep the dc line
current /z at the value of the current command /. (0.5 pu).
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Bridge dc voltage, Fu.
[1 pu= 1.35 x Line voltage E;_,]

1,2
1.1

1,0
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0.8
0,9
1,0
1,1

-1,2

AC voltage fluctuations at the rectifier bridge

The following five figures show how the current control loop at the rectifier bridge
keeps the dc line current /- constant (i.e., at the value of the current
command /zr) when ac voltage fluctuations occur at the rectifier bridge. As
Figure 39 shows, a firing angle of 18° is required at the rectifier bridge to set the
dc line current /; to the value of the current command /z.r (0.5 pu) when the
ac voltage at the rectifier bridge is at the nominal value. The ac voltage at the
inverter bridge is also considered to be at the nominal value.

Rectifier bridge

(bridge 1)
a=0°

a=18°

o
\ Inverter bridge Operating
(bridge 2) point

a= 165° (=7%)

IRef =0.5 pu

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Bridge dc current, /u (pu)

Figure 39. Voltage-versus-current relations of the rectifier and inverter bridges at the nominal
ac voltage.
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When the ac voltage increases at the rectifier bridge (Figure 40 and Figure 41),
the current control loop increases the firing angle of the rectifier bridge to prevent
current /- from increasing, thereby keeping current /7, at the value of the current

command /zer.

Rectifier bridge

/ (bridge 1)

Inverter bridge
(bridge 2)
o= 165°(=7%)

0.1 0.2 0.3 0.4

Operating
point

IRef =05 pu

0.5 0.6 0.7 0.8 0.9

1.0

Voltage-versus-current
relation of the rectifier
bridge at the nominal

ac voltage (o = 0°)

Bridge dc current, Z (pu)

Figure 40. When the ac voltage increases at the rectifier bridge, the current control loop
increases the firing angle of the rectifier bridge to keep the dc line current Idc at the value of

the current command /(0.5 pu).
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Bridge dc current, /i (pu)

Figure 41. A further increase in the ac voltage at the rectifier bridge causes the current control
loop to further increase the firing angle of the rectifier bridge to keep current /i at the value of
the current command /(0.5 pu).
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Conversely, when the ac voltage decreases at the rectifier bridge (Figure 42), the
current control loop decreases the firing angle of the rectifier bridge to prevent
current /;- from decreasing, thereby keeping current /- at the value of the current
command /zer.

Rectifier bridge

(bridge 1)
a=0°
T 2T T 9, «="

0,1

'\ Operating

Inverter bridge point
(bridge 2)
a= 165°(=7%) }
IRef =05 pu
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Voltage-versus-current
relation of the rectifier

~ 7 bridge at the nominal
ac voltage (a=0°)

Bridge dc current, /i (pu)

Figure 42. When the ac voltage decreases at the rectifier bridge, the current control loop
decreases the firing angle of the rectifier bridge to keep current /i at the value of the current
command /ze (0.5 pu).

79



Exercise 3 — DC Current Regulation and Power Flow Control in HVDC Transmission Systems & Discussion

80

Bridge dc voltage, Fa
[1 pu= 1.35 X Line voltage E;_;]

1,2
1.1
1,0
0,9
0,8
0,7
0,6

0,5

Notice that when the ac voltage decreases too much at the rectifier bridge, the
current control loop decreases the firing angle of the rectifier bridge to the
minimum value (0°); this, however, is not sufficient to keep current /; at the value
of the current command /... As a result, current /;- (and the amount of power
transferred via the transmission line) starts decreasing significantly. In Figure 43,
for example, the ac voltage at the rectifier bridge has decreased to such an
extent that decreasing the firing angle of the rectifier bridge to 0° is insufficient to
keep current /; (which is only 0.2 pu) at the value of the current command
(0.5 pu). A solution to this problem is discussed in the next section.

Rectifier bridge
(bridge 1)
_________ -
e )
Y| q=0°
Operating
point
(0.2 pu)
Inverter bridge E
(bridge 2) !
a= 165°(=7%)
IRE,‘ =05 pu
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Voltage-versus-current

___ relation of the rectifier
bridge at the nominal
ac voltage (a=0°)

Bridge dc current, Za (pu)

Figure 43. When the ac voltage decreases too much at the rectifier bridge, the current control
loop decreases the firing angle of the rectifier bridge to the minimum value (0°); this is not
sufficient to keep current /i at the value of the current command /. (0.5 pu). As a result,
current /z- decreases and becomes lower (0.2 pu in this example) than the current command.
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Converter station 1

Operation with current control loops at the rectifier and inverter bridges

Thus far, we have seen that the use of a current control loop at the rectifier
bridge of an HVDC transmission system allows for automatic regulation in
keeping the dc line current 7, constant despite ac voltage fluctuations at either of
the bridges, as long as the fluctuations are not too great. However, when the
ac voltage increases too much at the inverter bridge or decreases too much at
the rectifier bridge, the current control loop decreases the firing angle of the
rectifier bridge to the minimum value (0°); this, however, is not sufficient to keep
current /;- constant (i.e., at the value of the current command). As a result,
current ;- (and the amount of power transferred via the transmission line), starts
decreasing significantly.

This problem can be solved by adding a second current control loop at the
inverter bridge of the HVDC transmission system. Figure 44 shows an
HVDC transmission system with current control loops at both the rectifier and
inverter bridges.

Power flow

=

Smoothing inductors

Converter station 2

Bridge 1 and transmission line Bridge 2
(rectifier) ;. X (inverter)

AC Multiple-tap — ™M Multiple-tap AC
power transformer transformer power
network network
1 2
Current Current
sensor sensor

+ +
| |
Firing Firing
control unit control unit

Current control loop

Error

Rectifier | detector

bridge
current 7|
command |

[Lret. (rectifien)] |
|

A Firing angle
control signal

Firing angle A

control signal Current control loop

Error :
detector | Inverter
Pl PI Error I bridge
amplifier | current
| command
| [lRef (inVer(er)]

Filter

Filter

Feedback Feedback

amplifier
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| amplifier
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| |

I |

f e |

|| amplifier |

| |

| |
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Note: Irer (invertery = Iret (rectifiery — AL

Figure 44. The addition of a second current control loop at the inverter bridge of an
HVDC transmission system limits the effect of ac voltage fluctuations on the dc line current /x
by keeping it within a predetermined current margin (AJ).
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The selected current margin
depends on the magnitude
of the harmonics (ripple) in
the dc current. Thus the
current margin must be
wide enough to prevent any
interaction between the
loops due to harmonics in
the dc current. A current
margin of approximately

0.1 pu is common in HYDC
transmission systems.
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The current control loops at the rectifier and inverter bridges in Figure 44 are
identical and they operate the same way. The only difference is that the current
command /germvertery OF the current control loop at the inverter bridge has a value
slightly lower than the current command /Iger (recrifiery Of the current control loop at
the rectifier bridge to prevent any interaction between these loops. The difference
between the values of these two current commands, Irer(rectifier) = Iret (inverter), 1S
known as the current margin (AJ).

The combined action of the two current control loops limits the effect of
ac voltage fluctuations on the dc line current /4 (i.e., on the system’s operating
point) by keeping it within the current margin A7 of the two thyristor bridges. Thus,
these loops prevent current /- (and the amount of power transferred) from
decreasing significantly when the ac voltage fluctuates to such an extent that the
firing angle of the rectifier bridge reaches the minimum value (0°).

Figure 45 shows how the current control loops prevent the dc line current /,, and
thus the amount of power transferred, from decreasing significantly when the
ac voltage fluctuates to the extent that the firing angle of the rectifier bridge
reaches the minimum value (0°). In this example, the current command Zger. (rectifier)
and the current margin A7 are set to 0.5 pu and 0.05 pu, respectively, thereby
resulting in a current command /zer (inverrer) Of 0.45 pu.

As long as the current control loop of the rectifier bridge is able to keep the
current /- flowing through the bridges at the value of current command Zzer (rectifier
(0.5 pu) by readjusting the firing angle of the rectifier bridge (o gecirer), the current
control loop of the inverter bridge keeps the firing angle of the inverter
bridge (averter) at the maximum value allowed (165° in our example). In that
case, the current /;- (0.5 pu) is higher than the current command /Zzes (inverten
(0.45 pu) of the current control loop at the inverter bridge. This control loop
therefore attempts to decrease the current /- by increasing the dc voltage at the
inverter bridge to the maximum possible value, i.e., by increasing the firing
angle aaverrer to the maximum value (165° in our example).

However, when the ac voltage decreases at the rectifier bridge or increases at
the inverter bridge to the extent that the firing angle ogecsiser reaches the minimum
value (0°) and the current ;- flowing through the bridges starts decreasing
significantly [i.e., below the value of current command /gt (inverers (0.45 pu)], the
current control loop of the inverter bridge enters into action by decreasing the
firing angle auverrer. 1t does this in order to keep the current /- at the value of
current command Zger (inverery, @and thus prevent current ;- from decreasing further.
The current /- therefore passes from 0.5 pu to 0.45 pu when the current control
loop of the inverter bridge enters into action, which prevents the amount of power
transferred via the transmission line from decreasing significantly in spite of
ac voltage fluctuations.
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Operating point jumps to this
1.1 1 location when the firing
angle areciser reaches 0° \ / Inverter bridge

09 | / x A inverter = 165°
uier= 0° ~7%
0.8 4 Rectifier bridge A Rectifier= 0 (=7%)

0.7 1 = ~~Current margin (A/)
Operating point |

0.6 1 With otgectifier = 0°
[ctmverter = 1620(—7%)]

0.5 1
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Bridge dc voltage, Fu.
[1 pu= 1.35 x Line voltage E;_;]
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Figure 45. When the ac voltage decreases at the rectifier bridge or increases at the inverter
bridge to the extent that the firing angle ageuer reaches the minimum value (0°) and the
current /i starts decreasing significantly, the current control loop of the inverter bridge enters
into action to maintain current i to Jges (rectiiey — Al (i.€., 0.45 pu in the above example).
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Figure 46 shows how the same two current control loops prevent the dc line
current /;, and thus the amount of power transferred, from increasing
significantly when the ac voltage fluctuates to the extent that the firing angle of
the inverter bridge reaches the maximum value allowed (165° in our example).

As long as the current control loop of the inverter bridge is able to keep the
current /- flowing through the bridges at the value of current command Zrer (inverter)
(0.45 pu) by readjusting the firing angle oaverer, the current control loop of the
rectifier bridge keeps the firing angle ogeciser at the minimum value (0°). In that
case, the current /4 (0.45 pu) is lower than the current command /Zzer (rectisier) Of the
current control loop at the rectifier bridge. This control loop therefore tries to
increase the current ;- by increasing dc voltage at the rectifier bridge to the
maximum possible value, i.e., by decreasing the firing angle ageqiser t0 the
minimum value (0°).

However, when the ac voltage increases at the rectifier bridge or decreases at
the inverter bridge to the extent that the firing angle ayer.r reaches the maximum
value (165° in our example) and the current /7, flowing through the bridges starts
increasing significantly [i.e., above the value of current command Zger rectifier
(0.5 pu)], the current control loop of the rectifier bridge enters into action by
increasing the firing angle ageqiser 1t does this in order to keep the current ;-
flowing through the bridges at the value of current command Zzer (rectifiery, @and thus
prevent the current /;- from increasing further. The current /. therefore passes
from 0.45 pu to 0.5 pu (i.e., it returns to the initial value) when the current control
loop of the rectifier bridge enters into action, which prevents current ;- (and thus
the amount of power transferred), from increasing significantly in spite of
ac voltage fluctuations.

In short, as long as the ac voltage at both bridges remains close to the nominal
value, the current control loop at the rectifier bridge keeps control of the system’s
operating point and maintains the current /. at lzer (rectirien- However, when the
ac voltage at the rectifier bridge decreases too much or the ac voltage at the
inverter bridge increases too much, the current control loop at the inverter bridge
takes control of the system’s operating point and maintains the current ;- at a
slightly lower value, i.e., at /gt (rectifiery — AL
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Figure 46. When the ac voltage increases at the rectifier bridge or decreases at the inverter
bridge to the extent that the firing angle amwerr reaches the maximum value (165° in our
example) and the current /i starts increasing significantly, the current control loop of the
rectifier bridge enters into action to maintain current /i to Izet (recusien (i.€., 0.5 pu in the above

example).
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Setting the amount of power transferred through an HVDC transmission
system

Since power is the product of voltage and current, the amount of dc power
transferred through an HVDC transmission system can be adjusted by varying
either the dcline voltage or the dcline current. However, the power losses
(RI? losses) caused by heat dissipation in conductors increase with the square of
current, while being virtually independent of the magnitude of voltage. Therefore,
for any given amount of power transferred through an HVDC transmission
system, it is best to operate at the highest dc voltage possible to keep the
dc current as low as possible, and thus reduce the power losses to a minimum.
The amount of power transferred can then be adjusted by varying the dc line
current.

As an example, Figure 47 shows the voltage-versus-current relation of an
HVDC transmission system in which the rectifier and inverter bridges are set to
operate at the highest possible dc voltage. Initially, the current command of the
HVDC transmission system (i.e., the current command /zer (rectifien) iS set
to 1.0 pu, while the current control loops set the firing angle of the rectifier bridge
(bridge 1) to 0° and the firing angle of the inverter bridge (bridge 2) to the
maximum (limit) value (165° in our example). Therefore, the maximum amount of
power is transferred through the system. The amount of power transferred is
adjusted (i.e., decreased) by varying the current command Zger (recririery OVEr the
range of values ensuring continuous current flow in the bridges (between 1.0 pu
and 0.2 pu in this example). This causes the firing angle azeciser to increase from
0° to 23°, while the firing angle overer remains at the maximum value (165°). The
operating points on the voltage-versus-current relation of Figure 47 show that the
dc voltage remains quite constant (i.e., close to the maximum value) over the
dc current range ensuring continuous current flow (0.2 puto 1.0 pu), with this
voltage passing from 0.9 pu to 0.95 pu (a variation of only 0.05 pu) when the dc
current passes from 0.2 pu to 1.0 pu.

Operating the rectifier and inverter bridges at the highest possible dc voltage
over the dc current range ensuring continuous current flow not only keeps the
power losses to a minimum, but also ensures that both bridges operate at a good
DPF (above 0.9). This generally requires a variation of the firing angle between
approximately 0° and 25° at the rectifier bridge, and the maximum firing angle at
the inverter bridge (i.e., = 165°). In Figure 47, for example, the DPF of the
rectifier bridge passes from unity to 0.92 when the dc current passes from 1.0 pu
to 0.2 pu because the firing angle ageiser passes from 0° to 23°. The DPF of the
inverter bridge is very good (= 0.95) since the firing angle averer is kept at the
maximum value (165° in our example).
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Figure 47. The amount of power transferred through an HVDC transmission system is set by
adjusting the dc line current, i.e., the current command /et (reciifiey. TO keep power losses

(RI? losses) to a minimum and to ensure a good DPF at both thyristor bridges, the system is
set to operate at the highest dc voltage possible.
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To further decrease the amount of power transferred through the
HVDC transmission system once the dc current has reached the minimum
value (0.2 pu in our example) ensuring continuous current flow through the
rectifier and inverter bridges, the dc voltage at which the system operates must
be decreased. This is achieved by decreasing the maximum (limit) value of the
inverter bridge firing angle (ctaverer) below 165°, as Figure 48 shows. Thus, the
operating dc voltage can be decreased from maximum to zero by decreasing the
limit value of the firing angle amverser from 165° to 90°.

Operating an HVDC transmission system below the maximum dc voltage is an
undesirable condition which should be allowed only temporarily (e.g., when it is
necessary to decrease the power transferred to zero before reversing the
direction of power flow). This is because operating the system below the
maximum dc voltage reduces the power transfer efficiency since the RI? losses
remain quite constant while the amount of power transferred decreases.
Furthermore, this results in poor DPFs at both thyristor bridges. For example,
consider the operating points obtained in Figure 48 when the current /; is set to
the minimum value ensuring continuous current flow (0.2 pu) and the limit value
of the firing angle aaverer is gradually decreased from 165° to 90° to reduce the
operating dc voltage to zero.

- When the limit value of the firing angle amerer is decreased from 165°
to 150°, the firing angle ageciser passes from 23° to 35°, as Figure 48 shows.
Consequently, the DPF of the inverter bridge decreases from 0.95 to 0.87,
while the DPF of the rectifier bridge decreases from 0.93 to 0.80. The DPFs
at both bridges (0.87 and 0.80), therefore, are below 0.9 (the minimum
DPF value that is generally considered acceptable).

- Further decreasing the limit value of the firing angle averer causes the firing
angle ageqisier t0 further increase, as Figure 48 shows. Thus, when the limit
value of the firing angle averser is decreased to 135°, 120°, 105°, and 90°, the
firing angle agecirer iNCreases to 48°, 62°, 75°, and 90°, respectively. This
causes the DPFs at both bridges to become worse and worse, decreasing to
0.71, 0.50, 0.24, t0 0.00 at the inverter bridge, and to 0.65, 0.48, 0.25,
and 0.00 at the rectifier bridge.
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Bridge dc current, /i (pu)

Figure 48. To decrease the amount of power transferred through an HVDC transmission
system to zero, the dc voltage at which the system operates is reduced to zero. This, however,

results in poor DPFs at both the rectifier and inverter bridges.
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Reversing the direction of power flow in an HVDC transmission system

To reverse the direction of power flow in an HVDC transmission system, the
power transferred from one bridge to the other must first be reduced to zero, then
a procedure must be followed to make power flow in the opposite direction. For
example, Figure 49 shows how to reverse the direction of power flow in an
HVDC transmission system like the one shown in Figure 44. Initially, it is
assumed that the maximum amount of power is transferred from bridge 1 to
bridge 2 (i.e., the firing angle of bridge 1 is set to 0° and the firing angle of
bridge 2 is set to 165°). The direction of power flow is reversed by performing the
generic procedure below.

- Gradually decrease the amount of power flowing from bridge 1 to bridge 2 to
zero. To do so, first decrease the dc current to the minimum value (0.2 pu in
our example) ensuring continuous current flow in the bridges by decreasing
the current command /zer recrifiery Of the bridge currently acting as a rectifier
(i.e., bridge 1) to this minimum value. Then, decrease the voltage at which
the system operates to zero by decreasing the maximum (limit) value of the
firing angle azverer Of the bridge currently acting as an inverter (i.e., bridge 2)
from 165° to 90°.

- Stop both bridges (i.e., stop thyristor firing in both bridges).

- Select the appropriate tap on the multiple-tap transformer of each converter
station so that the bridge which will act as an inverter (i.e., bridge 1) operates
at an ac voltage slightly lower than the bridge which will act as a rectifier (i.e.,
bridge 2).

- Set the current command Zzer reciifiery Of the bridge which will act as a rectifier
(i.e., bridge 2) to the minimum value (0.2 pu) ensuring continuous current
flow in the bridges, then set the current command /zer (inverrery OF the bridge
which will act as an inverter (i.e., bridge 1) t0 Zrer (rectifier) - AL

- Set the maximum (limit) value of the firing angle auverr Of the bridge which
will act as an inverter (i.e., bridge 1) to 90°.

- Start both bridges (the dc voltage at which the system operates should be
approximately zero).

- Increase the dcvoltage at which the system operates to maximum by
gradually increasing the maximum (limit) value of the firing angle auverser Of
the bridge now acting as an inverter (i.e., bridge 1) to the maximum value
allowed (165° in our example).

- Set the current command /g (recritiery OF the bridge now acting as a rectifier
(i.e., bridge 2) to the value required to transfer the desired amount of power.
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Figure 49. Diagram showing how the direction of power flow is reversed in an
HVDC transmission system.
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PROCEDURE OUTLINE

PROCEDURE
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The Procedure is divided into the following sections:

= Set up and connections
= QOperation of an HVDC transmission system with a current control loop at
the rectifier bridge only
Varying the current command of the rectifier bridge. AC voltage
fluctuations at the inverter bridge. AC voltage fluctuations at the rectifier
bridge.
= Operation of an HVDC transmission system with current control loops at
the rectifier and inverter bridges
Varying the current command at the rectifier bridge. AC voltage
fluctuations at the inverter bridge. AC voltage fluctuations at the rectifier
bridge.
= Varying the amount of power transferred via the HVDC transmission
system
= Reversing the direction of power flow in the HVDC transmission system

Set up and connections

In this part of the exercise, you will set up a circuit representing an
HVDC transmission system as well as the equipment required to measure the
system parameters.

1. Refer to the Equipment Utilization Chart in Appendix A to obtain the list of
equipment required to perform the exercise.

Install the equipment in the Workstation as indicated below to simplify the
connections required to implement the HVDC transmission system (shown in
Figure 50, Figure 51, and Figure 52).

— Install the modules required to implement converter station1 (i.e., a
Regulating Autotransformer, a Three-Phase Transformer Bank, a Power
Thyristors module, and a Data Acquisition and Control Interface) in the
left-hand side openings of the Workstation.

— Similarly, install the modules required to implement converter station 2
(i.e., a Regulating Autotransformer, a Three-Phase Transformer Bank, a
Power Thyristors module, and a Data Acquisition and Control Interface)
in the right-hand side openings of the Workstation.

— Place the Three-Phase Transmission Line and Power Supply in the
middle openings of the Workstation. (The two three-phase ac power
sources in the Power Supply will be used as independent ac power
sources for the two converter stations.)

2. On the Power Supply, make sure that the two ac power switches are set to
the O (off) position, and that the Power Supply voltage control knob is set
to 0%. Connect the Power Supply to a three-phase ac power outlet.

3. Connect the Low Power Input of each Power Thyristors module to the
24 V ac power source of the Power Supply.
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Connect the Power Input of each Data Acquisition and Control Interface to
the 24 V ac power source of the Power Supply. Turn the 24 V ac power
source of the Power Supply on.

Connect the USB port of each Data Acquisition and Control Interface to
USB ports of the host computer.

Turn the host computer on, then start the LVDAC-EMS software. In the
LVDAC-EMS Start-Up window, make sure that both Data Acquisition and
Control Interfaces (DACIs) are detected (the serial number of each DACI
appears in the LVDAC-EMS Start-Up window). Select the network voltage
and frequency that correspond to the voltage and frequency of your local ac
power network, then click the OK button to close the LVDAC-EMS Start-Up
window.

On each Power Thyristors module, set switches S; and S, to the | (on)
position. This interconnects thyristors @ through @ of each Power Thyristors
module in a thyristor three-phase bridge.

Connect the equipment as shown in Figure 50, Figure 51, and Figure 52.
Before you begin connecting the equipment, record in the space below the
serial numbers of the DACI modules used to control the thyristor bridges in
converter stations 1 and 2.

Serial number of the DACI controlling the thyristor bridge (bridge 1) in
station 1 (left-hand station) =

Serial number of the DACI controlling the thyristor bridge (bridge 2) in
station 2 (right-hand station) =

Use the fixed, three-phase ac voltage output of the Power Supply as the
ac power source for converter station 1 (left-end station). Use the variable,
three-phase ac voltage output of the Power Supply as the ac power source
for converter station 2 (right-end station). Use the Three-Phase Transmission
Line module to implement inductance X; (inductance of the dcline and
smoothing inductors). Note that terminals A1 and A2 in Figure 50 connect to
the corresponding terminals in Figure 51, while terminals A3 and A4
in Figure 51 connect to the corresponding terminals in Figure 52.

J7 Inputs E1, E2, E3, 1, 12, and |3 of converter stations 1 and 2 (shown in

Figure 50, Figure 51, and Figure 52) are all inputs of the DACI used in
converter station 1. These inputs are used to measure parameters in the
HVDC transmission system. Input E4 of the DACI used in converter station 1
provides synchronization of the firing signals for the Power Thyristors module
in station 1. Input E4 of the DACI used in converter station 2 (represented by
the red symbol E4 in Figure 52) provides synchronization of the firing signals
for the Power Thyristors module in station 2. Input |4 of the DACI used in
converter station 1 (represented by the blue symbol |14 in Figure 51) provides
dc line current measurement for the current control loop of the thyristor bridge
in station 1. Finally, inputl4 of the DACI used in converter station 2
(represented by the red symboll4 in Figure 51) provides dc line current
measurement for the current control loop of the thyristor bridge in station 2.
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Converter Station 1

Regulating .
Autotransformer Three-Phase Transformer Bank module Power Thyristors
_________ | - ____ module
| | |
ACpower 11 414 1 2 5 41, Al
source O_l—l_om_o_ -O—mO ! 11 -0
@821, /| | o ¢
fixed | | | | + +
| .
voltage | | | | Bridge 1
output : | : : E1 E4
| : | |
| 5 6 7 10 ol
| O 12 O— Y Y O | | 4O YY1 L2
| | | . ° |
| | |
N | | | |
i X i i
| : | |
| | |
| : | |
| | | |
| I | A2
3 6| 11 12 15 14
L3 | ® L3 I O YY) O _Omo I L3
I i ° q ° T —O
| ' | |
I : [ R ]
| | I
: N N | Firing control signals
O O | from the digital outputs
| : of the DACI for station 1
e
Figure 50. HVDC transmission system (part I).
DC Transmission Line
A1 . X A3
@ 12 YY) o
+
E2
DACI in DACl in
station 1 \ station 2 \
A2 . . A4
O 14 14 '9)
Local ac power network
XL
Voltage Frequency (Q)
V) (Hz)
120 60 60
220 50 600
240 50 600
220 60 600

Figure 51. HVDC transmission system (part Il).
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Converter Station 2

; Regulating
oo _ Three-Phase Transformer Bank module Autotransformer_
| | ' |
A3 | 4 5 2 I l'4 11
O 13 L1 |O_m_o_ ~O—"Y V.\_Q_l—ro1 L1 L1 AC power
| | | | source
. o N\ e
. | I | | variable
Bridge 2 E4 E3 | I : | voltage
: : | : output
| | : |
| I I
212~ S LS B 21y |
| ° (] | |
I | ' |
| | ' |
| | ' |
| | ' |
| | ' |
| | ' |
| [ : |
A4 114 15 12 11! 6 |
O L3S Y YL O Y Y L L3! o |
| [} S °® | | |
| I I
P AR I I I
' |
: |
Firing control signals I'N N :
from the digital outputs | o
of the DACI for station 2 rO |
L ___ |
Figure 52. HVDC transmission system (part lll).
7. Connect the Digital Outputs of each Data Acquisition and Control Interface to
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the Firing Control Inputs of the associated Power Thyristors module, using
the provided cable with DB9 connectors.

On the Regulating Autotransformer in converter station 1, set the Buck-Boost
selector to 0% and the Phase Shift selector to 0°.

On the Regulating Autotransformer in converter station 2, set the Buck-Boost
selector to -15% and the Phase Shift selector to 0°.

Since the HVDC transmission system will be used to transfer power from
converter station 1 to converter station 2, the above settings will make the
thyristor bridge in station 2 (inverter bridge) operate at an ac voltage lower
than the ac voltage at which the thyristor bridge in station 1 (rectifier bridge)
operates.
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9.

In LVDAC-EMS, open the HVDC Transmission System Control window. A
dialog box appears. Select the serial number of the DACI that is used to
control thyristor bridge 1 (i.e., the serial nhumber of the thyristor bridge in
converter station 1, recorded in step 6), then click the OK button to close the
dialog box and open the HVDC Transmission System Control window.

In the HVDC Transmission System Control window, make the following
settings:

J

Set the Function parameter to Monopolar HVDC Transmission
System.

Make sure that the Control Type parameter is set to Independent.
This makes the current command of the current control loop at
Bridge 1 independent of the current command of the current control
loop at Bridge 2.

Set the Current Command parameter of Bridge 1 t0 0.2 pu by
entering the adequate value in the field next to this parameter or by
using the control knob in the lower left corner of the window. This
sets the current command of the current control loop at Bridge 1
to 0.2 pu.

The maximum value of the dc line current (la) in the HVDC transmission
system you set up (i.e., 1.0 A at an ac power network voltage of 120V,
or0.5A at ac power network voltages of 220V and 240 V) corresponds
to 1.0 pu. Therefore, set the Current Command parameter of Bridge 1 to 0.2 A
if your ac power network voltage is 120 V, or to 0.1 A if your local network
power voltage is 220 V or 240 V.

Make sure that the Inverter Limit parameter of Bridge 1 is set
to 165°. This sets the maximum (limit) value of the firing angle at
Bridge 1 to 165°.

Make sure that the Arc-Cosine parameter of Bridge 1 is set to On.
This enables the arc cosine corrector circuit of the current control
loop at Bridge 1.

Make sure that the Controller Proportional Gain Kp of Bridge 1 is set
to 0.2. Also, make sure that the Controller Integral Gain Ki of
Bridge 1 is set to 10.0.

Make sure that the parameters Q, through Qg of Bridge 1 are all set
to Active. This makes the firing signals of these thyristors depend on
the Current Command parameter of Bridge 1.

Set the Current Command parameter of Bridge 2 to 0.0 pu by
entering 0.0 in the field next to this parameter or by using the control
knob in the lower left corner of the window. This sets the current
command of the current control loop at Bridge 2 to 0.0 pu.

Make sure that the Inverter Limit parameter of Bridge 2 is set

to 165°. This sets the maximum (limit) value of the firing angle at
Bridge 2 to 165°.
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10.

— Make sure that the Controller Proportional Gain Kp of Bridge 2 is set
to 0.2. Also, make sure that the Controller Integral Gain Ki of
Bridge 2 is set to 0.0.

— Make sure that the parameters Q; through Qg of Bridge 2 are all set
to Active. This makes the firing signals of these thyristors depend on
the Current Command parameter of Bridge 2.

— Leave the other parameters set to their default values.

— Start the Monopolar HVDC Transmission System function by clicking
the Start/Stop button or by setting the Status parameter to Started.

With the above settings, the current control loop of bridge 1 (rectifier bridge)
automatically adjusts the firing angle of this bridge to maintain the dcline
current ;- at the value of the current command /. of the rectifier bridge.
Meanwhile, the current control loop of bridge 2 (inverter bridge) maintains the
firing angle of this bridge to the maximum (limit) value (i.e., 165°), thereby
providing maximum opposition to current flow [this is because the current
command of the current control loop at the inverter bridge has a value
(0.0 pu) lower than that of bridge 1]. Therefore, the HVDC transmission
system operates as if only one current control loop were present in the
system (i.e., the current control loop at the rectifier bridge).

In LVDAC-EMS, open the Metering window. A dialog box appears. Select the
serial number of the DACI that is used to perform parameter measurements
in the HVDC transmission system [i.e., the same DACI that is used to control
the thyristor bridge (bridge 1) in converter station 1], then click the OK button
to close the dialog box and open the Metering window.

In the Metering window, open the Acquisition Settings dialog box, set the
Sampling Window to 8 cycles, then click the OK button to close the dialog
box. Set the meters as indicated below.

— Set three meters to measure the dc line current 7, (/2) and
voltage FE,- (E2), and the power transferred P, [PQS2 (E2,12)] via the
transmission line.

— Set two meters to measure the rmsvalues of line-to-line
voltage £i.; (ET) and line current 4 (/1) at the ac side of the three-
phase thyristor bridge (bridge 1) in converter station 1. Set three
meters to measure the active power [PQS7 (E1,/1) 3~], reactive
power [PQS1 (E1,/1) 3~], and displacement power factor
[PF (E1, 11) 3~] at the ac side of the three-phase thyristor bridge
(bridge 1) in converter station 1.

— Set two meters to measure the rmsvalues of line-to-line
voltage £i.; (E3) and line current 4 (/13) at the ac side of the three-
phase thyristor bridge (bridge 2) in converter station 2. Set three
meters to measure the active power [PQS3 (E3,/13) 3~], reactive
power [PQS3 (E3,/13) 3~], and displacement power factor
[PF (E3, 13) 3~] at the acside of the three-phase thyristor bridge
(bridge 2) in converter station 2.
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11. In LVDAC-EMS, open the Data Table window. Set the Data Table to record
the firing angles of bridges 1 and 2, the current commands of bridges 1
and 2, the dcline current and voltage, the power transferred via the
transmission line (i.e., the power transferred via the HVDC transmission
system), as well as the line-to-line voltage £i.,, active power, reactive power,
and DPF at the ac side of the three-phase thyristor bridge in each converter
station.

Operation of an HVDC transmission system with a current control loop at the
rectifier bridge only

In this section, you will study the operation of an HVDC transmission system
containing a current control loop at the rectifier bridge only. To do this, you will
vary the current command of the current control loop at the rectifier bridge and
measure the system parameters (dc line current and voltage, power transferred
via the transmission line, as well as the firing angle, active power, reactive power,
and DPF at the rectifier and inverter bridges). You will then simulate fluctuations
of the ac voltage at the inverter and rectifier bridges and see how the current
control loop of the rectifier bridge compensates for the effect of these fluctuations
on the system operating point.

Varying the current command of the rectifier bridge

12. On the Power Supply, set the voltage control knob to 100%. Turn the three-
phase ac power source on by setting the main power switch to | (on).

— The voltage at the fixed, three-phase ac voltage output of the Power
Supply feeds the thyristor bridge (rectifier bridge) in converter
station 1.

— The voltage at the variable, three-phase ac voltage output of the
Power Supply feeds the thyristor bridge (inverter bridge) in converter
station 2. This voltage is maximum (i.e., equal to the voltage at the
fixed, three-phase ac voltage output of the Power Supply) since the
voltage control knob is set to 100%. It is reduced by 15% by the
Regulating Autotransformer in station 2.

J7 For the remainder of this exercise, the thyristor bridge in station 1 (left-end
station) will be referred to as bridge 1, while the thyristor bridge in station 2
(right-hand station) will be referred to as bridge 2.

13. In the Metering window, observe the value of the dc line current I (/2). Is
current /;- approximately equal to the value (0.2 pu) of the current
command (/ze) of the current control loop at bridge 1 (rectifier bridge)?

O Yes O No

Is a small amount of power transferred from station 1 to station 2 via the
transmission line? Explain.
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14.

15.

Note and record the firing angles of bridge 1 (rectifier bridge) and bridge 2
(inverter bridge) indicated by meters Bridge-1 a and Bridge-2 «, respectively,
in the HVDC Transmission System Control window.

o

Firing angle of bridge 1 (rectifier bridge) =
Firing angle of bridge 2 (inverter bridge) =

Also, record the system parameters in the Data Table (i.e., the current
commands and the firing angles of bridges 1 and 2, the dc line current and
voltage, the power transferred via the transmission line, as well as the
voltage £i.,, active power, reactive power, and DPF at the acside of
bridges 1 and 2).

Set the current command /z.r of the current control loop at bridge 1 (rectifier
bridge) to each of the following values: 0.3 pu, 0.4 pu, 0.5 pu, 0.6 pu, 0.7 pu,
0.8 pu, 0.9 pu, and 1.0 pu. For each value of the current command Iz,
record the system parameters in the Data Table.

Examine the recorded data. Is the firing angle of bridge 1 (rectifier bridge)
automatically adjusted to keep the dc line current /4 (/12) equal to the current
command /zr of the current control loop at bridge 1 (rectifier bridge)?
Explain.

AC voltage fluctuations at the inverter bridge

Make sure that the current command /z.r of the current control loop at
bridge 1 (rectifier bridge) is set to the maximum value (1.0 pu). Record the
system parameters in the Data Table.

What is the firing angle of bridge 1 (rectifier bridge)?

Are the DPFs at both bridges acceptable (i.e., > 0.9)? Explain.

Record the amount of power transferred via the transmission line when the
dc line current ;- is set to approximately 1.0 pu.

Power transferred via the transmission line (/z-= 1.0 pu) = w
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16.

17.

18.

While observing the value of the dc line current /- (/2) and the firing angle of
bridge 1 (rectifier bridge), successively decrease the ac voltage at bridge 2
(inverter bridge) by approximately 5% and 10%, using the voltage control
knob of the Power Supply. Record the system parameters in the Data Table
for both settings of the ac voltage at bridge 2.

Does the dc line current /; remain constant, i.e., at the value (1.0 pu) of the
current command /¢ of the current control loop at bridge 1 (rectifier bridge)
when the ac voltage at bridge 2 (inverter bridge) decreases by 5% and 10%?
Explain.

What happens to the firing angle and DPF of bridge 1 (rectifier bridge) when
the ac voltage at bridge 2 (inverter bridge) decreases by 5% and 10%?

While observing the value of the dc line current ;. (/12) and the firing angle of
bridge 1 (rectifier bridge), return the ac voltage of bridge 2 (inverter bridge) to
its initial value by setting the control knob of the Power Supply to 100%. This
simulates another fluctuation (in this case, an increase) of the ac voltage at
bridge 2 (inverter bridge).

Record the system parameters in the Data Table.

Does the dc line current Z;- remain equal to the value (1.0 pu) of the current
command /z.r of the current control loop at bridge 1 (rectifier bridge) when
the ac voltage at bridge 2 (inverter bridge) increases and returns to its initial
value? Why?

From your observations, does the current control loop of bridge 1 (rectifier
bridge) make the dc line current /4 insensitive to moderate fluctuations of the
ac voltage at bridge 2 (inverter bridge)?

U Yes U No
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19.

20.

21.

Explain how the current control loop of bridge 1 (rectifier bridge) operates to
keep the dcline current /;. constant, i.e., at the value of the current
command /z.r despite ac voltage fluctuations at bridge 2 (inverter bridge).

Simulate a very large increase of the ac voltage at bridge 2 (inverter bridge)
by setting the Buck-Boost selector on the Regulating Autotransformer
module of station 2 (inverter station) to 0%. While doing this, observe what
happens to the dc line current /- (/2) and the firing angle of bridge 1 (rectifier
bridge). Does the value of current 7, and thus the amount of power P,
transferred via the transmission line drop drastically? Why?

Record the system parameters in the Data Table.

On the Regulating Autotransformer module of station 2 (inverter station), set
the Buck-Boost selector back to -15% to return the ac voltage at this station
to its initial value.

In the HVDC Transmission System Control window, gradually decrease the
current command /z. of the current control loop at bridge 1 (rectifier bridge)
to 0.2 pu. Stop the Monopolar HVDC Transmission System function by
clicking the Start/Stop button or by setting the Status parameter to Stopped.

AC voltage fluctuations at the rectifier bridge

22,

On the Power Supply, turn the three-phase ac power source off by setting
the main power switch to the O (off) position. (Leave the 24V ac power
source of the Power Supply turned on.)

Modify the connections on the Power Supply in order for the variable, three-
phase ac voltage output to become the ac power source for converter
station 1 (rectifier station), and the fixed, three-phase ac voltage output to
become the ac power source for converter station 2 (inverter station).

On the Power Supply, turn the three-phase ac power source on.
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23.

24,

25.

In the HVDC Transmission System Control window, start the Monopolar
HVDC Transmission System.

Gradually increase the current command /z.c of the current control loop at
bridge 1 (rectifier bridge) to 0.6 pu. Record the system parameters in the
Data Table.

While observing the value of the dc line current /; (/12) and the firing angle of
bridge 1 (rectifier bridge), decrease the ac voltage at this bridge by
approximately 5%, using the voltage control knob of the Power Supply.
Record the system parameters in the Data Table.

Does the dc line current /; remain constant, i.e., at the value (0.6 pu) of the
current command /z.r of the current control loop at bridge 1 (rectifier bridge)
when the ac voltage at this bridge decreases by 5%7? Explain.

What happens to the firing angle and DPF of bridge 1 (rectifier bridge) when
the ac voltage at this bridge decreases by 5%7?

Explain how the current control loop of bridge 1 (rectifier bridge) keeps the
dc line current /;- constant, i.e., at the value of the current command /.«
when the ac voltage at this bridge decreases.

Further decrease the ac voltage at bridge 1 (rectifier bridge) until it is 10%
lower than the initial value. While doing this, observe that when the
ac voltage becomes lower than a certain level (i.e., when the firing angle of
bridge 1 reaches 0°), the dc line current /4, and thus the amount of power P,
transferred via the transmission line, start decreasing significantly. Is this
accurate according to your observation?

O Yes O No

Record the system parameters in the Data Table.
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Explain why the dcline current /;, and thus the amount of power P
transferred via the transmission line, decrease significantly when the
ac voltage at bridge 1 (rectifier bridge) decreases too much.

26. Slowly return the ac voltage at bridge 1 (rectifier bridge) to its initial value by

27.

setting the control knob of the Power Supply to 100%. While doing this,
observe what happens to the dc line current /; (/12) and the firing angle of
bridge 1. Record your observations and explain.

Record the system parameters in the Data Table.

In the HVDC Transmission System Control window, gradually decrease the
current command of bridge1 t0o0.2 pu. Stop the Monopolar HVDC
Transmission System function by clicking the Start/Stop button or by setting
the Status parameter to Stopped.

Operation of an HVDC transmission system with current control loops at the
rectifier and inverter bridges

In this section, you will study the operation an HVDC transmission system
containing current control loops at the rectifier and inverter bridges.

Varying the current command at the rectifier bridge

28.

On the Power Supply, turn the three-phase ac power source off by setting
the main power switch to the O (off) position. (Leave the 24V ac power
source of the Power Supply turned on.)

Modify the connections on the Power Supply in order for the fixed, three-
phase ac voltage output to become the ac power source for converter
station 1 (rectifier station), and the variable, three-phase ac voltage output to
become the ac power source for converter station 2 (inverter station).
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29. In the HVDC Transmission System Control window, make the following

settings:

— Make sure the Function parameter is set to Monopolar
HVDC Transmission System.

— Set the Control Type parameter to Linked (Rectifier = Bridge 1). This
makes bridge 1 operate as a rectifier and the current command of its
current control loop equal to the current command /et (rectiriery OF the
HVDC transmission system. This also makes bridge 2 operate as an
inverter and the current command of its current control loop equal
tO Iget (rectifiery MiNus the current margin (A/) of the HVDC transmission
system.

— Set the Rectifier Current Command parameter to 0.3 pu by entering
the adequate value in the field next to this parameter or by using the
Rectifier Current Command knob in the lower left corner of the
window. This sets the current command /lges(rectiiery Of the
HVDC transmission system (i.e., the current command of the current
control loop at bridge 1, which is set to operate as a rectifier)
to 0.3 pu.

— Set the Current Margin Al parameter to 0.05 pu. This sets the current
margin 41 of the HVDC transmission system to 0.05 pu. Therefore,
the current command of the current control loop at bridge 2 (inverter
bridge) is set to 0.25 pu (0.3 pu — 0.05 pu = 0.25 pu).

— Leave the other parameters set to their default values.

30. On the Power Supply, turn the three-phase ac power source on.

31.

In the HVDC Transmission System Control window, start the
HVDC transmission system.

Wait a few seconds to let the system stabilize.
In the Metering window, observe the value of the dc line current /4 (/12). Is

current /;- approximately equal to the value (0.3 pu) of the current
command /et (reciiieny Of the HVDC transmission system?

U Yes U No
Record the firing angle ageciser Of bridge 1 (rectifier bridge) and the firing

angle amverrer Of bridge 2 (inverter bridge), indicated by meters Bridge-1 a and
Bridge-2 «, respectively, in the HVDC Transmission System Control window.

Firing angle agecuser Of bridge 1 = °
Firing angle oaverser Of bridge 2 =

Also, record the system parameters in the Data Table (i.e., the firing angles
of bridges 1 and 2, the current command Zger (rectiieny, the current margin A/,
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32.

the dc line current and voltage, the power transferred via the transmission
line, as well as the voltage £i.;, active power, reactive power, and DPF at the
ac side of bridges 1 and 2).

Set the current command Zzer (recririery Of the HVDC transmission system (i.e.,
the current command of the current control loop at bridge 1, which is set to
operate as a rectifier) to each of the following values: 0.3 pu, 0.4 pu, 0.5 pu,
0.6 pu, 0.7 pu, 0.8 pu, 0.9 pu, and 1.0 pu. After each new setting, wait a few
seconds to let the system stabilize, then record the system parameters in the
Data Table.

Examine the recorded data. Is the firing angle agexiser Of bridge 1
automatically adjusted to keep the current flowing through the bridges, and
thus the dcline current [, at the value of current command Zger rectiier?
Explain.

AC voltage fluctuations at the inverter bridge

33. Leave the current command Zger (rectiiery Of the HVDC transmission system set

to the maximum value (1.0 pu). While observing the value of the dcline
current ;- (12) and the firing angles of bridges 1 and 2 (meters Bridge-1 a
and Bridge-2 a), successively decrease the ac voltage at bridge 2 (inverter
bridge) by approximately 5% and 10%, using the voltage control knob of the
Power Supply. Record the system parameters in the Data Table for both
settings of the ac voltage at bridge 2.

Does the dc line current /; remain constant, i.e., at the value (1.0 pu) of the
current command  /ger (rectitiery Of the HVDC transmission system when the
ac voltage at bridge 2 (inverter bridge) decreases by 5% and 10%? Explain.

What happens to the firing angles of bridges 1 and 2 when the ac voltage at
bridge 2 (inverter bridge) decreases by 5% and 10%?
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34.

35.

36.

While observing the value of the dc line current /;- and the firing angles of
bridges 1 and 2, return the ac voltage at bridge 2 (inverter bridge) to its initial
value by setting the control knob of the Power Supply to 100%. This
simulates another fluctuation (in this case, an increase) of the ac voltage at
bridge 2.

Record the system parameters in the Data Table.
Does the dcline current /- remain at the value (1.0 pu) of the current

command /zer (recrifiery Of the HVDC transmission system when the ac voltage
at bridge 2 (inverter bridge) increases and returns to its initial value? Why?

Do the observations made thus far demonstrate that the current control loop
at bridge 2 (inverter bridge) does not interact with the current control loop at
bridge 1 (rectifier bridge)? Explain.

Simulate a very large increase of the ac voltage at bridge 2 (inverter bridge)
by setting the Buck-Boost selector on the Regulating Autotransformer
module of station 2 (inverter station) to 0%. While doing this, observe that the
dc line current /;- decreases only slightly (i.e., by approximately 0.05 pu) and
not drastically. Record the system parameters in the Data Table.

Notice that the firing angle azerer Of bridge 1 has decreased to the minimum
possible value (0°). Is the firing angle aaverer Of bridge 2 still at the maximum
(limit) value (165°)? Explain.
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37.

38.

Is the dc line -current/; approximately equal to the current
command /ger rectifiery Minus the current margin A7(0.95 pu), indicating that the
current control loop at bridge 2 (inverter bridge) has entered into action to
prevent current /. from decreasing too much? Explain.

On the Regulating Autotransformer module of station 2 (inverter station), set
the Buck-Boost selector back to -15% to return the ac voltage at bridge 2
(inverter bridge) to its initial value. What happens to the dc line current /.
and the firing angles of bridges 1 and 27 Why?

Record the system parameters in the Data Table.

In the HVDC Transmission System Control window, set the Current
Margin Al parameter (current margin Al of the HVDC transmission system) to
the following values: 0.1 pu and 0.2 pu. For each current margin setting,
perform the steps below:

— Simulate a very large increase of the ac voltage at bridge 2 (inverter
bridge) by setting the Buck-Boost selector on the Regulating
Autotransformer module of station 2 (inverter station) to 0%. Wait a
few seconds to let the system stabilize, then record the system
parameters in the Data Table.

— On the Regulating Autotransformer module of station 2 (inverter
station), set the Buck-Boost selector back to -15% to return the
ac voltage at bridge 2 (inverter bridge) to its initial value. Wait a few
seconds to let the system stabilize, then record the system
parameters in the Data Table.
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Examine the data you recorded in the Data Table when the current margin A/
of the HVDC transmission system is 0.1 pu and 0.2 pu. What happens to the
dc line current 7z when the ac voltage at bridge 2 (inverter bridge) increases
to the extent that the firing angle azecser reaches the minimum value (0°) and
the current control loop at bridge 2 (inverter bridge) enters into action?
Explain.

From your observations, does increasing the current margin A/ of the
HVDC transmission system cause the dcline current /i, and thus the
amount of power P, transferred, to decrease by a greater extent (i.e., to a
lower level) before the current control loop at bridge 2 (inverter bridge) enters
into action to prevent current /. from decreasing further? Why?

39. Gradually decrease the current command /lges(rectiiery Of the HVDC

transmission system to 0.2 pu. Stop the HVDC transmission system.

AC voltage fluctuations at the rectifier bridge

40. On the Power Supply, turn the three-phase ac power source off by setting

41.

the main power switch to the O (off) position. (Leave the 24 V ac power
source of the Power Supply turned on.)

Modify the connections on the Power Supply in order for the variable, three-
phase ac voltage output to become the ac power source for converter
station 1 (rectifier station), and the fixed, three-phase ac voltage output to
become the ac power source for converter station 2 (inverter station).

On the Power Supply, turn the three-phase ac power source on.

Set the current margin A/ of the HVDC transmission system to 0.1 pu, then
start the HVDC transmission system.

Gradually increase the current command /lges(reciiriery  Of  the

HVDC transmission system to 0.6 pu. Wait a few seconds to let the system
stabilize, then record the system parameters in the Data Table.
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42,

43.

44,

While observing the value of the dc line current /- (/2) and the firing angles of
bridges 1 and 2, slowly decrease the ac voltage at bridge 1 (rectifier bridge)
using the voltage control knob of the Power Supply, and stop decreasing it as
soon as the firing angle ageiser Of bridge 1 reaches 0°. While doing this,
observe that the firing angle azeciser Of bridge 1 is automatically decreased to
keep the dcline current ;o at the value (0.6 pu) of the current
command /zer (recrifiery Of the HVDC transmission system. Record the system
parameters in the Data Table.

Continue to very slowly decrease the ac voltage at bridge 1 (rectifier bridge)
and observe that the dc line current /;- starts decreasing below the value
(0.6 pu) of the current command I ) of the HVDC transmission

system. Explain why this occurs.

Ref. (rectifier

Continue to very slowly decrease the ac voltage at bridge 1 (rectifier brldge)
so that the dc line current /;- is approximately equal 10 Ig.f (rectifier) —

(i.e., = 0.55 pu) and record the system parameters in the Data Table. Are the
firing angles of bridges 1 and 2 still 0° and 165°, respectively? Why?

Continue to very slowly decrease the ac voltage at bridge 1 (rectifier bridge)
until the dc line current /. is approximately equal to the current command of
the current control loop at bridge2 (inverter bridge), i.e.,
Tret(rectitiery - A1 (0.50 pu). Record the system parameters in the Data Table.

Further decrease the ac voltage at bridge 1 and observe that the dc line
current /;- stops decreasing (i.e., it remains at approximately 0.50 pu), while
the firing angle averer Of bridge 2 starts decreasing below 165°. Explain why
this occurs.
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45. Slowly return the ac voltage at bridge 1 (rectifier bridge) to its initial value by
setting the control knob of the Power Supply to 100%. While doing this,
observe what happens to the dcline current /;-and the firing angles of
bridges 1 and 2. Record your observations and explain.

Record the system parameters in the Data Table.

Varying the amount of power transferred via the HVDC transmission system

In this section, you will learn how to vary the amount of power transferred via the
HVDC transmission system.

46. Set the current margin A7 of the HVDC transmission system to 0.05 pu.

Gradually  increase  the current command /lger(reciien  Of  the
HVDC transmission system to the maximum value (1.0 pu).

47. Set the current command /ger (rectiiey Of the HVDC transmission system to
each of the following values: 1.0 pu, 0.9 pu, 0.8 pu, 0.7 pu, 0.6 pu, 0.5 pu,
0.4 pu, and 0.3 pu. After each new setting, wait a few seconds to let the
system stabilize, then record the system parameters in the Data Table.

Examine the recorded data. Can the amount of power 2. transferred via the
HVDC transmission system be varied substantially by varying the value of
the current command Zger (recririery OVeEr the usable range of dc line current /.
(i.e., from approximately 0.3 pu to 1.0 pu)? Explain.
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Does the HVDC transmission system operate close to the maximum value of
dc voltage £z when the value of the current command Zzer (recsiriery is varied
over the usable range of dc line current /4, thereby keeping the power losses
(RI? losses) to a minimum? Explain.

Do the DPFs at both bridges remain acceptable (i.e., > 0.9) when the value
of the current command /ger (recrifiery 1S Varied over the usable range of dc line
current /;? Explain.

Record the amount of power P, transferred via the HVDC transmission
system when the current 7, is 0.3 pu and the operating dc voltage £y is
maximum (i.e., when auperer = 165°). This value will be used to make a
comparison later in the exercise.

Power transferred via the system (/s = 0.3 pu, Qpverter = 165°) = w
What must be done to further decrease the amount of power P, transferred

via the transmission line once the current /;- has reached the minimum
usable value (0.3 pu)?

48. Gradually reduce the operating dc voltage to zero, as indicated below.

- Make sure that the current command /fger(recirien Of the
HVDC transmission system is set to the minimum usable value
(0.3 pu).

- Decrease the maximum (limit) value of bridge 2 (inverter bridge) from
165° to 90° in steps of 15°. To do this, successively set the Inverter
Limit parameter of Bridge 2 in the HVDC Transmission System
Control window to each of the following values: 165°, 150°, 135°,
120°, 105°, and 90°. For each setting, wait a few seconds to let the
system stabilize, then record the system parameters in the Data
Table.
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Examine the recorded data. What happens to the operating dc voltage Eg.
and the amount of power P, transferred via the HVDC transmission system
when the maximum (limit) value of the firing angle of bridge 2 (inverter
bridge) is decreased from 165° to 90°? Explain.

Describe what happens to the DPFs at both bridges when the maximum
(limit) value of the firing angle of bridge 2 (inverter bridge) is decreased
from 165° to 90°. Does this show that operating an HVDC transmission
system at low power levels for extended periods is highly undesirable?

Reversing the direction of power flow in the HVDC transmission system

In this section, you will use the method described in the Discussion to reverse the
direction in which power flows through the HVDC transmission system.

49,

50.

51.

52.

Make sure that the amount of power P, transferred via the transmission line
is zero [i.e., leave the current command /gt (recririery Of the HVDC transmission
system set to the minimum usable value (0.3 pu) and the maximum (limit)
value of the firing angle of bridge 2 (inverter bridge) set to 90°].

Stop the HVDC transmission system.

On the Regulating Autotransformer of converter station 1 (left-hand station),
set the Buck-Boost selector to -15%. This makes bridge 1 ready to operate
as an inverter.

On the Regulating Autotransformer of converter station 2 (right-hand station),
set the Buck-Boost selector to 0%. This makes bridge 2 ready to operate as
a rectifier.

In the HVDC Transmission System Control window, make the following
settings:

- Set the Control Type parameter to Linked (Rectifier = Bridge 2). This
makes bridge 2 operate as a rectifier and the current command of its
current control loop equal to the current command /et (rectiriery OF the
HVDC transmission system. This also makes bridge 1 operate as an
inverter and the current command of its current control loop equal
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tO Zer (recrifiery Minus the current margin (A/) of the HVDC transmission
system.

- Leave the Rectifier Current Command parameter set to 0.3 pu. This
sets the current command /g (rectiriery Of the HVDC transmission
system (i.e., the current command of the current control loop at
bridge 2, which is set to operate as a rectifier) to 0.3 pu.

- Make sure that the Current Margin Al parameter is set to 0.05 pu.
This sets the current margin A/ of the HVDC transmission system to
0.05 pu. Therefore, this sets the current command of bridge 1
(inverter bridge) to 0.25 pu (0.3 pu — 0.05 pu = 0.25 pu).

- Set the Inverter Limit parameter of Bridge 1 to 90°. This sets the
maximum (limit) value of the firing angle at Bridge 1 to 90°.

- Set the Inverter Limit parameter of Bridge 2 to 165°. This sets the
maximum (limit) value of the firing angle at Bridge 2 to 165°.

53. Start the HVDC transmission system.

54. Gradually increase the maximum (limit) value of the firing angle of bridge 1

(i.e., the bridge now acting as an inverter) by setting the Inverter Limit
parameter of Bridge 1 in the HVDC Transmission System Control window to
each of the following values: 90°, 105°, 120°, 135°, 150°, and 165°. After
each new setting, wait a few seconds to let the system stabilize, then record
the system parameters in the Data Table (i.e., the firing angles of bridges 1
and 2, the current command /ger (recriziery, the current margin A/, the dc line
current and voltage, the power transferred via the transmission line, as well
as the voltage £1.;, active power, reactive power, and DPF at the ac side of
bridges 1 and 2).

Examine the recorded data. What happens to the operating dc voltage £,
and the amount of power P, transferred via the transmission line when the
maximum (limit) value of the firing angle of bridge 1 (inverter bridge) is
increased from 90° to 165°? Explain.

Record the amount of power transferred via the HVDC transmission system
when power flows from bridge 2 to bridge 1, for a dc current /; of 0.3 pu and
a maximum operating dc voltage (i.e., tmverter = 165°).

Power transferred via the system (/s = 0.3 pu, Qaverter = 165°) = w
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55.

56.

Compare the amount of power P, transferred via the transmission line when
power flows from bridge 2 to bridge 1 (recorded above) to that transferred
when power flows from bridge 1 to bridge 2 (recorded in step 47). Are they
virtually the same? Explain.

Set the current command /zer (recufien Of the HVDC transmission system (i.e.,
the current command of the current control loop at bridge 2, which is set to
operate as a rectifier) to each of the following values: 0.3 pu, 0.4 pu, 0.5 pu,
0.6 pu, 0.7 pu, 0.8 pu, 0.9 pu, and 1.0 pu. After each new setting, wait a few
seconds to let the system stabilize, then record the system parameters in the
Data Table.

Examine the recorded data. Can the amount of power transferred from
station 2 to station 1 be varied the same way as when power flows in the
opposite direction, i.e., by varying the value of the current
command /Iger (rectiriery Of the HVDC transmission system over the usable range
of dc line current /4 (i.e., from 0.3 pu to 1.0 pu)? Explain.

On the Power Supply, turn the three-phase ac power source off by setting
the main power switch to the O (off) position. Turn the 24 V ac power source
of the Power Supply off. Close the LVDAC-EMS software. Disconnect all
leads and return them to their storage location.
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CONCLUSION

REVIEW QUESTIONS
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In this exercise, you learned that when a current control loop is added at the
rectifier bridge of an HVDC transmission system, the firing angle of the rectifier
bridge is automatically adjusted to keep the dc line current /4 constant despite
ac voltage fluctuations at either of the bridges. However, when the ac voltage
fluctuates too much, the current control loop cannot keep current /; constant
(i.e., at the value of the current command). This problem can be solved by adding
a second current control loop at the inverter bridge of the HVDC transmission
system that is set to operate at a slightly lower current setpoint (i.e.,
at Iger grectifiery - Al). You saw that the combined action of the two control loops
limits the effect of ac voltage fluctuations on current /4 (i.e., on the system
operating point) by keeping it within the current margin A7 of the system. This
prevents current /., and thus the amount of power transferred from decreasing or
increasing significantly when the ac voltage fluctuates too much at either end of
the HVDC transmission system. Finally, you learned that the amount of power
transferred through an HVDC transmission system can be varied by varying the
current command of the system over the usable range of current Z;, while
operating both bridges at the highest possible dc voltage. You learned that
operating an HVDC transmission system below the maximum dc voltage is an
undesirable condition which should be allowed only temporarily, due to the
reduced power efficiency and poor DPFs at both thyristor bridges. Finally, you
learned how to reverse the direction of power flow in an HVDC transmission
system.

1. When a current control loop is added at the rectifier bridge of an
HVDC transmission system, how does it operate to keep the dcline
current /;- constant?

2. When a current control loop is used at the rectifier bridge only, and the
ac voltage increases too much at the inverter bridge or decreases too much
at the rectifier bridge, what happens to the dc line current /7;, and the power
transferred via the transmission line? How can this problem be solved?
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3. Briefly explain the operation of an HVDC transmission system using current
control loops at the rectifier and inverter bridges.

4. Explain why it is best to adjust the amount of power transferred through an
HVDC transmission system by varying the dc line current, while keeping the
operating voltage at the highest possible level.

5. Briefly describe the procedure used to reverse the direction of power flow in
an HVDC transmission system.
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Exercise 3 DC Current Regulation and Power Flow Control
in HYDC Transmission Systems

ANSWERS TO PROCEDURE  13. Yes

STEP QUESTIONS
Yes. A small amount of power (approximately 28 W) is transferred from
station 1 to station 2 via the transmission line.
Firing angle of bridge 1 (rectifier bridge) = 31°
Firing angle of bridge 2 (inverter bridge) = 165°
Parameters measured in the HVDC transmission system (current command /z of the rectifier
bridge set to 0.2 A).
AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line DC DC pc |Bridge 2 (inverter) Line
- voltage Active| React. current voltage [ power - voltage Active | React,
Current Firing E power | power | DPF )’ E P Current | Firing B power | power | DPF
command | angle \1,'2 (W) | (var) X‘ v"‘ V\‘;: command | angle \1,'2 (W) | (var)
Iret (A) (°) V) (A) (V) (W) (A) ©) v)
0.2 31 117 28 17 10.86| 0.2 135 28 0.0 165 100 -27 10 |0.94

14. The results are presented in the following table.

Parameters measured in the HVDC transmission system when the current command /z« of the
current control loop at bridge 1 (rectifier bridge) is varied.

AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line DC DC DC Bridge 2 (inverter) Lfire

Active | React. Active | React.

Current Firing vojIEt'age power | power | DPF curIrent vol;age po}\:ver Current | Firing voltage power | power | DPF
command | angle (\11)2 (W) | (var) ( ;3 (\7; (V\T) command | angle E\il'z (W) | (var)
hee(A) | ) @w || W
0.3 29.2 116 43 24 10.87| 0.3 136 42 0.0 165 101 -40 14 [0.95
0.4 27.8 116 57 30 (0.88| 0.4 138 56 0.0 165 101 -54 17 10.95
0.5 26.1 116 72 36 (0.90| 0.5 139 70 0.0 165 102 -67 21 [0.96
0.6 24.5 115 87 40 091 0.6 140 85 0.0 165 102 -81 24 10.96

0.7 223 | 115 | 102 43 10.92| 0.7 142 100 0.0 165 103 -95 27 10.96

0.8 203 | 115 | 118 44 (0.94| 0.8 143 115 0.0 165 | 103 | -108 | 30 |0.96

0.9 17.8 | 114 | 133 44 (0.95| 0.9 144 130 0.0 165 103 | -121 34 10.96

1.0 142 | 114 | 149 43 (0.96| 1.0 145 146 0.0 165 | 104 | -136 | 39 |0.96
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15.

16.

Yes. The results in the table show that when the current command /x. of the
current control loop at bridge 1 (rectifier bridge) is increased from 0.3 pu to
1.0 pu (i.e., from 0.3 A to 1.0 A), the firing angle of bridge 1 is decreased to
increase the current flowing through this bridge so that the dc line current /.
equals the value of the current command /z.r.

The firing angle of bridge 1 (rectifier bridge) is 14° approximately.

Yes. The DPF is 0.96 at both the rectifier and inverter bridges, which is very
good.

Power transferred via the transmission line [/z= 1.0 pu (1.0 A)] = 146 W

The results are presented in the following table.

Parameters measured in the HVDC transmission system.

AC side of station 1
(left-end station)

AC side of station 2

Transmission line (right-end station)

Bridge 1 (rectifier)

Current
command
Irer (A)

Firing
angle

)

Line
voltage
Ei2
(v)

Active
power
(w)

DC DC DC Bridge 2 (inverter) | | .o
current | voltage | power
Tac Eu P
(A) v) (W)

Active | React.
power | power | DPF
(W) | (var)

React.
power | DPF
(var)

Current | Firing |Voltage
command | angle £z

(A) e | ¥

1.0

224

113

144

60 (0.92| 1.0 139 140 0.0 165 99 -129 | 37 [0.96

1.0

28.5

113

137

75 10.88( 1.0 132 133 0.0 165 94 -122 36 |0.96

26

Yes. The table above shows that the dc line current /; remains equal to the
value (1.0 pu or 1.0 A) of the current command /z.r of the current control loop
at bridge 1 (rectifier bridge) when the ac voltage at bridge 2 (inverter bridge)
decreases by 5% and 10%.

When the ac voltage at bridge 2 (inverter bridge) decreases by 5%, the firing
angle of bridge 1 (rectifier bridge) increases from the initial value (14°) to
approximately 22°, causing the DPF of this bridge to decrease from
approximately 0.96 to 0.92. When the ac voltage at bridge 2 (inverter bridge)
decreases by 10%, the firing angle of bridge 1 (rectifier bridge) further
increases to approximately 29°, causing the DPF of this bridge to further
decrease to 0.88.
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. The results are presented in the following table.

Parameters measured in the HVDC transmission system.

AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line ) DC DC DC Bridge 2 (inverter) Lire )
- voltage LI current | voltage | power - voltage Active | React.
Current | Firing 5 power | power | DPF I E P Current | Firing = power | power | DPF
command | angle (\11)2 (W) | (var) ( :) (Vd; (v\‘;ﬂ) command | angle (\11)2 (W) | (var)
Iret (A) (°) (A) ()]
1.0 13.8 113 150 38 10.97| 1.0 146 146 0.0 165 104 -136 37 |0.97

© Festo Didactic 86380-10

18.

19.

Yes. This is because when the ac voltage at bridge 2 (inverter bridge)
increases and returns to its initial value, the firing angle of bridge 1 (rectifier
bridge) returns (decreases) to the initial value (approximately 14°) to maintain
the dcline current I; at the value (1.0pu or 1.0A) of the current
command /k.¢ of the current control loop at bridge 1 (rectifier bridge).

Yes

To keep the dcline current /z constant, i.e., at the value of the current
command /z.r despite ac voltage fluctuations at bridge 2 (inverter bridge), the
current control loop of bridge 1 (rectifier bridge) operates as described below.

- When the ac voltage decreases at bridge 2 (inverter bridge), the current
control loop of bridge 1 (rectifier bridge) increases the firing angle of this
bridge to prevent the current flowing through the bridges from increasing,
thereby keeping the dc line current /,- at the desired value.

- Conversely, when the ac voltage increases at bridge 2 (inverter bridge),
the current control loop of bridge 1 (rectifier bridge) decreases the firing
angle of this bridge to prevent the current flowing through the bridges
from decreasing, thereby keeping the dc line current /. at the desired
value.

Yes, the value of the dc line current /- drops drastically, passing from 1.0 pu
to 0.17 pu (i.e., from 1.0 A to 0.17 A). The amount of power P, transferred
via the transmission line also drops drastically, passing from approximately
146 W to 27 W. This is because the ac voltage at bridge 2 (inverter bridge)
increased so much that the current control loop of bridge 1 (rectifier bridge)
decreased the firing angle of this bridge to the minimum possible value (0°);
this, however, is not sufficient to prevent the dc current flowing through the
bridges from decreasing below the value of the current command /z.r.

The results are presented in the following table.

27




Exercise 3 DC Current Regulation and Power Flow Control in HVDC Transmission Systems

Parameters measured in the HVDC transmission system.

AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line DC DC DC Bridge 2 (inverter) e
A voltage Ll G current | voltage | power g voltage Active | React.
Current | Firing I power | power | DPF I e ” Current | Firing power | power | DPF
command | angle (\11)2 (W) | (var) ( X”) (\7; (V\‘;E) command | angle E\'1/-z (W) | (var)
ke | €) w || W
1.0 0.0 117 27 0 1.0 0.17 157 27 0.0 165 117 -26 8 0.95
23. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line DC DC DC Bridge 2 (inverter) Line
Active | React. Active | React.
Current | Firing vo}l;age power | power | DPF cun;-ent voléage po;ver Current | Firing voltage power | power | DPF
command | angle (\1,)2 (W) | (var) ( X‘) (Vd; (V\‘;C) command | angle E\'ll'z (W) | (var)
kA | () @ || W
0.6 22.4 115 88 37 |0.92| 0.6 142 86 0.0 165 103 -82 24 |0.96
24. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line DC DC DC Bridge 2 (inverter) fhine
A voltage Active [ React. current | voltage | power g voltage Active | React.
Current | Firing g power | power | DPF I E P Current | Firing power | power | DPF
command | angle (\11)2 (W) | (var) ( X”) (\7; (V\‘;E) command | angle E\'ll'z (W) | (var)
ke | €) w | W
0.6 10.3 109 89 18 [0.98| 0.6 143 87 0.0 165 104 -83 23 |0.97

Yes. The table above shows that the dc line current ;- remains constant, i.e.,
at the value (0.6 pu or 0.6 A) of the current command /s of the current
control loop at bridge 1 (rectifier bridge) when the ac voltage at this bridge
decreases by 5%.

When the ac voltage at bridge 1 (rectifier bridge) decreases by 5%, the firing
angle of this bridge decreases from approximately 22° to approximately 10°,
causing the DPF to increase from 0.93 to 0.98.

When the ac voltage decreases at bridge 1 (rectifier bridge), the current
control loop of this bridge decreases the firing angle of the bridge to prevent
the current flowing through the bridges from decreasing, and thus keep the
dc line current ;- constant, i.e., at the value (0.6 pu or 0.6 A) of the current
command /z.. of the current control loop at bridge 1 (rectifier bridge).
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. Yes

The results are presented in the following table.

Parameters measured in the HVDC transmission system.

© Festo Didactic 86380-10

AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line Active| React DC DC DC Bridge 2 (inverter) Line Active | React
Current Firing vojl;'age power powel: DPF curIrent voI;age po}\:ler Current | Firing vo)l;age power | power | DPF
command | angle 12 W de de % | command | angle 12
pitil i I R o R e L e
0.6 0.0 103 42 1 1.0 0.3 139 41 0.0 165 | 103 | -40 12 10.96
When the ac voltage decreases too much at bridge 1 (rectifier bridge), the
current control loop of this bridge decreases the firing angle of the bridge to
the minimum possible value (0°); this, however, is not sufficient to prevent
the current flowing through the bridges from decreasing below the
rectifier-bridge current command /... As a result, the dc line current /,, and
thus the amount of power P, transferred via the transmission, line start
decreasing significantly.
26. The dcline current /;- remains below the current command /z.r (0.6 pu of
0.6 A) of the current control loop at bridge 1 (rectifier bridge) and the firing
angle of this bridge remains at 0° as long as the ac voltage at bridge 1 has
not increased back to a certain level. Past this level, the firing angle of
bridge 1 starts increasing and current /; remains constant at the value of the
current command /z. (0.6 pu or 0.6 A).
The results are presented in the following table.
Parameters measured in the HVDC transmission system.
AC side of station 1 Transmission line AC side of station 2
(left-end station) (right-end station)
Bridge 1 (rectifier) Line ) DC DC DC Bridge 2 (inverter) Lfire )
voltage LI | current | voltage [ power It Active | React.
Current | Firing | ™~ 9¢| power | power | DPF j Eg pP Current | Firing voEage power | power | DPF
command | angle 12 W de de % | command | angle 12
pretl =l IR A @ | o [ w [T W | W] e
0.6 224 | 114 88 36 |[0.93| 06 142 86 0.0 165 | 104 | -83 25 |0.96
31. Yes

Firing angle ogecsiser Of bridge 1 (rectifier bridge) = 29°

Firing angle o nverer Of bridge 2 (inverter bridge) = 165°
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The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current| (rectifier) | Line . DC DC DC |(inverter)| Line .
command | margin | firing |voltage BT | [P current |voltage power | firing |voltage Active | React.
power | power | DPF power | power | DPF
Iret (rectifier) Al angle Ei2 (W) (var) lac Eic Pic angle Ei2 W) (var)
(A) (A) OlRectifier v) (A) V) | W) | omerer | (V)
) )
0.3 0.05 29.4 116 42 24 (0.87| 0.3 135 41 165 100 -40 13 10.95

32. The results are presented in the following table.

Parameters measured in the HVDC transmission system when the value of the current
command /lgez (rectiziey Of the HVDC transmission system is varied.

HVDC transmission AC side of station 1 Transmission lin AC side of station 2
system (left-end station) ansmissio ¢ (right-end station)
Bridge-1 Bridge-2
Current | Current| (rectifier) [ Line . DC DC DC |(inverter)| Line .
command | margin | firing |voltage | Active | React. current|voltage [power| firing [voltage e Rt
power | power| DPF power | power | DPF
IRet (rectifier) Al angle Ei2 (W) (var) Jac Ex Pac angle Ei W) T
(A) (A) O Rectifier (v) (A) (V) (W) | taverser (v)
) )
0.3 0.05 29.4 116 42 24 (087 | 0.3 135 41 165 100 -40 13 |0.95
0.4 0.05 27.9 116 59 31 088 | 0.4 137 55 165 101 -53 17 10.95
0.5 0.05 26.6 115 71 36 | 089 0.5 138 69 165 101 -67 21 0.95
0.6 0.05 249 115 87 40 | 0.91 0.6 140 84 165 102 -80 23 [0.96
0.7 0.05 22.9 114 101 43 [0.92| 0.7 141 99 165 102 -94 27 (0.96
0.8 0.05 21.1 114 117 44 (093 | 0.8 142 114 165 103 -107 30 |0.96
0.9 0.05 18.8 114 133 45 [0.95| 0.9 143 129 165 103 -121 34 (0.96
1.0 0.05 14.5 114 149 43 (096 | 1.0 145 145 165 104 -134 37 (097

Yes. When the value of current command /ger (recririery IS increased from 0.3 pu to
1.0 pu (i.e., from 0.3 A to 1.0 A), the firing angle ageciser Of bridge 1 is decreased
in order to increase the current flowing through the bridges so that the dc line
current /;- equals the value of the current command Izt (rectifier-
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33. The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current [Current| (rectifier) | Line . DC DC DC ((inverter)| Line .
command | margin | firing [voltage O RERE current |voltage| power| firing |voltage Active | React.
power | power | DPF power | power | DPF
IRef (rectifier) A7 angle Eiz W) (var) lac Euc Pai angle Ei2 W) )
(A) (A) QL Rectifier (V) (A) (V) (W) Onverter (V)
) )
1.0 0.05 23.5 114 143 63 |0.92| 1.0 138 | 140 165 99 -130 38 |0.96
1.0 0.05 29.4 114 137 77 (087 1.0 131 133 165 94 -123 36 | 0.96
Yes. The table above shows that the dc line current ;- remains constant at
the value (1.0 pu or 1.0 A) of the current command /ges (rectiriey When the
ac voltage at bridge 2 (inverter bridge) decreases by 5% and 10%.
When the ac voltage at bridge 2 (inverter bridge) decreases by 5% and 10%,
the firing angle ageqser Of bridge 1 increases from an initial value of
approximately 15° to approximately 24° and 30°, respectively, while the firing
angle auverer Of bridge 2 remains at 165°.
34. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |[Current| (rectifier) | Line . DC DC DC ([(inverter)| Line .
command | margin firing voltage Active [React. current |voltage| power | firing |voltage el BoacS
power [(power| DPF power | power | DPF
IRef (rectifier) AJ angle Ei2 W) (var) lac Eu Pai angle Ei2 W) )
(A) (A) QL Rectifier (V) (A) (V) (W) O nverter (V)
) )
1.0 0.05 14.8 113 149 42 10.96 1.0 145 | 145 165 104 | -136 38 |0.96
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Yes. This is because when the ac voltage at bridge 2 (inverter bridge)
increases and returns to its initial value, the firing angle ageciser Of bridge 1 is
decreased to approximately 15° in order to keep the dc line current /4 at the

value

(1.0 pu or

HVDC transmission system.

1.0A) of the current command lres rectifier

of the
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35. Yes, since the observations made thus far show that the dc line current /74 is

maintained at the value (1.0 pu or 1.0 A) of the current command Zzer (rectifier
of the HVDC transmission system. Thus, it is as if a single current control
loop were present in the HVYDC transmission system [i.e., a current control
loop at bridge 1 (rectifier bridge) only]. This is because the current
command /zer (inverrery Of the current control loop at bridge 2 has a value
(0.95 pu) lower than that (1.0 pu) of the current command /lge (rectifiery at
bridge 1, due to the current margin A7(0.05 pu) of the HVDC transmission
system. Consequently, the current control loop at bridge 2 (inverter bridge)
attempts to decrease the dc line current /- by keeping the firing angle aaverter
of bridge 2 at the maximum (limit) value (i.e., 165°), which prevents any
interaction between the two control loops.

36. The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current | (rectifier) | Line Active | React DC DC DC ((inverter)| Line Active | React
command | margin [ firing |voltage i current |voltage(power| firing |voltage i
power [ power | DPF power | power | DPF
IRet (rectifier) Ar angle Ei2 W) (var) Jac Ea Pac angle Ei2 (W) (var)
(A) (A) Ot Rectifier (V) (A) v) W) | mverrer (V)
) )
1.0 0.05 0.0 114 146 10 [0.99| 0.95 151 143 150 121 -136 7 0.87
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37.

No, the firing angle auverer Of bridge 2 is no longer at the maximum (limit)
value (165°). This firing angle has decreased to approximately 150°.

Yes, the dc line current [, is approximately equal to the current
command /ger (rectifiery MiNUS the current margin A7(0.95 pu):

IdC = IRef.(Tectifier) —AI=1.0 pu — 0.05 pu = 0.95 pu

This indicates that the current control loop at bridge 2 (inverter bridge) has
entered into action by decreasing the firing angle aaverer in order to keep the
current flowing through the bridges, and thus the current /4, at the value
above (0.95 pu) to prevent current /. from decreasing further.

The dc line current /; returns to the initial value (1.0 pu or 1.0 A), i.e., to the
value of the current command /zer (recririeny Of the HVDC transmission system.
The firing angle azecser Of bridge 1 increases to approximately 15°, while the
firing angle averer Of bridge 2 returns to its maximum (limit) value (165°).
This is because the decrease of the ac voltage at bridge 2 (inverter bridge)
results in an increase of the dcline current /;- which causes the current
control loop of bridge 1 (rectifier bridge) to re-enter into action by increasing
the firing angle ageciser Of this bridge. It does this in order to keep the
current ;- flowing through the bridges at the value (1.0 pu or 1.0 A) of the
current command Zger (rectiiey Of the HVDC transmission system, and thus
prevent current ;- from increasing further.
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The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current [Current|(rectifier)| Line . DC DC DC [(inverter)| Line .
command | margin | firing |voltage LEE | [ current |voltage| power| firing |voltage Active | React.
power | power | DPF power | power | DPF
IRef (rectifier) As angle Ei2 W) (var) lac Euc Pu angle Ei W) e
(A) (A) Ol Rectifier (V) (A) (V) (W) Olnverter (V)
) )
1.0 0.05 14.7 113 150 40 1(0.97| 1.0 145 146 165 104 -136 38 |(0.96
38. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current|(rectifier)| Line . DC DC DC [(inverter)| Line .
command | margin [ firing [voltage Active | React. current |voltage| power| firing |voltage e ReacY
power | power | DPF power | power | DPF
IRef (rectifier) As angle Ei2 W) (var) lac Eac Pac angle Ei2 W) e
(A) (A) OtRectifier (V) (A) V) | W) | mener | (V)
) )
1.0 0.1 0.0 114 139 9 0.99| 0.9 151 135 151 121 -128 73 (0.87
1.0 0.1 14.5 113 149 40 1(0.97| 1.0 145 145 165 104 -135 38 |(0.96
1.0 0.2 0.0 114 124 8 0.99| 0.8 151 121 152 120 -115 62 |0.88
1.0 0.2 14.6 113 150 40 1(0.97| 1.0 145 145 165 104 -136 38 |(0.96

When the current margin A/ of the HVDC transmission system is set to
0.1 pu (i.e., 0.1 A), the dcline current /,. decreases from 1.0 pu to 0.9 pu
(i.e., from 1.0 A to 0.9 A). When the current margin A/ is set to 0.2 pu (i.e.,
0.2 A), the current /;- decreases from 1.0 pu to 0.8 pu (i.e., from 1.0 A to
0.8 A).

Yes. This is because when the current margin A/ of the HVDC transmission
system is increased, the value of the current command of the current control
loop at bridge 2 (inverter bridge), which is equal t0 [Iger(rectifie — AL,
decreases, so that this control loop enters into action at a lower value of
current /;. For example, the table above shows that when the current
margin A/ is set to 0.1 pu, the amount of power P, transferred decreases
from 145W (maximum level) to 135 W. When the current margin A/ is
increased to 0.2 pu, the amount of power P, transferred decreases from
145 W to 121 W.
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41. The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current|(rectifier)| Line . DC DC DC |(inverter)| Line .
command | margin | firing [voltage AL | [FEEE current |voltage| power| firing |voltage Active | React.
power | power | DPF power | power | DPF
IRet: (rectifien) Al angle Ei2 W) (var) Jac Eyc Pic angle Ei2 W) )
(A) (A) O Rectifier (v) (A) (v) (W) O nverter (V)
) )
0.6 0.1 224 114 87 36 (092 0.6 140 84 165 102 -81 24 |0.96
42. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current | (rectifier) [ Line ' DC DC DC |(inverter)| Line .
command | margin | firing [voltage Active |React. current |voltage| power | firing |voltage GO RS
power | power | DPF power | power | DPF
IRet: (rectifier) Al angle Ei» W) (var) Jae Ex Pac angle Ei2 W) e
(A) (A) L Rectifler v) (A) (v) (W) Qnverter (V)
) )
0.6 0.1 0.0 106 86 4 0.99| 0.6 141 85 165 103 -81 22 10.97

43. This occurs because the firing angle azecser Of bridge 1 has reached the

minimum value (0°).

Consequently, the current control loop at bridge 1

(rectifier bridge) is unable to further decrease the firing angle agecriser OF this

bridge to keep the dc line current /- at the value (0.60 pu or 0.60 A) of the
current command /ger (rectifier)-

The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current | (rectifier) [ Line . DC DC DC ((inverter)| Line .
command | margin | firing [voltage Active | React. current |voltage| power | firing |voltage Active | React.
power | power | DPF power | power | DPF
IRet: (rectifien A7 angle Ei2 W) (var) Tae Eac Pac angle Eia W) (van)
(A) (A) Rectifier (V) (A) V) | W) | cwwerer | (V)
) )
0.6 0.1 0.0 105 79 3 0.99( 0.55 140 77 165 103 -74 20 |0.96

34

Yes. This is because the current control loop at bridge 2 (inverter bridge) has
not entered into action yet [i.e., the dcline current /;- has not decreased

enough to reach the value (0.50 pu or 0.50 A) of the current command of the
current control loop at bridge 2].
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44,

The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current [Current|(rectifier)| Line . DC DC DC [(inverter)| Line .
command | margin | firing |voltage LEE | [ current |voltage| power| firing |voltage Active | React.
power | power | DPF power | power | DPF
IRef (rectifier) As angle Ei2 W) (var) lac Euc Pu angle Ei W) e
(A) (A) Ol Rectifier (V) (A) (V) (W) Olnverter (V)
) )
0.6 0.1 0.0 105 71 3 0.99| 0.5 139 70 165 102 -67 19 10.96
0.6 0.1 0.0 102 70 4 0.99( 0.5 135 68 160 102 -66 25 |(0.94
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45,

This occurs because when the dc line current /. reaches the value (0.50 pu
or 0.50 A) of the current command of the current control loop at bridge 2
(i.e., Irerrectiiey — Al), this current control loop enters into action and starts
decreasing the firing angle asverr Of bridge 2 in order to prevent the
current ;- from decreasing further. For example, the table above shows that
when the ac voltage at bridge 1 (rectifier bridge) decreases from 105V to
102V, the firing angle o uverrer OF bridge 2 decreases from 165° to 160°, which
keeps current /; at the value (0.50 pu or 0.50 A) of the current command of
the current control loop at bridge 2, and thus prevents current /;. from
decreasing further.

When the ac voltage at bridge 1 (rectifier bridge) returns to its initial value,
the dc line current /7, remains at the value (0.50 pu or 0.50 A) of the current
command of the current control loop at bridge 2 (inverter bridge) as long as
the firing angle aavereer required at bridge 2 is below the limit value (165°).
When the firing angle amverer required at bridge 2 reaches the limit value, the
current I, starts increasing, passing from the value (0.50 pu or 0.50 A) of the
current command of the current control loop at bridge 2 to the value (0.60 pu
or 0.60 A) of the current command /Iges (rectiiery Of the HVDC transmission
system. Meanwhile, the firing angles agecifier aNd Anverser remain at 0° and
165°, respectively. When current /7, reaches 0.60 pu, the current control loop
of bridge 1 re-enters into action (i.e., it starts increasing the firing
angle agzeqirer Of bridge 1) to keep current /4 at the value (0.60 pu or 0.60 A)
of the current command /ger (recifier, and thus prevent current /- from
increasing further.
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The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current |Current|(rectifier)| Line . DC DC DC |(inverter)| Line .
command | margin | firing [voltage AL | [FEEE current |voltage| power| firing |voltage Active | React.
power | power | DPF power | power | DPF
- AJ angle E2 W) ) Lac Eu Puc angle Ei2 W) | (van)
(A) (A) O Rectifier (\) (A) (v) (W) nverter (V)
) )
0.6 0.1 22.6 114 87 40 |0.92( 0.6 140 85 165 103 -81 24 10.96

47. The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current | Current| (rectifier) [ Line . DC DC DC |(inverter)| Line .
command | margin firing |voltage Active | React. current|voltage |power| firing [voltage e Rt
power | power | DPF power | power | DPF
IRet (rectifier) Al angle Ei2 (W) (var) Jac Ex Pac angle Ei2 W) T
(A) (A) Ot Rectiier v) (A) V) | W) | mvereer v)
()] ()]
1.0 0.05 10.0 113 153 30 (098 | 1.0 148 149 165 107 -140 38 |0.96
0.9 0.05 13.8 113 134 34 1097 0.9 145 131 165 105 -123 33 [0.96
0.8 0.05 17.5 113 118 38 [095| 0.8 143 115 165 104 -109 30 |0.96
0.7 0.05 20.4 114 102 37 1094 | 0.7 142 99 165 103 -95 27 (0.96
0.6 0.05 21.8 114 87 36 | 092 0.6 141 85 165 103 -82 24 (0.96
0.5 0.05 23.9 114 71 33 | 091 0.5 140 70 165 102 -67 20 (0.96
0.4 0.05 25.8 115 57 28 (090 ]| 04 139 56 165 102 -54 17 10.95
0.3 0.05 27.7 116 43 23 (0.88]| 0.3 137 41 165 102 -41 13 10.95

Yes. The table above shows that when the value of the current
command Iget (rectitiery Of the HVDC transmission system is decreased from
1.0pu to 0.3pu (i.e.,, from 1.0A to 0.3A), the amount of power P,
transferred via the system passes from 149 W (maximum value) to 41 W
(i.e., it decreases by more than three times the initial value). This provides a
substantial variation in the amount of power transferred via the
HVDC transmission system.

Yes. The results in the table above indicate that the dc voltage £y at which
the system operates remains close to the maximum value, i.e., it decreases
by less than 10% of the maximum value (148 V) when the value of the
current command Zzer (recrifier is decreased from 1.0 pu to 0.3 pu.
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The results in the table show that the DPF at bridge 1 (rectifier bridge)
remains acceptable (i.e., it passes from 0.98 to 0.91) when current /- passes
from 1.0 pu to 0.5 pu (i.e., from 1.0 A to 0.5 A), whereas the DPF is a bit low
(at or slightly below 0.9) when current /4 is lower than 0.5 pu. On the other
hand, the DPF at bridge2 (inverter bridge) remains very good
(approximately 0.96) over the usable range of current /.

Power transferred via the system (/s = 0.3 pu, Qaverer = 165°) = 41 W
The dc voltage £, at which the system operates must be decreased by

decreasing the maximum (limit) value of the firing angle of bridge 2 (inverter
bridge).

48. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current | Current| (rectifier) | Line . DC DC DC |(inverter)| Line .
command | margin firing |voltage L (R G current|voltage |power| firing |voltage Active | React.
power | power | DPF power | power | DPF
IRet: (rectifier) A7 angle Eiz (W) (var) Jac Es P angle Ei2 (W) (var)
(A) (A) OlRectier v) (A) V) | W) | cumverer V)
) ©)
0.3 0.05 27.8 116 43 23 |0.88( 0.3 137 42 165 102 -40 14 10.94
0.3 0.05 374 116 40 27 |10.83| 0.3 123 39 150 102 -38 21 0.88
0.3 0.05 48.7 116 31 36 [065| 0.3 102 30 135 102 -30 31 0.69
0.3 0.05 62.9 116 24 43 1048 | 0.3 73 24 120 101 -23 38 (0.51
0.3 0.05 74.7 117 12 45 |1 0.26 | 0.3 40 12 105 101 -12 39 |0.29
0.3 0.05 92.5 118 0 51 0.0 0.3 3 1 90 101 0 44 0.0
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The table above shows that when the maximum (limit) value of the firing
angle of bridge 2 (inverter bridge) is decreased from 165° to 90°, the
operating dc voltage £y passes from a value close to the maximum (137 V)
to virtually zero, and the amount of power P, transferred decreases from
42 W to approximately zero (1 W).

The DPFs at both bridges become worse and worse. The table above shows
that when the maximum (limit) value of the firing angle of bridge 2 (inverter
bridge) is decreased from 165° to 90°, the DPF of bridge 1 (rectifier bridge)
passes from 0.88 to 0, while the DPF of bridge 2 (inverter bridge) passes
from 0.94 to 0. This shows that operating an HVDC transmission system at
low power levels for extended periods is highly undesirable as this results in
a poor DPF at each bridge.
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54.

The results are presented in the following table.

Parameters measured in the HVDC transmission system.

HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current | Current| (inverter) | Line Acti React DC DC DC |(rectifier)| Line Acti React
command | margin firing |voltage ctive | React. current(voltage |power| firing (voltage ctive | React.
power | power | DPF power | power | DPF
Iret (rectifier) Al angle Ei2 (W) (var) Tac Eac Puc angle Ei2 W) (var)
(A) (A) Qnverter (V) (A) V) (W) OlRectifier V)
) )
0.3 0.05 90 99 0 43 0.0 0.3 9 04 92.2 118 1 51 0.0
0.3 0.05 105 100 -12 40 (029 | 0.3 -37 -1 74.5 117 10 45 |0.21
0.3 0.05 120 100 -22 38 | 0.51 0.3 -69 -23 62.7 117 23 43 (047
0.3 0.05 135 101 -29 31 068 | 0.3 -100 | -29 49.1 117 29 37 (0.63
0.3 0.05 150 101 -38 21 1087 03 | -122 | -38 37.8 116 39 27 10.83
0.3 0.05 165 101 -40 14 (094 | 0.3 -136 | -40 28.7 116 42 24 10.87

38

The table above shows that when the maximum (limit) value of the firing
angle of bridge 1 (inverter bridge) is increased from 90° to 165°, the
operating dc voltage £, passes from a value close to zero (= 9 V) to a value
close to the maximum (-136 V), and the amount of power transferred
increases from virtually zero (0.4 W) to -136 W.

Power transferred via the system (/s = 0.3 pu, ttaverer = 165°) = -40 W

Yes. When operating at a dcline current /z of 0.3 pu and the maximum
dc voltage (Qaverrer = 165°), the amount of power P, transferred via the
HVDC transmission system when power flows from bridge 2 to bridge 1
(-40 W) is virtually the same as when power flows from bridge 1 to
bridge 2 (41 W). However, the polarity of power P, is negative (because £,
is negative) when power flows from bridge 2 to bridge 1, while the polarity
of power P, is positive (because voltage £y is positive) when power flows
from bridge 1 to bridge 2.
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55. The results are presented in the following table.
Parameters measured in the HVDC transmission system.
HVDC transmission AC side of station 1 Transmission line AC side of station 2
system (left-end station) (right-end station)
Bridge-1 Bridge-2
Current | Current| (inverter) | Line Acti React DC DC DC | (rectifier)| Line Acti React
command | margin firing |voltage ctive | React. current|voltage |power| firing |voltage ctive | React.
power | power | DPF power | power | DPF
IRef (rectifier) A7 angle Eiz W) (var) lac Eu Pai angle Ei2 W) )
(A) (A) O nverter (v) (A) (v) (W) O Rectifier (V)
) )
0.3 0.05 165 102 -41 14 (094 | 0.3 -136 | -41 29.5 117 43 24 (0.87
0.4 0.05 165 102 -54 18 | 095 04 -137 | -55 27.4 117 58 31 0.88
0.5 0.05 165 103 -67 21 096 | 05 -138 | -68 26.2 116 71 36 (0.90
0.6 0.05 165 103 -81 25 (096 | 0.6 -139 | -83 24.1 116 87 40 |09
0.7 0.05 165 104 -95 28 (096 | 0.7 -140 | 97 22.9 116 102 43 10.92
0.8 0.05 165 104 -109 32 1096 | 0.8 -140 | -112 20.8 115 118 45 10.93
0.9 0.05 165 105 -123 36 | 096 | 0.9 -141 | 127 18.5 115 134 45 10.95
1.0 0.05 165 105 -137 40 (096 | 1.0 -142 | -141 15.3 114 149 44 10.96

ANSWERS TO REVIEW

QUESTIONS
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1.

Yes. The table above shows that when the value of the current
command /gt (rectitiery Of the HVDC transmission system is increased from
0.3pu to 1.0pu (i.e., from 0.3 A to 1.0A), the amount of power P,
transferred via the system passes from -41 W to -141 W (i.e., it increases by
more than three times the initial value). This provides a substantial variation
in the amount of power transferred via the HVDC transmission system, just
as when power flows in the opposite direction.

The current control loop uses a current sensor to measure the actual value of
the dc line current /. This loop compares the measured value of current /.
to the value of the current command /.« (desired current value) and corrects
for any difference (error) between the two by modifying the firing angle of the
rectifier bridge until current /4. is equal to the current command /z.r.

The dc line current 7, and thus the amount of power transferred through the
line, starts decreasing significantly. This is because the current control loop
decreases the firing angle of the rectifier bridge to the minimum value (0°);
this is not sufficient to keep current /; at the value of the current
command /zr. This problem can be resolved by adding a second current
control loop at the inverter bridge of the HVDC transmission system that is
set to operate at a slightly lower current setpoint (i.e., at Jzer grectifier) - Al).
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Exercise 3

DC Current Regulation and Power Flow Control in HVDC Transmission Systems
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As long as the ac voltage at both bridges remains close to the nominal value,
the current control loop at the rectifier bridge keeps control of the system’s
operating point and maintains the current ;- at Iger (recrifiery. However, when
the ac voltage at the rectifier bridge decreases too much or the ac voltage at
the inverter bridge increases too much, the current control loop at the inverter
bridge takes control of the system’s operating point and maintains the
current /- at a slightly lower value, i.e., at Iger (rectifiery — AL

This is because the power losses (RI? losses) caused by heat dissipation in
conductors increase with the square of current, while being virtually
independent of the magnitude of voltage. Therefore, for any given amount of
power transferred through an HVDC transmission system, it is best to
operate at the highest dc voltage possible to keep the dc current as low as
possible, and thus reduce the power losses to a minimum.

Gradually decrease the amount of power flowing through the transmission
line to zero: first decrease the dc line current /; to the minimum value
ensuring continuous current flow in the bridges, then decrease the voltage at
which the system operates to zero by decreasing the maximum (limit) value
of the firing angle of the bridge currently acting as an inverter to 90°.

Stop both bridges (i.e., stop thyristor firing in both bridges).

Select the appropriate tap on the multiple-tap transformer of each converter
station so that the bridge which will act as an inverter operates at an ac
voltage slightly lower than the bridge which will act as a rectifier.

Set the current command /ger (recuiriery OF the bridge which will act as a rectifier
to the minimum value ensuring continuous current flow in the bridges, then
set the current command /zerinverery Of the bridge which will act as an inverter
to [Ref. (rectifier) = Al

Set the maximum (limit) value of the firing angle of the bridge which will act
as an inverter to 90°.

Start both bridges.
Increase the dc voltage at which the system operates to maximum by
gradually increasing the maximum (limit) value of the firing angle of the

bridge now acting as an inverter to the maximum value allowed.

Set the current command /zer (recrifier) O the bridge now acting as a rectifier to
the value required to transfer the desired amount of power.
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Bibliography

Chan-Ki, Kim et al., HVYDC Transmission, 1% ed., Singapore: John Wiley &
Sons (Asia) Pte Ltd, 2009, ISBN 978-0470-82295-1.

Hingorani, Narain G. and Gyugyi, Laszlo, Understanding FACTS, 1%ed.,
Piscataway: IEEE Press, 1999, ISBN 978 07803-3455-8.

© Festo Didactic 86380-00 209




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (North America General Purpose)
  /AlwaysEmbed [ true
    /CambriaMath
    /LabVolt
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


