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Abstract:

High voltage direct current (HVDC) electric power transmission systems are
preferred, in some situations, to the common alternating current AC transmission
systems as a means for bulk transmission of electrical power.  Modern form of
HVDC transmission uses, extensively, modern technology. Some AC electric power
systems, which are required to be connected together, may not be synchronized.
Therefore, they cannot be connected even if the distance between them is short.
Also, in some circumstances, it is physically impossible, or highly impracticable, to
connect them, even if they are synchronized.  In such conditions, HVDC systems are
considered to be the most effective method for connecting these systems.

Therefore, in this paper investigation of the performance of HVDC systems
under different operating conditions are conducted. Models representing some actual
HVDC systems, and giving voltage profiles produced under different conditions, and
simulated using Matlab/Simulink. Corresponding computed results are obtained.
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1. Introduction:

Both of high-voltage direct current electric power transmission systems (HVDC) and
alternating current transmission systems are used for transmission of electrical power.
The technique of HVDC transmission first appeared in the 1930s in Sweden at ASEA.
One of the first installations was used  in the Soviet Union in 1951 between Moscow
and Kashira, and another system was used in Gotland, Sweden in 1954 [1].
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Conventional HVDC transmission system, compared with three-phase AC transmission
systems, is superior in the following aspects [2].  HVDC transmission line cost and
operating cost are less than those of its AC counterpart.  It needs not operate
synchronously between the two AC systems linked by HVDC. Finally, it is easy to
control and adjust power flow, etc.

The main relevant components of a HVDC system, Figure 1, are as follows [3-6]:

1- The converter composed of thyristors or IGBTs which converts power from AC to
DC.

2- The converter transformer, which transforms voltage level of the AC busbar to a
suitable level.

3- The Smoothing reactor.

4- The Harmonic Filters (AC filter and DC filter).

5- DC Transmission cable.

6- Control system.

Figure (1): Main components of the HVDC system.

There are three types of high voltage DC links considered in HVDC applications which
are monopolar, bipolar and homopolar links [7]. The monopolar link has one conductor,
and uses either ground and/or sea returns. A metallic return can also be used where
concerns for harmonic interference and /or corrosion exit. In applications with DC
cables, a cable return is used. The bipolar link has two conductors, one is positive and
the other is negative. Each terminal has two sets of converters connected in series and of
equal ratings, on the DC side. The junction between the two sets of converters is
grounded by the use of a short electrode line. Since both poles operate with equal
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currents under normal operation, ground current flowing will be zero [7].

The third type is the homopolar, or multi terminal (MTDC), link, which has two
conductors having the same polarity usually negative which, and can be operated with
ground or metallic return.

Monopolar and bipolar links are the widely used type. The homopolar link has the
advantage of reduced insulation costs, but it has the disadvantage of earth return that
outweigh the advantages [8-10].

There are few studies that investigated the HVDC transmission systems under different
operating conditions but not all possible operating conditions and profiles [11-16].

    Therefore and taking into account the importance of power systems interconnections
such that between Egypt and the neighboring countries, the main objective of this paper
is to investigate in details the different profiles of the HVDC systems in different of
working conditions, in order to assist in the design phases, determine the HVDC voltage
levels developed over the line, determine suitable instrumentation and protection, and
to, determine appropriate operation of converters used in the system.  The obtained
results are compared and agreed with great extent with pervious works [16].  All
the models of the systems investigated in this paper have been simulated using
Matlab/Simulink software package.

2. Method of Analysis and Case Studies:

Figure (2) presents a typical DC transmission system. To simulate the output DC
power (PD), voltage (VD) and current (Id) for such a system using a fully-controlled
three-phase rectifier bridge, the following equations [7] are used at steady state, taking
only the fundamental component of the current of the AC side of the converter. During
the transition period, it is assumed that the demand load power is constant and equal to
the average DC power.

Figure (2): Typical DC transmission system.
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Where,
α =…..firing delay angle of thyristors.
VM = ..the peak value of AC line–to-line voltage.
ID = …...the output DC current.
IL =  …...the input AC line current.

a = ….turns ratio.
µ =  ...overlap angle of the converter.
Vf-f = .. Input AC line-to-line voltage.

Two different models of the HVDC monopolar system and their control systems are

considered and developed and investigated as follows.

2.1 Monopolar Model of a Transmission Line-Load System.

   Figure (3) shows, 1000-MW-, 500-kV, 2-kA HVDC transmission system.   This
system is composed from a 500-kV, 5000-MVA AC network, a 3-phase 320 MVAR
filter, 500/380 kV transformer, 6-pulse rectifier bridge, two smoothing reactors with 5
Ω, 5 H each, 1000- MW, 500-kV, 2-kA, 300-km transmission line and a 242-kV DC
load with an equivalent resistance of 5 Ω and equivalent inductance of 5 H. A shunt
capacitor filter of 100 µF can be connected on the DC side of the rectifier when it is
required, to reduce the ripples of the output DC voltage waveforms of the rectifier.
This system was simulated using Matlab/Simulink software package for the following
cases.
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Figure (3): Simple line diagram representation of the HVDC monopolar system model.

2.1.1 System Profiles under Normal Operation Conditions

Figures (4) (a) and (4) (b) show the waveforms of the AC voltage and current
input to the rectifier at normal condition when the system connected.  It should be
noticed that the value of the voltage over the simulated time is constant at the
rated value of 1 pu.   The AC current value increases, from zero pu to 1 pu, in 0.1
s. Figure (4) (c) shows the output DC voltage of the rectifier. It can be noticed
that the DC voltage reached to steady state in 0.08 s  and the output is almost,
pure DC voltage, this is, because it is measured after compensator reactor of (R=5
ohm, L= 5 hennery).  Figure (4) (d) shows the output DC voltage with a shunt
capacitor filter connected, without series smoothing reactor, this reduces the
voltage waveforms ripples, compared with that shown in Figure (4) (c), with a
series smoothing reactor.

Figures (5) (a, b) present the output DC current and input firing angle of the
rectifier. The DC current start from zero and reaches a steady state in 0.05 s.
Figure (5) (b) shows the firing angle (55 degrees) required to obtain 1 pu current.
The obtained results, in this case show that, the parameters of the control system
are properly identified.



Proceedings of the 7th ICEENG Conference, 25-27 May, 2010 EE155 - 6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-2

-1

0

1

2

Time ( s )

V 
( p

u 
)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-2

0

2

Time ( s )

I (
 p

u 
)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5

2

Time ( s )

Vd
c 

( p
u 

)

(c)

Vdc
Vreference

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Time ( s )

Vd
c 

( p
u 

)

(d) with shunt capactor filter

Vdc

Vref

Figure (4): Input AC voltage, current and output DC voltage of the rectifier
(in case of normal operation).
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Figure (5): Output DC current and input firing angle of the rectifier
(in case of normal operation).

2.1.2 System profiles under the condition of a Fault on the DC T.L.

Figures (6) (a, b) show the input AC voltage and current of the rectifier in case of,
a fault condition, occurred at the DC T.L side. It can be noticed that, when a DC fault is
applied, at time, t =0.5 s, on the DC transmission line, the AC current increases to the
value of 2 pu in 10 ms and the AC voltage decreased to zero and at t =0.55 s the firing
angle (alpha) is forced by the protection system and the rectifier is turned off.  At
t=0.555 s the fault is cleared and at t=0.62 s the AC voltage and current reach to steady
state of 1pu. Also, as can be noticed in the figure (6) (d), the output DC voltage of the
rectifier and it can be noted that, the DC voltage is the same as the case of normal
operation condition, for the time period, from zero time to o.5 s, of the considered time.
When a DC fault is occurred on the line, from 0.5 <t<0.55 s, the DC voltage decreases
to reach the zero value in 0.12 ms and at t=0.55 s, the firing angle is forced by
protection system to reach 165 degrees, the fault is cleared at t =0.555 s.  At t =0.57 s,
the regulator is released and starts to regulator the DC voltage again. The steady-state
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1pu voltage is recovered and reached at t= 0.65 s. The results obtained in this case show
that the parameters of the control/protections systems are properly identified.
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Figure (6): Input AC voltage, current and output DC voltage of the rectifier
(in case of DC fault on DC T.L).

     Figures (7) (a, b, c) represent the output DC current, input firing angle of the rectifier
and the DC fault current. It can be noticed that the value of the output DC current and
firing angle of the rectifier for the time period, from 0<t<0.5 s, is nearly, the same as, in
the case of normal operation condition. When in the time period, 0.5<t<0.55 s, a DC
fault is applied on the DC line, starting at t = 0.5 s.  The fault current increases to the
value of 5 kA and the (DC) current increase to the value of 2 Pu (4 kA) in 10 ms. The
fast regulator action lowers the current back to its reference value of zero Pu. For
(0.55<t<0.57 s) at t = 0.55 s, the firing angle, input to the current regulator, is forced by
the protection system to reach 165 degrees. The rectifier passes in inverter mode and
send the energy stored in the line back to the 500 kV network. As a result, the arc
current producing the fault rapidly decreases. The fault is cleared at t = 0.55 s, when the
current zero crossing is reached. From (0.57<t<0.8 s) at t = 0.57 s, the regulator is
released and it starts to regulate the DC current again. The steady-state is reached and
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the system is recovered at t=0.65 s. The results obtained in this case show that the
parameters of the control/protections systems are properly identified.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-1

0

1

2

Time ( s )

Id
c (

 p
u 

)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

50

100

150

200

Time ( s )

A
lp

ha
 ( 

de
gr

ee
 )

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-2000

0

2000

4000

6000

Time ( s )

If
au

lt 
( a

m
p 

)

(c)

Idc

Ireference

Figure (7): Output DC current and input firing angle of the rectifier
(in case of a DC fault on DC T.L).

2.1.3 Effect of Transmission Line Length:

  Figures (8) (a, b) and Figure (4) (d) show the output DC voltages of the rectifier, in
case of long transmission line (500 Km) and short line (80 km) and medium line (300
km), with shunt capacitor filter is connected in the DC side, respectively. It can be noted
that, the longer the transmission line length is, the lower is the voltage waveforms
distortion and ripples on the HVDC systems.
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Figure (8): Output DC voltage of the rectifier in case of long and short TL
(with shunt capacitor filter).

2.2 Monopolar model of Two High Voltage Substations Connection System.

Figure (9) shows the second developed model which consists mainly from a 1000-
MW (500-kV, 2-kA), DC interconnection which is used to transmit power from a (500-
kV, 5000-MVA, 60-Hz) network to a (345-kV, 10,000-MVA, 50-Hz) network. The
rectifier and the inverter are 12-pulse converters using two 6-pulse thyristor bridges
connected in series. The rectifier and the inverter are interconnected through a 300-km
distributed DC line and two smoothing reactors (5 Ω, 5 H), each.

Figure (9): HVDC 12-pulse Transmission System, 1000 MW (500kV-2kA), 50/60 Hz.
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2.2.1 System Profiles under Normal Operation Condition

Figures (10) (a, b, c) show the output DC voltage, current and firing angle of the
rectifier in case of the system normal operation condition.  At the end of this first ramp
(t= 0.32 s) the DC line is charged at its nominal voltage and the DC voltage reaches
steady state. At the time, t = 0.4 s, the current is ramped from 0.0 pu to 1 pu (2KA) in
0.18 s (5 pu /s).  At the time instant of (t =0.58 s), the DC current reaches steady state.
The current is controlled by the rectifier while the voltage is controlled by the inverter.
It can be noticed that the current stabilizes in approximately 0.1 sec. Figure (10) (c) of
the figure shows the firing angle, and it can be noted that in the steady-state, the firing
angle (alpha) is 16.5 degrees.  At t =1.4 s the stop sequence is initiated by ramping
down the current to 0.1pu. At t =1.6 s, a forced-alpha of the rectifier extinguishes the
current. At t= 1.7 sec, the pulses are blocked in the rectifier. The results obtained in this
case show that the parameters of the control system are properly identified.

Study is carried out for the effect of variable transmitted (transferred) power between
the two interconnected systems. It is noticed that the variable power would not varied
the voltage profile but the amplitude is only affected.
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Figure (10): The output DC voltage, and DC current and firing angle of the rectifier
(in case of (Normal operation)).
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2.2.2 Effect of a Fault on DC Transmission Line.

Figures (11) (a, b) show the AC voltage and current input to the rectifier in case
of a DC fault occurred on the DC transmission line.  It can be noticed that the value of
current, in the time period, from (0 s to 0.4 s), equal zero (starting interval), while the
AC voltage equal 1 Pu over the considered time.  After a time of o.4 s, the AC current
reaches to 1pu.  When a DC fault is applied, at the time t = 0.7 s, on the DC
transmission line the AC current increase to 2.3 pu and the AC voltage reaches to zero.
The fault is continuous to the time of t =0.77 s, then the protection operation starts by
increasing firing angle of the rectifier to 165 degrees. The firing angle (alpha) is
released at t = 0.87 s and the AC voltage and current recover in 0.4 s.  At t =1.4 s the
stop sequence is initiated by ramping down the current to 0.1pu. At t =1.6 s a forced-
alpha at the rectifier extinguishes the current. At t = 1.7 s, the pulses are blocked in the
rectifier.
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Figure (11): Input AC voltage and current to the rectifier
(in case of a DC fault on DC T.L).

Figures (12) (a, b, c) show the output DC voltage, current and input firing angle of
the rectifier in case of a DC fault occurred on the DC transmission line. At starting the
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output DC voltage and current equal zero, then the DC voltage increases to its nominal
value (1 pu) at t = 0.32 s, while the current increases to the value of 1 pu at t = 0.58 s.
Under the fault condition, at t = 0.7 s, the DC current quickly increases to 2.3 pu and the
DC voltage falls to zero at the rectifier. The DC current is still continuous to circulate
in the fault. Then, at t = 0.77 s, the rectifier firing angle is forced to the value of 166
degrees by the DC protection system because a DC voltage drop is detected (Vd < 0.5 Pu
for 70 ms). The rectifier operates in interval mode. The DC line voltage becomes
negative and the energy stored in the line is returned to the AC network, causing rapid
extinction of fault current at next zero-crossing. Then, the firing angle (alpha) is
released at t = 0.87 s and the normal DC voltage and current recover in approximately
time of 0.4 s.  In Figure (12) (c), it can be noticed that the firing angle, during the fault
condition, increased to 165 degree to turn off the rectifier bridge. The results obtained in
this case show that the parameters of the control/protections systems are properly
identified.

Study is carried out for the effect of variable transmitted (transferred) power between
the two interconnected systems, while a fault is occurred on the DC line. It is noticed
that the variable power would not vary the voltage profile but the amplitude is only
affected.
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Figure (12): The output DC voltage, DC current and firing angle of the rectifier
(in case of DC fault on a DC T.).
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3. Conclusions:

Different model systems of HVDC transmission systems are simulated and
investigated under a variety of loading operation conditions. The simulation models
and control system are built and developed based on Matlab/Simulink package.
Through this study the different obtained HVDC systems voltage profiles are
investigated and analyzed to be used as a help toll in the design phase of the HVDC
systems. Some main points have been concluded:

1- The HVDC voltage profile of the DC side could be controlled and stabilized
through controlling the feedback signal of the DC load current.

2- The longer is the DC line; the lower is the DC voltage/current distortion.

3-  The fault DC current can reach about 2 pu under the fault at the DC line
conditions.

4- The fault occurred on the DC side affects the AC side of both the rectifier and
the inverter with wave distortion.

5- The AC fault in both sides of the inverter and the rectifier has the same affects
as, the case of, the fault at DC lines.

6- Varying the transmitted (transferred) power between the two interconnected
systems would not vary the voltage profile but the amplitude is only affected.
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