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Abstract -A new FACTS device for the compensation of single
line faults in high voltage AC transmission systems is presented.
The application principle, two possible topologies, and the con-
trol strategies are discussed. First results are shown confirmed
by both simulation and experiments on a laboratory model.

I. I NTRODUCTION

The present practice in power system operation calls for a
three-phase interruption of a faulted circuit when a persistent
asymmetrical fault occurs. But realizing that the majority of
faults on transmission lines are single-phase faults gave rise
to the idea that the conductors not affected by the fault could
still be utilized for the power transmission. This would in-
crease the availability of power transmission lines and there-
by improve the transmission capacity of the network. A
FACTS device1) could provide the means of injecting asym-
metrical currents so that the transmission line appears sym-
metrical from the outside. The application principle for such
a device is depicted in Fig. 1. In this paper the possible topol-
ogies and the control algorithm for this purpose are dis-
cussed.

II. C ONCEPT

One of the new FACTS devices required for the current
symmetrization on a power system has to be installed at each
terminal of the line (as shown in Fig. 1). So, during asym-
metrical faults the remaining sound conductors of the trans-
mission line can be kept in service without affecting the
system’s symmetry outside the line. This objective is
achieved when the two Neutral-Point-Clamped (NPC) in-
verters compensate for the negative and zero sequence cur-
rent resulting from the asymmetrical operation of the
transmission line. Substantial gain in transmission capacity
is attained as a result. A 3-phase symmetrical network is as-
sumed. If one line is interrupted, the remaining currents
cause an asymmetrical load. The missing current has to be

provided by the FACTS device. This can be achieved by
combination of a single phase load and a 3-phase injecti
The appropriate current phasors are shown in Fig. 2. Suc
concept was first proposed by [1]. In common practice th
neutral point of generators and transformers in a power s
tem are grounded. Therefore opening one phase of a tra
mission circuit leads to a current from the neutral point
ground, due to the zero sequence condition. In order to
duce the earth current that, in theory, could be as high as o
of the phase currents, the installation of a high ground co
ductor is recommended in [1]. As no special insulation
needed it can easily be installed on existing transmissi
lines. In today’s technology - where semiconductors are n
available for a switching voltage over 10 kV - the FACTS
devices have to be connected via coupling transforme
However in the future the structure could be substantia
simplified by omitting these transformers.

A. Alternatives to high ground connection

Although it has been shown by [1], that a high ground co
nection fits the conventional tower configuration without ad
ditional space requirements, its installation into an existin
transmission line is an important effort. Therefore an altern
tive approach was sought: If only one sound conductor is
terrupted, it should be possible to use the two remaini
conductors for a single phase transmission without relyi
on a transmission over earth or a high ground conductor.
the proposed configuration according to Fig. 1 (without th
ground connection) the FACTS device cannot produce a1) FACTS stays for “Flexible AC transmission system”

Fig. 1. The application principle of the new FACTS de-
vice
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zero sequence current, as the sum of the currents through its
three connected wires has to be zero.

The FACTS device can only be used to compensate for
the negative sequence current, produced by the interruption.
However the zero sequence current can be avoided by
grounding only one side of the transmission line.

B. Grounding

In most modern high voltage grids the preferred trans-
formers topology is Yy0 or Yy0d51), where both neutral
points are grounded by hard grounding. The reason for this
grounding concept is that any overvoltage can be avoided in
case of a broken and grounded sound conductor. This hard
grounding can easily be replaced by an overvoltage protec-
tion that connects the neutral point to earth, if it’s voltage
against ground reaches a critical value (about 10% of the
nominal voltage i.e.). By this modification zero sequence
currents can be prevented. We can show that the potential of
the neutral point of the not grounded transformer is only one
third of to the voltage drop over the transmission line. This
can easily be kept below 10% of the nominal line voltage.

III. M ATHEMATICAL ANALYSIS

A. Analysis of phase currents and voltages

For a better understanding of the operation principle for
the symmetrization, we can consider the model presented in
Fig. 3. The converters are represented by voltage sources,
which form - together with the coupling inductances - cur-
rent sources. First we look at the voltages:

,

(1)

(2)

(3)

As the inner voltages of the grid can often not be ac-
cessed, we can look instead to the connecting voltages
u1La,b,c andu2La,b,c:

(4)

(5)

(6)

The basic relations between the currents are:

(7)

(8)

(9)

We assume that the inner voltages of the connected gr
are symmetrical and therefore free of zero sequence com
nents:

 and (10)

The used topology (without ground connection) force
the grid currents to be free of zero sequence component
well:

 and (11)

As the zero points of the converters are not grounded,
converter currents are free from zero sequence compone

 and

(12)

With equations (7) to (9) and (11) we get:
2) (13)

However the voltages are not all free of zero sequen
components:

(14)

 and

(15)

but: , (16)

Because of the asymmetrical voltage over the transm
sion lineuTLabc+uSabcthe neutral point of the not grounded
grid voltageU2 will see an sinusoidal voltageu20 according
to the following relation:

(17)

(18)

If both connecting voltagesuL1a,b,canduL2a,b,chave the
same amplitude and differ only by the phase angle
equation (18) can be simplified to:

(19)

Therefore the voltage overlay of the neutral pointu20 is
only one half of the voltage drop over the line. This is a va
ue that can easily be dealt with without modifying the isola
tion of the towers and transformers.

B. Pointer representation

For the pointer representation we have to consider bo
side of the compensator separately. As each pointer has t
based on a unit pointer based on a phased looked lo
(PLL), we use for all signals of the grid 1 and the convert
1 a PLL based on the grid voltageu1.

3)

1) d5 is an compensation coil, that is not connected to any trans-
mission line

u1a i̇1a LT1 usa i̇L2a+ LL i̇2a LT2

i̇2a L2 u2a u20+ +⋅+

⋅+⋅+⋅=

i̇ di
dt
-----=( )

u1b i̇1b LT1 usb i̇L2b+ LL i̇2b LT2⋅
i̇2b L2 u2b u20+ +⋅

+

+

⋅+⋅=

u1c i̇1c LT1 usc i̇L2c+ LL i2c LT2⋅
i̇2c+ L2 u2c u20+ +⋅

+⋅+⋅=

uL1a usa i̇L2a+ LL uL2a u20++⋅=

uL1b usb i̇L2b+ LL uL2b u20++⋅=

uL1c usc i̇L2c+ LL uL2c u20++⋅=

i1a iWR1a+ iLa i2a iWR2a–= =

i1b iWR1b+ iLb i2b iWR2b–= =

i1c iWR1c+ i Lc i2c iWR2c–= =
2) The fact that the line current is free of zero sequence compo-

nents does not mean, that it is a symmetric three phase cur-
rent.

3) The index(1) in the following equations shows that the desig-
nated pointers are based on the PLL of grid 1.

u1a u1b u1c+ + 0= u2a u2b u2c+ + 0=

i1a i1b i1c+ + 0= i2a i2b i2c+ + 0=

iWR1a iWR1b iWR1c+ + 0=

iWR2a iWR2b iWR2c+ + 0=

iLa iLb iLc+ + 0=

i̇ La L i̇Lb L i̇Lc L⋅+⋅+⋅ 0=

i̇ La L⋅ 0 uTLa= =

i̇ Lb L⋅ uTLb i̇– Lc L⋅ uTLc= = =

uSa uSb uSc 0≠+ + usb usc 0= =

u20

uSa

3
--------=

uSa
3
2
--- uL1a uL2a–( )=

∆ϕ

uSa 3 û
La

∆ϕ
2

------- 
 sin⋅=
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Based on the equations (7) to (9), we can build the pointer
for the line currentsiLa,b,c:

(20)

IL can be split into an active and a reactive part:

(21)

Both parts can be splitted into a constant and an oscillat-
ing part.

 and (22)

During normal three phase transmission the oscillating
parts and disappear. During the interruption of
one sound conductor and the forced single phase transmis-
sion, those oscillating parts oscillate with double the fre-
quency of the grid voltages. They represent the negative
sequence current. We have to force the converter to produce
those negative sequence currents in order to allow only pos-
itive sequence currents in the connected grid.

 and (23)

For grid 2 and converter 2 the equivalent relations are val-
id for pointers based on a PLL based on the grid voltageu2.

C. Reactive power compensation

In addition to the symmetrization of the grid currents the
compensator can also be used to introduce reactive currents
and to improve the power factor of the line. The converter
current and the grid current presented in equation (23) get as
additional term the reactive compensation current:

 and

(24)

D. Power flow

During normal power transmission over a three phase li
the transmitted power depends on line parameters (reacta
and resistance), the voltage of the connected grids and
phase angle between these two grids. In the simplified c
of a line without losses (without resistance) the following re
lation is valid:

(25)

is the phase angle between the two lines. and
are the amplitudes of the connected grid voltages. It is
sumed that they have the same frequency and about
same amplitude. If a single phase interruption of one line o
curs, the transmitted power is not constant any more bu
oscillates with double the grid voltage frequency. Howev
it can be shown that the average transmitted power is h
the power transmitted without interruption:

(26)

While no compensator is active, we can consider the li
inductanceLTL together with the transformer inductanc
LT1,2and the inner inductance of the gridL2 as one single in-
ductanceL. As soon as the converter is active all inductan
es but the line inductanceLTL see a three phase current. Fo
the calculation of the transmitted power we have therefo
to consider both parts separately. During active compen
tion the transmitted power is:

(27)

The transmitted power can further be influenced by th
reactive power compensation discussed above. By the re
tive power compensation it is actually possible to keep t
power flow unchanged before and during the interruptio

Fig. 3. For a mathematical analysis the converters are represented as voltage sources. They are connected to the
mission line either by the decoupling inductances or transformers (LT1,2). - This makes mathematically no dif-
ference. The power grids are represented by their inner voltages and reactances. The grid 1 is defined as a s
grid, so its inner inductance is significantly smaller than the coupling inductanceLT1 and therefore omitted
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However the maximum acceptable currents in the line have
to be considered.

IV. T OPOLOGY

Fig. 4 illustrates the topology of the 3-level converter that
has been considered for this application. By using a 3 level
converter the harmonic distortion of the concerned power
grids can be kept low. The power flow to and from the con-
nected networks is constant while the power flow over the
damaged transmission line is a single phase transmission
and ergo oscillating with double the frequency of the net-
work. The capacitors must accommodate the transmitted en-
ergy for half a period (0.01 s). The valves must deal with
currents and voltages in the range of the currents and voltag-
es of the transmission line. As this is not yet feasible with to-
day’s technology, the converter has to be connected to the
transmission line by the means of a transformer. As the
transmitted current might be asymmetrical the best results
are produced with a 5-leg transformer in the Yy0 topology.

For the alternative topology with a high ground connec-
tion connected to the neutral points of the converters a
slightly different topology has to be used: As the high
ground current charges and discharges also the dc side, a 4th
leg to control the dc side neutral potential has to be added[2].

V. CONTROL

Three main topics had to be considered for the control of
the investigated FACTS device:

-) In case of a line break the device must immediately pro-
vide the compensation currents according to Fig. 2. The
transition to this state has to be realized within one or two
periods of the grid voltage.

-) The neutral point of the three level inverter has to be
balanced. This is especially demanding during an asymmet-
rical line fault, as the dc-side voltage oscillates with 100 Hz,
because energy has to be stored in the DC-link capacitors
during half a period of the grid voltage.

-) Under normal operation conditions i.e. the transmissi
line has no fault, the device may be used to compensate
reactive power of the line.

Two different control techniques have been evaluated

A. A classical control structure

The first - more classical control structure - is depicted
Fig. 5. The current is measured at the connection po
and separated into the positive sequence part and the n
tive sequence part. With a PI-control it is controlled to be z
ro.

The disadvantage of this control is the fact that the sep
ration of positive and negative sequence currents, that is
alized by passing the pointer of the current (I1d,q) through a
moving average filter, produces a delay of at least half a p
riod of the analysed current. This delay makes the who
control quite slow and the symmetrization of the grid cu
rents after a line break takes about two to three periods of
grid voltage to restore symmetric conditions.

B. A discrete Dead Beat Control with integrating oscillator

A better approach is the use of integrating oscillators t
gether with a Dead Beat Control. This concept is discuss
in detail in[4]. The three-phase currents are transformed in
rotating pointers ( -presentation). These signals a
passed to integrators that rotate with the frequency th
should be controlled. In the present application we have o
oscillator that rotates with the base frequency of the grid (
control the positive sequence currents) and an other one
rotates with the same frequency, but in the opposite dire
tion (to control the negative sequence currents).1)

Generally an oscillator produces for the input signal:

 the output (28)

The Laplace transformation of its transfer function is:

(29)

Fig. 4. The topology of one of the FACTS devices. Both
are identical 3-phase 3-level converters without
ground return.
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Fig. 5. A classical control structure: The line currenti1 is
separated by means of a moving average filter into
the positive and negative sequence current. The con-
verter is controlled to absorb the same negative se-
quence current in order to compensate for it.

1) Further oscillators might be added to control the harmonic
distortion in the line
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For the implementation together with a Dead Beat control
a discrete time version of the transfer function of the oscil-
lator is needed:

(30)

The sum of the outputs of the integrating oscillators rep-
resents the current to be generated by the converter. After
building the difference to the actual converter current it is
passed to the Dead Beat control.

If the system parameters - in our case mainly the value of
decoupling inductance - are known with good accuracy, a
Dead Beat control can follow any step of the input signal
within two time steps. In our system the sampling time de-
pends on the conversion time of the ADCs that produce the
input signals. It is much shorter than a period of the grid cur-
rent, so any delay in our control depends only on the oscil-
lators.

C. Additional controls

For both control concepts additional controls had been
implemented, that cannot be discussed in detail here:

A DC voltage control that keeps the DC-voltage at a de-
sired value.

A DC side symmetrization that equals the voltage at the
upper and lower DC capacitor.

A reactive current control that allows to control the reac-
tive current in the connected grid and with it the power flow
over the line.

The converter itself is controlled by PWM modulation.

VI. R ESULTS

The new device and its application had been simulat
extensively using Simulink and the newly developed sim
lation tool PLECS [3]. The results are very encouragin
The simulation results have been confirmed by experime
on a laboratory model. It consists of a model of a 500 km
phase transmission line and two three-phase three-level c
verters and was set up for this purpose at reduced scale (
V, 10 A). Some currents and voltages of a typical case a
presented in Fig. 8 both as simulation results and as me
urements at the laboratory model. As required symmet
currents in the connected grid are restored within one sin
period of the grid voltage.

VII. C ONCLUSIONS

A FACTS element for the compensation of single pha
faults in high power transmission lines has been develop
and tested. With this device it is possible to increase t
transmission capacity of existing AC transmission system
under faulty conditions. For the time being it has been tes
only at a 5 kW laboratory model. An implementation into
working power line is not planned in the near future. Th
concept will become more interesting, when power ele
tronic devices for higher voltages are available, as the co
of coupling transformers are significant.
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Fig. 6. The schematic of the implemented control.
IWR_dueis the converter current, as it is required
by overlaying controls, like the control of the DC-
side voltage or the reactive power control.uPWM
is the control voltage for the PWM modulation.

Fig. 7. The realisation of the integrating oscillator on a
discrete computer system
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Fig. 8. The simulation results and measurements: The simulation results are depicted in the left column, while the p
of the measurements at the laboratory model are shown in the right column. The interruption occurs at about
ms. As the resistances and inductances for the simulation and the physical model are not identical, there is a
tle difference between the relations of the currents before and after the line break. The phase angle between
grid voltages of the two connected grids is 30˚. Within one period of the grid voltage the negative sequence c
rent is compensated and only a little disturbance remains. The converter does not produce reactive power.
amplitude of the grid current i1 drops therefore, as if the line inductance grows (see D.“Power flow” ).
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