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Improvement of voltage stability in the HV distribution line using
an Active Power Filter

Abstract. The article explains the reason of a voltage instability in distribution networks basing on a long 110 KV unilaterally powered line as an
example. Using appropriate equivalent models, the voltage variation at the end of the line was analyzed for both no-load and under various type of
loading. To stabilize the voltage the authors considered the use of an active power filter (APF) that allows both compensation of passive current
components as well as suppression of its higher harmonics contents. The conclusions have been formulated basing on measurements of
appropriate tests carried out on the physical model of the long line when supply non-linear loads.

Streszczenie. Artykut omawia przyczyne niestabilnosci napiecia, istotng w sieciach rozdzielczych, zasilanych jednostronnie, na przyktfadzie
parametréw dtugiej linii 110 kV. Korzystajgc z prostych réwnowaznych modeli linii zarébwno bez obcigzenia, jak i dla réznego rodzaju obcigzenia
pokazano zmienno$¢ napiecia na koncu linii, korzystajac z wykreséw wektorowych. Aby zapewnic stabilizacje tego napiecie, autorzy rozwazali i
zbadali celowo$¢ zastosowania aktywnego filtra mocy (APF) w miejsce dotychczas stosowanych Srodkéw technicznych. UmoZzliwia to on-line nie
tylko kompensacje sktadowych biernych pradu linii, ale zapewnia réwniez ttumienie wyzszych harmonicznych tego pradu. Whnioski sformufowano na
podstawie wynikéw rozwazarn teoretycznych, potwierdzonych wynikami odpowiednich pomiaréw, wykonanych na fizycznym modelu dtugiej linii, przy
zasilaniu odbioréw nieliniowych. Poprawa stabilno$ci napieciowej w rozdzielczej linii WN przy wykorzystaniu aktywnego filtra mocy.

Keywords: active power filter, electric energy quality, unilaterally powered HV distribution line, voltage stabilization.
Stowa kluczowe: aktywny filtr mocy, jako$¢ energii elektrycznej, linia dystrybucyjna wysokiego napiecia zasilana jednostronnie,
stabilizacja napiecia.

Introduction
Electricity provided to customers must be an appropriate
quality of which such parameters as:
* supplying voltage value, b3 b1z
+ frequency,
» continuity of supply (short-term and/or long-term
interruption), F b 02
« high harmonics level, 23
- voltage fluctuations Fig. 1. Arrangement of conductors for analysed network 110 kV
are of prime importance. a)
All of them have a significant impact on the efficient use R X
of electrical energy and on reliable and safe operation of —_— 3
powered loads. First of all, the stable voltage at the
distribution point of the electric energy is the key parameter. U U;
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The problem of ensuring and maintaining the voltage level B/2 B/2
to the extent compatible with the findings of the national
regulator applies to both high-voltage transmission
networks, distribution networks of high voltage (110 kV) and
distribution networks as medium as well as low voltage. p)
With the current flow are related so-called voltage losses RI2 X2 X2 RI2
(defined as the vector quantity of the voltage drop) that — A —
affect significantly currents distribution in the power system
and result in its unbalanced states. Variation whereas, of

-
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the module (absolute value) of the voltage — named voltage U,
drop - impacts directly the performance of any electrical
load being supplied and influences, in turn, its operational
characteristics. This second case is of significant
importance in the electric power networks supplied
unilaterally. It should be noted that in power systems one of
the requirements is to maintain an appropriate margin for c)
maintaining voltages above critical values. This is important
from the point of view of voltage stability in order to prevent
the risk of the so-called "voltage avalanche". The solution
proposed in the article may mitigate this effect. al
The article analyses the possibility of stabilization of the U, G E_T
voltage value at the end of the selected, 110 kV power line
fed one side, as an example. The appropriate practical
conclusions for effective use, in such cases, the active
power filters (APF) [1-5] are formulated, as a result. It is
compatible with Dynamic Voltage Restorer solutions [6,7].

B U,

Fig. 2. Equivalent lumped models (positive component) of the
network (IT type (a), T type (b), and I type (c)) (phase symmetrical
line)
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The network model used for analysis
For the analysis was selected an unilaterally powered
110 kV network with a triangular arrangement of conductors
(as in Fig.1). The electrical phenomena in any network are
influenced, of course, by distributed line electrical
parameters of both longitudinal (resistance, reactance) and
transverse (conductance, susceptance). However, the
analysis is usually carried out for simplicity based on one of
selected equivalent model of lumped elements network type
IT, T or T (Fig. 2) [8].
Electric models defined in per unit parameters are
specified by the following relationships;
. resistance per unit R':
(1) R=F -1 ok
s
where: / -length of the network [m], y - conductivity [m™'Q"
1mm'2], s - cross-section of the conductor [mmz];

. reactance per unit X"

) X‘=)I(—= oL, [Okm]
where:

@) L=46-10"log—  (Hkm]

0,/788 r,
bav - geometric mean distance between conductors [cm]

4) bay =3/b1p b3 -bys

rs - average radius (equivalent) of the conductor [cm],

. conductance per unit G:
~ APIoss -1
(5) G =—> [Skm]
Uon

where: APjss - corona losses [kW/km], Upn - phase voltage
[kv],

. susceptance per unit B:
(6) B = wC [Skm™]
where:
107
oo | 02415 | [Fkm).
I

S

Because of the problem in determination of the accurate
value of active power losses due to corona effect (related
significantly to the weather conditions-with the deterioration
in the weather they can increase approximately by about 4-
times) in the further discussion this parameter is omitted.
Whereas, the value related to the current line susceptance
depends on the conductor cross-section and its average
value according to [3] is respectively: 120 mm?0.169 Akm",
185 mm?-0.176 Akm™, 240 mm®-0.203 Akm™, 525mm?*
0.211 Akm™.

For analysis the IT type model has been selected. Note,
however, that accuracy of the calculations depends on the
type of equivalent line model taken under consideration
[2,8].

Analysis of the voltage value variation in the
distribution line of 110 kV supplied unilaterally

The voltage value and variation of its level at the end of
the line powered unilaterally depend, of course, on the
operation conditions (load). Therefore, the analysis
considered both the work under loading and during the
extreme case of a no-load state. Currents distribution under
the no-load state is shown in Fig. 3, whereas, its vector
diagram in Fig. 4 respectively.
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Fig. 3. Equivalent scheme of the line for the no-load state
considerations

Fig. 4. Vector diagram of voltages and currents for the line under
no-load state

Similarly the current distribution and vector diagram for
the line under load is illustrated in Fig. 5. and Fig. 6.
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Fig. 5. Equivalent scheme of the line under load

Fig. 6. Vector diagram of voltages and currents for the line under
load state

It should be noted that the capacitive currents I (//2)
posses constant values for the given line parameters
whereas, the load current that depends on the nature (type)
and the load value strongly influence the position of vectors
of the voltage loss and voltage drop (vector shift) on the
vector diagram. For the no-load state of the line the
capacitive currents that flow in the network (so-called line
charging currents) result in a voltage increase at the end of
this line. On the contrary for loaded line, (with the most
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common load of the R, L type), there is seen an opposite

effect, i.e. - the voltage value at the end of the line is

decreased respectively (value of the voltage drop is
dependent on the load and its character). Therefore, one
can meet the following cases:

o the line capacitive current is greater than the inductive
component of the load current; as a result /1 current is
capacitive,

o the line capacitive current is equal to the inductive
component of the load current (line is fully
compensated); current | is of resistive nature,

o the line capacitive current is less than the inductive
component of the load current; current /; is therefore
inductive.

Hitherto conventional methods for stabilizing the voltage
level at the end of the line are based on:

. on-line regulation of the transformation ratio of the
power transformer supplying the line,

e compensation of the reactive component of the line
current, by
- connection of sectionalized capacitor banks at the

end of the line for the case of R, L line load type,
- connection of sectionalized reactors at the end of
the line for the line load current of R,C nature.
These methods have significant drawbacks and
disadvantages associated with inevitability of regulation of
the transformation ratio under load and/or with
changeovering the sectionalized reactors (capacitors)
depending on the state and nature of network load
conditions (extra, expensive high voltage switches are also
needed). Additional problem in modern networks to
overcome is the increased level of distorted current and
voltage waveforms what is the effect of application of the so
called “troublous” power loads (like electric arc furnaces)
and/or non-linear (e.g. power converters).

Recommended way for the voltage stabilization

Nowadays, it is possible to stabilize the voltage level by
means of the active power filter (APF) connected to the end
of the line (on the market there is a large gamma of ever
cheaper filters with different parameters both for low and
medium voltage application). However, to be effective, for
analysed application, the filter has to be controlled by an
algorithm developed basing on the theory of the physical
components of the current (CPC) [9-11]. It may, therefore
depending on the adopted function, compensate for the
reactive component of the load line current (inductive and/or
capacitive), resulting in variation of the voltage drop due to
longitudinal parameters of the line. This filter can also
produce additional capacitive load current (state of
overcompensation) enabling the voltage increase over the
voltage loss respectively. It can also effectively suppress
higher harmonics due to non-linear loads [4,9]. This
proposal is illustrated in Fig. 7.
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Fig.7. The way of the voltage stabilization at the end of the HV line
by means of an active power filter (T-power transformer, Z, —line
load, R,X,B- equivalent electric parameters of the line, US-control
system of active power filter, APF- active power filter)
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In order to confirm the applicability of the AFP for the
stabilization of the voltage in the HV line the related study
were carried out for the low voltage (500 V) physical line
model which simplified electric scheme is presented in
Fig.8a and Fig.9a respectively. Ability to generate, by the
APF arrangement, currents of a different value, nature as
well as waveforms was tested carefully under various line
working conditions like inductive, capacitive (no-load state
of the line ) and/or inductive non-linear loads respectively.
Studies have proved the usefulness of the APF for this
purpose, what can be seen also from selected examples of
measured and recorded waveforms shown in Fig.8 and
Fig.9. In either case the active filter effectively produces the
corresponding current component (inductive and/or capa-
citive) whereas, maintaining the line voltage at an ap-
propriate level. The current waveforms, seen in Fig.8c and
Fig.9c were generated and measured - at point 2- for a
three-phase physical model of the developed filter (APF)
[12-18].
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Fig. 8. Schematic of the lab electric circuit (a); voltage and current
waveforms (in phase L1) at the end of the line under no-load state,
(b)-(measuring point-1); voltage and current of the APF (c)
(measuring point 2); and resultant at the power source (d)
(measuring point 3)
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Fig. 9. Schematic of the lab electric circuit (a); voltage- and current
waveforms (in phase L1) at the end of line when loaded with a non-
linear inductive (R,L) load (b) (measuring point 1); voltage and
current t of the APF (c) (measuring point 2); and resultant at the
power source (d) (measuring point 3).

If the control algorithm of the AFP introduces an
additional function that allows compensation of inductive
and/or capacitive current component one obtains additional
effect of the power factor improvement (defined by cos¢ or
tangp) at the point of connection of the line to the supply
source (see Fig.8d and Fig.9d). This positively affects the
whole connected electric power system.

Conclusions

The use of the active power filter (APF) is an alternative,
effective way to provide voltage stabilization at the end of
unilaterally fed distribution line of a high voltage. This
enables compensation of capacitive currents of the line
under no-load state of operation and decreases as a result
the voltage value (at the end of the line) to the rated level.
Under inductive R, L type of load the compensation is also
performed (including power-factor correction) however,
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increasing the voltage at the end of the line to the rated
value. As a result, it eliminates the need for expensive
circuit switches to changeover the sectionalized reactors or
capacitor banks. Moreover, the voltage value is on-line
controlled. An additional effect that results from the use of
AFP for the voltage stabilization (in HV lines supplied
unilaterally) is the effective limitation (elimination) of the
current harmonics level in the line currents.
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