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Abstract: The paper presents the concept of an automatic passive balancer designed to continuously balance (symmetrize)
both line-to-ground and line-to-line voltages in a medium-voltage electric power grid by connecting in parallel an appropriate
system of capacitors connected in a star or delta configuration. This solution aims to reduce the natural capacitive asymmetry
of power lines, thereby limiting the zero sequence component U0 and the negative sequence component U2 of the voltage dur-
ing normal grid operation. The paper also presents the results of simulation analyses confirming the efficiency of the proposed
solution.
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Streszczenie: W artykule przedstawiono koncepcje automatycznego symetryzatora pasywnego, ktérego zadaniem jest nadgine
wyréwnywanie (symetryzacja) zaréwno napie¢ fazowych, jak i miedzyfazowych w sieci elektroenergetycznej Sredniego napiecia,
poprzez réwnolegte przytaczanie odpowiedniego uktadu kondensatordw potaczonych w gwiazde lub tréjkat. Rozwiazanie to
ma na celu zmniejszenie naturalnej asymetrii pojemnosciowej linii, a tym samym ograniczenie wartosci sktadowej zerowej U0
i przeciwnej U2 napiecia w stanie normalnym pracy sieci. W artykule przedstawione zostang takze wyniki analiz symulacyjnych,
potwierdzajace skuteczno$¢ proponowanego rozwigzania.

Stowa kluczowe: asymetria napiec, sieci elektroenergetyczne SN, symetryzacja napiecia, automatyczny symetryzator pasywny.

Introduction

Medium voltage electric power networks usually
operate with an inefficiently grounded neutral point.
In Poland, this is most often achieved by low resist-
ance or, more commonly, by inductance (Petersen
coil) [1, 2, 3]. The most important operational issue
in such systems is the occurrence of voltage asymme-
try, which manifests itself mainly in the presence of
a zero sequence voltage component U, [4, 5, 6]. This
phenomenon, although often overlooked in analy-
ses of normal operating conditions, has an important
impact on the functioning of protection systems, the
accuracy of ground fault location, and the quality of
electricity transmitted through the electric power net-
work [7, 8]. One of the main sources of this asymme-
try in medium voltage networks is the natural capac-
itive asymmetry of power lines (especially overhead
lines), resulting from the actual conditions of conduc-
tor arrangement [9, 10, 11]. Although power lines are
designed as three-phase and symmetrical, in practice
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their capacities for each phase differ from each other,
which leads to voltage unbalance. In networks with
earth fault compensation, where the impedance for the
zero sequence is high, the effect of capacitive asym-
metry is particularly noticeable through the appear-
ance of significant values of the zero sequence voltage
U, [12, 13, 14].

Passive compensators (balancers) known in the
literature may consist of passive components (capac-
itance and inductance) and be available in two con-
figurations: star or delta. As shown in [15, 16], volt-
age asymmetry can be compensated using a passive
balancer consisting of passive components (coils and
capacitors). The analysis shows that a star-connected
balancer is better for minimizing the zero sequence
voltage, while a delta-connected balancer is better for
reducing the negative sequence component. Examples
of passive compensator configurations are shown in
Figure 1.

However, the use of passive components with
fixed parameters does not produce the desired results
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in practice. This is due to changes in voltage unbal-
ance in real electric power networks as a function of
load (even symmetrical load), as proven in [17, 18].
Therefore, a passive voltage balancer should be able
to adjust to changing operating conditions of the elec-
tric power network. Many symmetrizing circuits have
been developed in the literature, whose parameters
can be calculated based on knowledge of the electric
power network parameters and load. For this purpose,
among other things, the theory of Currents’ Physical
Components (CPC) can be used [19]. However, ac-
cording to this theory, a balancer consists of inductive
and capacitive elements, which would make it very
difficult to calculate and select the parameters of indi-
vidual elements in real time.

L1

L2

L3,

Figure 1. Schematic diagram of passive compensators consisting of im-
pedances connected in a star and delta configuration, connected di-
rectly to the phase conductors of the line. Zs,, Z,, Zs; - balancer im-
pedances connected in a star configuration, Zs,,, Zs,s, Zs5 - balancer
impedances connected in a delta configuration

Therefore, the author undertook to develop an au-
tomatic passive balancer that would adapt to the oper-
ating conditions of the electric power network and use
only capacitive elements (capacitors). Furthermore, for
its proper operation, no information about the param-
eters of the electric power network would be needed,
only voltage measurements at the balancer connection
point. Such a device could then operate in different net-
works without the need for adjustment or calibration.

The implementation of a direct automatic passive
balancer, where individual capacitive elements (ca-
pacitors) would be connected directly to the phase
conductors of the medium voltage (MV) line, would
be very expensive and difficult to implement. This is
mainly due to the high cost of capacitors designed for
network voltage (e.g., 15 kV) and the control devices
used (e.g., MV contactors). For this reason, it was de-
cided to use low-voltage capacitors (0.4 kV) connect-
ed via an MV/LV transformer. A generalized diagram
of such a passive balancer is shown in Figure 2.

Material and methods

Based on many years of research and analysis car-
ried out in medium voltage electric power networks
with a neutral point grounded by inductance (Petersen

| EEP

RZEGLAD

EKTROTECHNICZNY

coil), it has been found that the main cause of network
disturbances (e.g., incorrect operation of earth fault
protection) is the zero sequence voltage U,. Therefore,
in most cases, the priority should be to minimize the
zero sequence voltage.

L1

L2

L3,

MV

Figure 2. Generalized diagram of a passive symmetrizer consisting of
capacitors connected in a star and delta configuration, connected via
a MV/LV transformer with a Yy winding connection system. MV - me-
dium voltage, LV - low voltage, C,, Cs,, Cs; - balancer capacities con-
nected in a star configuration, C;,, Cs3, Csi3 - balancer capacities con-
nected in a delta configuration

For this reason, two balancer configurations have
been developed: a balancer consisting of capacitors
connected in a star configuration, which would only
minimize the zero sequence voltage, and a balancer
consisting of capacitors connected in a star and delta
configuration, whose task would be to minimize both
the zero sequence U, and the negative sequence U,
voltage.

In both cases, the idea behind the balancer is to
switch-on capacitor elements to individual phases of
the system in sequence. In the case of a balancer with
capacitors connected in a star configuration, line-to-
-ground capacitors are connected between the phase
conductor and ground, while in the second case, ad-
ditional capacitors are connected between individu-
al phase conductors. The capacitors are switched on
or off by contactors controlled by a regulator based
on the measurement of voltages in individual phases
and the zero sequence and negative sequence voltages.
These values are obtained on an ongoing basis from
the electric power grid using a voltage transformer.
Figures 3 and 4 show diagrams of individual passive
balancer configurations.

In the case of a balancer with capacitors connected
in a star configuration, minimizing the zero sequence
voltage, the control concept is based on sequentially
switching-on of line-to-ground capacitors to the phase
with the lowest voltage (balancing the line-to-ground
voltages) until the zero sequence voltage value falls be-
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this phase by disconnecting another capacitor, the ca-
pacitors in all phases are switch-off and the algorithm
starts from the beginning. A simplified diagram of the
control algorithm for a balancer with capacitors con-
nected in a star configuration is shown in Figure 5.

Controller !ﬁ

C(1)=0
......... c2)=0

|ﬂ{ | c(3)=0

Measurement
U1, U2, U3, Uy

A

L1

Measurement
U1, U2, U3, Uy

L2

L3

C,; C,: C, C,.: Ca: C,z Switch-on one capacitor to gt YES
T T T T T T — the phase with the lowest voltage (Emais
_L C(Ufmin) = C(Ufmin) +1

Select the phase with the lowest voltage
Ufmin = min(U1, U2, U3)

Select the phase with the highest veltage
Ufmax = max(U1, U2, U3)

NO

Switch-off one capacitor from
the phase with the highest voltage ——

Figure 3. Diagram of a balancer with capacitors connected in a star C(Uimax) = C{UTmay) - 1

configuration. TRS - power supply transformer, VT - voltage trans-
former, CT - balancer controller, Cs;;, + Cg3, - capacitive elements of
the balancer

Figure 5. Simplified control algorithm for a balancer with capacitors
connected in a star configuration. C (1), C(2), C (3) - number of capaci-
tor elements switched on to the individual phases, U1, U2, U3 - phase

. . voltages, U, - zero sequence voltage, U, - set (required) value of the
low the set (required) value. The system then monitors ¢, fequeﬁ]ce V0|tag§ 88 How g

the zero sequence voltage values until they exceed the

set value. If this happens, the capacitors in the phase In the case of a balancer with capacitors connected
with the highest voltage are switch-off one by one. If in a star and delta configuration, minimizing the zero
the number of capacitors switched on in a given phase  sequence and negative sequence voltage, the control
is equal to 0 and there is a need to reduce the voltage in  idea is to primarily switch-on the capacitors between

CT

L1

L2

L3

CS:””—I__

Figure 4. Diagram of a balancer with capacitors connected in a star and delta configuration. TR - power supply transformer, VT - voltage trans-
former, CT - balancer controller, Cg,, + Cs3, - capacitive elements of the balancer.
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the phases where the voltage is lowest (balancing the
line-to-line voltages). This operation can be repeated
sequentially until the negative voltage component falls
below the set value. After completing this procedure,
the system proceeds to minimize the zero sequence
voltage (balancing the line-to-ground voltages) in the
same way as in the case of a balancer with capacitors
connected in a star configuration. After voltage bal-
ancing, the system monitors the zero and negative se-
quence voltage values until they exceed the set values.
If this happens, line-to-ground or line-to-line capacitors
are switched off in sequence, depending on whether the
zero or negative voltage component increases. If the
number of capacitors switched on in any of the banks
is equal to 0 and there is a need to switch it off, the al-
gorithm is reset and starts from the beginning. In each
case, it should be remembered that a given capacitor
can only be switched on again after the time necessary
for it to discharge. A simplified diagram of the algo-
rithm controlling the balancer with capacitors connect-
ed in a star and delta configuration is shown in Figure 6.

C(12)=0 C(1)=0
C(Z)=0 C@)=0
cE1)=0 cE)=0

Measurement
U12, U23, u31, Uz
U1, U2, U3, Uy

< Up < Ugw
\\ﬁ(

Select the phase-to-phase with the lowest voltage

Unmin = minfU12, U23, U31)

Select the phase with the lowest voltage

Ufmin = minfU1, U2, U3}

Swilch-on ene capacitor between
the phases with the lowest voltage
C{Umin) = C{Umin) + 1

Switch-on one capacitar to
the phase with the lowest voltage
C(Ufmin) = G{Ufmin) + 1

U12,U23, U1, Uz
U1,U2, U3, Uy

YES

Select the phase-to-phase with the highest voltage
Umax = max{U12, U23, U31)

Select the phase with the highest voltage
Ufmax = max{U1, U2, U3)

YES YES

CtUmax) =0 ClUimax) = 0

NO NO

Switch-off one capaaitor between Switch-off one capacitor to

the phases with the highest voliage
C(Umax} = C(Umax) - 1

the phase with the highest voltage ———
C(Ufmax} = G{Ufmax) - 1

Figure 6. Simplified control algorithm for a balancer with capacitors
connected in a star and delta configuration. C (12), C (23), C(31) - num-
ber of line-to-line capacitor elements switched on between the individ-
ual phases, U12, U23, U31 - line-to-line voltages, U, - negative sequence
voltage, U, - set (required) value of the negative sequence voltage

Results and discussion

In order to verify the correct operation of the devel-
oped passive balancers, a model of a sample section of
a medium voltage (15 kV) electric power network was
created using NEPLAN software. The analysis took
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into account a medium voltage electric power network
supplied from a primary substation (PS) equipped
with a 110/15 kV transformer with a rated power of 16
MVA. A 15 kV overhead line with bare conductors in
a flat configuration with a length of 120 km is led from
the transformer station. The line uses three ACSR
steel-aluminum conductors with a cross-section of 70
mm? Every 10 km along the line, receiving stations
with MV/LV transformers with a power of 100 kVA
have been connected. Each station on the low volt-
age side is symmetrically loaded with 60 kW (total
720 kW) with a power factor cosg = 0.93 of inductive
character. Three variants of balancer connection were
taken for the calculations: at the beginning of the line
(to MV busbars in the PS), in the middle of the line (60
km) and at the end of the line (120 km). The computer
model diagram is shown in Figure 8.

Simulations of balancer operation were carried out
on two configurations: a balancer consisting of capaci-
tors connected in a star configuration and a balancer
consisting of capacitors connected in a star and delta
configuration.

In this paper, two asymmetry factors are taken as
measures of voltage asymmetry in electric power net-
works. The first is the inequality of line-to-ground
voltage values or angles is described by the zero se-
quence asymmetry factor a,,, [20]:

Yo
Yy

_ . 0
(1) %005 = 100%

In the second case, the negative asymmetry fac-
tor ay,,,,, which describes the inequality of line-to-line
voltage values or angles [20]:
%)

@) “v2% "y,

-100%

where: U, U,, U, — complex values of symmetrical compo-
nents of zero, positive and negative voltage sequences.

The First, simulation tests were carried out for
a balancer consisting of capacitors connected in a star
configuration, switched on sequentially at the begin-
ning, in the middle, and at the end of the tested MV
power line. The calculations yielded values of the zero
asymmetry factor ay,, and the negative asymmetry
factor (ay;,.,) of the voltage at all nodes of the mod-
el. Figures 8 and 9 show the values of the ay,, factor
(Figure 8) and the oy, factor (Figure 9) for individ-
ual nodes of the analyzed network without a balancer
and with a balancer connected at successive points of
the line.

By analyzing the waveforms shown in Figure 8§,
it can be concluded that in the absence of a balanc-
er, a systematic increase in the zero asymmetry factor
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Figure 7. Simulation model of the tested medium-voltage power network in Neplan software with the locations of balancers marked
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Figure 8. Graph of the zero voltage asymmetry factor (aygy) in individ-
ual network nodes with a balancer with capacitors connected in a star
configuration

Oy, from 3.0% at the PS to approximately 4.3% at the
end of the line (node N12) is observed. The introduc-
tion of a balancer significantly improves voltage qual-
ity. When the balancer is installed at the beginning of
the line, the oy, value on the PS busbars drops to only
0.06%. In subsequent nodes, the asymmetry gradually
increases, reaching approximately 0.6% at the end of
the line (N12). Although these values are higher than
in the initial nodes, they are still significantly lower
than in the absence of a balancer. Even in this case,
the connection of a balancer reduces the asymmetry by
more than 86.4%. When the balancer is installed in the
middle of the line, the o, factor values are approxi-
mately constant throughout the network and vary be-
tween 0.76 and 0.94%. In this case, the greatest reduc-
tion in asymmetry, 82.5%, is achieved at the end of the
line (N12). This distribution indicates that placing the
balancer in the middle results in uniform but less effi-
cient balancing. On the other hand, placing the balanc-
er at the end of the line results in the lowest balancing
efficiency (maximum reduction of 72.9%).

As opposed to zero asymmetry, the effect of the bal-
ancer on the negative asymmetry factor is practically
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Figure 9. Graph of the negative voltage asymmetry factor (ay,y) in in-
dividual network nodes with a balancer with capacitors connected in
a star configuration

negligible regardless of its location, as shown in Fig-
ure 9. In each of the three connection variants (at the
beginning, in the middle, and at the end of the line), the
curves almost coincide with the curve without a bal-
ancer. In practice, this means that in the analyzed sys-
tem, the balancer mainly reduces the zero sequence
voltage component, while its effectiveness in limiting
the negative sequence component is negligible.

The second phase of the analysis, similar simula-
tion tests were carried out for a balancer consisting of
capacitors connected in a star and delta configuration.
Figures 10 and 11 show the values of the a,, factor
(Figure 10) and the oy,,,, factor (Figure 11) for individ-
ual nodes of the analyzed network without a balancer
and with a balancer connected at successive points of
the line.

Compared to the previously analyzed case, the use
of a balancer consisting of capacitors connected in
a star and delta configuration results in a significant-
ly better reduction of both the zero asymmetry fac-
tor and the negative asymmetry factor along the en-
tire length of the line, as shown in Figures 9 and 10. In
the case of the zero asymmetry factor (Fig. 9), for the
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Figure 10. Graph of the zero voltage asymmetry factor () in individ-
ual network nodes with a balancer with capacitors connected in a star
and delta configuration

variant in which the balancer is located at the begin-
ning of the line, the ay,, factor on the busbars in the
PS is 0%, which indicates complete elimination of the
zero sequence voltage. As the distance from the de-
vice installation point increases, this coefficient rises
slightly, reaching approx. 0.6% at node N12, which
is comparable to the previous case. When the bal-
ancer is switched on in the middle of the line, there
is a complete reduction of asymmetry for node N06
and a slight increase in the oy, factor both towards
the beginning of the line (to 0.31%) and towards the
end of the line (to 0.17%). This distribution indicates
avery effective reduction of asymmetry over the entire
length of the line, with a particular improvement in its
middle and end sections. On the other hand, the vari-
ant with the device at the end of the line initially leads
to slightly higher values of the oy, factor (0.45% in
PS), but this factor quickly decreases towards the end
of the line and, starting from node NO06, falls below
0.15%, reaching 0% at the end of the line (N12). Ob-
serving all three variants of the balancer consisting of
capacitors connected in a star and delta configuration,
a significantly higher reduction in asymmetry can be
observed than in the previous configuration, which in-
dicates much better balancing efficiency.

In the case of reduction of the negative asymmetry
factor oy, (Fig. 10), the use of a balancer consisting
of capacitors connected in a star and delta configura-
tion results in a significant increase in balancing effi-
ciency. This is particularly evident when the balancer
is connected in the middle and at the end of the line.
Placing the balancer in the middle of the line results
in a complete reduction of the o,,, coefficient at this
node (N06) and a significant reduction at other points
in the network, not exceeding 0.33%. When the bal-
ancer is installed at the end of the line, the greatest
benefits are observed at the end (0% for N12) and at
the beginning of the line (0.02% for PS). The max-

Negative voltage asymmetry factor ay,, [%]
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Figure 11. Graph of the negative voltage asymmetry factor (ay,y) in in-
dividual network nodes with a balancer with capacitors connected in
a star and delta configuration
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imum value of the ay,, coefficient in this variant is
0.24% and occurs in the middle of the line (N06). For
a balancer installed at the beginning of the line, there
is no effect on the distribution of the a,,, coefficient
along the line. The figures show that the best solution
for improving voltage quality throughout the network
is to locate the balancer at the end of the line.

In the context of the designed balancer, it is worth
considering the potential risk of resonance (series or
parallel) and ferroresonance phenomena. It should be
emphasized that the proposed solution is based exclu-
sively on capacitive components — it does not contain
any inductive or nonlinear components, which are cru-
cial for the occurrence of classic ferroresonance states.
In addition, the capacitors are switched on sequential-
ly, with voltage parameter control, which significantly
reduces the risk of accidentally putting the system into
resonance. It can therefore be concluded that in the
presented device configuration, the risk of undesirable
resonance phenomena is low. Nevertheless, further de-
velopment work is planned to analyze transient states
and conduct experimental studies taking into account
possible resonance effects in the presence of unusual
network configurations.

Conclusions
Based on the results and analyses presented in this

paper, the following conclusions can be drawn:

» It is possible to build a properly functioning pas-
sive voltage balancer in a medium-voltage electric
power network consisting exclusively of capaci-
tive elements (capacitors).

* The simulations showed that low-voltage capaci-
tors connected via an MV/LV transformer can be
used to build a balancer, but proper balancing ef-
ficiency was only achieved for a transformer with
a star-star (Yy) connection.
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* The use of a balancer consisting only of capacitors
connected in a star configuration allows for a sig-
nificant (but not complete) reduction of the zero se-
quence voltage component, while no effect on the
negative sequence component was observed. The
use of a balancer in a star configuration effectively
minimizes voltage asymmetry only on the busbars
in the PS, while complete voltage balancing deep in
the network is possible with a balancer containing
both star-connected and delta-connected capacitors.

» The efficiency of the balancer is greatly influenced
by its location in the electric power network. When
using a star-connected balancer, the best results
were obtained by connecting it to the MV busbars

of the power supply station (PS). When using a star-
-delta connected balancer, the best connection point
is halfway along the line.

* The use of a balancer completely eliminates volt-
age asymmetry only at the point of connection of
the device. At other points in the network, balanc-
ing will not be complete but significantly lower
than without the use of a balancer.
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