Manuela Panoiu, Caius Panoiu, Ioan Sora,
Anca Iordan and Raluca Rob

WSEAS TRANSACTIONS on SYSTEMS

Using Simulation for study the Possibility of Canceling Load Unbalance
of non-sinusoidal High Power three-phase Loads
MANUELA PANOIU1, CAIUS PANOIU1, IOAN SORA2, ANCA IORDAN1, RALUCA ROB1
1
Electrical Engineering and Industrial Informatic Department
Polytechnic University of Timisoara
Revolutiei street, no 5 Hunedoara, cod 331128
2
Electrical Engineering Faculty
Polytechnic University of Timisoara
Bd. V. Parvan, no. 2, Timisoara, cod 300223
ROMANIA
1
{m.panoiu, c.panoiu, anca.iordan, raluca.rob}@fih.upt.ro,
2
ioan.sora@et.upt.ro
Abstract: - The electric arc furnace as a three-phase load represent one of the most important source of
harmonic currents, reactive power and unbalanced conditions in electrical power systems. This paper work
aims to achieve a study concerning the unbalanced regime and to propose a method for three-phase load
balancing. It is well know that the electric arc is a nonlinear element. Thus, for modeling his behavior, it was
use a model having parameters like of a real electric arc. For simulation it was use the PSCAD-EMTDC
program dedicated to power systems. It was also performed a study for load balancing based on modeling the
three phase electric arc furnace installation. For comparative studies it was made measurements in secondary
furnace transformer.
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1 Introduction
2. Measurements made on the electric
arc furnace installation

The electric arc is a nonlinear element. For study the
behavior of the systems containing an electric arc it
must use techniques to model the nonlinearity of the
electric arc. The electric arc furnace (EAF) is a
source of harmonic currents and reactive power in
electrical power system because the electric arc’s
nonlinearity. EAF represent also an unbalance load.
In order to improve the functioning of the EAF it
can be used harmonic filters [1], [5] reactive power
compensation installation [2] and load balancing.
The effect of these installations was analyzed using
simulation program PSCAD/EMTDC [23]. PSCAD
(Power System Computer Aided Design) is a multipurpose graphical user interface capable of
supporting a variety of power system simulation
programs. This release supports only EMTDC
(Electro-Magnetic Transients in DC Systems). For
simulation it was use an electric arc model,
depending on the nonlinearity of the electric arc.
The modeling approach adopted in the paper is
graphical, as opposed to mathematical models
embedded in code using a high-level computer
language. It is also propose two method for design
the load balancing system. Using simulation we
validate the proposed load balancing system.
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The measurements were made at a 3-phase power
supply installation of a 3-phase EAF of 100 t, to
which were not connected the filters for the current
harmonics, neither the load balancing device nor
reactive power compensation. It’s been used a
computer system with an ADA3100 [9] data
acquisition board, to which it was connected an
adapting block of high-value currents and voltages.
The adapting block allows the simultaneous
acquisition of 3 currents and 3 voltages, for the low
or medium voltage lines of the transformer which
supplies the furnace. The data acquisition on the 6
channels was made as was present in [24].

2.1 The measurements on the low voltage
line
As regards to the wave forms of the currents and
voltages on the low voltage supply line, presented in
fig. 1, in the melting phase is found a strong
distortion of these. Also, one can notice that the load
is strongly unbalanced. In the phase of the electric
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and voltage’s wave forms are more reduced, as
results from fig. 2, in which are presented the wave
forms obtained in the stable burning phase.

arc’s stable burning, that appears towards the final
of the heat’s making, especially during the stable
burning and reduction (deoxidation) processes, is
found that the distortions that appear in the current’s
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Fig. 1. The variation for voltage and current during the melting stage on the low voltage line
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Fig. 2 The variation for voltage and current during the stable burning stage on the low voltage line

In this phase, the amplitudes of the three phase
currents and voltages are much closer as value,
because the load impedance is more balanced. One
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can reach to the conclusion that the distorting of the
current and voltage waves is smaller in the stable
burning phase also because the distorting power is
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kU0 = U 0 U + ⋅ 100

smaller in this phase, in conditions where the
apparent, active and reactive powers are higher.
As regards the voltage on the low voltage line,
especially in the melting phase it can observe the
presence of harmonics of 3th, 5th, 7th order, but also
the components of other frequencies than the
harmonics’ (inter-harmonics) [5]. In the current’s
case, is found that in the melting phase is
predominant
the
fundamental
frequency’s
component, the other harmonics and interharmonics having amplitudes roughly equal, which
demonstrates that in this phase the current is
strongly distorted. In the stable burning phase is
found the presence of the fundamental harmonic and
the odd harmonics [5].
For characterize the unbalanced regime we use the
negative nonsimetry factors for current and voltage (%):
kU− = U − U + ⋅ 100
(1)
k I− = I − I + ⋅ 100

k I0

=I

0

(3)

+

I ⋅ 100
−

(4)
−

where U
and I are the inverse sequences
components, U + and I + are the direct sequences
components and U 0 and I 0 are the homopolare
components of voltage and current.
Based on the equations (1) and (2) have been
calculated the negative non-symmetry factors of the
current and voltage and were represented in fig. 3.
It is found that the minimum value of the current’s
negative non-symmetry factor is of 5%, value
which exceeds that minimum permitted limit of 2%
[11], [12], [13] and [14]. As regards the voltage’s
negative non-symmetry factor, it is found that in the
melting phase and at the beginning of the stable
burning phase is over 2%, but towards the end of the
heat’s making is situated around 2%, sometimes
over this value.

(2)

The zero nonsimetry factors for current and
voltage(%):

Fig. 3. The variation of non-simetry factors of the current, respectively the voltage, on the entire heat’s duration

unbalance due to the inequality of the amplitudes
from the 3 phases. The waveforms for current and
voltage are show in fig. 3 for the melting stage. In
the phase of electric arc’s stable burning, fig. 4, is
found both the reduction of the distortions of the

2.2. The measurements on the medium
voltage line
As regards the wave forms of the currents and
voltages from the medium voltage supply line,
presented in [19], in the melting phase is found both
the presence of a strong distortion of these and an
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current and voltage waves and the unbalance on the

3 phases [19].
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Fig. 4. The variation for voltage and current during the melting stage on the medium voltage line
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Fig. 5 The variation for voltage and current during the stable burning stage on medium voltage line

phase. Also, it’s been found that the reactive
factor’s variation form is in correlation with the
reactive power’s one. The highest value of the
distorting power is obtained at the beginning of the
stable burning phase because, due to the
transformer’s utilization on a lower voltage step the

Have been calculated some values characteristic for
the transformer’s medium voltage supply line from
the transformer’s primary. It’s been found that the
power factor’s value is within 0,5 – 0,9, the higher
value being reached during the electric arc’s stable
burning and the lower value during the melting
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harmonics’ amplitude which are transmitted in the
transformer’s primary is higher, so also the
distorting power. It is also found that the minimum
value of the current’s negative non-symmetry
factor is of 5%, value which exceeds that minimum
permitted limit of 2% [11] – [14]. As regards the
voltage’s negative non-symmetry factor, it is found
that in the melting phase and at the beginning of the
stable burning phase is over 2%, but towards the end
of the heat’s making is situated around 2%,
sometimes over this value.

voltage on the unit length, having usual values of
10V cm [20].

4. Simulation of the electric arc
furnace based on the presented model
In order to model and simulate the operation of the
entire installation of the three-phase electric arc
furnace, there are identified, by measurements, the
electric diagram’s parameters [5]; then, there are
determined the parameters of the arc’s model in
such way that, further the simulation of the
operation of the EAF’s electric installation, to be
obtained results very close to the results following
the measurements made on the low voltage and
medium voltage supply lines during the electric
arc’s stable burning.
The parameters of the
electrical installation of the EAF are:
- the total resistances, on each phase

3. Modeling the electric arc furnace
For performed an improvement of the functioning
regime of the EAF the authors have analyzed and
implement the main models of electric arc from the
reference literature [6]–[10]. It was select a model,
consider the most appropriate [6], [7].
All
simulations were carried out using the simulation
program PSCAD-EMTDC. This model, use by the
authors also in [1], [2] and [5], considers the
characteristic current-voltage described by relation
C
U A = U A (I A ) , U A = U th +
(5)
D + IA
UA and IA are the voltage and current of the electric
arc, Ud is the drop voltage. Constants C and D
determine the difference between the sectors of the
characteristic where the current increases or
decreases (Ca and Da, respectively Cb and Db). The
dynamic model for electric arc:
U th = A + Bl
(6)
The typical values [6], [7], for the model’s
parameters are Uth=200 V, Ca = 190000 W, Cb =
39000 W, Da = Db = 5000 A. In (6) A is a constant
equal with the sum of cathode and anodic drop
voltages ( A ≅ 40V ) and B represent the drop

#2

110 [kV]
30 [kV]

- as well as of the total inductivities
Lr1 = Lr 3 = 9,5422 μH , Lr 2 = 8,9416 μH .

(8)
Because the impedances of medium voltage supply
line are small compared with the ones from the low
voltage line, these were included in the EAF’s
transformer parameters. The values of the main
parameters of the EAF’s transformer are 73 MVA;
30KV/0,6k; Δ/Υ. Transformer’s parameters LV MV was identified based on the catalogue data from
the Medium Voltage Transformer Station:
100MVA; 110kV/30kV; Δ/Υ. High voltage supply
line’s parameters used in case of simulations: the
voltage from the high voltage line is of 110 kV, the
high voltage supply line is considered symmetrical,
the short-circuit power of the high voltage line is of
1100 MVA. The electrical circuit used for
simulation are show in figure 6.
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Fig. 6. The simulation circuit for the electrical installation of the EAF
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Comparing the results obtained by simulations with
the measured ones can be drawn the following
conclusions:
 The spectral characteristics obtained by the
measurements made on the low voltage supply line
in the reduction phase correspund, from the
viewpoint of the harmonics present in the specter,
with the ones obtained by simulation.
 In case of the medium voltage supply line is
found the same correspondence between the spectral
characteristics obtained for the signals measured in
the reduction phase and the ones obtained by
simulation. In voltage’s case is found that, following
simulations, the harmonics of which order/rank is
multiple of 3 are strongly damped, fact which
corresponds to the real situation. Based on these
observations, results that from the viewpoint of
amplitudes, variation forms, but also from the
viewpoint of the frequency characteristics and
harmonics amplitude of currents and voltages, the
values of the electric installation’s parameters and
of the chosen model’s parameters allow a good
reproduction of the operation of the EAF real
installation.

Following the measurements made on the EAF’s
real installation was observed that its operation is
featured by the presence of an unbalanced 3-phase
regime regardless the technological step, both on the
low voltage supply line and the medium voltage
one.
The simulation of the EAF’s operation as
unbalanced 3-phase load was analyzed for two
cases:
 Unequalness of total impedances’ values of
short network phases;
 Unequalness of extinction voltages’ values
on the 3 phases, due to unequalness of the electric
arcs’ lengths on the 3 phases.

4.1. Simulation of the real installation’s
operation using unequal values of the short
network impedances
Because there are sections of the short network
where the cables of the 3 phases are disposed in the
same plan, it appears an unbalance of the values of
short network’s total impedances [20]. The
simulations were achieved for such values of the
voltage from the transformer’s secondary that
should allow the obtaining of the same results as the
ones obtained following the measurements made on
the medium voltage line and published by authors in
[20]. The comparisons of the simulation results
with the ones of the measurements were made for
the transformer operation’s case, S = 73 MVA,
power which is equal with the one measured during
the stable burning period after approx. 2 hours from
the beginning of the heat making, [15], Sm = 72,25
MVA. Comparing from viewpoint of currents’ and
voltages’ forms obtained by simulations with the
ones obtained by measurements on the real
installation, are found the following:
 The value of the current’s and voltage’s
amplitude from the low voltage line obtained by
simulations corresponds to the one obtained by
measurements made in the stable burning phase.
 On the medium voltage supply line is found
that both the current’s and the voltage’s amplitude
obtained by simulations correspond with the ones
obtained by measurements made in the reduction
phase [20].
Based on the results obtained by simulations, using
a Matlab program, were determined the spectral
characteristics and the amplitudes of the current’s
and voltage’s wave harmonics for the low and
medium voltage supply lines.
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4.2. Simulation of the real installation’s
operation using unequal values of the electric
arc’s length
The influence of the unequalness of the electric
arc’s length on the three phases is reflecting on the
appearance of different values of extinction voltage
on the three phases, determining the appearance of a
strongly unbalanced regime. If the EAF is provided
with automatic installation for electrodes’ position
adjustment, the unbalance which appears is reduced
by the modification of the electric arcs lengths on
the three phases. The total cancellation of the
unbalance using the automatic installation for
electrodes’ position adjustment is not possible due
to the great feedback time, of tenth of seconds, of
the electrodes’ positioning system but also due to
their small movement speed ( ≈ 12 cm min ) [20].
Following the simulations, it resulted that, using
equal values of the total resistances and total
inductivities of the short network’s conductors and
choosing for the electric arc’s length
l1 = 19,5 cm

l 2 = 16 cm ,

(9)

l 3 = 12,5 cm
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impedances. In conclusion, it is possible the same
unbalance using different values of the total
impedances of the short network’s phases, or using
different lengths of the electric arc on the three
phases.
In fig. 7 are represented the phasors of currents and
voltages, as well as of their components of direct
and reverse sequence.

Result the values of the electric arc’s voltage given
by the relation:
U th1 = 235 V

U th 2 = 200 V

(10)

U th3 = 165 V

This results by comparing the results from table 1,
where are presented the values of the direct
sequence components, inverse and homopolar of the
currents and voltages resulted by simulation of the
unbalance between the two situations.
The results were obtained using a Matlab program.
Using the diagram from fig. 6, with the electric arc’s
length values given by (9), there were made
simulations of the installation. Following these
simulations, were obtained the variation forms
similar to the ones obtained following simulations,
with unequal values of the short network’s
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Fig. 7. Current and voltage phasors (fundamental component and symmetric components)
Δ
I ΔRS , I ΔST , I TR

established from the condition to
annulated the inverse sequence component of
current [3] [4]:
(11)
I i = I CiΔ + I iS ,
Where:
- I i is the inverse sequence current on the line,

The power quality increasing is made using an
ensemble composes from two compensators: one in
Y connection and one in Δ connection. The role of
Y connection compensator is both for reactive
power compensation and current harmonics
filtering. This Y connection compensator contains
two parts: the reactive power compensation (fig. 8
b) and the filters (fig. 8 c). In this situation the role
of Δ connection compensator are only to load
balancing (fig 8 d).
The principle for load balancing is to use a
Δ connection compensator with the currents
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-

I CiΔ is the inverse sequence current from the

-

I iS is the inverse sequence current from the load,

compensator,
on the fundamental
The complex equation (11) is equivalent with two
scalar equations
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Re(I i ) = 0,

Table 1

(12.a)
Im(I i ) = 0.
(12.b)
Computing the compensator susceptances is made
using an equation obtains by the conditions: (a) the
algebraic sum of the three reactive currents from the
compensator to be null and (b) minimizing the
capacitive powers from the capacitors.
The first condition:
C
I CRS + I CST + I TR
=0.
(13)
For on-line load balancing is need to use variable
susceptances. For these susceptances, the value and
the type (capacitive or inductive) are determined
every moment by solving the equations (12) and
(13). A solution use very often, [11], [21], [22] is
present in fig. 9.
By controlling the command angle of the thyristors
the current are modified. In fig 10 are show the
current wave form for a certain command angle.
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Fig. 8. a) The feeding scheme for the unbalanced distorted load; b) the reactive power compensation systeme;
c) the filters system; d) the load balancing system.

If we consider the feeding voltage:
u (t ) = U M ⋅ cos ωt
(14)
The current from the inductance will be:
i L (t ) = I T (t ) = U M ωL (sin ωt − sin δ ) =
,
(15)
U M ωL (sin ωt − cos ϕ )
The condition for thyristor command:
0 ≤ δ ≤ π 2 sau 0 ≤ ϕ ≤ π 2 .
(16)
The mean and effective values for current are:
I Lmed =

1 UM
⋅
⋅ (sin ϕ − ϕ cos ϕ ),
π ωL
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IL =

1 UM
3
⎛1
⎞
⋅
⋅ − sin 2ϕ − 2ϕ ⎜ − cos 2 ϕ ⎟ .
2π ωL
2
⎝2
⎠

(18)

The current from the capacitor is constant and has
effective value:
IC = U M
2 ⋅ ωC
(19)
The total current from the structure:
I F = I L − IC
,
(20)
The equivalent susceptance value is:

(17)

B=

706

IF ⋅ 2
.
UM

(21)
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A first method for determining the compensator’s
elements that should allow the achievement of the
load’s balancing function is based on solving of
equations (11), (12), (13)
As was presented in [2], at achievement of the
reactive power’s compensation, due to the steps
where the compensator’s capacity in Y can vary, not
always can be achieved the total cancellation of the
direct sequence current’s reactive component. On
the other side, in [11] was shown that it can be
determined a compensator in Δ configuration
which, besides the balancing function, can
compensate totally the reactive power ( cos ϕ + = 1 ).
In this situation, the compensator can be considered
as being achieved from two compensators, one
which should fulfil only the balancing function and
the second one the cancelling function of the direct
sequence current’s reactive component.

The susceptance type is determined as follow:
- inductive if B>0, IF>0, IL>IC ,
- capacitive if B<0, IF<0, IL<IC.
The susceptance value control is made by
controlling the thyristor command angle. If δ = 0 (ϕ
= 900) will obtain maximum inductive current. The
L, C values must be choosing so that the result
current to be inductive and the maximum value need
to compensate to correspond to the maximum
inductive susceptance (need to compensate). By
increasing the thyristor command angle, the
inductance current are decrease. If δ = π/2 , the
inductance current are null, the resulted current
being actually the current of the capacitor C.
The process of the thyristors controlling and of
modifying the currents are show in fig 11. It was be
use the division of the inductance in two parts for a
better condition of thyristors switching.
To find the values of the Δ connection compensator
elements it will be use simulations of the EAF
installation.

UM

T1

u(t)
iL(t)

IL L
IF

T2
ωt

δ ϕ

IC C
U
Fig. 9. The monophase structure for a
variable susceptance with character inductive
and capacitive.

IL

Fig. 10. The voltage and current for
monophase element

U

IC

I L -I C

0

ωt
δ=0

δ1

δ2

δ3

δ4

δ=90°

Fig. 11. T he process of m odifying the value and the type of the susceptance
depending of the thiristor com m and angle.
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admittances’ values in Δ connection according to
the relations provided in [11]

Based on these observations where calculated the
values of the balancing installation’s elements,
using a second method. This method consists in the
calculation of the balancing installation’s elements
using the currents’ and voltages’ values obtained
after the best compensation of the reactive power,
the balancing installation being in this case a
compensator in Δ configuration that can
compensate totally the reactive power difference.
The advantages of the method proposed by the
authors consist in:
- reactive power compensator assembly –
balancing installation which has the same
performances as a reactive power total
compensator together with a balancing
installation which does not consume reactive
power;
- the load balancing installation, even if it
consumes reactive power, its value is so small
that the tyristors from the structure will not be
overloaded, in conditions when can be achieved
also a continuous adjustment of the
compensator’s reactive power.
The calculation of the balancing installation starts
from determination of the currents’ and voltages’
values in case of the best reactive power
compensation, using the optimal value of the a
Y
compensation capacity Coptim
= 201,7 μF [5] . These

o

⎤
1⎡
1
(B R − B S )⎥ = 0,01697944
⎢G R +
3⎣
3
⎦

S
BTR
=

⎤
1⎡
1
(G S − G R )⎥ = −0,00204928
⎢ BR +
3⎣
3
⎦

S
G ST
=

⎤
1⎡
1
(B R − B S )⎥ = 0,01639071
⎢G S +
3⎣
3
⎦

S
B ST
=

⎤
1⎡
1
(G S − G R )⎥ = 0,00164883
⎢ BS +
3⎣
3
⎦

(25)

)

(26)

GRS − GTR − 3 (BRS + BTR ) = 0

system where have been used the notations
S
S
S
GRS = GRS
; GST = GST
; GTR = GTR
S
S
Δ
Δ
BRS = BRS
+ BRS
, BST = BST
+ BST

,

(27)

S
Δ
BTR = BTR
+ BTR

where the exponent S defines the load’s elements
Δ
and the exponent
defines the compensator’s
elements. Solving the equations system (14),
considering as unknown the compensator’s
susceptances, are obtained the values

(22)

Δ
S
= − BRS
+1
BRS
Δ
BST

(23)

Δ
BTR

=

S
− BST

+1

=

S
− BTR

+1

(
3 (G
3 (G

)
) = −0,0033279
) = 0,0040683

S
S
− GTR
= −0,0006495
3 GST
S
TR

S
− GSR

S
RS

S
− GST

(28)

In this case the compensator in Δ connection has as
elements
C RS = 2,0675 μF C ST = 10,5931 μF
(29)
L TR = 0,7824 H

With these values, following the performed
simulations, were obtained the results presented in
table 2. Analyzing the obtained results is found that
the reverse sequence current’s value is very small,
fact which demonstrates that it was achieved a good
load balancing. Regarding the currents on the three
phases it was also found a very good symmetry on
the fundamental of the currents of the three phases.
The asymmetry factor is much mitigated compared
with the situation without power quality
improvement.

(24)

Y TS = G T - jB T = 0,046861 + j 0,001123 =
0,046875 ⋅ e j1,3728°

Is found the presence of an unbalance regarding the
modules of the three admittances, while their phases
are very small, shows that it was achieved a correct
compensation. Based on the load admittances’
values in Y connection, can be determined the load

ISSN: 1109-2777

S
GTR
=

(

j 5,1102o

0,055896 ⋅ e - j 6,1270

⎤
1⎡
1
(G R − G S )⎥ = 0,00030963
⎢ (B R + B S ) +
6⎣
3
⎦

3 GTR − GRS + BRS − 2 BST + BTR = 0

Y SR = G R - jB R = 0,057343 + j 0,005128 =
Y SS = G S - jB S = 0,055577 - j 0,005966 =

S
B RS
=

− GRS + 2GST − GTR + 3 (BTR − BRS ) = 0

based on which can be calculated the load’s
admittances in Y connection
0,057572 ⋅ e

⎤
1⎡
1
(B S − B R )⎥ = 0,01988773
⎢ (G R + G S ) +
6⎣
3
⎦

Dimensioning of the compensator in Δ connection
is made based on the cancelling conditions of the
reverse sequence current, according to the relation
(9) and cancelling the reactive power absorbed from
the mains. This leads to the equations system

values were obtained based on the data resulted
following simulation, being given by the relations
I SR = 516,93 - j 852,41 A
I SS = 952,32 + j 167,66 A
I TS = 435,39 + j 684,74 A
U SR = 7624,4 - j 15547 V
U SS = -17260 + j 1163,9 V
U TS = 9635,6 + j 14381 V

S
G RS
=
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Table 2
IR
IR
IS
IS
IT
IT
I+
I+
III0
I0
kni[%]
knu[%]

The fundamental
-567,81-j1300,14
1418,72
-844,92+j1143,65
1421,91
1412,73+j156,49
1421,37
-568,51-j1301,39
1420,15
1,15+j1,43
1,83
2,2e-013-j1,2e-013
2,5e-013
0,13
0,00

5th harmonic
-17,94+j46,50
49,84
-27,99-j16,50
32,49
45,93-j30,01
54,86
-12,81+j1,80
12,93
-5,22+j44,54
44,85
-4,7e-013-j6e-013
7,6e-013
346,75
371,23

7th harmonic
6,93+j26,98
27,86
6,61-j25,54
26,38
-13,54-j1,44
13,62
10,41+j19,33
21,95
-3,53+j7,67
8,44
9e-013+j9,1e-013
1,3e-012
38,45
39,34

Following the simulation performed in the present
paper and in [5], it resulted a series of values which
allow the obtaining of some comparative
conclusions regarding the obtained effects
concerning the improvement of the electric power’s
quality in the addressed node. Using only load
balancing, the asymmetry coefficient for current, kni
are more reduce, but current distortion and power
factor have same values. In generally the power
quality in point of common coupling is much
improved only in case of use all elements (reactive
power compensation, load balancing and harmonics
filtering).

L TR, optim = 0,79 H

for which was obtained an effective value of the
reverse sequence current of I − = 0,8752A , smaller
than the one presented in table 1. If we use also
reactive power compensation and filters for current
harmonics, like we show in [5], we obtain a better
situation regarding the EAF functioning. The results
are detailed present in [18].
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300
270
Radius = 1421,9 A
U (voltage)
90
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I direct
90

150

240

13th harmonic
-8,21+j2,37
8,55
7,21-j1,92
7,46
1,00-j0,45
1,10
-3,68+j2,95
4,71
-4,56-j0,65
4,60
6,4e-013+j4,4e-014
6,4e-013
97,65
96,09

6. Conclusions

In fig. 12. are represented the current’s and voltage’s
phasors as well as of direct and reverse sequence
components.
Following an iterative process, was found that the
optimal values of the balancing installation are
C RS,optim = 2,10 μF, C ST,optim = 10,60 μF
(30)

I (current)
90
120
60

11th harmonic
-9,60-j3,30
10,15
0,37-j2,89
2,92
9,23+j6,19
11,11
-2,11-j4,22
4,72
-7,44+j0,85
7,49
7,3e-013+j3e-013
7,9e-013
158,66
193,33

30
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180
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210

330
240

300
270
Radius = 0,2 V

Fig. 12. The phasors for current and voltage for the fundamental and the symmetric
components in case of use load balancing system.
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