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Abstract—The stochastic character of asymmetrical loads
in power networks emerged due to non-simultaneous
activation of phases of various single-phase and poly-
phase receivers, nonlinear characteristics of transformers
and other reasons have caused the occurrence of currents
and voltages of zero sequence. These electrical quantities
with currents and voltages of direct sequence in a
negative sense affect the asymmetry of phase voltages in
networks on places where loads are connected. In this
paper, the presented load is induction machine with coil
connection in star connected to generic distribution
system TN. We analyze the possibilities of simple CL
structures of filter in the role of the device for correction
of asymmetries to a network, which can be entered by
zero sequence current occurred for some reason in
induction machine (mostly non-simultaneous switching
of phase coils of induction machine).

Index Terms—Mathematical model, induction machine,
correction, asymmetry, parameters, passive elements.

|. INTRODUCTION

Examinations show that in electric networks, phase
voltages are essentially asymmetrical and voltage
deviations significantly exceed the values of rated voltage
#10-15)%. The matrix method, grapho-analytical
method and method of tensor calculus can be used for
analysis and obtaining of parameters of the device for
correction of asymmetries of phase voltages with
configuration of arbitrary complexity [1]. When
considering the operation of the device for correction of
possible asymmetries in three-phase systems we start
from the condition [2,3]:
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Where 1" js a new injected component of inverse
sequence current that somehow is produced by the device

for correction of asymmetry, 1., is a component of
inverse  sequence current occurred because of

asymmetrical load (here, it is induction machine),  Onj.
is a new injected (added) component of zero sequence
current that somehow creates the device for correction of

asymmetries, |§m is a component of zero sequence

current occurred because of asymmetrical load (here, it is
induction machine).

In the paper generally is considered the distribution of
zero sequence current and one of the measures for
reduction of currents and voltages distortions that it
produces, is the reduction of zero sequence impedances
of the transformer (on the side of the network L1(A),
L2(B), L3(C) and YOz transformer coupling instead,
for example, Yy0).

In the world today active filters are generally used for
the correction of asymmetries [1,4,5,6]. However,
although the correction of asymmetries on load are
achieved, the network impedances retain the high values
and when zero sequence current is passing through, they
have a great impact on the distortion of voltage
symmetries in the nodes of power networks [7]. This is
the main reason why in the continuation of the paper we
made an effort to determine possible scheme and
parameters of passive elements in the scheme switched in
parallel with load [1,4]. With them the redistribution of
zero sequence currents is achieved and the improvement
of the phase voltages symmetry is improved. One of the
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advantages of the scheme is that the change is not
required, i.e. the regulation of parameters of capacitance
C and inductance L of passive elements [8,9].

The paper is organized as follows: in Section 2 a
scheme of the device for correction of asymmetries and
the operation of the device in the regime where induction
machine presents symmetrical and asymmetrical load are
given. Matrix equations of m-phase device are presented
in Section 3, where the emphasis is placed on two
systems and calculation of symmetric components of
currents in them. The expanded form of matrix equations
in matrix procedure is given in Section 4. The simulation
results on obtained theoretical model based on matrix
equations is derived in Section 5. Finally, in Section 6 are
presented some concluding observations.

Il. REALIZATION OF METHODS FOR CORRECTION OF
PHASE VOLTAGES — WEAKENING OF THE IMPACT OF
ASYMMETRIES IN THE ELECTRICAL NETWORKS

For the illustration of the procedure the scheme of TN-
C feeding system that has one directly grounded point,
was used, Fig. 1.

- L1
- L2
L L3
PEN

Fig.1. Generalized TN-C feeding system.

The distributions of direct, inverse and zero sequence
currents in the network are determined by the matrix

method on selected load (induction machine) and through
the selection of parameters of passive filter of reactive
type C and L the possibility of correction of
asymmetries of phase currents (voltages) is shown.
Previously we discussed the role of neutral conductor in
distributive TN system, Fig. 1, composed of electrical
energy source ( L1=A , L2=B , L3=C ) and
admittances of lines Y| =V}, and admittance Y, of

neutral conductor N .

The asymmetry of electrical values of a network is
conditioned by non-simultaneous switching of all phases
of induction machine in TN-C system, which leads to
occurrence of symmetric components of currents of
inverse |; and zero sequence |y, voltage of inverse V;
and zero sequence V, and distortions of symmetry of
phase voltages [10,11]. The impedance of the network for
zero sequence currents than remains large enough and has
an impact on the symmetry of phase voltages, Fig. 2
(alternative value of this impedance is in this case a small
value of impedance Yy ).

The simplest form of devices for correction of
asymmetries that is composed of reactive elements:
capacitor C (with admittance Y; ) and damper | (with

admittance Y, ) in simple TN feeding system of induction
machine is presented in Fig. 2. The assumed
asymmetrical load is the induction machine. Admittances
Y, are equal in value with admittances of phase
conductors and admittance Yg is equal in value to the
admittance of zero conductor. The device for correction is
a passive CL filter composed of three phase capacitors of
connection in star, phase admittance Yo =Y; and

dampers with admittance Y; =Y5 .

[A Yl Al ]A Al v Y,
— “ 41,0111
L1 do——11 —
Iy Y; B, I Three - phase
L2 Bo—/ { } Ga— induction
machine
Ic ,i, C e
L3 Co—— { — ‘ 7 * 7 ‘—>
o BlY 'y
Ig
h n
0, Veron
Y
Yy f]? x
YO 01 < 3[0 Cl © ; L T
No [ } o Vero11
a) b)

Fig.2. Correction of asymmetries in TN-C feeding system, a) TN-C scheme, b) vector diagram.

Below we discuss the operation of the device for
correction of asymmetries in the regime where induction
machine presents symmetrical and asymmetrical load.

Copyright © 2017 MECS

A. Induction machine as symmetrical load

In this case, currents of zero sequence do not exist, and
points O (fictive point that is not presented on vector
diagram and refers to potential of neutral conductor) O,
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O, have equal values of potential and capacitors only
correct power factor in the network.

B. Induction machine as asymmetrical load
If the character of the load of machine is asymmetrical,

the zero sequence currents ||° flow through the choke,

while the system of phase voltages on capacitors is
asymmetrical:

I¥

Vi 02 ZVAq,ol—W
Vg o =V i 2
B0y =VeLop @)

1P

V0, =Vo 0 _W

Expressions for unbalance phase currents of 1,, 14
and 1, that flow through capacitors may be included in

relations (2) and the total value of the required
compensating current is:

=1, +1p+1, = (\/,31,02 +Vg, 0, Ve, 0 M

Y, N C)
Ik = (VA].'O]. +VBlvo.|. +VC1,01){1_3||0 L

In order to fulfill the requirements for complete
compensation of zero sequence current, the sum of phase
voltages should be equal to zero, .,
Va0, +VB 0, Ve 0, =0 . while  compensation

requires total current defined by relation:

|k=—3|,°-:—1=—3|°. (4)

2

From the expression (4) it follows that:

Y| = 3|
.6
—3|,°-ﬁ:—3|,°M=—3|°@|,°:3|° ©)
Y2 [3v

Zero sequence currents generated by asymmetrical
load of the machine are not present on the “side of the
network”. The contour through which current flows
includes only the induction machine and device for
correction of asymmetries.

From a mathematical model of the device for
correction of asymmetries at load feeding the expressions
relating to analytical conditions by which we can test
possible constructions of the devices for correction are
obtained. Electric machine, with arbitrary internal
structure of the stator and rotor is included in three-phase

four-conducting system (three phases and zero conductor).

Copyright © 2017 MECS

1. EQUATION ||I||=[Y]-[V] wiTH MATRIX OF
ADMITTANCES |Y|| M-PHASE DEVICE

In the general case m=3+1 a phase asymmetrical
load may be presented as multi-terminal and connection
between the currents and voltages at the point in the
network where the load is connected in the form of
matrix as:

[ioaa [ = [Yioaa |-V (6)

or in developed matrix form with:

I'a AA YaB Yac Yao| [Ma
Ig| _|Yea YBs Yec Yso| Vs @

Ilc| [Yea Yce Yecc Yeof |Vc
o] [Yoa Yo Yoc Yool (Vo

By adopting the potential (voltage Vg ) of neutral
conductor the base rank of the matrix is reduced by one
(from 4 to 3) and easily is passing to matrices of
symmetrical components of voltages and currents. In
equations that follow, the voltage is then Vp =Vpo

where point O in the index is reference for the potential
of neutral conductor N .

The electrical connection between the phase values of
currents and voltages is established through the
immittances-admittances matrices. For m=3 phase
system, without zero conductor, m =3 phase structure of
correction device is also required, which means that the
six-terminal matrix must be composed. If matrix of six-
terminal is split into coagulation matrices of the third
order, the given values of phase currents and voltages are:

For system (1)-the network system from which the

load is fed, is:

lal [Yaa Yae Yac| [Va
Ig||=[Yea Yes Ycs|[VB[+
Icll [Yea Ye Yecll Ve

(8)

YAa YAb YAc a
+¥Ba YBb Yae[‘[Vb

YCa YCb YCc c

and for the system (11), where load is connected, is:

I a YaA YaB YaC A Yaa Yab Yac a
Ih|=IVoB Yo Yoc|‘[Va[+|Yba Yob Yoc|[Vb|-(9)
I c cC YcB YcC C Yca ch ch c

where
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Tal [Va
Ig|, [Vg| is matrix of input currents and voltages (10)
lc| Ve
I a Va
Ipll, [Vp| is matrix of output currents and voltages (11)
I c VC

Yan Yea Yea Yaa Yoa Yea
Yae Yee Yes Ya Yo YeB
] = Yac Yec Ycc Yac Yoc Yec )
YAa YBa YCa Yaa Yba Yca
Yao Yeb Yob Yap Yoo Yeb
YAc YBc YCc Yac ch ch

The transition to the model with symmetrical
component is achieved by application of matrices |||,

||S||_1 and complex operator a = el?73:

1 1 1 1
Is|=lr a? a ¢3"Sw4::% a a?. (13)
a a 8.2 a

The relations of phase and symmetrical components in
matrix form are:

10419 4
H=Isl-Jr 2| =] 0 +a21® +arl]. (14)
19 +al9 +a?)!
where d , i, O are direct, inverse and zero sequence

components.
The values of phase components F (current 155 or

lapc and voltage Vpopgc Or Vapgc) can be determined
from (14) by dividing to coagulation factors,

Fa=F%+F9+F" and vice versa
d _1 2
= _§ Fa+aFg +a“F¢ ).
Fg =F%+a?FY +aF' and vice versa

F! :%(FA+a2FB+aFC). (15)
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Fo =F%+aF" +a?F' and vice versa
o 1
F :§(FA+FB+FC).

By replacing equation (14) in the equations (8) and (9)
we obtain:
For the system (I) to which corresponds the system of

electric network, from which the load is fed, the
symmetrical components of current are described by
matrix equation:

“I 'S” :”S"_l "Y' ! ""U [ ||+||5||_1 ||Y| I ||||U nf- (26)

and for the system (II) corresponding to the place where

the load is connected behind the potentially switched
correction device, the symmetrical components of the
currents are described by matrix equation:

Hlﬁ”:"s"‘l.“\(,,,||-||u,||+||s||‘l.||Y,,,|||-||U,|||. (17)

Let in general case asymmetrical voltages represent
linear combination of symmetrical components, ie.:

= Isl-Jus- (19

If equations (16) and (17) are included in equation (18)
for the system (1) the following is obtained:

[E=ts1 oo 1l Jof -+

: (19)
S 1o
and for the system (I1) is obtained:
i A TR R o

SR I RERVE

IV. THE EXPANDED FORM OF MATRIX EQUATIONS IN
MATRIX PROCEDURE

Equations (19) and (20) can be written in the expanded
form by using new parameters k, n, m thatis p, d, h,

which can be considered as fictitious-calculation
admittances that simplifies the calculation procedure:

10 = kUL + kU + kUl +kUD +keUS +kgU |

I =nUl+n U +nUl +nU0 +nUf +ngUl .(2D)

I; =m1U|0+m2U|d +m3U|i +m4Uﬂ +m5U|d| +m6U|i|
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1% = pUP + pUf + paUf + pUf + psUf) + peUl
|f|=d1U|+d2U| +d3U|+d4U||+d5U||+d6U||
I =hUP+hU ! +hui +hUP +heUf +heUi,

22)

The most important issue in the analysis is
determination of the impact of the device for correction
of asymmetries on the line current in the feeding system
(the impact on the network [12,13]).

If the device for correction of asymmetries does not
exist, the matrices of input and output currents are equal:

IA Ia

lgl=1pl- (23)
IC Ic

and currents of direct, inverse and zero sequence of phase
(A) can be calculated from the system of matrix

equations (14) and (15) that come to following
expressions:

+ YAYB + YBYC + YAYC

> +Y°

j=AB.C

j
j=ABC

1Y (YA +aYg +aYe )+ a%YaYg +Yg¥e +a¥cYg | (24)
_VAO_ 0
3 DYi+Y

j=ABC

YO(Yp+Yg +Ye)

>y +Y°

j=ABC

1
19219 2y, =
A=Vao 3

where Y, , Yg, Yo are phase admittances of load (in this
case it is electrical machine), Y, zero is sequence

admittance.
Assuming that Yy >> (Ya,Yg,Yc ) relations (24) can be

simplified:

2V

19 =18 ~Vpo - IABE
3
; Y, +aYg +a%Y
Ilzlk:VAo'(A BS C) (25)

Copyright © 2017 MECS

(YA +a2YB +aYC)
3

1=

0
A ~Vpo

When the correction device switches on, the zero

sequence currents are equal to zero 19 = |2zo and
direct and inverse sequence currents are:

19219 = 2v,

D Yj-3Y,

j=ABC . (26)
|i = |IA ~ %VAo(YA-FaYB +aZYc)

From the expressions (25) and (26) it is clear that
adding the device for correction of asymmetries does not
affect the value of inverse sequence current. Connection
of the device for correction of asymmetries slightly
affects the direct sequence currents, since
Y2 =Yinductance = B a@s inductive susceptance is much

smaller than values Y, , Yg, Yo of phase admittances of
load (in this case of electrical machine).

V. SIMULATION AND VERIFICATION OF THE MODEL

Simulations on previously obtained theoretical model
based on matrix equations are performed on a model with
the elements from the library in the MATLAB program
(Simulink-Power  System, psb3phasesignalseq) [14].
Values of parameters of the elements are presented on Fig.
3.

The increase of power factor in the electric network
with the different load characteristics is a very important
segment in the design and exploitation of the networks
system.

Positive results of reactive power compensation using
the capacitors are well known in the literature and there is
no need to emphasize them.

Methods for design of the device which will correct the
power factor is not sufficiently accurate, and in the
standards there are no concrete rules for evaluating the
capacitance of the capacitors.

The increasing use of the power electronic devices in
the power system networks is different, often non- linear;
the character of the load complicates possible method of
problem solving.

The value of capacitance for power factor correction in
the network when induction machine parameters are non-
linear, significantly determines the harmonic spectrum of
the current.

For determination of the capacitor capacitance in the
general distribution system (network) with industrial
frequency containing non-linear load of arbitrary reactive
(LC) characteristic the model on Fig. 4,5 are given.

1.J. Intelligent Systems and Applications, 2017, 5, 10-18
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Fig.3. The values of the parameters of the elements incorporated in schemes in Fig. 4 and 5.

The simulation of the processes is presented on the
selected model of the induction machine with squirrel-
cage rotor for two cases:

- Fig. 4 when there is no fault-there is no zero
component of the current and when corrector does
not operate. In this case, breaker on the model is
open.

- Fig. 5 when there is zero component “fault” and
when is predicted that corrector operates.

In the analysis of the operation regime of the induction
machines models for machines simulation and some of
modern program packages such as MATLAB (Simulink-
Power System) have been used.

Small disadvantage of simulation is that within the
model of Simulink-Power System there were not
possibilities for adaptation (the majority of given

parameters are used) due to which the distortions occur in
measuring and control signals and there is no possibility
for internal filtering of such signals. This in turn limits
the speed of sampling and thus the speed of determination
of the signals.

Simultaneous use of capacitive and inductive devices
in the network creates conditions for parallel/voltage
resonance in the respective impedances of equivalent
circuits. Values of currents and voltages in the network
can be changed by changing the parameters of the
impedance (modules or arguments).

The significant values of currents and voltages of
phases A, B, C are measured and presented as diagram
in Fig. 6. On diagram can be noticed two characteristic
periods for the voltage of phase A and the current of
phases B and C and their subtransient and transient
components.

Al A_g{_ a
N-(:)—‘ Bj-»{B b
Vabc (V]
CHP{Cw wcC M >
= 3-Phase 10kV-04kV
Programmable 10 MVA Three-Phase ‘P A labc (V)
Voltage Source V-| Measuremeht] —» B
10 kV P C Vabc (V)
No Fault I O
B
I > ’ mp
A A CA q
BQB--—.’—) Tm
JC C CB ASM 1655 kW
3-Phase —L>—| l—‘
Powergul Breaker 1 cc AR R
Discrete. Torque (N.m)
Ts=5e-005 s.

L Branch

Fig.4. The scheme of the general model, there is “no fault”, corrector doesn’t operate, breaker is open.
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Fig.5. The scheme of the general model, there is zero component “fault”, corrector operates.
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Fig.6. Diagrams of currents and voltages between the “network” and induction machine.

Obtained values of current components are
significantly above the nominal and can cause uneven
and increased heating of the stator and rotor windings,
and voltage components affect the voltages in the
network from which the machine is supplied.

In practice, when it is necessary to calculate parameters
of the device for correction of asymmetries we start from
the condition of limiting the maximal value of voltage at
the terminals of three-phase combination of capacitors
connected in star [15,16].

When the value of voltages exceeds the rated voltage
for 10% of the core value of the current the currents
obtain the values I,/ 1y =13 and LC filters must be
used with capacitor and defined nominal capacitance C
and inductance L .

Information on currents in neutral conductors is
obtained by considering TN-C system which consists of
symmetrical three-phase feeding system and three
identical single-phase loads connected between the
respective phase and neutral conductor (induction
machine).

If the connection of capacitors is selected according to

Copyright © 2017 MECS

rated value of voltage V,, ¢q and at a certain defined value

of current 31° in the neutral conductor N , the
parameters of passive CL combination for correction of

asymmetries are determined according to values
(M=jeC)and (jY; = j/al):
I 0
C=———. (27)
w(vne Vi )
L= (Vne _;/n) ) (28)
3ol

where V,, o is rated value of voltage at calculated value

of current 31° of neutral line, V,, =Vpo s rated phase

value of voltage, o is a frequency in the electric network.

The advantages of MATLAB are a large number of
possible simulations, and the results of those simulations,
shapes and characteristic values of obtained wave

1.J. Intelligent Systems and Applications, 2017, 5, 10-18
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diagrams verify the proposed method for neutralization of
zero sequence currents and correction of asymmetries of
phase voltages in electric networks.

MATLAB Sumulink programs quite accurately
simulate the asymmetrical loads, but the customized
development of both models and programs has special
advantages, such as detailed insight into all components
of the model and program, and introduction of various
changes that otherwise could not be made in the available
program packages.

VI. CONCLUSION

By eliminating the components of zero sequence
currents at star connection of induction machine stator
windings in can be influenced not only on the power
factor correction but also on the correction of
asymmetries of phase voltages and power factors in the
networks at the points where load is connected. This
procedure also reduces power losses and voltage drops. It
is clear that in presented procedure, there are no
additional elements for voltage regulation except the
passive CL combination, which enables the correction of
voltage asymmetries and increases the reliability of the
machine.

The presented method shows that through
determination of distribution of direct, inverse and zero
sequence currents it is possible to establish the
possibilities for correction of asymmetries by using the
simple schemes with CL combinations, that is, through
elements of the capacitance and inductive character.

The results of theoretical analysis show that simple CL
schemes can provide conditions for improvement of
symmetry of power network during the feeding even
under extreme regimes, for example, when three-phase
electrical induction machine passes from three-phase to
single-phase feeding system from the network.
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