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ABSTRACT

LV distribution networks operate in unbalanced conditions and supply many non-linear loads. Taking
into account the harmful effects that accompany these real conditions, the balancing of electrical
networks is an important challenge. Circuitries consisting of supplementary reactive elements
represent a common solution for industrial customers. The paper deals with the design of these
elements for loads having a reduced value of power factor in harmonic polluted networks.
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1. INTRODUCTION
Industrial distribution networks are supposed to operate in sinusoidal balanced conditions. However
the practice has demonstrated that these networks supply a great number of high-power single-phase
receivers and, as a result, they work severely unbalanced. The unbalance of line current system
produces some unlikable effects [1]:

e the unbalance of the supply voltages, and as a result, the malfunction of three-phase rotating
motors;

o excessive heating of alternators, saturation of transformers and ripple in rectifiers;

e supplementary power losses in phase and neutral lines;

e diminishing of power factor.

A common solution to mitigate the above mentioned effects is the compensation of unbalanced loads
that is, the conversion of a single-phase receiver into a balanced three-phase load by the means of
supplementary reactive elements suitable connected to the receiver. So far, the value of these elements
is calculated for a sinusoidal shape of the supply voltage and is closely related to the parameters of the
load equivalent circuit.

Nowadays, the electrical power systems are severely harmonic polluted and depending on the network
behaviour, more or less dominant voltage distortions exist in industrial power systems. Under these
circumstances, the existing design relationships are no more accurate and the obtained values of
reactive elements do not guarantee the network balance. The main aim of the paper is to calculate the
supplementary reactive elements included in the balancing circuitry (when the power factor is less
than 0.86) if the supply voltages are harmonic distorted. The corresponding mathematical
relationships are obtained and a new parameter to asses the efficiency of the symmetrizing circuitry in
harmonic polluted power systems is proposed.
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2. BALANCING CIRCUITRY IN NONSINUSOIDAL CONDITIONS

If the load power factor is less than 0.86, the balancing circuitry consists in two reactors A connected
with the load (expressed by its equivalent impedance Zy) - Figure 1 [1]; let us suppose that the
customer is supplied by a balanced non-sinusoidal voltage system that can be expressed as

u,:Zn:Uk-x/E-sin(k-art); (1.a)
k=l
uzsz_;Ukw/Esin(k'art—kg'T”]; (1.b)

u3:ZUk~x/Eosin[k-a)ot+k-2'T”j, (l.c)
=

where K is the harmonic order (in power systems n < 40);
U, - the rms. value of the k harmonic voltage.
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Figure 1. Balancing circuitry, for single phase load with less power factor,
using two reactors
Considering the system (1), the line voltages are:

ulz:Zka/EQosin[k~%j~sin[k~w~t—k~%+%j; (2.a)

k=1

Uy, =2ka/5-2~sin(k-2'7ﬁ}-sin[k~w't—%j; (2.5)
k=1

u31=2Ukﬁ-2-5in(k-%)-sin(k-w-t+k~%+%). (2.0)

k=1

If the industrial single-phase load (an induction furnace) is characterized by the equivalent impedance
Z,=R,+ j-X,, the goal of the study is to determine the supplementary elements that are required to

balance the load, namely Lg; and L.

For the analyzed circuitry, the following relationships can be written:
di,

u, =Lg, - at ; (3.2)
u —R-i-i-L-%' (3.b)
23 0 ls 0 T4t :
di
u, =Ls,- dliz . (3.0)

From (2) and (3), the instantaneous phase currents I, s, I, ,are expressed as [2]:

i =Zn:Uk -ﬁ-Z-sin[k-%)-;-sin(k-a)-t—k-%j; (4.2)
k=1

i, =Zn:Uk -ﬁ-?.-sin(k-%j-;‘sin(k-w-t—k‘%); (4.b)
k=1

sin[k~a)~t—72[+atan[k.§.LOD
i, = uk.\/§-2~sin(k-%”)- 0 . (4.0)

JRZ+(K-0-L,)’
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In order to simplify the computation, we can use the complex representation of instantaneous currents:

1y Ziuk '\/5'2'Sin(k -%)-;,ej[km_kd) . (5.2)
k=1

I_L2 = zUk N \/E N 2 . Sin[k . %j . ; . ej(k.w-t_k-gj . (Sb)
k=1

k-o-L, ’
. 7 (kely
1,=YU, 22 sin(k 27[) 1 ~e][k'wlt7+am[T°}] ; (5.c)
o= 3) JRI+(k-w-L)
consequently, we can determine the line currents from:
L=, -1 (6.a)
L=k-1; (6.b)
Li=1,-1. (6.0)

The authors propose a new coefficient for characterization of unbalance in harmonic polluted systems;
this coefficient is named harmonic unbalance factor and can be expressed as [3]:

[
a.=|++|—+=ka.+k (N

al »

k

where
1° represents the zero sequence rms. value of the distorted line current system (this component
equals zero when the load is A connected and in three wires distribution networks);
I~ - the negative sequence rms. value of the distorted line current system;
I - the positive sequence rms. value of the same system;
k,, - negative sequence factor of distorted line current system;

kY - zero sequence factor of the distorted line current system.

The harmonic unbalance factor has to equalize the negative sequence factor of distorted line current

system when the balancing circuitry is used. The value of supplementary elements results from the
condition of canceling the harmonic unbalance factor, that is:

G -H,-G,-H
L51261 2 21 (8)
2'H3_G3'H2
G,-H, -G,-H
L _ 2 1 1 2 9
7 G,-H,-G,-H ®

where

. ;-cos[k-g[}r\/f-sin(k-z)
GI=ZUkﬁ-2-sin[k.§j.
k=1

\ ;-cos(k-§j+\/2§-sin(k~§j
GZ:—ZUK\/EQ-sin(k-%j-
k=1

k.”j
3

—'[—\/ECOS[G tan(k @ LO JJJ >
JRE+(k-o- L) R,
ﬁ ( ﬂj 3 [ ﬂj
. ——-cos| k- |-=-sin| k-—
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2-cos

VR

3
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3 R,

JR +(k-o-L,)

Under these circumstances, the load is supplied by a balanced distorted line current system. Although
this problem is solved, this solution worsens the value of the system power factor, i.e. the presence of
capacitor banks is required.

(10)

H3=ZUkﬁ'2-sin(k'%)~
k=1

3. SYMMETRIZING CIRCUITRY IN SINUSOIDAL CONDITIONS
In order to validate the above obtained relationships, let us consider the basically case where the
supply voltage system is balanced and sinusoidal. For these conditions, (8) and (9) turn into:

3ORI4X2

by (11)
o R,+3-X,

_ 1R+ X))
2= \/Exo R,
that is the well-known relationships indicated in the literature [1, 3]. Furthermore, the harmonic
unbalance factor becomes the unbalance factor defined by the existing norms [4].

L

(12)

The values of the line currents and the global power factor can be determined as in above presented
circuitry. As normally Ag < 0.5, a capacitor bank, in a delta connection, should be attached to the
network; its line capacitance is

3X,

C= . 13
iR§+X§i~a) (13)

4. CONCLUSIONS

Modern power systems supply a great number of high-power unbalanced and/or non-linear receivers.
The working conditions imposed by these loads are characterized by a series of phenomena that
negative effect both the power system and other loads supplied by the same network; as a result, the
existing norms propose some limits for the operation in unbalanced and harmonic distorted electrical
systems and the implementation of special devices aimed to mitigate these unpleasant effects.

The balancing circuitries represent nowadays a convenient solution for the balancing of industrial
distribution networks supplying high-power single-phase receivers. The paper proposes a new
parameter to indicate the level of unbalance in harmonic polluted power systems. The appropriate
relationships for the computation of the supplementary reactive elements belonging to the balancing
circuitries for loads having a reduced power factor are also indicated.
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1. INTRODUCTION

Industrial distribution networks are supposed to operate in sinusoidal balanced conditions. However the practice has demonstrated that these networks supply a great number of high-power single-phase receivers and, as a result, they work severely unbalanced. The unbalance of line current system produces some unlikable effects [1]:


· the unbalance of the supply voltages, and as a result, the malfunction of three-phase rotating motors;


· excessive heating of alternators, saturation of transformers and ripple in rectifiers;


· supplementary power losses in phase and neutral lines;


· diminishing of power factor.


A common solution to mitigate the above mentioned effects is the compensation of unbalanced loads that is, the conversion of a single-phase receiver into a balanced three-phase load by the means of supplementary reactive elements suitable connected to the receiver. So far, the value of these elements is calculated for a sinusoidal shape of the supply voltage and is closely related to the parameters of the load equivalent circuit. 


Nowadays, the electrical power systems are severely harmonic polluted and depending on the network behaviour, more or less dominant voltage distortions exist in industrial power systems. Under these circumstances, the existing design relationships are no more accurate and the obtained values of reactive elements do not guarantee the network balance. The main aim of the paper is to calculate the supplementary reactive elements included in the balancing circuitry (when the power factor is less than 0.86) if the supply voltages are harmonic distorted. The corresponding mathematical relationships are obtained and a new parameter to asses the efficiency of the symmetrizing circuitry in harmonic polluted power systems is proposed.

2. BALANCING Circuitry in nonsinusoidal conditions

If the load power factor is less than 0.86, the balancing circuitry consists in two reactors Δ connected with the load (expressed by its equivalent impedance Z0) - Figure 1 [1]; let us suppose that the customer is supplied by a balanced non-sinusoidal voltage system that can be expressed as
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where 
k is the harmonic order (in power systems n ( 40);





[image: image4.wmf]k


U


 - the rms. value of the k harmonic voltage.




Considering the system (1), the line voltages are:
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If the industrial single-phase load (an induction furnace) is characterized by the equivalent impedance 
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, the goal of the study is to determine the supplementary elements that are required to balance the load, namely Ls1 and Ls2.


For the analyzed circuitry, the following relationships can be written:





[image: image9.wmf]dt


di


L


u


L


S


1


1


12


×


=


;
(3.a)





[image: image10.wmf]dt


di


L


i


R


u


S


S


×


+


×


=


0


0


23


;
(3.b)





[image: image11.wmf]dt


di


L


u


L


S


2


2


31


×


=


.
(3.c)


From (2) and (3), the instantaneous phase currents 
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are expressed as [2]:





[image: image13.wmf]å


=


÷


ø


ö


ç


è


æ


×


-


×


×


×


×


×


×


÷


ø


ö


ç


è


æ


×


×


×


×


=


n


k


S


k


L


k


t


k


L


k


k


U


i


1


1


1


3


sin


1


3


sin


2


2


p


w


w


p


;
(4.a)





[image: image14.wmf]å


=


÷


ø


ö


ç


è


æ


×


-


×


×


×


×


×


×


÷


ø


ö


ç


è


æ


×


×


×


×


=


n


k


S


k


L


k


t


k


L


k


k


U


i


1


2


2


3


sin


1


3


sin


2


2


p


w


w


p


;
(4.b)





[image: image15.wmf]å


=


×


×


+


÷


÷


ø


ö


ç


ç


è


æ


÷


÷


ø


ö


ç


ç


è


æ


×


×


+


-


×


×


×


÷


ø


ö


ç


è


æ


×


×


×


×


=


n


k


k


S


L


k


R


R


L


k


a


t


k


k


U


i


1


2


0


2


0


0


0


)


(


tan


2


sin


3


2


sin


2


2


w


w


p


w


p


.
(4.c)


In order to simplify the computation, we can use the complex representation of instantaneous currents:
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consequently, we can determine the line currents from:
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The authors propose a new coefficient for characterization of unbalance in harmonic polluted systems; this coefficient is named harmonic unbalance factor and can be expressed as [3]:
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where
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 represents the zero sequence rms. value of the distorted line current system (this component equals zero when the load is ( connected and in three wires distribution networks);
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The harmonic unbalance factor has to equalize the negative sequence factor of distorted line current system when the balancing circuitry is used. The value of supplementary elements results from the condition of canceling the harmonic unbalance factor, that is:
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where
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Under these circumstances, the load is supplied by a balanced distorted line current system. Although this problem is solved, this solution worsens the value of the system power factor, i.e. the presence of capacitor banks is required.


3. SYMMETRIZING circuitry in sinusoidal conditionS

In order to validate the above obtained relationships, let us consider the basically case where the supply voltage system is balanced and sinusoidal. For these conditions, (8) and (9) turn into:
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that is the well-known relationships indicated in the literature [1, 3]. Furthermore, the harmonic unbalance factor becomes the unbalance factor defined by the existing norms [4].


The values of the line currents and the global power factor can be determined as in above presented circuitry. As normally (S ( 0.5, a capacitor bank, in a delta connection, should be attached to the network; its line capacitance is
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4. Conclusions


Modern power systems supply a great number of high-power unbalanced and/or non-linear receivers. The working conditions imposed by these loads are characterized by a series of phenomena that negative effect both the power system and other loads supplied by the same network; as a result, the existing norms propose some limits for the operation in unbalanced and harmonic distorted electrical systems and the implementation of special devices aimed to mitigate these unpleasant effects.


The balancing circuitries represent nowadays a convenient solution for the balancing of industrial distribution networks supplying high-power single-phase receivers. The paper proposes a new parameter to indicate the level of unbalance in harmonic polluted power systems. The appropriate relationships for the computation of the supplementary reactive elements belonging to the balancing circuitries for loads having a reduced power factor are also indicated.
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Figure 1. Balancing circuitry, for single phase load with less power factor, using two reactors
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