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1. Introduction

In recent decades, power quality (PQ) has gained more scholarly
attention than before due to an increase of sensitive loads to volt-
age and current changes, power quality issue has been more nota-
ble than before. Damages resulting from voltage flicker, voltage
unbalance, harmonics and voltage sag have threatened the power
industry. On the other hand, the competitive power market has
made generation companies and consumers attend more to PQ
issues. Mutual effects of the system and the loads from main PQ
factors have attracted the attention of researchers and power
industry experts. Nowadays, regional power companies enforce
big reactive power consumers to implement capacitor allocation,
and if they violate reactive power consumption rules they are
penalized and must pay for it.

Another issue under study is to determine the necessary stan-
dards for PQ factors such as voltage flicker, voltage unbalance, har-
monics, and voltage sag.

Assessment of the voltage unbalance emission and determining
the contribution of different effective factors to the resulting volt-
age unbalance in load side is one of the important aspects in the
voltage unbalance management in power systems. To assess the
voltage unbalance level and establish a basis for comparing the
unbalanced of effects different points available in the network, a
percentage of negative sequence voltage is considered as a crite-
rion for voltage unbalance. In this paper, the studies published
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on voltage unbalance are divided into four groups whit the first
group studying the effects of DG, the second group studying the
effects of induction machines, the third studying the analytical
and computational methods of determining the contribution of dif-
ferent factors to voltage unbalance emission in power systems, and
finally the fourth group focusing on heuristic and intelligent
algorithms.

In [1-7], DG units were used to reduce voltage unbalances in
power systems. Authors in [1] focused on the assessment of emis-
sion levels in large photovoltaic (PV) units connected to LV and MV
networks to limit unbalance emission. Ref. [2] presented a tech-
nique to mitigate the voltage unbalance in Low-Voltage Distribu-
tion Networks (LVDNs) with a high penetration level of PV
system using a controllable Energy Storage Unit (ESU). In [3], the
effects of connecting DG units by means of a three-phase connec-
tion (instead of a single-phase connection) on voltage unbalance
were studied. In [4], two different improvement methods based
on the application of series (DVR) and parallel distribution static
compensator (DSTATCOM) custom power devices were investi-
gated to improve the voltage unbalance problem. Studying and
assessing of voltage unbalance effects in radial distribution net-
works equipped with single-phase photovoltaic systems were car-
ried out in [5]. To analyze voltage unbalance sensitivity for
different maximum rates of a single-phase PV system with several
PV penetration levels in a typical radial distribution system in
Spain, a new method is presented in this paper. In Ref. [6] describes
the efficiency of negative sequence voltage reduction in an MV dis-
tribution system with balanced phase currents in the presence of
MV static DGs. A distributed cooperative control design to
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Nomenclature
Vi ith sequence voltage of kth bus
V=10 ith Sequence voltage drop of the line between kth and

(k — 1)th buses

Vuf®  voltage unbalance factor of kth bus

Vuftinek=1K yoltage unbalance factor of the line between kth
and (k — 1)th buses

Vufiil&  sum of voltage unbalance factors of all lines
Vufiedd  sum of voltage unbalance factors of all loads

Vuftead® yoltage unbalance factor of the load in kth bus

VufSoure yoltage unbalance factor of the source
Vuf®?  computed voltage unbalance factor through the pre-
sented formula at each bus j
Vufmeasure
computed real voltage unbalance factor at each bus
using DIgSILENT Power Factory software
Vieg(kk+1) Iegulating line voltage between kth and (k — 1)th buses

I ith sequence current, load at kth bus

(k=10 jth Sequence current, the line between kth and (k — 1)th
buses

1 ith sequence current, passive load at kth bus

1K ith sequence current, motor load at kth bus

Cuf®  current unbalance factor of the load of the kth bus

Cuff  current unbalance factor of passive load kth bus

Cufif]  current unbalance factor of motor load kth bus

Cufl®) 10aa current unbalance factor of combined load kth bus

sy complex conjugate power of sequence ith, load kth bus

Z{o self-impedance of sequence ith, load kth bus

o mutual impedance between sequence ith and sequence
jth, load kth bus

ZE}f L self -impedance of sequence ith, passive load kth bus

Zgjlf L mutual- impedance between sequence ith and sequence
jth, passive load kth bus

Z self-impedance of sequence ith, motor load kth bus

Zix1oad Self-impedance of sequence ith, combined load kth
bus

Z-11 self-impedance of sequence ith, line between kth and
(k — 1)th buses
Z{=1% mutual-impedance between sequence ith and sequence

jth, line between kth and (k — 1)th buses

compensate voltage unbalance level in an islanded micro grid is
presented in [7]. The proposed control design in this paper is able
to compensate for voltage unbalances in a natural load and simul-
taneously divides the compensator dynamically in a dispersed
manner.

Induction machines were used in [8-11] to minimize voltage
unbalance. Ref. [8] investigated an improved control and opera-
tion of a Doubly-Fed Induction Generator (DFIG) system during
the network voltage unbalance conditions. Ref. [9] dealt with
load-carrying capacity of an induction cage machine under volt-
age unbalance combined with over- or under-voltage conditions.
Ref. [10] aimed at complementing the studies concerning the
influence of voltage unbalance on the performance of induction
motors using sequence-equivalent circuits to determine the loss
increase in the induction motor. Ref. [11] analyzed the unbalance
problem of a stand-alone DFIG under unbalanced loads and pro-
posed a compensatory method to balance the stator output
voltage.

Analytical methods in [12-25] were employed to study voltage
unbalance. The primary objective of Ref. [12] was to develop statis-
tical approaches for compliance assessment using outcomes of
deterministic methodologies on VU emission assessment, thus
refining the existing general summation law. In order to determine
the influence of the network’s parameters on voltage unbalances,
with the aim of providing exact solutions to reduce or even elimi-
nate voltage unbalances, the present study develops and presents
two methods. Ref. [13] developed and presented two methods.
The first method involves using sensitivity analysis to determine
the influence on the voltage unbalance of each parameter of the
system (magnitudes and angles of the three phases); in the second
method, attempts are made to change the unbalances based on
analytical solutions. The main contribution of Ref. [14] was the
investigation of possible discrepancies when comparing values of
Voltage Unbalance Factor (VUF) resulting from the calculations,
where it employs different aggregation time intervals, as well as
the causes for such discrepancies. Using a static load transfer
switch, Ref. [15] presents a method to reduce voltage unbalance
and power loss resulting from neutral current flow in a bipolar
DC distribution system. Surveying the effects of voltage and
current unbalances of a three-phase four-wire system on line and

transformer loss is performed in [16], This study also investigated
the over-capacity of distribution transformers. Authors of [17]
have proposed an approximation algorithm for fast calculation of
voltage unbalances in three-phase power systems. In the proposed
method, root square operations are turned into simple trigonomet-
ric equations based on geometric form of the transform, and then
these trigonometric equations are approximated using algebraic
operations. This technique has reduced the calculation burden. In
Ref. [18], a method to determine voltage unbalance emission level
was proposed in radial and interconnected systems. In this paper,
the radial system is modeled as a power source (upstream net-
work), a transmission line and a load, and the emitted unbalance
is found only for the far end bus of the system. To estimate the con-
tribution of single-phase PV inverters to voltage unbalance of dis-
tribution systems a stochastic method was used in [19]. In this
method, place and phase uncertainties are considered in some
stochastic indices. In Ref. [20], the effects of the influencing factors
on voltage unbalance coefficients of buses in a radial distribution
system have not been completely specified, and since all the
obtained relations in the paper characterize a very specific situa-
tion, the presented relations cannot be generalized. Definition
and analysis of voltage unbalance emission concept in power sys-
tems are given in [21]. This paper also illustrates that the changes
occurring in voltage unbalance in each system bus due to adding a
load, are not essentially because of the considered load. Based on
behavior analysis of each sideway transmission line and the con-
nected loads to them in an interconnected power system and in
terms of a new concept, Ref. [22] presents a method called voltage
unbalance emission vector. Ref. [23] mostly deals experimentally
with the analysis and study of voltage unbalance emission assess-
ment in interconnected systems. Authors of [24] have presented a
novel and algebraic method to assess voltage unbalance emission
in interconnected systems. They were have been able to provide
a comprehensive insight towards the realization of IEC - related
issues in the fields of voltage unbalance management. A new for-
mulation to determine load, power transmission line and source
contributions for the generated voltage unbalance in load con-
sumption area without considering the total effect of loads and
system topology was proposed in [25], Of course the formulation
is for a far end bus in a radial distribution system.
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Finally, in [26-29] heuristic and intelligent algorithms were
suggested to study voltage unbalance. Ref. [26], first analyzed volt-
age unbalance definitions, and extracted differences between var-
ious definitions of voltage unbalance using a genetic algorithm
(GA). Ref. [27] presented a new control algorithm for a series active
filter that optimized the power factor, balanced the voltages, lim-
ited the total harmonic distortion of voltage, and ensured a high-
quality voltage supply to sensitive loads. Ref. [28] described a
new methodology for a three-phase power system optimization,
in which the phase unbalances are taken into account. Ref. [29]
addressed the problem of estimating the characteristics of three-
phase unbalanced voltage dips from measured phase voltages.

The main novelty and objective of this paper is the way it pro-
poses to determine the effects of various factors on voltage unbal-
ance emission in every single bus of flexible radial distribution
systems for different (n-bus) systems. In this paper, using the pha-
sor analysis and the ruling mathematical equations in a radial dis-
tribution system in positive, negative and zero sequences, the
researchers managed to extract a general formula for the impacts
of all effective factors on the generation of voltage unbalance in
each bus. The obtained equations can be generalized to be used
in any radial system. To the best our knowledge, this subject has
never been discussed in any of the papers in this area. To investi-
gate this issue, the generated voltage unbalance in a general bus
(j) is first written in terms of the line impedances, the load cur-
rents, considering all kinds of their models, and the source voltage
unbalance effect. Then, similar to the superposition rule, the
impacts of all loads, lines and the source can be determined sepa-
rately. Finally, to verify the presented paper, all the obtained rela-
tionships are implemented on a 20 kV radial distribution system,
and the contribution of all effective factors on the generated volt-
age unbalance in each bus in the system is specified.

In a general view, this paper includes four sections and two
appendices. Section 2, after studying the effects of power source,
load and line, analyzes the contribution of each of these factors.
Then, according to the models of existing loads in the distribution
systems and computational requirements, three load models are
proposed in the last part of this section. Simulation results of the
study are given in Section 3, and conclusions are presented in Sec-
tion 4. Finally, all required data of the test system are presented in
Appendix A.

2. Basic principle and the proposed method

Based on the radial distribution system shown in Fig. 1 it can be
seen that KVL equation for positive and negative sequences ruling
on the system is written according to the voltage drop between the
source bus and the end bus. To realize this, it can be said that the
voltage drop between any two buses is written in terms of the pro-
duct of the current flowing through the line between those two
buses and the sequence impedance of that bus. In this case, the
whole current flowing through the line between buses k and
k — 1 are the sum of the current of bus k loads to the end bus of
the system. Voltage equation for positive and negative sequence
between the source bus and the end bus are extracted from Egs.
(1) and (2).
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Due to the need for negative sequence voltage, Eq. (2) is ana-
lyzed, expanded and restated as Eq. (3).

+

n
V=S 2O 2 v 3
k=1
Through Eq. (3) and some other parameters, the voltage unbal-
ance factor in the nth bus is extracted. In order to define the volt-
age unbalance factor, the current unbalance factor and the line
voltage regulation are used as follows:

k kk+1 k+1

Vi = vl yied (4)
V(k,k+1)

Vreg(k k+1) = e (5)

: (k+1)

Vl

vk

V(k1+1) =1+ Vreg(k.k+1) (6)

1
Since the system under study is an n-bus system, V(r‘;'g"”) is con-
sidered to be zero, where V{***1) is the positive sequence voltage
along the line between the kth and the (k + 1)th buses, and V&,
k1) js the voltage regulation of the line between the (k — 1)th
and the kth buses. Using the parameters above, the voltage unbal-
ance factor at the nth bus is stated as follows:
n
VUE® = VUF**" [ T(1 + Viegie))
i=0
(0,k) (0.k) :| n

n

>

k=1

-+ 2 CUF | T](1 + Vi) @)
11 11 i=k

where VUF™ is the voltage unbalance factor at the nth bus,
VUF®°uee) js the voltage unbalance factor of the source, and Z§¥ is
the positive-sequence impedance for the load of the kth bus. In
order to determine the level unbalance in the jth bus, the system
is divided into two segments, with one segment including the sys-
tem state before the jth bus and the other segment extending from
jth bus. Therefore, the negative sequence voltage equation for the
jth bus towards the nth bus is stated as in Eq. (8).
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Fig. 1. Single-linear radial distribution feeder.
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Eq. (8) can be expanded and stated in a simpler way, as in (9):

- oz

k=j+1

+Z3901% 1 v (9)

Finally, Eq. (10) states the voltage unbalance factor at the nth
bus.

n

VUF"™ = VUFY H + Vreg ||+1
i=j

>

k=j+1

&, 2 e ﬁ(Hv o) (10)
(k) Z(k) reg(i,i+1)

11 11 i=k

where VUFY is the voltage unbalance factor at the jth bus. With
respect to the computed VUF™ in Egs. (7) and (10), and by setting
these two equations equal, the voltage unbalance factor at the jth
bus is calculated using Eq. (11).

= nf(k
VUFY = VUF*OTT(1 + Viegiion) — D —3 ( )CUF Kz(0%
i=0 k=1 Zn
L 3 f(m) ik
PP an
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where, f(m) = f(k) and Z{%¥’ are calculated using Eqs. (12) and (13),
respectively.

£l = im0l + (Veei-) 12)
Hf 011 + (Vregiii+1))
0k _ {ng) k<j } (13)
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As it can finally be observed, the bus j voltage unbalance factor
equation in term of the effective factors of Eq. (11) is extracted sep-
arately. It is seen that in this equation the effects of three impor-
tant factors, i.e. load, line, and source are separated, which will
be analyzed in the following.

2.1. Analyzing the effect of source

A distribution substation feeding by several transmission lines
has one or more output feeders that are in a radial form. In case
the receiving voltage by the feeding from the transformer located
within inside the substation is totally balanced i.e. when the neg-
ative voltage of the feeding feeder is zero, then there will not be
any effects by the source on the voltage unbalance of each buses,
in other words the system is fed by a balanced source.

However, if the distribution substation transformer, which
works as the feeding source for the feeder, envisages voltage
unbalance due to any external or internal factor, then the system
will be fed by an unbalanced source and will have a considerable
impact on voltage unbalanced of each bus. Based on Eq. (11) it is
obvious that the contribution of the source to voltage unbalance
of bus j is obtained according to the voltage unbalance factors of
the source as in Eq. (14) at VUF®:

j—1
VUF® = VUF*OTT (1 + Viegiiien)) (14)
i=0

Eq. (14) shows the effect of source on voltage unbalance factor
at the jth bus. As shown, this equation is composed of multiplica-
tion of voltage unbalance of source by regulating voltage lines to
the jth bus. According to line voltage regulation, this value exists
in balance and unbalance voltages. A non-zero value for this

parameter may not be interpreted as dealing with an unbalanced
system. In fact, VUF°U"® is created because of the source unbal-
ance, so that a non-zero value for this parameter is equivalent to
having an unbalanced source. Therefore, if the source is unbal-
anced, VUF®°'"® s equal to zero and one may see no source unbal-
ance effect on the jth bus.

2.2. Analyzing the effect of line

Summation of voltage unbalance factors over all the lines is for-
mulated as follows:

VUFl, - —ZZf i (15)

lmk

Eq. (15) gives summation of the line effects between the source
bus and the jth bus in voltage unbalance factor of bus jth. Eq. (16)
indicates the line effect between the (k — 1)th and the kth buses in
voltage unbalance factor of the jth bus.

VUFlme (k—1.k) _Zf k 1.k) (16)
m=k Z

Since this amount is composed of coupling impedance between
the negative-positive sequence of line and f(m)/z{}, the impe-
dance between the negative-positive sequence of line is because
of non-transposing between the (k — 1)th and the kth buses, and

m)/z{P exists when the system is either balanced or unbalanced
(source, load, line) whit its values always being non-zero.

Therefore, Eq. (16) shows the line effect asymmetry between
the (k — 1)th and kth buses and Eq. (15) shows sum of line effects
between the source bus to the jth bus in voltage unbalance of the
jth bus. Considering the mentioned equation, symmetry or asym-
metry of lines between the jth bus to the nth bus does not have
any influence on voltage unbalance factor of bus jth.

2.3. Analyzing the effect of load

Eq. (17) shows summation of the effects of all existing loads in
the system on voltage unbalance factor of the jth bus.

load X f(k) 01(
VUG = =~ CUFY 25, (17)
k=1 #11
Furthermore, Eq. (18) indicates the effect of the connected load
to the kth bus.

VUFIOad(k) f(l ) CUF l( ]_22 (18)
le

where VUF'°24(X) is the voltage unbalance factor of the kth bus load.

Eq. (18) consists of two parts: CUF® and —(f(m)/z{) Z53¥. As
shown, —(f(m)/z{() 283X exists in any state (balanced or unbal-
anced load, source and line) and is non-zero, which does not mean
that the system is unbalanced. However, CUF is directly related
to the load. If the system load is passive, CUF® will be zero pro-
vided the load is balanced. Otherwise, it will have a non-zero value.
If the motor is of on induction type (since these kinds of motors are
naturally symmetric and their asymmetric performance is due to
system unbalance), the value of this term in the motor load state
will be zero given the system is zero. Otherwise, it will have a
non-zero value.

2.3.1. Passive load
2.3.1.1. Passive load with specific impedance. This model is used
when details of impedance load are specified. Regarding KVL
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equation governing passive load impedance at the kth bus, we will
have the following equation:

(k) _ (k) (k) (k)
V] - le PLII PL + Z]Z PLIZ PL

19
V(zk) = Zg?.PLIg.PL + Zzz,lezl,(r))L 1o
where Z;;{) is the impedance of the ith sequence, passive load at the
kth bus; Z;;,pl® is the coupling impedance between the ith and jth
sequences, passive load at kth bus; and I{¥} is the ith sequence cur-
rent, passive load at the kth bus. Studies on load distribution show
that the contribution of voltage drop Z{9p. 1%, on V¥ is very
insignificant [25]. Therefore, voltage drop of ZSZ PL l&‘fBL is ignored

and Eq. (19) will turn into Eq. (20).
| W (K
V(1() = Zgl)Png E’L
V(k) 7® I(k) Z 1% (20)
2 =Lypthipt Zoaplap
Since Z{9p, is identical to Z49p in the passive load, the current

unbalance factor of the kth bus (load connected to kth bus) is calcu-
lated as follows,

Z(k)
CUFY = VUF® — (Zk‘)-"L (21)
11,PL

where CUF{ is the unbalance factor of current of passive load in kth
bus. In this model, the load with impedance is given. Finally, a com-
bination of Egs. (17) and (21) will result in Eq. (22):

Z(Zkl)‘PL> (22)

(k)
Zyip

VUFIoad(k) _ _ f(k) ng (VUF
Z(k)
11,PL

2.3.1.2. Passive load with specific power. This model is used when
details of the impedance load are not clearly specified, but the
power load is known. Since power information, unlike the impe-
dance information, is known in this model, all load impedances
mentioned in the previous equations should be changed to corre-
sponding load power terms. Regarding Eq. (16) and positive
sequence impedance in terms of voltage and power load, Z89p = |
vi9)?/$309), the contribution of voltage line unbalance factor between
the (k — 1)th and the kth buses is indicated as in Eq. (23) if the pas-

sive load with specific power is determined at the mth bus.
VUFlme (k-1.,k) f/( ) Z(zli 1,k) (23)

Also the effect of the connected load to the kth bus is stated as in
Eq. (24):

flks 9z
VUF®'

where S;(™ is the complex conjugate power of the ith sequence, the
mth bus load and f/ (m) = f’ (k) is computed as follows:

{Hjl;(])l + (Vreg(i,iH )] {Hk 1 ( reg(i,i+1))]
VP

VUFload(k) (24)

f/ (k) = (25)

As it is evident, there is no effect of load impedance in Egs. (17)
and (24). Effects of voltage line unbalance factor, voltage line
regulating factor, and line impedances that are determined from
known information under “passive load with specific power” state
can be calculated.

2.3.1.3. Passive load with specific current. When the load model is of
a determined-current type, regardless of balanced or unbalanced
source, the current drawn by the load does not have the same
range. However, the negative sequence current related to the load
may be important due to unequal change it results in the phase

angle concerning the voltage drop which means that asymmetric
load behavior with a specific current can be determined to be the
same as the load with power .

2.3.2. Active load (induction motor)

Regarding the IEEE model for induction motor in Fig. 2,
negative-positive sequence impedance is calculated as in Eq. (26)
[30]. where s; = s in is the CCW mode and s; =s in is the CC mode.
Si=S

Zim = Ry + Xij) + Xmjl| (X2j +2)
Zopm = (Ri + Xij) + Xmj|| (Xaj + 2%)
Due to the negative-positive sequence impedance of the motor

and the KVL equation governing the induction motor, the CUF® of
the motor in terms of impedance is calculated as in Eq. (28).

(26)

(k) __ —(k) (k)
vl _le,IMll.lM

(27)
I I I
V(z() = Z(Z(Z),IM[;.(I)M

(k)
le M

CUFX) = VUF® (28)

22 M

where Z{}\ is the impedance of the ith sequence in the motor load
of the kth bus, I{X}; is the ith sequence current in motor load of the
kth bus, and CUF{}); is current unbalance factor of motor load at the
kth bus. Therefore, regarding Egs. (28), (16) and (18), the effect
between the (k — 1)th and the kth buses and the load effect of the
mth bus are extracted in Eqgs. (29) and (30) as below. voltage unbal-
ance factor of the line between the (k — 1)th and the kth buses
when the motor load exists in the mth bus is given by

VUFline.(k—l,k) _ f((,f)]) (21(]—1,1<) (29)
11,IM

The contribution of voltage unbalance of motor load in the mth
bus on voltage unbalance of the kth bus is expressed as

VUFload®) _ _ f(m) VUF®ZSy >
222 M

2.3.3. Combined load

If the load connected to the kth bus is a combination of the
motor load and the passive load, the combined load model is used.
In order to analyze this state considering the value of CUFX)i0ad,
which is calculated by Eq. (31), the contribution of voltage unbalance
to the effect of the combined load is computed by Eq. (32).

(k)
+ CUF‘M} (31)

(k)
Ly

k
CUEY

(k)
le,PL

CUlexload Zl 1mix |:

where CUF{X),0.q is the current unbalance factor of the combined
load at the kth bus and Z{) i« is the positive sequence impedance
in the combined load at the kth bus.

f (k) f (k)

VUFodl — CUFNZO _

llPL lllM

CUFZ33 (32)

Fig. 2. IEEE model of induction motor.
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Fig. 3. Overall flowchart of determining the contribution of different effective factors to voltage unbalance coefficient generated on bus j in a radial power system.

IM 20Kkv to 400v

?ayam‘“’“r

M. Abasi et al./Electrical Power and Energy Systems 94 (2018) 393-404

v

v

Input line impedances data and
system topology

v

| Input load flow data and load data

A 4

Calculate line impedances in
positive, negative and zero
sequences domain

Calculate voltages and currents of
loads in positive, negative and zero
sequences domain

v

Calculate formulae
Current Unbalance Factor
Voltage Unbalance Factor

Eq(25)
Eq(12)

v

A

v

Calculate share of the load
of k-th bus in voltage
unbalance of j-th bus

Eq(18)

{

Calculate share of line
between k and k-1 buses in
voltage unbalance of j-th bus

Eq(16)

|

Calculate share of all loads
between power source and
j-th bus in voltage unbalance

Calculate share of all lines
between power source and
j-th bus in voltage unbalance

Calculate share of power
source in voltage unbalance
of j-th bus
Eq(14)

of j-th bus of j-th bus
Eq(17) Eq(15)
+
+ +

Calculate total effects of power source, loads and lines in voltage
unbalance of j-th bus (voltage unbalance coefficient of j-th bus)

Eq(11)

SR

IM 20Kkv to 400v

Ar ;

Keri M -
merl 2

()

20kv to 400v

()

20kv to 400v

a2

()

20kv to 400v

IM  20kv to 400v

wab -
rlo N —

Akﬂ =t

20kv to 400v

iu::::::z -

]

Q)

20kv to 400v

Q)

20Kkv to 400v

$sssssiii:

Fig. 4. 20 kV distribution feeder studied in the present research.
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Table 1
Definition of test system parameters.
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Parameters

Definition of test system parameters

Vuf(vahdat)%
Vuf(pasdaran)%
Vuf(navab)%
Vuf(akbarlo)%
Vuf(nasiunal)%
Vuf(arjmandi)%
Vuf(mohseni)%
Vuf(bakeri)%
Vuf(payamenoor)%

Vuf%Load(1)-vahdat

v“f%l_oad( 2)-pasdaran

VUf%Load(B)-navab

Vuf%0ad(4)-akbario

VUf%Load( 5)-nasunal

VUf%Load( 6)-mohseni

Vuf%Load(7)-bakeri

Vuf%Load(8)-payamnoor

Vuf%motor(1)-navab

Vuf%motor(2)-arjmand

Vuf%motor(3)-bakeri

Vuf%Line(1):
Vuf%Line(2)
Vuf%Line(3)
Vuf%Line(4)
Vuf%Line(5)
Vuf%Line(6)
Vuf%Line(7)
Vuf%Line(8)

Vuf%Line(9)

Voltage unbalance factor created in the vahdat bus
Voltage unbalance factor created in the pasdaran bus
Voltage unbalance factor created in the navab bus
Voltage unbalance factor created in the akbarlo bus
Voltage unbalance factor created in the nasiunal bus
Voltage unbalance factor created in the arjmand bus
Voltage unbalance factor created in the mohseni bus
Voltage unbalance factor created in the bakeri bus
Voltage unbalance factor created in the payamenoor
bus

Contribution of passive load connected to the Vahdat
bus, in voltage unbalance created at the test system
buses

Contribution of passive load connected to the
pasdaran bus, in voltage unbalance created at the
test system buses

Contribution of passive load connected to the navab
bus, in voltage unbalance created at the test system
buses

Contribution of passive load connected to the akbarlo
bus., in voltage unbalance created at the test system
buses

Contribution of passive load connected to the
nasiunal bus, in voltage unbalance created at the test
system buses

Contribution of passive load connected to the
mohseni bus, in voltage unbalance created at the test
system buses

Contribution of passive load connected to the bakeri
bus, in voltage unbalance created at the test system
buses

Contribution of passive load connected to the
payamenoor bus, in voltage unbalance created at the
test system buses

Contribution of Active load connected to the navab
bus, in voltage unbalance created at the test system
buses

Contribution of Active load connected to the arjmand
bus, in voltage unbalance created at the test system
buses

Contribution of Active load connected to the bakeri
bus, in voltage unbalance created at the test system
buses

Contribution of lines Between source and Vahdat
buses, in voltage unbalance created at the test system
Contribution of lines Between Vahdat and pasdaran
buses, in voltage unbalance created at the test system
Contribution of lines Between pasdaran and navab
buses, in voltage unbalance created at the test system
Contribution of lines Between navab and akbarlo
buses, in voltage unbalance created at the test system
Contribution of lines Between akbarlo and nasiunal
buses, in voltage unbalance created at the test system
Contribution of lines Between nasiunal and agmand
buses, in voltage unbalance created at the test system
Contribution of lines Between arjmand and mohseni
buses, in voltage unbalance created at the test system
Contribution of lines Between mohseni and bakeri
buses, in voltage unbalance created at the test system
Contribution of lines Between bakeri and
payamenoor buses, in voltage unbalance created at
the test system

where the first and second terms refer to passive load and motor
load effects, respectively. In this case, analysis of passive and
motor loads follows the same approach similar to that of passive
and motor load model mentioned in the previous section. Line
voltage unbalance factor between the (k — 1)th and the kth buses
when combined load exists in the mth bus is expressed as:
f(m) 7(k-1k) f(m) 7(k-1k)

T om) “21 21
le,PL

VUFline(k—l,k) — (33)

Table 2

Results of determining contribution of effective factors using presented formulations and Vuf 5°'®}%=15x 26.87.

Vut(arjmandi)% Vut{ mohseni )% Vut{ bakeri )% vuf(payamenuor)%

vut(nasiunal)%

Vut(akbarlo)%

Vut( navab )%

vut{pasdaran )%

Vut(vahdat)%

0.00084%.156.56
0.00038%.—103.32
0.00132%.-78.11
0.001617%-177.3
0.01792%.105.45
0.01684x.125.01
0.00573%179.35
0.00257%—116.67
0.0189x43.95

0.00084%156.56
0.00038%.-103.3
0.00132%-78.7
0.001617%—177.3
0.01792.105.44
0.01683x.125.01
0.00573x.179.34
0.00257% —116.68
0.0189x.43.94

0.00084 x.156.56
0.00038x—103.3
0.00132x.—78.08
0.001616%—177.32
0.01791x105.44
0.01683x.125.04
0.0057£.179.34
0.0025x%-116.6

0.00085%156.55
0.00038x —103.3
0.00133%-78.11
0.00162x —177.3
0.01791%105.44
0.0168x125.01
0.0057x179.34
0.00226x —115.39

0.00084%156.55
0.00038x —103.49
0.00133x-78.13
0.00161x—177.3
0.0179%.105.43
0.0168x125.03
0.00492x —178.87
0.00195x —113.61
0.0119%50.71

0.00085x 156.54
0.00038x —103.66
0.00133%-78
0.00161x—177.3
0.0178x105.4
0.0134x128.151
0.0039%—175.7
0.00156x —110.49
0.0095353.83

0.00084%156.51
0.00038x —103.37
0.00132x-78.1
0.00161%—177.3
0.0139x105.39
0.01053.128.12
0.00308x.—175.7
0.00122%-110.52
0.00746%53.8

0.00084%.156.48
0.00038%.—103.44
0.00098 %.—78.2
0.0011%-177.4
0.01%105.3
0.0077128.09
0.0022%-175.81
0.0009%-110.5

0.00084x156.43
0.00017x —103.49
0.00045x —78.25
0.00055x —177.46
0.0047x105.3
0.0035x128.04
0.0010%—175.86
0.00041%—110.6
0.0025%53.72

Vu%Load( 1)-vahdat
V“mboad(z)-pasdaran
V“f%Load(El )-navab
Vuf%motar( 1)-navab
Vuf%ioad(a)-akbario
V“ml,oad(s)-nasunal
Vuf%momr( 2)-arjmand
Vu%Load(G)-mohseni

- YN O~

0.0157x47.64

0.01385x48.75

0.0055%.53.77

Vuf%poad(7)-bakeri
10 Vuf%momr(B)-bakeri

9
11

0.0026%.—168.91 0.0033%—-168.8 0.00419%-171.96  0.0048x —173.74 0.0055%.—177.02 0.0066%.—178.7 0.0066%.—178.72
0.00245x -177.7 0.0032x179.23 0.0048%.172.15

0.0019% — 168.9

0.0009%.—168.9

0.00285x—-179.4 0.0039%175.5

0.00196x—174.5

0.00154x% —174.77
0.0127%—171.3

0.00112x-174.6

0.00051x—-174.6

Vu%Load(s)-payam

12 Vuf%pine

0.0128%-171.34 0.01288x -171.33 0.01282x-171.3 0.0128x-171.33 0.0128%-171.33

0.0128x4-171.3

0.0127%-171.41

0.0124x-171.4

0.0136x-171.34 0.0136%—-171.49 0.0136%-171.32 0.01369x-171.3 0.01366x-171.32  0.0136x-171.32
0.00794 % —-171.51

0.0136x-171.4

0.0136x-171.4

0.0079%.-171.51

0.0079%.—-170.5 0.0079%.-171.52 0.0079%.-171.51 0.00794-171.5

0.0079%—-171.5

0.0076%.—-170.7 0.0076x—-171.51 0.0076x—170.7 0.00764—-170.7 0.0076x.—170.72

0.00764—-171.7

0.005%.-173.11 0.005%-173.11 0.005x.-173.11

0.00508%—173.118

0.0050%.—-173.1

0.0027%—-174.8 0.00274%-174.84 0.00273x—174.82

0.00275% —174.82

0.00259x —-174.85
0.0017%—175.52

0.00259x —174.85

0.00175%.—175.5

0.0025x—-174.8

o

0.00037 x.—166.7
1.512x27.06
1.46%29.59

14  Vuf%ine
15 Vuf%gine

17

18 Vufine
19 Vufpine
20 Vuf%pine

1.512x27.06
1.462x29.53
1.462x29.55

1.511x27.05
1.461x29.49
1.461x29.48

1.510%.27.05
1.462x29.37
1.462x29.40

1.509%27.04
1.463x29.17
1.463x29.13

1.508%.27.03
1.465x29.01
1.465%29.02

1.5051x26.97
1.471x28.53
1.471x28.57

1.505%26.97
1.477x28.12
1.477x28.15

1.502%.26.92
1.488x27.46
1.488x27.49

Vuf * %
22 Vuf %

21

1.464.29.59

23 Vuf measur o7
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Finally, the flowchart of analyzing the problem of determining
the contribution of different effective factors’ contributions on
voltage unbalance generated on each bus in the radial system is
given in Fig. 3 in the following.

3. Case study and simulation results

In this study, a real 20 kV feeder consisting of 9 jumper loads
(20 kV/400 V) located in Iran was analyzed (see Fig. 4). These were
fed through 6 passive loads, 1 motor load (induction), and 2 com-
bined loads. All the required information for analyzing the problem
were received and recorded simultaneously by data logger and
smart meters through logic electricity from distribution and
beyond distribution unit instantaneously. System data are pre-
sented in Appendix A.

The results obtained from the formulations are presented in
Table 2. They can be used to determine the effective factors and
the unbalanced power flow via DIgSILENT PowerFactory software.
At the investigation site, the earth ground resistance was measured
to be 100 Q m, the network frequency was 50 Hz, and post-output
voltage unbalance factor was found to be 1.5x26.87%

In rows 1-11 of Table 1, the results indicating the effects of
loads are obtained using Eq. (24) (in the passive load mode), Eq.
(30) (in the motoring load mode), or Eq. (32) (in the mixed load
mode), as the effects of motoring and passive loads are separated
in this case study. The results in rows 12-20, representing the
effects of lines with regard to the type of system loads, were
obtained using from Eq. (23) (in the passive load mode), Eq. (29)
(in the motoring load mode), or Eq. (33) (in the mixed load mode),
separating the effects of motoring and passive loads. To indicate
the effect of source on the considered bus, the results in row 21
were obtained using Eq. (14). The results in row 22 indicate the
total calculated voltage unbalance using Eq. (11) regarding the nat-
ure and the type of loads. The results given in row 23 are the values
of total voltage unbalance at each bus, which were obtained using
unbalanced power flow in DIgSILENT PowerFactory software. Com-
paring the results given in rows 22 and 23, it can be observe that
the extracted equations in this paper are completely correct and
precise. According to Iran Generation and Transmission Manage-
ment Organization standard, the allowable voltage unbalance per-
centage in distribution systems is 2%. The measured values using
data loggers are under the control of the Electric Power Distribu-
tion Management Company. Based on the obtained results using
DIgSILENT in row 23 and the measured results using formulation
analysis of the paper in row 22, it is observed that from a voltage
unbalance point of view and compared to the defined standards
in Iran, this network is in a properly acceptable range [31].

3.1. Unbalanced voltage in passive loads

Among seven passive loads (i.e. Vahdat, Pasdaran, Navab,
Akbarlo, Nasunal, Bakeri and Payamnoor), the polar graph of unbal-
anced voltage in passive loads at Bakeri bus is illustrated in Fig. 5a.
Based on Fig. 53, it can be claimed that the highest value for Vuf is
obtained at the Bakeri bus, while the lowest value is seen in
Payamnoor bus. This event originates from the distance between
the buses. Indeed, Bakeri bus is located at maximum and minimum
distances from Vahdat and Payamnoor buses, respectively.

Vuf%motor(3)-bakeri
Vuf%motor(1)-navab
Vuf%motor(2)-arjmand

270

Vuf% line2
Vuf% line1
Vuf% line3
Vuf% line4
Vuf% line5
Vuf% line6
Vuf% line7
Vuf% line8

270

Fig. 5c. Polar graph of unbalanced voltage of lines at Bakeri bus.

Vuf%Load(7)-bakeri
Vuf%Load(1)-vahdat
Vuf%Load(2)-pasdaran
Vuf%Load(3)-navab
Vuf%Load(5)-nasunai
Vuf%Load(6)-mohseni
Vuf%Load(8)-payam
Vuf%Load(4)-akbarlo

270

Fig. 5a. Polar graph of unbalanced voltage in passive loads at Bakeri bus.
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Vuf% cal
Vuf%measure

180

270

Fig. 5d. Polar graph of the calculated and measured results at Bakeri bus.

3.2. Unbalanced voltage in active load (induction motor)

The test system has three induction motors installed at Bakeri,
Navab and Arjmand buses. Fig. 5b shows polar graph of unbalanced
voltage of active load (induction motor) at Bakeri bus. Considering
Fig. 5b, it is clear that the largest differences occur in Arjmand bus.
Navab bus presents the lowest values of unbalanced voltage of
active load. Note that no phase difference is observed across the
values.

3.3. Unbalanced voltage of the lines

In the studied system, there were nine lines; unbalanced volt-
age effect at Bakeri bus is illustrated in Fig. 5c. Based on Fig. 5c,
Line 1 (connecting Bakeri bus to Payamnoor bus) and Line 7 (con-
necting Pasdaran bus to Vahdat bus) present the minimum and
maximum values, respectively.

3.4. Comparing the calculated and measured results

Finally, polar graph of the effect of the obtained values for
unbalanced voltage values via calculation and measurement at
Bakeri bus are shown in Fig. 5d. From the figure, it can be said that
the difference is very minor and negligible amounts.

4. Conclusion

Managing voltage unbalance in power systems is one of the
most fundamental and important issues in power quality manage-
ment. Therefore, determining the contribution of effective factors
on the produced voltage unbalance at the place of load is vital. This
paper shows that the produced voltage unbalance at the place of
load in a radial distribution system is not only because of the
applied load at that bus, but is also due to all the existing loads
within the system, the transfer power lines from the source to a
given bus, and the voltage supply source. Considering the pre-
sented formula in this paper, percentages of effectiveness of all
the mentioned factors can precisely be calculated. Then, based on
the obtained results, it is possible to control and measure the volt-
age unbalance at the place of loads in radial distribution systems.
As it can be seen in Section2 2 (Basic principle and the proposed
method), results of determining the contribution of effective fac-
tors using the formulation extracted in Section3 3 (Case study
and Simulation results) on 20 kV radial distribution system in Iran

are tested and verified, and the results and accuracy of effects of all
loads, lines and source on voltage unbalance factor of Bakeri bus
are studied case by case, which verifies the accuracy of determin-
ing the contribution of all effective factors. Such structures can
open new research opportunities in the field of statistical tech-
niques existing in international standards with regard to voltage
unbalance management.

Appendix A
Data of the test system

Passive load, induction motor, and line information are pre-
sented in Tables A1-A3, respectively.

Employing the date given in Table A3 and Karson’s calculation
rule for calculating the self-Impedance and mutual-Impedance,
the method of calculating the elements of line impedance matrix
is described as below. In 1926, John Karson by published a paper
proposed and proposed a method for calculating the self-
impedance and mutual-impedance of the lines. According to his
calculations, the self-impedance and mutual-impedance phases
are obtained from Egs. (A.1) and (A.2) [32].

Zij =1;+0.00158836F
. 1 1. p .
+j0.00202237F {an +7.6786 + 5 Ln F} (Q/mile)

(A1)

Z;; =0.00158836F

+j0.00202237F {Ln% +7.6786 + %Ln g} (Q/mile) (A.2)
y
where frequency is in Hz, the earth resistance is in Q m, geometric
average radial and the distribution between the phases in ft, and AC
resistance in is Q/mile
Considering the equations above, impedance matrix of the lines
is given as Eq. (A.3).

Zaa Zab Zac

[Zabc]3*3: Zba be Zbc
an Zcb ch

(A3)

And, finally, the impedance matrix of lines in sequential systems is
extracted as in Eq. (A.4).



Table A1
Passive load information.

Passive load information

Transformator information

Name S. (KVA) Sp (KVA) Sc (KVA) Coso, Cosob Cosec V1/V, Sh (KVA) Connection Inoload% Ui Proload)W(
1 vahdat 51.53 59.15 62.73 0.959 0.949 0.948 20/0.4 250 DYn5 2.1 6 610
2 pasdaran 75.87 71.9 65.19 0.941 0.981 0.954 20/0.4 315 DYn5 2 6 500
3 navab 55.87 53.21 51.112 0.941 0.971 0.971 20/0.4 250 DYn5 1.6 6 700
4 akbarlo 111.21 181.74 117.74 0.961 0.982 0.991 20/0.4 630 DYn5 1 5 900
5 nasiunal 101.12 141. 11 134.211 0.971 0.948 0.945 20/0.4 630 DYn5 1 5 900
6 mohseni 101.115 102.11 105.21 0.931 0.931 0.945 20/0.4 500 DYn5 1.6 6 900
7 bakeri 118.1 125.121 109.213 0.98 0.942 0.951 20/0.4 500 DYn5 1.5 5 870
8 Payame noor 20.24 21.31 26.11 0.981 0.981 0.96 20/0.4 100 DYn5 2.6 4 320
Table A2
Induction motor information.
Name Vi (V) Induction motor information Transformator
information
P(kw) Cosp  Efficiency% F(Hz) Speed(rpm) Pole R(Q) X;(Q) R (Q) X (Q) Xn(Q) Vo/Viw Sa(KVA)  connection  Ingioad®  Ux%  Proload (W)
navab 400380/660 75 0.96 0.97 50 1480 4 0.035 0.158 0.11 0.158 534 20/0.4 200 DYn5 1.2 6 300
arjmandi  400380/660 75 0.96 0.97 50 1480 4 0.035 0.158 0.11 0.158 5.34 20/0.4 100 DYn5 1.11 4 240
bakeri 400380/660 45 0.92 0.96 50 1480 4 0.066 0.87 0.165 0.069 6.09 20/0.4 100 DYn5 1 3 240

[dvi4

v0P—£6€ (810C) 6 Swaishs A51aug pup 1amod D121 /D 12 1sDqY W



Table A3

Line information.

Voltage regulation

of the line

Dac (m) Dpc(m) Arrangement Start line End line

m)

Dap (

Rated active

Rated

Ac resistance Number of Strings

Length  Radius

(km)

Sectional

Conductive
wire

current (A) power (MW)

Aluminum

Steel

(m)

area (mm?)

0.00187x.27.97

vahdat

0.00194x.28.97

pasdaran

vahdat

0.00114x28.47

pasdaran navab

0.00113x28.00
0.00092x.11.87
0.00051x9.45

akbarlo

nasunal

akbarlo

arjmandi

nasunal
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0.00051x.10.79
0.0005%.0.59

mohseni
bakeri

arjmandi

mohseni

0.0001 %.48.85

payamenoor

Horizonta

1.15
1.15
1.15
1.15

0.7

23

1.15
1.15
1.15
1.15

0.7

8.6
8.6

278
278
278
278
255
255
255
147
147

0.815 0.00412 0.27

ACSR (Dog) 120

Line(1)
Line(2)
Line(3)
Line(4)
Line(5)
Line(6)
Line(7)
Line(8)
Line(9)

Horizonta
Horizonta
Horizonta
Horizonta

23
23

0.00412 0.27

0.95
0.62

120

120

ACSR (Dog)

8.6
8.6
7.9
7.9
7.9

4.5

0.00412 0.27

ACSR (Dog)
ACSR (Dog)

23

0.662 0.00412 0.27

0.6

120

1.4
14
14
14
14

0.00314 0.45

ACSR (Mink) 70

Horizonta
Horizonta
Horizonta

0.7

0.7

ACSR (Mink) 70 0485 000314 0.45

ACSR(Mink)
ACSR (Fox)

0.7

0.7

0.465 0.00314 0.45

70
35

0.7

0.7

0.00222 0.78

0.545
0.74

Horizonta

0.7

0.7

4.5

0.00222 0.78

35

ACSR (Fox)

Zo Zo Zo
Zo12)s.s = TZa T = | Z1o Zn Zn (A4)
Zn In In

where T is the Fortesque matrix.
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