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ABSTRACT

This paper is focused on supply voltage qualityon
voltage (LV) networks of Estonia. Measurement tesuid
analysis methods of supply voltage quality charésties
implementing stochastic theory are presented. Fmislof
supply voltage quality — voltage magnitude, voltyel,
voltage sags, harmonic distortions of voltage and
unbalance are discussed.

INTRODUCTION

The subject is power quality, particularly suppbitage
quality. Supply voltage quality problems are ofié&tussed
regarding disturbances and failures. Still, voltageality

parameters like the supply voltage level, harmealtages
and voltage unbalance affect directly active arattiee

power consumption and power losses in LV poweesyst
particularly in induction motors, transformers, lealines
and capacitors. The problems of monitoring andhaipiing

voltage quality in LV networks are actual and haeen
discussed in several publications, [1]-[6].

PROBLEMSOF VOLTAGE QUALITY

Standards that define the quality of supply voltagew

voltage (LV) networks have been present in moshtraes

for some time already. The latest version of theoRean

standard EN 50160 has been released in 2007 apdeado

also in Estonia as EVS-EN 50160:2007, [7].

The standard describes electricity as a produatjaed the

main voltage quality characteristics under nornparating

conditions as follows:

o nominal frequency and frequency variation,

0 nominal voltage and voltage variatiods andAU,

0 voltage events (voltage sags and swellg) andU .y

o individual harmonic voltage$), and total harmonic
voltage distortiongHD,,

o flicker Py,

0 unbalance in a three phase syst&m

The standard states for example that the supptgg®has

to remain in the range of10% of the rated operating

voltage. Also it is stated that total harmonicalions have

to remain below 8% and limit values for each indial

harmonic voltages are given. Operating the LV netwo

close to these limit values will be unfavourabletfee cus-

tomer causing either disturbances or additionalgygaen-

sumption, power losses and consequently extra.costs

Therefore the problems arise — what are the cheniatits

of voltage quality in LV networks? What are theipptm

voltage level characteristics and the range fotagd level

variations? What are the optimum limit values aihanic

distortions and unbalance?
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VOLTAGE QUALITY MEASUREMENTS

During the years from 2000 up to 2011 numerousiasud
have been performed to measure and analyze thdysupp
voltage quality parameters in LV networks of Estoni
Fig.1. The objectives of these studies have been sorth
hand to estimate the current situation about supghage
quality and on the other hand to find the optimwtiage
quality parameters regarding power consumptiorpamger
losses of the customers. The voltage quality aealy@as
connected to the PCC or LV busbars of the locadtsion.

ESTONIA

Figure 1. Location of supply voltage quality measuent sites in
LV industrial networks of Estonia.

gi? i e

The method of voltage quality data analyses isdapen
stochastic theory. Calculating the probability dgns
function and probability distribution function erab to
draw conclusions about necessary measures to abpist
voltage quality — adjustment of transformer tap#forc-
ing the supply circuit, improving reactive powengeensa-
tion, installing passive filters.

In normal operation voltage at the customer isrddteed
by a series of voltage drops in the supply systEnese
voltage drops are of a stochastic character aneftive
could be described by a normal distribution, whire
probability density function is:

1 (U —U)Z
N 202
whereU - expected value of voltage magnitude;
o - standard deviation.

Problems of optimizing voltage levels have beenudised
in [8]-[13]. In case the optimum voltage level i30%/
+10% we get the whole range as 2@b63V. Such a range
would satisfy the customer regarding service fagubut
could not serve as optimum voltage level regargioger
consumption, power losses and the service timejoipe
ment. The following approach for optimum voltageeke
has been suggested in [8], [9].

f(U) 1)




CIRED 227 International Conference on Electricity Distribution Stockholm, 10-13 June 2013

The optimum voltage level average value shouldjpaleo
rated voltage, or somewhat lower. The dispersialbége
values should be much narrower than in the staneagd
the range for variations should b& 5% up to 8%. Thus
we could specify the optimum voltage level or higlality
voltage level parameters as, e.g., 230 2.5% or 230V
+2% and 4%, Fig. 2.

The probability density function f (U) of different voltage qualities and the
corresponding standard deviation and limit values of voltage variations
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Figure 2.The probability density functions f(U) of differenttage
level qualities.

MEASUREMENT RESULTSOF VOLTAGE
LEVELSINLV NETWORKS

The objective of voltage level measurements wasiudy
the actual voltage levels and optimization of vgétawhen
installing shunt capacitors for reactive power cenga-
tions. The supply voltages have been recorded thith
voltage quality analyzer LEM-Memobox. The instrumen

T T
measures and stores phase voltages as mean vdlues o L
| |

10-minutes time intervals throughout one week ge@adso,
the minimum and maximum voltage values in each
10-minutes interval. Statistical data of measurdmesults
of voltage level parameters are given in Table 1.
Table 1. Statistical measurement results of vollagels in
industrial LV networks of Estonia

Parameter Umin | Usew | Usos | Ussee | Umax
DispersionD 6.57| 5.12| 4.74 532 6.0
Standard deviation, (V) | 2.56 | 2.26] 2.19 2.31 2.4b
Absolute deviatioK(V) | 5.06 | 4.13| 4.00 4.32 4.4p
Mean valueUmean(V) | 221.6] 226.5 231.7| 236.3] 239.0
Minimum valueU,, (V) | 204.0| 213.0| 220.5| 223.0| 224.0
Maximum valueU, (V) | 236.0[ 239.0| 242.0| 250.0| 254.0

(=)

Fig. 3 shows the probability density distributiohneeas-
ured voltage level values (10 min interval valuas)l the
distribution according to standard EN 50160. Fameple,
one could see that the highest probability of maxm
voltage levels is 240, but the distribution is in the range
of 220V —260V. Also, one could see that the voltage level
average values are distributed very close to nadisglbu-
tion, while the voltage level minimum and maximuatues
have a higher deviation from normal distributiom.alddi-
tion, one can also see that nearly all voltagelleakies
correspond to the requirements of the standard EI6G.
So the standard does not help to specify the optimu
voltage level values.
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The probability density functions of supply voltages (minimum values, 5% values,
50% values, 95% values, maximum values and according to standard EN50160)
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Figure 3. The probability density functions of agk level measure-
ment results in LV industrial networks of Estonia.

LV networks often include shunt capacitors to inyerthe
power factor and to reduce the load current. Siging
capacitors has despite of well-known benefits tatures
that affect active power consumption in the whol L
system, [11], and [13]. One of the features isiticecased
voltage level. As an example the density curvesupiply
voltage with capacitors on and off and accordirgjandard
are shown in Fig. 4. As appears the use of capadite
creases the voltage level, whereas the dispesmmnsider-
ably reduced. So, installation of shunt capaciiots the
LV system should be followed by voltage level athuent
to achieve the expected results in energy savings.

The probability density functions f (U) of supply voltage without shunt capacitors and
with shunt capacitors and according to standard in timber processing company
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Figure 4. The probability density of supply voltdgeel values
when using shunt capacitors.

VOLTAGE SAGS

The majority of voltage events that occur in LVwetks
are voltage sags (voltage dips). Problems relateditage
sags are thoroughly discussed in [14], [15]. Usutde
duration of voltage sag is betweenmi® and 3. The
majority of voltage sags are caused by inductioriomo
starting. Depth of these sags is up to 85% froedrabltage
and the duration is between 0.2 s up to 2 s. Veltags are
also caused by short-circuits and failures in fe&itution
or transmission network. Duration and depth ofdlsegs is
depending upon the location of the fault and means
correct the fault. Transmission network failures asually
of short duration between 50 and 100 ms and thita diepp
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to 60% of rated voltage. Failures in distributicgtworks

cause sags between 40% and 80% of rated voltage wit

duration between 0.1 ands1[14].
The duration and depth of voltage sags in LV indaist
network are shown in Fig. 5.

Magnitude - duration plot of recorded voltage sags in LV industrial networks of
) Estonia, the minimum voltage values of sags and the duration of the sags are shown
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Figure 5. Scattered diagram of voltage sags in e¥uorks.

What is done to overcome voltage sags? Increasiag t

voltage level is by no means a good solution tcawae

voltage sags, although it might help to overcomgssa

caused by induction motor starting. Well-known metm
damp the inrush current of motors should be ussteaal.

As for disturbances caused by voltage sags from HV

network failures the increased voltage level datselp to
cope with this type of sags in any way. Reconfiggiror
rebuilding and improving the distribution networkea
required to reduce network failures.

HARMONIC DISTORTIONS OF SUPPLY
VOLTAGE

Harmonic distortions of supply voltage cause addii

losses in the consumer network. These losses lclud

operating costs and aging costs. The studies thescm
[16]-[19] show clearly that operating losses caubgd
harmonic distortions are not negligible.

Harmonic distortions in the supply voltage are abtarized
by harmonic voltages at a specific harmonic freguéh in
relation to the fundamental voltagd; and by total
harmonic distortion factoFHD,;:

1/Z(Uh)2
THD, =12 (2)

1
Statistical data of measurement results of totambaic
distortions of voltage are given in Table 2.

Table2. The measurement results of total harmonic distor
THD, statistical values

THD, | THD, | THD, | THD, | THD,
min | 5% | 50% | 95% | max

DispersionD 0.73| 0.90| 2.11 2.31 2.7
Absolute deviatiorK, % | 0.49| 0.62] 1.56 1.86 2.2
THD, mean value, % 1.26 1.60 2.70 3.80 4|80
THD, minimum value, % 0.39| 0.53| 0.72 1.0 1.3P
THD, maximum valueo | 4.96 | 5.46| 7.81] 9.81 13.85

Parameter

©

o
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The cumulative distribution curves of total harnwni
distortion values are shown in Fig. 6. As couldsben the

average value folHD, is quite low, only 2.7%. Fig. 6
shows, that about 30% of measured networks exdeed t
recommended HD, value of 5% and about 15% of net-
works exceed the 8% level.

The probability distribution functions of measured total harmonic distortion values,
maximum values and 95% values
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Figure 6. The probability distribution functions tfal harmonic
distortions THQ in LV industrial networks of Estonia.

VOLTAGE UNBALANCE

Unbalanced state of voltages is calculated usiegtthod
of symmetrical components. A three phase systeal dxmu
described as a sum of three phasor systems —vegsiti
negative and zero sequence phashrdJ, andU,.

Voltage unbalance is expressed by unbalance faotbese
the negative-sequence factik, is the ratio between
negative-sequence and positive-sequence voltagpaom
nents and the zero sequence fakigris the ratio between
zero-sequence and positive-sequence components:

Koy :ﬁloo% 7 Koy =ﬁ100% 3)
Ul Ul
The average value of the unbalance fakigris 0.8 as for
the 95% values and 1.0 as for the maximum valuesn F
Fig. 7 one could see that nearly all measurementltse
comply with the standard [7], but about 30% of rats

exceed the recommended 1% unbalance level as for

maximum values.

The probability distribution functions of measured voltage unbalance factor Ku values,
maximum values and 95% values
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Figure 7. The probability distribution functionmégative-sequence
voltage unbalance factor)Kin LV industrial networks of Estonia.
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CONCLUSIONS
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