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Abstract. Modern customers use many power electronics
based devices that are often sensitive to power quality (PQ)
related disturbances. Those devices produce current harmonics
that in combination with the network’s impedance at a
customer’s point of connection (POC) influence the network’s
voltage quality. With a distorted supply voltage, many devices
produce more current pollutions. Therefore, the network’s
impedance at a POC is quite important and can have significant
impact on the network’s power quality. At present some
standards specify requirements of the voltage and/or current
quality at a POC. However, only few requirements are given for
the network’s impedance (short circuit power) which can highly
influence the PQ performance at a POC. In this paper, estimation
is made to determine the maximum impedance limits at the
medium voltage (MV) and the low voltage (LV) customer’s
POC. The network operators should be responsible to limit the
maximum impedance value at a POC while approving a specific
capacity connection to a customer.
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1. Introduction

In the recent years, both the network operators and the
customers have become more concerned about the quality
of electricity. Poor power quality (PQ) can lead to mal-
operation of a device, and can also damage the device
partially or completely. On the other hand, the power
electronics based devices often produce current harmonics.
Many such devices in combination with specific network
impedance at a customer’s point of connection (POC) can
distort the network’s voltage significantly. Also, the
current harmonics cause extra losses and increase the
loading of the network components. At present, many
standards are available regarding various voltage and
current quality related requirements at a customer’s POC.
It is found that the network’s impedance at a POC is an
important parameter and can influence the PQ of the
electric supply significantly. It is often said that the
customers should be responsible for current quality as their
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devices influence the network’s current whereas the
network operator is responsible to provide a voltage
supply that should meet the voltage quality requirements
of the standard. The device manufactures, on the other
hand, should guarantee to make a device as per the
applicable IEC standards. A device is often tested at a
manufacturer’s site for the reference impedance
condition, specified in the standard. The device
manufacturer guarantees the device’s power quality
related performances within the standard limit values
when the impedance at a customer’s POC is limited to
that reference impedance value. On the other hand, a
network operator provides an electric supply at a
customer’s premise. Therefore, he should be responsible
to guarantee a certain value of network impedance too at
a POC while approving a specific connection capacity to
a customer. Hence, a regulation should be introduced in
the standard about the maximum value of network
impedance for various types of connection capacities in
different voltage levels. In this paper, flicker severity
levels, as given in the EN50160 standard [1], is taken as
benchmark values to determine the maximum impedance
limits for various connection capacities. Furthermore,
decision making flow-chart is developed that can be used
as guidelines for the network operators while approving
specific connections to the customers.

2. Influence of network impedance on PQ
issues

One of the important PQ issues that cause customer’s
inconveniences is flickering of lighting devices. Flicker is
caused by voltage variations at a customer’s installation
and is propagated to the other parts of the network,
depending on the network impedance. Therefore, in this
paper, attention is given to the flicker issue that is
directly related to the network impedance at a POC.

A. Flicker severity levels given in the standards
The short-term flicker severity indicator (P) and long-

term flicker severity indicator (P\;) are commonly used to
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indicate flicker severity level at a point. For most types of
voltage changes, a P value can be calculated as shown in
(1) [2]. The voltage change (AU) due to the variation of
load current (I) for a network impedance Z, can be
calculated by (2).

AP, =36.1- UAU r (1)

nom
AU =T*Z 2)
In (1) and (2), AU is the voltage change caused by the load
change, U,om is the nominal value of the supply voltage
and r is the load change repetition rate per minute at the
point under consideration. The maximum value of AP g has
to be equal to 1, according to IEC 61000-3-3 [3].
According to the Dutch grid code [4], the maximum limit
for fast voltage variation is 3%. It also gives restriction to
the contribution of a customer to the flicker level at a
connection point. These should be limited to APy <1.0 and
AP < 0.8 (for a reference impedance of Z = 283 m2 in
conformity with IEC 61000-3-3). The standard IEC 61000-
2-2 [5] gives the values of the compatibility levels for
flicker severity level in low voltage (LV) system as shown
in Table I.

Table 1. Compatibility levels for flicker in LV systems as given
in IEC 61000-2-2

Flicker Index Compatibility levels
Pst 1.0
P 0.8

The standard IEC 61000-3-7 [6] specifies indicative value
of planning levels for flicker severity level in the medium
voltage (MV) and high voltage (HV) networks as shown in
Table 1.

Table Il. Indicative planning level values for flicker as per IEC
61000-3-7

Planning levels
Flicker Index
MV HV-EHV
Pst 0.9 0.8
P 0.7 0.6

The standard IEC 61000-3-7 also gives a restriction
regarding the permissible voltage changes per minute (r)
based on the ratio of a customer’s agreed power (S;) at the
POC and short-circuit power (Sg) of the installation. Table
I11 shows the limits of relative voltage changes in a minute
for various short-circuit power ratios as specified in that
standard.

Table I11. Limits for repetition rate for load variations

r (/min) k
r>200 01
10<r<200 0.2
r<10 0.4

where, k=(Si/Ssc) max
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Thus, the flicker severity level at a POC can be restricted
by imposing limits on load change repetition rate, voltage
change and short-circuit power. Network’s impedance
and short circuit power are the two complementary
parameters and are used in designing a network.
Therefore, if one parameter value is known, the other can
be determined easily.

B. Flicker emission limits at installations

When deciding the flicker emission limit at a point, the
transferred disturbance from different parts of the
network should be considered too. The transfer of a PQ
disturbance from a lower to a higher voltage network
depends on the corresponding short circuit power levels.
On the other hand, the transfer of a PQ emission from a
higher to a lower voltage network depends mainly on the
load compositions of the downstream networks. The
propagation of flicker pollution from a HV to a MV
network gets somewhat attenuated because of the
presence of rotating machines and other damping
elements in the MV network. However, it does not
decrease much when it propagates from the MV to the
LV networks because many passive loads are connected
in the LV networks [7]. In contrast, when a LV network
has a large portion of motor loads along with other
passive loads, the transfer of flicker propagation from the
MYV to the LV network can be attenuated significantly.
The global flicker emission limit (for Pg) in the LV
network can be estimated analytically, as described in
IEC/TR 61000-3-14[8]. Further, each individual
customer’s emission limit will be a fraction of the total
global emission limits. For a large LV installation, the
estimation of global emission limit anywhere in the LV
network also depends on the selection of planning level
values for the MV and LV networks and their transfer
coefficients. In a realistic approach, the compatibility
level of P values at the LV network is taken as 1.0 as
given in the standard IEC 61000-2-2. Reference [7]
estimates the emission share of a LV installation.
According to that reference, flicker emission share of a
LV installation can vary in the range of 0.64 to 0.69,
depending on the installation’s connection capapcity and
other starting conditions of the load at the POC. Thus the
maximum value of 0.7 is used in this paper as allowable
flicker emission limit at a customer’s installation
connected to the LV network.

3. Present status of Dutch grids

Every year, the Dutch network operators register
complaints about various PQ related problems from the
customers. Fig. 1 shows the survey results of PQ
problems in the Netherlands, conducted by Kema and
Laborelec in 2006 [9]. Fig. 1(a) gives an overview of the
complaints, mainly from domestic customers, and Fig.
1(b) gives an overview of complaints from customers
with a contracted power of more than 50 kVA.
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Fig. 1. Overview of power quality complaints from domestic customer(a)
and customer with power more than 50kVVA(b)

In the Netherlands, the Dutch grid code is considered as a
national standard to regulate the voltage quality in the
networks. This is mainly based on the European standard
EN50160. It is found from the national monitoring
campaign that long-term flicker severity (P, values) in the
Dutch networks sometimes exceeded Py =1, as specified in
the EN50160 standard. In few cases, the Py, values in the
MV network were found exceeding the limit of P, <5, as
required by the Dutch Grid Code. After detailed analysis,
it is concluded that those occasional high flicker severities
(Py) are probably generated because of some local events
such as starting of heavy load or other reasons in the
neighbourhoods that have caused sudden voltage drops at a
POC.

A. Typical LV network

Fig. 2 shows a typical LV network [7]. The Dutch LV
network mainly consists of cables with radial
configuration. In the LV substation, generally a 400 kVA
transformer feeds (on average) five outgoing feeders. Each
LV feeder is made of 150mm? aluminum conductor with
XLPE insulation and has an approximate length of 500m.
The network impedance along a LV feeder varies
approximately between 0.02 Q to 0.17 Q. First POC is
located at a distance of 100m from the LV substation and
has a network impedance of 0.057 Q.
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Fig. 2. Typical LV network
B. Typical MV network

The MV network of the Netherlands mainly consists of 10
kV cables and mostly has ring or meshed layout with a
grid opening. A typical modern MV substation consists of
15 to 20 outgoing feeders and each MV feeder is of 12 km
length on average. The network impedance varies between
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0.36 Q to 3.93 Q approximately along a MV feeder
length, as indicated in Fig. 3 [7].
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Fig. 3. Typical MV network

4. Guidence to connect an installtion based
on network impedance at a POC

In this section, maximum impedance value at a
customer’s installation is calculated considering the
connected load’s starting characteristic such as inrush
current, repetition rate of the load start, and maximum
voltage variation allowed at the POC.

A. For LV installations

In the Netherlands, LV customers can have single-phase
40 A and various three-phase connection capacities such
as 25 A, 40 A, 50 A, 63 A and 80 A. In this analysis, the
connection capacity of a specific installation is
considered as the maximum allowed inrush current for
that particular customer. As discussed in section Il, the
allowable flicker emission limit for a LV customer’s
installation is 0.7. Table 1V shows the maximum allowed
voltage variations as found by using (1) for the
conditions of A Py of 1.0 and 0.7 respectively. According
to the Dutch Grid Code, the maximum fast voltage
variation is 3%. Thus, for a repetition rate of 0.1, the
voltage variations in Table 1V are higher that the limit
value of 3% (shown as red values in Table IV). However,
for other repetition rates, the maximum values of voltage
drops allowed are below the limit value of 3%.
Therefore, detailed calculation is required to estimate the
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maximum value of impedance for different current
capacities.

Table 1VV. Maximum allowed voltage variation (%) calculated

A Repetition rate (/min)

Pe | o1 1 5 10 | 50 | 100 | 200 | 250
1.0 (53-%5’) (33-%04) 277 | 167 | 1.35 | 082 | 053 | 0.49
07 ?3-?08) 241 | 194 | 117 | 094 | 057 | 0.37 | 0.34

Next, estimation is done for different capacity installations
using the limit values of Table IV. Table V shows the
estimated values of maximum allowable network
impedance of a LV network for different current capacities
with various repetition rates, using (1) and (2).

Table V. Maximum allowed grid impedance for different
operating conditions at a LV installation

Condition Maximum allowable grid (network) impedance per phase
AP4=0.7 (€2) under different current capacity at the LV installation
r(/min) 25(A) 40(A) 50(A) 63(A) 80(A)
01 0.28 0.17 0.14 0.11 0.09

05 0.22 0.14 0.11 0.09 0.07

1 0.18 0.11 0.09 0.07 0.06

5 0.11 0.07 0.05 0.04 0.03

10 0.09 0.05 0.04 0.03 0.03

50 0.05 0.03 0.03 0.02 0.02
200 0.03 0.02 0.02 0.01 0.01
250 0.03 0.02 0.02 0.01 0.01

Each impedance value in Table V indicates the maximum

network impedance allowed for a certain current capacity

installation and for a specific repetition rate. For example,

0.28 is the maximum allowable network impedance for a

25 A current capacity installation, with repetition rate of

0.1/min.

As shown in Fig. 2, the network impedance at a LV

customer’s connection point varies from 0.02 Q (at the

beginning of a LV feeder) to 0.167 Q (load 40, at the end
of a LV cable). Regarding the data in Table V, following
conclusion can be drawn:

e LV grid considered in this analysis has a maximum
network impedance value lower than the values given
the region shown above the green border line of Table
V. As per the estimation, LV installation with current
capacity of 25 A and repetition rate < 1 /min, the
maximum allowable impedance is 0.18 Q. Since the
maximum network impedance at a POC of Fig. 2 is
0.167 Q, therefore a 25 A capacity installation with
repetition rate <1 /min can be connected anywhere in
the network without any additional limitation.

e The region between green line and blue line in Table
V are bigger than 0.057 Q and are smaller than 0.167
Q. Therefore, there will be some restriction for the
load start repetition rates. For example, a LV
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installation with current capacity 50 A and repetition
rate 1 /min, the maximum allowable impedance is
0.09 Q. In feeder 1 of Fig. 2, this installation can
only be connected at or before POC 52, where
network impedance is 0.09 Q or lower. Hence, the
installation should be located at a maximum distance
of 220 m from the LV busbar.

e The region between blue line and red line indicates
that the installations should be located very near to
the MV/LV substation transformer. The maximum
allowable network impedance in this regidn varies
between 0.02-0.05 which is relatively smaller than
the network impedance of many POCs in Fig. 2.
Therefore, few istallations can only be connected
under restricted number of load starts per minute.
For example: a POC should have a maximum
network impedance of 0.05 Q when its current
capacity is 40 A and load start repetition rate is
limited to 10 /minute.

e The region below red line permits only a very small
value of network impedance at a POC. In the LV
network of Fig. 2, no such POC exists that has such a
low value of network impedance. Thus, 63 A and 80
A installation with load start repetition rate of more
than 200 per minute is not posible to connect in the
considered network, under normal operating
condition.

Therefore, the following conclusions can be drawn from

the analysis (based on reference network of Fig. 2):

» Network operator can allow 50 A installations to the
customers when the LV feeder length from the
MV/LV transformer is limited to 400 m (0.14 Q),
and repetition rate is is 0.1/minute. The maximum
repetition rate of 1/minute is allowed when
impedance at such a POC is limited to 0.09 Q.

» Customers can have 63 A installations when they are
located at a maximum distance of 310 m (0.11 Q)
and load start repetition rate is 0.1/minute. For this
type of installation, maximum Z1start/minute is
theoretically possible when network impedance at a
POC is limited to 0.07 Q.

» For 80 A installation, the network impedance will be
limited to a maximum of 220 m (0.09 Q). For this
type installation, maximum 1 start/minute is allowed
when network impedance at POC is less than 0.06 Q.

» Theoretically, 25 A installation (with maximum
repetition rate of 10/minute) and 40 A installation
(with maximum repetition rate of 5/minute) can be
connected any where in the LV network.

When the network impedance at a POC is higher than the
maximum allowable network impedance, restriction is to
be applied to limit flicker severity level in the network.
Fig. 4 shows an algorithm for connecting a specific
capacity installation in the LV network, based on the
calculated maximum allowable grid impedance in Table
V. Zpoc in Fig. 4 is the network impedance at the POC
and Z, is the corresponding maximum allowable
network impedance. When a customer needs a
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connection at a certain point in the network, the grid
operator will check the repetition rate of the customer’s
load starts, inrush current of the load, and network
impedance at the POC. If Zpoc is lower than the
corresponding Z,, of Table V, the customer can connect
without any problem. If Zpoc is higher than the
corresponding Z.,, the customer needs to take some
preventive measures before connecting to the network. For
a customer, he can choose to limit the repetition rate of
load starts or he can limit the inrush current of load start.
For example, a 40 A customer with repetition rate 5/min
wants to connect to the LV feeder and Zpoc is 0.1Q.

According to Table V, the Z,, in this case is 0.07 Q, which
is smaller than Zpoc. So the customer has to limit the
inrush current to a lower value such as 25 A. For such a
condition, the allowed network impedance would be 0.11
Q then. Also the customer can ask for a new connection,
such as a separate cable, or a privately owned MV/LV
transformer, or get a connection directly to MV grid to
have a lower Zpoc. The decision is mainly based on the
requirements and respective financial investments. The
dashed line in Fig. 4 means that latter options are not the
usual cases since the costs are relatively high compared to
the first solution. When planning for a new
networks/feeders, the grid operator can design his network
to meet the requirements of the connected customers.

Chieck | and r

Gal
correspanding
Zin

]
M
connaction

Mew Zpoae

Fig. 4. Connection rules for an installation in LV network
B. For MV installations

The standard IEC 61000-3-7 specifies indicative value of
planning levels for flicker in the MV networks as 0.9.
Assuming this value as global emission limit, the
maximum emission limit at a MV installation is chosen as
0.8 [7]. Table VI shows the maximum allowed voltage
variation calculated by using (1).The technical report of
the network operators from European countries [10]
suggests realistic value of the maximum fast voltage
variation in MV network as 2%. Thus the red values in
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Table VI are replaced by 2%. In MV network the inrush
current is selected as nominal current of the transformer
connected at a POC. According to [11], the capacity of
the commonly used industrial transformer varies in the
ranges of 630 kVA to 4000 kVA.

Table VI. Maximum allowed voltage variation (%) calculated

A Repetition rate (/min)

p

o 0.1 1 5 10 50 100 | 200 | 250
4.55 2.75 2.22

0.8 20) | 20) | 20 134 | 1.08 | 0.65 | 042 | 0.39

Table VII shows the maximum allowable grid impedance
at various repetition rates for each transformer capacity
level at 10 kV installations. The method to calculate these
values is similar as that for LV network. It can be
explained by an example: a 36 A installation with
repetition rate = 5 /min, AU is found 1.34% when
AP4=0.8, as per (1). Further, by using (2), the network
impedance at the POC is found 2.13 Q, when AU=1.34%
and 1= 36 A. In Table VII, the impedance values are
calculated for a POC located at 10kV side of transformer.

Table VII. Maximum allowed grid impedance for different
operating conditions at a MV installation

Transformer capacity at the MV installation
r(/min) 36 A 58 A 92A 144 A 182 A 233 A

(630 (1000 (1600 (2500 (3150 (4000

kVA) kVA) kVA) kVA) kVA) kVA)
0.1 3.17 2.00 1.25 0.80 0.63 0.50
05 317 2.00 1.25 0.80 0.63 0.50
1 3.17 2.00 1.25 0.80 0.63 0.50
5 213 134 0.84 0.43 0.34
10 1.71 1.08 0.34 0.27
50 1.04 0.65 0.26 0.21 0.16
200 0.67 0.42 0.26 0.17 0.13 0.11
250 0.63 0.39 0.25 0.16 0.13 0.10

According to Table VII, the following conclusions can be

drawn:

e The border lines have similar meaning as the border
lines in Table V. There is no region in Table VII,
where an installation can be connected without any
restriction. Hence, a MV network has stricter
requirements for the allowable network impedance
than that of a LV network.

e The impedance along a MV feeder length in Fig. 3
varies between 0.358 Q to 3.933 Q. Therefore,
installations of 630 kVA can be connected upto a
distance of 10.8 km (3.12 Q) when repetition rate of
load start is limited to a maximum of 1/minute.
When customer requires higher repetation rate of
load starts, installation should be located closer to
MV substation (following the guidelines of Table
VII)

e Installations of 1000 kVA capacity can be connected
upto a distance of 8.0 km (2.0 Q) from MV
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substation, for a maximum load start repetition rate of
1/minute.

e Installations that demand 1600 kVVA are allowed to be
connected upto a distance of 4.8 km (1.2 Q); whereas
for connecting 2500 kVA capacity installation the
maximum MV feeder length should be 1.2 km (0.74
Q). The installations that demand 3150 kVVA and 4000
kKVA can be connected directly from the MV
substation, before the reactor coil of Fig. 3.

It can be remarked that for an industrial customer, the
power consumption is relatively stable. A 4000 kVA
capacity installation’s inrush current demand is mostly
limited to 50% of the installation’s total power. Under
such a condition, the maximum allowable network
impedance would be twice as large of the value shown in
Table VII. Therefore, the installation are allowed to be
located after the reactor coil or in the MV feeder, very
close to the substation.

The connection rules of MV installations are similar as
that for the LV installations. Fig. 5 shows an algorithm for
connecting a MV installation in the network. For a
customer, it is his responsibility to limit flicker emission at
the POC to a certain level. On the other hand, a grid
operator should provide a supply voltage as per the
standard requirements. The grid operator also should
gurantee an impedance value lower than the maximum
limit based on flicker emission limits for different types of
connection capacities. Hence when a PQ problems occurs,
it will be posible to identify the responsibility of each party
and solve the argument efficiently.

MV connection

ec
transformer

corresponding

Fig. 5. Connection rules for an installation in MV network
5. Conclusion

Fast voltage variations cause light flicker and can cause
customer’s annoyance. In this paper, a proposal is given to
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limit flicker severity level in the network based on
network impedance at the point of connection. The
maximum allowable value of network impance at a POC
are calculated based on fast voltage variation limit, load
start repetition rate and inrush current demand of the
load. In this paper, analysis is done to find out the
maximum allowable grid impedance values for the LV
and MV installations. Further, algorithms are proposed to
identify the responsibilities of customer and network
operators. If the network impedance at the POC is bigger
than the maximum allowable grid impedance, several
measures need to be taken to limit flicker severity level at
a POC. The customer could limit the load strat repetition
rate, the inrush current or ask the network operator to
install a separate cable. Meanwhile, the network operator
should gurantee to provide an impedance at a POC that is
below the maximum impedance value for the customer’s
chosen connection capacity and load characteristics. The
proposals given in this paper can help defining the
responsibility of each party to solve flicker related
arguments. It is proposed that the present available
standards should be improved and flicker severity limits
should be given by integrating the network impedance
into account.
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