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Analyzing flicker and harmonics in a typical
Dutch MV and LV grid

Summery

The boom in using high-tech but sensitive equipment has led to a considerable interest

in power quality. Power quality, in addition to reliability, is a prerequisite for the

continuous operation of many facilities using high-tech equipment. Utilities are

therefore installing power quality monitors for evaluating network improvement or

undertaking post-fault analysis. In addition, end-users are requesting for power quality

information in order to gain an in-depth knowledge of their equipment performance to

power quality variations. However, implementing monitoring at all nodes of the

power network may not be warranted in term of cost and complexity. Because of this,

there has been a significant increase in interest in using computer modelling and

simulations to predict and estimate power quality at unmonitored points. On

simulation of an average network, networks with similar configuration in real-life

should have similar power quality level.

There are standards for the grid operator regarding the power system. In the

Netherlands, there is also the Dutch grid code, which is made especially for the public

grid in the country as the supplement. According to recent surveys and measurement

results, some problems like flicker and harmonics need more attention now. Therefore,

analyzing these power quality problems is very important for the grid operator to

improve their network infrastructures when designing new grids. Also more practical

and appropriate requirements at the point of connection can be proposed for specific

power quality problems.

Therefore, a model of a typical Dutch MY and LY network has first been set up in

power system simulation tool "Power Factory" based on the information from the

majority of the grid operators in the Netherlands. The components like cables and

transformers are exactly the same as that used in practical network; the resulted

network is very practical and flexible. As known, grid impedance (short circuit

current) is an important parameter related to the power quality level in the grid. The

grid impedance short-circuit power are analyzed in the typical Dutch grid. It is

compared to the recommendations for sufficient power quality. The Dutch grid has in
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average a good PQ level. However, it still could happen that the current at poe would

exceed limits causing reduction of PQ level.

The most important power quality problem in the Dutch grid is flicker, which can be

noticed from the complaints by the customers. Flicker is annoying in people's daily

life. The origin and trend of flicker is explored in both low and medium voltage. A

newly developed flicker meter is used for calculation purpose; the simulation of

background flicker emission is performed in the typical Dutch grid to obtain the

transfer coefficients in low voltage network and through different voltage levels.

Several case studied are carried out, as a consequence, indicative planning levels are

proposed based on these simulation results. Further more, several mitigation

techniques are also presented in the report, perhaps the easiest way is just replacing

the sensitive lamp with a more insensitive lamp.

Another aspect is the problem with harmonics distortion. At this moment, it is not yet

a big problem in the Dutch grid as the general level of harmonic distortion is rather

low. It is becoming important as more and more disturbing loads or disturbed

generators are connected to the network. The propagation coefficients also depends on

the grid impedance, different orders of harmonics have different impedances. The

analysis of harmonics is more complicated as there are interactions between current

and voltage, which complicates harmonic distortion. It is necessary to prepare some

recommendations and regulations for maintenance.

For both flicker and harmonics, problems appear mostly in low voltage network.

There is a need for additional requirements to regulate installations to maintain the

power quality level at low level at the point of connection. The transfer coefficients

for flicker and harmonics are obtained to get an overview of the power quality level.

More over, planning levels for flicker in the typical Dutch network while designing a

new grid are proposed considering the practical situations, which are appropriate and

feasible.
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Abbreviation used in the report

• AC: Alternative current
• DC: Direct current
• DG: Distributed / decentralised generation
• DTE: Dutch Office for Energy Regulation
• EMC: Electrical magnetic compatibility
• HV: High voltage
• LV: Low voltage
• MV: Medium voltage
• POC: Point of connection
• PQ: Power Quality
• SVR: Static var compensator
• THO: Total harmonic distortion
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1. Introduction

1.1. Background of power quality

Electricity is a product and, like other products, should satisfy the proper quality

requirements. Power quality (PQ) is a term used to describe electric power. Power

quality not only includes voltage quality, but also includes current quality and

frequency quality etc. In modem society, with increase of sensitive devices and

distributed generations, both electric networks operator and end users of the power

(customers) are becoming more and more concerned about the quality of electric

power supplied.

In the Netherlands, a quality voltage supply for customer is one of pure sinusoidal

voltage at 400V phase-to-phase and 230V phase-to-neutral, with angular displacement

of 1200 between phases. Any deviation in the voltage from this pure sinusoidal

waveform is generally considered as a reduction in power quality. The European

standard EN50160 states the limits for the supply voltage quality. In practice, the

supply from the mains can be subjected to variations due to voltage dips, transients

and surges, interruptions and harmonics, etc.

Complaints on poor PQ are increasing in recently years. Electrical and electronic

equipment are susceptible to varying degrees in the quality of the voltage supplied.

Modem electronic equipment may shut down due to voltage dip of very short duration

in several cycles; Harmonic voltages and currents present in the network can cause

additional heating in motors; transformers and cables, accelerating the degradation of

their insulations. Without the proper power quality, an electrical device (or load) may

malfunction, fail prematurely or not operate at all. In book [I], a power quality

problem is defined as:

Any power problem manifested in voltage, current, or frequency deviations that
result infailure or misoperation ofcustomer equipment.

The origin of power quality problems comes from many aspects. As the electric

power industry is in the business of electricity generation, electric power transmission

and ultimately electricity distribution to a point often located near the electricity meter

of the end user of the electric power. The electricity then moves through the

distribution and wiring system of the end user until it reaches the load. The

complexity of the system to move electric energy from the point of production to the



point of consumption combined with variations in weather, electricity demand and

other factors provide many opportunities for the quality of power delivered to be

compromised. On the other hand, the non-linear behaviour of load will significant

change the voltage quality as expected. It is often useful to think of power quality as a

compatibility problem: is the equipment connected to the grid compatible with the

events on the grid, and is the power delivered by the grid, including the events,

compatible with the equipment that is connected? Compatibility problems always

have at least two solutions: in this case, either clean up the power, or make the

equipment tougher.

Technically, the power supply system mostly controls the quality of voltage, while it

has no direct control over the currents that particular loads might draw. Many devices

connected to the system have non-linear characteristics, i.e. they draw non-sinusoidal

current with a sinusoidal supply voltage, and ultimately cause distortion of voltage

supplied. Large number of PQ disturbances might get magnified due to the network's

configuration and location of the customer. Understanding the status of the power

supply quality is crucial to affect the many decisions made by network operator and

consumer on the improvement of their electrical power system. For example, a

network operator having knowledge of the network can implement necessary

measures to improve the network performance. Similarly, for consumers connected to

the network, the knowledge on the state of the system can help in deciding the types

and locations of voltage sag mitigation devices or harmonics filters, and equipment

manufacturers can supply to the customer the required equipment within the given

specifications.

Therefore, the responsibility to supply electricity of adequate quality is a joint

problem for manufacturers, customers and network operators at the point of

connection (POC). The point of connection is shown in Figure 1-1.

POC
Network Customer
operator ~ load

_-----6)_'\..;_----I~ ~.... ®
Voltage

Grid impedance
Current

Figure I-I: Definition ofpoe
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1.2. Types of PQ phenomena

The PQ phenomena can mainly be divided into two categories depending on the

continuity and duration of the phenomena.

Continuous variations: Small deviations of voltage or current characteristics from its

nominal or ideal value

• Magnitude (rms) of the voltage
• Supply voltage variations and rapid voltage changes
• Frequency of the grid
• Harmonics and inter-harmonics
• Unbalance
• Flicker

Events: Larger deviations that only occur occasionally distinguished by magnitude

and duration

• Voltage dips
• Transient over-voltages

From the survey, it is found that the harmonics and flicker are the most important PQ

phenomena in the Dutch grid. In this research we will focus on these two aspects and

these phenomena will be explained in detail later.

1.3. The EN50160 and the Dutch grid code

The Standard EN50 160 (see Appendix A) gives the main characteristics of the voltage

at the POC in public low voltage and medium-voltage electricity distribution systems

under normal operating conditions. The object of the standard is to describe and

determine the characteristics of the supply voltage concerning:

• frequency

• magnitude

• wave form

• symmetry of the three phase voltages

These characteristics are subject to variations during the normal operation of a supply

system due to changes of load, disturbances generated by certain equipment and the

occurrence of faults which are mainly caused by external events. The characteristics

vary in a manner which is random in time, with reference to any specific supply

terminal, and random in location, with reference to any given instant of time. Because
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of these variations, the levels of the characteristics can be expected to be exceeded on

a small number of occasions. Some of the phenomena affecting the voltage are

particularly unpredictable, so that it is impossible to give definite values for the

corresponding characteristics. The values given in this Standard for such phenomena,

e.g. voltage dips and voltage interruptions shall be interpreted accordingly. For these,

it is possible only to set down indicative values, which are intended to provide users

with information on the order of magnitude which can be expected.

It is perhaps important to recall that the standard is not an EMC Standard. The Scope

specifically excludes compatibility levels or emission limits. Its sole function is to

give values for the main voltage characteristics of electricity supplied by LV (low

voltage) and MV (medium voltage) public networks. For voltage characteristics it is

feasible to set either physical limits or indicative limits which can be complied with

for most of the time, however, there still remains the possibility of relatively rare

excursions beyond these limits, which may better match modem PQ requirements.

Recently, during the 9th meeting of CLCrrC8XIWG1 in Brussels on 8th Feb. 2008, the

working committee members agreed that 95% limits of EN50106 should be replaced

by more strict limits.

In addition to this European standard, according to the 1998 Electricity Act, in the

Netherlands a national grid code is provided by DTe considering the particularity of

Dutch network as a supplemental standard (see Appendix A). DTe (in Dutch: Directie

Toezicht Energie) is the Dutch Office for Energy Regulation. The date for latest

version of standard is June 2007, which can be found at www.dte.nl.

1.4. Research questions

Presently, at the POC, the customer is entitled to receive the voltage that should

comply with the standard EN50 160 and the Dutch grid code, both of which define the

voltage characteristics of the electricity supplied by public distribution systems from

the supplier's side. It provides the limits within which any customer can expect

voltage characteristics to remain. However customers' equipments might produce

current emissions that interact with the network's voltage and thus cause distortion of

the supply voltage. And there are standards for equipment and devices, the customer

should ensure that what he connects should meet the standards of IEC61000 series.

However the test methods to check if the device fulfills the requirement of the

standard employ a pure sinusoidal voltage. The influence of a distorted voltage from

customer's devices, which in practice is always the case, is not implemented in the
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standards! Furthermore the added current of some amount of devices even within the

limits of lEe standards may result in an unacceptable distortion at the POe. At this

moment, there are no standards and regulations regarding what distortion the

customer may produce at the poe (except IEEE519, which defines the harmonic

emission limit to certain extension). The short circuit power, for which the grid

operator can hold responsibility, complicates this issue. It is found that the site

physical characteristics (short circuit power or grid impedance, load characteristic. etc)

might play an important role in some performance of PQ level at POe. Reference [7]

shows that there can be definite relations among grid impedance, inrush current and

flicker severity levels at the customer's poe. Hence, the network operator should

specify maximum grid impedance or minimum short circuit power at each customer's

poe in relation to a definite PQ level at the point. In the Dutch grid code a first step is

made to put some restraints on the customers' influence on the flicker level and the

impedance of the grid. Before defining the limit, a typical Dutch MV and LV network

should be modelled. For all power quality phenomena these requirements on the poe
must be made, related to grid impedance or short circuit power. Hence, the standards

in PQ have to be improved.

The task for this thesis can be stated as: The analysis of existing voltage quality of

Dutch network is to be done, which will help to identify the present PQ problems in

the MV and LV grid. Therefore, a typical MVILV network will be modelled, and the

network's physical parameters (i.e. short circuit power or impedance) are

characterized. As from the survey. it is found that flicker is the main PQ disturbances

in the Netherlands [7]. Based on the physical parameter of the Dutch grid, the PQ

level can be evaluated. The next step is to analyse the network's PQ performances

with several background flicker pollutions located in the network and formula the

transfer coefficient of the typical Dutch grid for both flicker and harmonics.

Finally, on analysis of simulation results, it is expected that the criticalities of present

Dutch grid can be identified as well as a co-relationship can be established between

the network's physical characteristic and PQ level, the indicative planning levels for

flicker are to be proposed according to practical infrastructure of the network in the

Netherlands. This can help the grid operator designing a new grid.
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2. Modelling of Typical Dutch MV/LV Networks

In order to characterize the problems and achieve the set goals, first a typical medium

and low voltage Dutch grid should be modelled. By collecting practical data from

several Dutch grid operators (Continuon, Essent Netwerk, Stedin, etc), formulating

and modelling of the general network is carried out in electrical simulation tool

DigSILENT 'Power Factory.'

2.1. Present grid description

The power system in the Netherlands can be mainly divided into four categories:

a) National high-voltage network: networks intended to transmit electricity at a

voltage of 220 kV or higher and that are operated as such, and also cross

border connections;

b) High voltage(HV) network: networks intended to transmit electricity at a

voltage of 25 kV or higher, but lower than 220 kV and that are operated as

such;

c) Medium voltage network: networks intended to distribute electricity at a

voltage of I kV or higher, but lower than 25 kV and that are operated as such;

d) Low voltage network: networks intended to distribute electricity at a voltage

lower than I kV and that are operated as such.

Generally the medium and low voltage networks are called distribution systems. The

Dutch MV distribution grids largely consist of 10 kV voltage networks and mostly

have ring or meshed layouts with grid opening. The LV Dutch grids are fed by cables

and are mainly of radial layouts.

A typical Dutch HV/MV substation consists of approximated IS MV feeders in

average, with each one containing around 17 transformer stations (of type 10/0.4 kV)

to feed LV customers. The MV feeders are usually ring structure with interconnection

between each feeder, which improves the reliability of the system. For example, in

case the supply from one feeder is lost, the cable opening between this feeder and

other feeder can be switched to isolate the faulted cable, and restore the supply for all

customers. A general schematic of HV/MV substation is shown in Figure 2- I.
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~~l~AI!_! ______
10 kV

30-66 MVA

150,110 or 50 kV

Uk=16-20%

30-66 MVA

Uk=16-20%

150AI

t: cable opening

T = 10/0.4 kV transformer
G = grounding transformer

+/-15 transformer stations (T) for each feeder
average 15 feeders for each HV/MV-station

Figure 2-1: A typical schematics ofHVIMV substation (ring structure)

2.2. Modelling layout of MV and LV grid

2.2.1. MV network

Comparing the short circuit power (Sse) of MV feeders from several grid operators in

the Netherlands, it reveals that the Sse at the beginning of an outgoing feeder of a

substation ranges from 300 to 350 MVA across different parts in the country. There

are two types of networks, be characterized depending on the feeder distances, which

are identified as:

• Short feeder: 7-10 km length with congested loads points

• Long feeder: J5-18 km length with distributed load points

On the other hand, according to the investigation, around 75% of the total MV/LV

transformer stations are fed to the household and small commercial customers and

25% of them are connected to large commercial and industrial customers. Two typical

distributions of MV/LV transformer stations along the MV feeders' length are shown

in Figure 2-2.
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Figure 2-2: Distribution of MV/LV transformer stations along MVfeeders

Usually for the long distance feeder, it feeds the rural area or towns with dispersive

transformer stations located 8-12 km from the HV/MV substation; while for the short

distance feeder. it may be fed to the big city or large industrial centre with congested

transformer stations, and the majority of load points are located in the distance around

3-6 km from the HV/MV substation. Therefore, the average feeder length in the final

model is considered as 12 km with an average current loading of 180 A (3.2 MW

equivalent) and 17 load points.

2.2.2. LV network

Two types of transformers are commonly used in Dutch MVILV networks: 400 kVA

and 630 kVA transformer (10/0.4 kV). At present there are several scenarios of

MVILV transformer stations depending on the location in the Netherlands, which can

be categorized as follows:

I) Average 4 feeders in one 10 kV MVILV station feeding around 150 houses

2) More than 10 feeders in one 10 kV MVILV station feeding around 250 houses as

well as other customers

However, looking into the present new design of MVILV stations, the first type is

considered modern and prevalent, while the second type is not used as often as the

first one, so in our design we choose the first type rather than the second type to

model the typical LV feeder (connected with 400 kVA or 630 kVA transformer). A
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typical design of LV feeder is shown in Figure 2-3, which is a mixed household and

small commercial load type (customer) connected with 400 kVA transformer.

2
150AJ

12 m

CU010 10 m

150AJ

400V
250A

400 kVA

10.5kY

MV

50AI 95 AI

3, as 1

4, as 2

+- 40 h- custc:mers for each feeder
+- 3 c-customers for each feeder
h = household
c= srna~ commercial O'nax 50 WII)
average 4 feeders for each transformer

Figure 2-3: Typical modern schematics ofa LVfeeder (small commercial)

With regards to the LV customers, there are mainly four types: pure household;

household with small commercial; large commercial or industrial; and large

commercial or industrial with direct connection to 10 kV cable (fed by its own

transformer).

Connection criteria for different types of LV customers

a) Household customers (single phase 40 A load particularly); small commercial

customers (maximum demand of 50 kVA for each customer) or the

combination of both types are connected to the MVILV node, a transformer

with 400 kVA rating power is chosen, which is widely used in large parts of

the Dutch grid.

b) Multiple large commercial end users or small industrial customers with load

demand of 160 kVA or more are provided with transformer with 630 kVA

rating generally.

c) If a customer's load demand is equal to or even larger than 200 kVA, then the

customer should have his own transformer customarily, thus he is directly

connected to the 10 kV MV feeder from the grid operator's point of view.
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In general an average LV feeder can supply 40-50 household customers. They are of

radial configuration either with a single branch or with multiple branches

configuration (feeder 2 in the previous figure). The distance from the first house to

MV/LV station is taken as 100 m and between two consecutive single-phase houses is

taken as 12 m. Also, the interval distance from each house to the LV cable is 10m.

The exact configurations for different loads types used for simulation can be found in

Appendix C.

2.2.3. Chosen layout of Dutch MV and LV grid

In total, for the configuration of one average MV feeder, there are 13 numbers of 400

kVA MVILV transformers and one 630 kVA MV/LV transformer; 3 large industrial

customers who have their own transformers are also connected to the MV feeder. In

total, the distribution of MVILV transformer and load type across a MV feeder is

estimated in Table 2-1.

. I MV fi dT bl 2 I L d d' 'b .a e - oa Istn uhon a ong a typICa ee er

No. of transformers
Customer type Average Demand

(by each transformer) (kVA)
9@ 150 pure households 1420

400kVA

4@ 80 households+
3 small commercial 680

400 kVA
(each@30 kVA average demand)

I@ 4 large commercial 400
630 kVA (@ 100 kVA average demand)

3@
large customers, industry / large commercial 750
have their own (@250 kVA average demand)
transformers

More over, the following assumptions and explanations are made for the design of the

MV/LV network:

• Total possible load of a typical household customer is 10 kW. A diversity factor

of 10% is assumed for their simultaneous operation at the same time. So,

average demand of each household customer is I kW (single phase) with a

power factor of 0.95.

• For the simplification in simulation, three household loads (single phase) are

combined as a lumped 3-phase load.
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• Short circuit power of the MV station is 300 MVA.

• The average distances between two consecutive MV nodes are taken as 1.2km,

and the feeder is radial structure.

• Transformers (400 kVA) that feed to household/small commercial customers or

both are loaded by 40-50% of their nominal rating, which is a typical Dutch

scenario from the statistics offered by the network operators.

• Transformers (630 kVA) that feed to large commercial or industries are loaded

by 65-70% of their nominal capacity.

• The types of components (series reactor, MV cable, LV cable) are shown in

Appendix B.

• The configurations of various LV customers modelled in 'Power Factory' are

shown in Appendix C.

Therefore, the model of a typical MV feeder with different types of customers' loads

connected is shown in Figure 2-4.
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MV Station/10 kV

0.0 km ~....
u

Node a i.
0.0 km

External Grid

Node 1

1.2 km

Node 2
2.4 km

Node 3

3.6 km

Node 4
4.8 km

Node 7
6.0 km

Node 8

Node 5
4.8 km

Index abbreviation

l.c.c=large commercial customer
h.h.=household customer
s.c.c.=small commercial customer

Node.6

Node 10

7.2 km

Node 11

8.4 km

Node 12
9.6 km

Node 15
10.8 km

Node 16

Node 9
7.2 km

Node 17

8.4 km

Node 13
10.8 km

Node 14
12.0 km

11.11.

12.0 km

11.11.

12.0 km

Figure 2-4: Typical layout of a JOkV MVfeeder modelled in 'Power Factory'
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The figure shows a typical MV feeder in a modem Dutch grid. Each node is

connected with a certain customer, which is indicated in different colours. Of all these

customer locations, 3 locations are connected with large industrial customers (shown

in orange); 9 locations (shown in pink) are connected with household customers; 4

locations (shown in green) are connected to mixed households and small commercial

customers, and 1 location for large commercial customer (shown in maroon) is

connected. They are all corresponded to the assumption made before. Various load

types are modelled as described below:

• The industrial load is related to industrial processes that correspond to the

usage of 95% industrial motors that demands constant torque.

• The household load includes most of the devices related to home appliances

but also may include electric heating and air conditioner for seasonal use.

• The commercial load corresponds to air conditioner units, IT-equipment and a

large percent of discharge lighting.

The infrastructure of one MV feeder is described; realize that in one substation there

are in total 15 feeders with similar structure, thus it could be expected that feeders

with similar physical characteristics might exhibit similar PQ performance. As a result,

the overall PQ performance can be evaluated if one feeder is analyzed. And in

practice, the PQ level can also be estimated where the network has similar

configuration.

2.3. Simulation results

2.3.1. Grid impedance in association with PQ level

Currently there are no specific standards or requirements with regard to grid

impedance. High grid impedance can lead to harmonic disturbances, high flicker

severity, voltages unbalances and other PQ problems. On the contrary, low grid

impedance will not be able to limit high short circuit current and cause mechanical

and electrical stresses in the conductor and damage components. So, it is essential to

pay attention to grid impedance when consider PQ phenomena.

When disturbing installations (large commercial or industrial loads) are connected to

the network without prior consultation to the network planner, consequently, it may

happen that the disturbing load is connected at a wrong place which is not suitable for
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the specific connection due to network configuration and cause PQ problems for itself

and other customers in the network. Furthermore, if several disturbing loads are

connected near to each other and have similar non-linear characteristics and are

operating simultaneously, there might be additional problem induced by these loads,

which will be high enough to exceed the standard limits. Therefore, inappropriate

installation at poe might cause PQ disturbances due to high grid impedance.

Therefore, while connecting a load in the network, it is necessary to calculate the grid

impedance in order to set emission limit (current limit for instance) of the connected

load.

As recognized, grid impedance (short circuit power) plays an important role for

determining several PQ aspects in a network. The foregoing model of the general

network is a vertical structure of the electricity network which means there is no

distributed generator connected in the MV and LV grids; the short circuit power (Sse)

and grid impedance(Z) along feeder length are shown in Figure 2-5.
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Figure 2-5: Distribution of S~(' and Z along a MVfeeder

Figure 2-5 shows how Sse and grid impedance behave along one feeder. It can be

notice that for Sse and Z there are two values at the beginning of the feeder, which

represent two different node points: one for the MV station and the other for Node 0

in Figure 2-4. In fact a series reactor is present between these two points (see Figure

2-4), which has significantly decreased Sse entering into the feeder (drop from 300

MVA at busbar to 180 MVA at Node I). At the end of the feeder, the Sse has

14



decreased to around 26 MVA; and, the grid impedance has increased from 0.37 .0. at

the beginning of the feeder to approximate 3.9 .0. at the furthest end of the MV feeder.

However, when the impedance of MV network is converted to LV network, which is

the impedance from household and commercial customers' point of view. It follows

the equation:

ULV 2
ZLV =(--) ,ZMV

UMV

(2.1 )

Where ZLV is the converted impedance from MV side to LV side; ULV is the LV side

nominal voltage (400 V in this case); UMV is the nominal voltage (10 kV in this case)

at MV side and ZMV represents the exact impedance of MV network (range from 0.37

.0. to 3.9 .0.). By using the formula, it is obviously that at POC from the customers'

view, the impedance of MV network is very low (between 0.6 mn and 6 mn). This

concludes that the impedance in MV network has less influence on the PQ of the

network.

Therefore, checking the distribution of the grid impedance in the LV feeder is more

important than that of MV feeder because impedance at LV side has more impact on

PQ levels.
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Figure 2-6: Impedance distribution along a LVfeeder (at Node /6)
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The distributed impedance in the LV feeder, connected to Node 16 of the MV

network is shown in Figure 2-6. It is a worst case because the node point stays at the

furthest end of the MV feeder and it has long LV cables, thus highest impedance is

expected to be here (regardless of the direct connected MV customer).The maximum

value of impedance is found to be 0.17 .0., which is the value for the modem design of

Dutch grid in the past 5 years. However in some part of Netherlands, there are still

some networks which were already built decades ago, and the impedance there is

dramatically higher than 0.17 .0.. As a result, the discussion about power quality is

mainly focused on the new type of Dutch MV and LV networks. Further more, the

total distribution of grid LV impedance for all LV customers is shown in Figure

2-7(excluding large commercial and MV customers).
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Figure 2-7: Distribution ofgrid impedance at LVfeeders

It is obvious from the figure that most points of connection (customers) have the

impedances with values between 0.06 .0. and 0.15 .0.. This is a satisfied performance

compared to the standard impedance for the Dutch grid.

The standard reference LV grid impedance (Zref) for Dutch grid is described in Table

2-2; this is the single-phase+neutral connection in low voltage public network in the

Netherlands.
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Table 2-2' Reference LV grid impedance
Percentage of the network users for whom the network

impedance should be less than or equal to the following value

95% 90% 85%

Impedance 0.70+jO.25 n 0.41 +jO.21 n 0.32+jO.17 n

It is important to notice that the maximum grid impedance at the furthest end of the

modelled LV network is just the single-phase value without neutral impedance, the

neutral impedance is a bit lower than the phase value because of earth and neutral

connection are connected. Still the impedance in the modelled network satisfies the

requirement given in the table above. As this requirement was presented 28 years ago,

due to the improvement of network infrastructure, and the network modelled is a

relatively modern design of Dutch grid, as a result, the impedance is definitely much

lower than the standard now. Thus, stricter values can be used.

On the other hand, in the standard IEC 61000-3-3, the reference impedances of the

LV grid are:

R A== 0.24 n (phase resistance)

RN== 0.16 n (neutral resistance)

XA== 0.15 n (50 Hz phase inductance)

XN== 0.1 n (50 Hz neutral inductance)

In fact in the Dutch grid code, a reference impedance of 283 mn (single phase

without neutral) is used currently in according with IEC61000-3-3 (the same

requirement). An important explanation with regard to short circuit power (grid

impedance) concerns the connection procedures. If the nominal current of a device is

equal to or less than 16 A per phase, it can be connected to the grid under the standard

IEC61000-3-3; when the nominal current of a device is between 16 A and 75 A, the

device can be connected according to IEC61000-3-11. Within IEC61000, two

possibilities for connection are presented: the first is a contractual connection with

current of 100 A or more per phase supplied from a network with nominal voltage of

400/240 V; the other is to determine the maximum permissible grid impedance at

point of common coupling. The equipment can only be connected to the network

where the grid impedance is lower than this maximum impedance; otherwise PQ

problems (flicker for example) may occur in the grid and influence the whole network.

For the connection criteria of various connection types in the Netherlands, there are

some recommendations on maximum impedance for ensuring sufficient power quality

17



levels for several connections [7], shown in Table 2-3, which is presented to avoid

flicker problem.

Table 2 l' Maximum impedance (Z ) in relation to connection type-- . 'g

Amperage (A) Maximum reference
Connection type

(current capacity) Zg (mn)

3 phases + neutral 25 523

3 phases + neutral 40(35) 326

3 phases + neutral 50 261

3 phases + neutral 63 207

3 phases + neutral 80 163

Limit the voltage variations can only be realized by limit the current at POc.

Therefore, the current capacity of typical Dutch grid customers is shown here

(labelled into five levels), which is equal to the nominal current of the protection

devices. For each type of connection, Maximum grid impedance is calculated [7],

which gives suitable power quality, in fact the maximum impedance is made in

according with flicker level (restrict Pst~ I).

As in the modelled network, the impedance at POC ranges from 40 mn to 170 mn. It

is clearly informed that in most part of the modelled network, any type can be

connected, however there is one exception. For the 3 phases+neutral customer with 80

A current capacity, it is not allowed to perform such connection at the location where

the impedance is higher than 0.163 mn (often at the end of the cable).50, when giving

a connection to a customer, by checking the grid impedance, the network operator

should limit the connection's current capacity to ensure sufficient PQ level at the POc.

In summary, the impedance of the Dutch network is relatively low probably due to

cable connection (low inductive reactance) of the networks well as high capacity of

MV/LV transformers, therefore most types of connection can be achieved

satisfactorily with suitable PQ. However, there still could happen that the current at

POC would exceed the limit which will cause reduction of PQ level. The customer

should limit his emissions with reference to the maximum impedance established by

the technical regulations or if unavailable, he should remunerate the investments made

to decrease the grid impedance (increase the short circuit power). It is therefore,

strongly recommended that customers should consult to the grid operator before

accomplishing installations to ensure the maintenance of PQ level.
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2.3.2. Short circuit power at poe

The short circuit level in the network is an important parameter for evaluation of PQ

levels in the distribution networks. The voltage fluctuation and flicker level are

dependent on the impedance of the network at the customer's POC, which is as well

short circuit power (S,e=Voltage2/Impedance). The closeness of disturbing loads in

the network can lead to global damages and cause interactions between loads related

to Sse' For this reason, Sse is a possible synthetic indicator of network performance.

The maximum value of Sse at any point in the network is the information for

protection coordination in the network and equipment sizing; whilst in one aspect, the

minimum value of Sse at a node point is a necessity for coordination between the

network operator and the customer in order to perform suitable PQ level.

The minimum of short circuit power (Sse.min,MVA) at a point of connection can be

related to the rating power of the MVILV transformers (Strans,MVA) as well as the

rapid voltage change (~Ulim,P.U.) ,which is described in paper [5].The point of

connection is at the MVILV transformer station of the network.

S,c.min =1.3x ~Slral1s
~Ulim

(2.2)

Such correlation is an empirical rule based on the Italian networks for MVILV

transformers (except direct MV customers, whose power are set by the contract

between network operators and customers with their own transformer and, there are

other rules for it which can also be found in the same paper) [5]. Yet it relatively

corresponds to the practical Italian networks whatever the infrastructures of networks

in Italy are.

The variation of rapid voltage is related to impedance of the network, more

specifically, the impedance of the transformer and medium voltage impedance. Thus,

the minimum required short circuit power also has relationship with the rating power

of the transformer. The parameter 1.3 chosen here excludes consideration of short

circuit voltage of the transformer. Whether the Uk is 4% or 6%, the requirement is the

same.

Regarding the infrastructure and standard in the Netherlands, In the standard

EN50160, the value of rapid voltage change is chosen equal to 5% (0.05 per

unit).Given this limit, the previous equation is as follows,
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S,c,5 =26X~Strans (2.3)

This equation indicates the minimum level of short circuit needed to limit the rapid

voltage change (equal to 5%). In the Dutch national grid code, the limit for rapid

voltage change is 3% only, thus the equation becomes,

S\(',.1 =43.3x~Stran\ (2.4)

Notice that these equations are not 100% complied with the actual Italian networks;

however it is a good approximation values from the results presented by the authors.

While applying these formula to the modelled Dutch network, where two types of

transformers are used: rating 400 kVA and 630 kVA.The minimum value of Sse at

MV/LV station found is 16.4 MVA (for 400 kVA) and 20.6 MVA (for 630 kVA)

when rapid voltage change is 5%; mean while the minimum Sse would be 27.4 MVA

(for 400 kVA) and 34.4 MVA (for 630 kVA) if the rapid voltage change is limited to

3% only. The total distribution of short circuit power calculated by the software

'Power Factory' is shown in Figure 2-8,

9

150126100755026
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o
Short drcuit po_r IMVAI

Figure 2-8: Distribution ofMVILV transformer station versus S,,·

It is clear that the minimum Sse is 25 MVA(400 kVA transformer),which is higher

than the calculated minimum Sse for 5% rapid voltage change, but lower than the

calculated minimum Sse for 3% of voltage change, it may mean that this model may

confirm the standard EN50160 but does not completely comply with the Dutch grid

code. But the above equations are based on the Italian network, which is not the same

as Dutch network. So the result is not surprising. Still it is a simple evaluation method

for the Dutch network if combined with the analysis of grid impedance before.
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3. PQ phenomena in Dutch grid

3.1. Present PO level

In the Netherlands, the power quality monitoring program has already lasted for

several years; a survey conducted by Laborelec and KEMA using the data of the year

2004-2005 is shown in Figure 3-1, which reveals the main PQ complaints in Dutch

MV and LV grids. The voltage level in the low voltage grid increases slightly over the

years due to the changes and adoption of new voltage level (from 380/230 V to

400/240 V) and tolerance limits in the Dutch grid. It is noticed that the light flicker

and low voltage account the majority part of the PQ problems in the current network;

on the other hand, the harmonics and voltage unbalance are not yet serious issues at

the moment.

other 8%

over voltage 2%

voltage variations
2% ~~..

low voltage 25%

light flicker 31%

low voltage along
with flickering light

32%

Figure 3-1: PQ problems appear in the Dutch grid

In general, customers are satisfied with the present quality of the supply voltage and

they want good PQ in the future too. The above survey were conducted 4 years ago,

the situation may get worse as more installations connected without consulting to the

grid operator. Also, the integration of more number of DGs into the grid is considered

to be another reason.

Looking into the detailed aspect of PQ phenomena, the average flicker severity level

(Ph) in LV grid from the year 1996 to 2005(except 1997) is shown in Figure 3-2.And

the Ph level of the year 2006 is shown after. It clearly shows an increasing trend of

flicker level during these years.

21



~-

.

......

_..""---..---
.....

I·····

---

'i" 0.5 .---------------~--- -----~- -.----~-----~

i!
"t: 0.45 t······························· . ···················c·························· .
l;...
r;e 0.4
~
l;. 0.35

~.!. 0,3..
"', 0.25

0.2

0.15 I···· I····

0.1 .... ...

0.05

o
1996 1997 1996 1999 2000 2001 2002 2003 2004 2005

-----+Year

Figure 3-2:The trend ofaverage Pit in LV grid [7J

--- -------_._---~---~-_._---~-~-_.._._ .._--,,~--- .._._----- - - ---- ---------------"~.~-~.. -~

II
:::l
01,.
CIc
E
~

"'''
~
II

C ""~
:::l

:=
IIc 30"
II

S...
~ 20"

l
II
U 10%...
II
Cl.

!!!l
,01
'"lCl
'c,=
is:=
~~
'0
:0

1-
a.. +-c,..-............................IL,-........-.,...~~~-~~~~~__~_~~

0.00 0,25 0,50 0,75 ',00 1.25 1,50 1}5 2,00 2,25 2.50 2J5 3,00 3,25 3.50 3.75 4,00 4,25 4.50 4,75 5,00 5.25 5,50

Flicker Pit

Figure 3-3: Flicker severity level (Pit) in the Dutch LV grid (2006)

The possible reasons for this trend are that the use of fluctuating and disturbing loads

is increasing and the new installations are connected without any consultancy in the

LV network. More over, the limit for Pit is P1t< I, I, from the flicker level of 2006,

some of the values of PIt for 95% of the time exceed the limit, which needs awareness.

On the other hand, the total harmonic distortion (THD) seems to remain at low level

(less than 5% for 100% of time) over the years in the Dutch networks. Figure 3-4

obviously shows this situation, which is due to the fact that most of the LV and MV

networks in the Dutch grid are cable connected which have low inductive impedance.

However, some harmonic problems or resonance problems may happen somewhere in

the grid as harmonics problems are often local. The 95% average value of THD IS

around 2.5%, which is a quite low level.
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Figure 3-4: Total harmonic distortion (THD) for the LV grid

However, because of more and more power electronics devices and non-linear loads

commonly connected to the grid, the harmonics are becoming more and more serious.

Thus we need to consider harmonic problems in the grid. More over, the transfer

coefficients of harmonics voltages from LV to medium and high voltage levels are

very small (see the next chapter). So, the distortion originating at LV network will be

transferred at a less rate to upstream voltage level than that from HV network to

downstream voltage levels. Thus, the above PQ problems such as harmonics, flicker

are more common in the LV grid than in the MV and HV grids. For the future power

systems infrastructure in the Netherlands, harmonics and flicker are the most

important PQ aspects to be considered and need awareness.

3.2. Transfer coefficient and planning levels for flicker

The transfer coefficient of flicker between point A (source of distortion) and point B

(point of evaluation) is defined as the ratio of harmonic voltage values at the same

instant at these two points. The formula is

T =UR
Uh,AR U

A

(3.1 )

Propagation on the low voltage level depends on the location of the observation point,

the short-circuit power of the source and location of disturbance,

Planning levels may be considered as "internal" quality objectives of the system, and

should facilitate the coordination of disturbance levels between different voltage

levels. They are equal or lower than standard levels. They may differ from case to

case, depending on system structure and circumstances.
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In Chapter 4, the transfer coefficients between different voltages and the planning

levels at every voltage level are proposed, which are also shown here.

Table 3-1: Indicative transfer coefficient and planning level at Dutch grid

Transfer coefficient
P1t(95% of probability)

THV -4MV =0.9
LV MV HV-EHV

TMV -4LV =1

TLV -4MV =0.05 - 0.3 I 0.65 0.5

Because rapid voltage change limits are inherently designed to consider the situations

that are outside the lO-minute windows of any PSI value, statistical summation, of the

effects of multiple rapid voltage changes is not appropriate. It is left to the grid

operator or owner to consider all rapid voltage changes that may occur over any

particular time period and to insure that the cumulative effects do not exceed the

recommended planning levels.

In the standard of Dutch grid code, the global contribution of LV customers to the

flicker level at POC is limited by a maximum contribution on Pst and Pst by

demanding: ~Pstsl and ~PltsO.8, of which ~PltsO.8 can be improved to ~Plt sO.?1

considering the practical network in the Netherlands.

Due to more and more high power equipment connected to the grid, high inrush

current are not limited. As a result, the trend of flicker level in the Dutch network is

increasing, which is now the most common PQ problems in the Netherlands. It is

urgent to enforce more strict rules to regulate the network to maintain the flicker at a

low level.

The suggested transfer coefficients and planning is based on the present status of the

Dutch network, maximum grid impedance can be calculated in relation to inrush

current of the equipment, by putting limits on the variation of Pst and Pit, enough

conditions are given to protect the grid operator and customer against possible flicker

problems.

The analysis of transfer coefficient and planning levels for flicker and harmonics are

quite similar, therefore the maximum grid impedances for solving the flicker problem

can also be used for defining the limits for the harmonic current at point of connection.

24



3.3. Transfer coefficients and planning levels for
harmonics

The definition of transfer coefficients for harmonics is the same as flicker; which is

the ratio between the source of harmonic distortion and the point of evaluation.

Harmonic sources can be current, voltage distortion. In real life, the system operator

can supply good quality of supply voltage; the harmonics often comes from the

installations of devices leading to distortion of voltage.

Propagation in the low voltage network depends on the location of observation point,

the short circuit power of the source and the location of the disturbance. The relation

between transfer coefficient for harmonics and grid impedance is also the same as

flicker, which is shown Chapter 4. It is important to mention that due to skin effect

and variations of the internal inductance, resistances and inductances are usually

frequency dependent, as a result ,the impedance value for different order of harmonic

are different. When performing harmonic calculation, the transfer coefficient can be

different for different orders of harmonics. The value is slightly increased with the

increasing of harmonic order. With the same network calculated for flicker, the

minimum transfer coefficient is found to be 0.13 when the source of harmonic

distortion located at the end of the LV feeder with the 5th harmonic source. Thus the

transfer coefficients vary between 0.13 and 1 depending on the different parameters.

When the harmonic distortion appears in the low voltage network, the harmonic

voltage can be transferred to the medium voltage network and further to high voltage

network, and visa versa as shown in Figure 3-5.
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Figure 3-5: Tran,~fer (~fharmonic voltage through different voltage levels

Usually the transfer coefficient for from higher voltage level to lower voltage level is

near I, and in the Dutch grid, the transfer coefficient from LV grid to MV grid is

between 0.3 and 0.05 (except harmonic order of 3 and multiples of 3) depending on

the short circuit power at busbar of the MV side.

In order to calculate the global harmonic contribution from customers on a certain

voltage levels, the follow equations are used:

I:i.Uh,HV =~U/~HV - (Th,MV -4f/V . Uh,HV t

I:i.Uh .MV = a U/~MV - (Th,HV-4MV . Uh,HV t - (Th.LV -4MV • Uh,LV t
I:i.U",LV = ~U/~LV - (Th .MV -4LV • U",MV t

(3.2)

The value of the coefficient a depends on the order of harmonic voltage. a is equal to

1 when harmonics order is lower than 5, a equals to 1.4 when harmonic order is

between 5 and 10,and a is 2 when harmonic order larger than 10.

Since the planning level for 5th harmonic voltage is already done in [7], hereby the

planning level for i h harmonic voltage is proposed. In the standard EN50160, the
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limit for 95% of perception is 5% for i h harmonic voltage. The value of 4% can be

put into the low voltage network where most of the installations located and it can

leave some reserved space for future installations. Therefore the indicative planning

level for 7th harmonic voltage is shown in Table 3-2.

Table 3-2: Indicative transfer coefficient and planning level for i h harmonics

Transfer coefficient
Voltage distortion(95% of probability)

THV~MV =0.9
LV MV HV-EHV

TMV~LV = I

TLV~MV =0.05 - 0.3 4 3 2

Since the transfer coefficient from lower to a higher voltage level is low, the harmonic

voltage emission which is accepted and that can be allocated to the low voltage

network is:

Due to the low simultaneous use of distortion loads, in case when two points of

connection on the same feeder have disturbing loads, the limit for i h harmonic

distortion at the POC is:

(3.4)

This kind of calculation can be made for harmonics. Although harmonics is not a

serious problem in the Dutch grid at the moment, it is necessary to prepare some

regulations for future design and the connection of installations.
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4. Background PQ phenomena simula'tion

It is supposed that different PQ levels are not going to vary the same way through out

a power system. With regard to complaints in Dutch MV and LV grid, two PQ

phenomena are to be simulated here in order to find the consequences of these

impacts.

4.1 . Flicker

4.1.1. The origin of Hicker

Flicker has been a power quality problem even before the term power quality was

established. Human beings are sensitive to illumination changes of a few Hz (approx.

up to 20 -30 Hz). Flicker is the impression of unsteadiness of visual sensation induced

by a light stimulus, the luminance or spectral distribution of which fluctuates with

time. It can be defined as a fluctuation in system voltage that results in observable

changes (flickering) in light output. In the LV network, flicker mainly comes from

electronic-controlled illumination devices; elevator; motors or air conditioner, and so

on. While in MV network, flicker occurs due to large industry motors with non-linear

loads; saw mills or rolling mills or switch capacitors in the substation. In the

document record, almost all the complaints on flicker come from low voltage grid.

When a load in the network suddenly changes (during elevator start-up for instance),

the current in the line will increase, resulting in reduction in poe voltage. Whether

this rapid voltage variation can turn into observable or objectionable flicker is

dependent on three aspects--eurrent of potential flicker-producing source; System

impedance; Frequency of switching voltage fluctuation.

The common used welding machine can cause flicker, the electric arc are non-linear,

time varying that often cause voltage variation and harmonic distortion. There can

appear flicker in I-10Hz range during the melt down period.

An induction motor undergoing start-up is also known to produce voltage fluctuations

on the system, as a motor is start up, most of the power drawn by the motor is reactive,

and the current is much higher than the nominal value. This inrush current can cause

in a large voltage drop, depending on the network characteristics, and flicker could

happen as a result. Using soft start techniques can reduce flicker in this case.
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4.1.2. The standard on flicker

Both EN50 160 and the Dutch grid code have regulations on flicker in the MV and LV

networks (can also be found in Appendix A).

In the EN50 160, it states that in LV network:

• Voltage variations~5%Unom.

• Voltage variations~IO%Unominfrequently, which means the situations without

loss of production, disconnection of heavy loads or faulted connections.

• P,r:::; I during 95% of the values averaged over 10 minutes.

In MV network:

• Vol tage variations~4%Unom.

• Voltage variations~6%Unominfrequently.

• P,t :::; I for 95% of the time.

In both MV and LV network, the Dutch grid code states the regulation as follows:

• Voltage variations~10%Unom.

• Voltage variations~3%Unominfrequently.

• P,t :::; I for 95% of the time.

• P,t :::;5 during 100% of the time.

Flicker is measured in units of perceptibility. Two important parameters are used to

estimate the severity of flicker problem, Pst and Plt. Pst means the short term flicker

severity over a ten-minute period. While Pit indicates the long term flicker severity

over a two-hour period (l2Pst). The relationship between them is as follows:

(4.1 )

p stU ) is the magnitude of various flicker sources or emission levels to be combined. As

the observation time for Pst is taken as ten minutes, for rectangular voltage variations

with the same amplitude and equal time intervals, Figure 4-1 shows the curve of Pst=1

for a regular rate of repetition, which is assessed according to lEC61 000-3-3.
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Figure 4-1: Flicker curve Psr=l according to IEC61000-3-3

The Pst depends on the amplitude of voltage variations, combining with the variation

frequencies. The voltage variation is caused by current change. Depending on the

current capacity of the device, this curve can be used by grid operators to define the

maximum allowed voltage variation by a customer who is using equipment switched

on and off with a certain rate of repetition.

4.1.3. Simulation of one background flicker emission

4.1.3.l.UIEIIEC Flicker meter

The DIE/IEC flicker meter used in this research is depicted in [14], which is built in

Matlab/Simulink based on the coiled filament gas-filled 230 V, 60 W or 120 V, 60 W

incandescent lamp. There are usually five steps in a flicker meter to measure the

flicker level. (1) Input voltage adapter: establish a reference imagine of the voltage

variations; (2) Demodulation: the flicker frequency and fundamental frequency of AC

supply are demodulated by using a square demodulation method; (3) Perceptibility

filter: filter out the flicker frequency signal and simulate the response of lamp-eye

brain system; (4) Non-linear variance estimator: combine a squaring multiplier and a

first-order sliding filter to simulate signal transfer delay due to human being's

brain;(5)Statistical analysis: using statistical methods to assess the severity flicker

level. The filters of a flicker meter are designed to duplicate the way in which human

beings perceive voltage changes when viewed via a filament lamp and the human eye
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and brain. For example, the most annoying repetition rate for changes is at 8.8 Hz,

whilst changes at above 35 Hz have very little effect. No standardized measurement

method exists for rapid voltage changes. Here the flicker meter used for assessment is

based on the instantaneous value of voltage. The whole process for estimation the

flicker level is shown in Figure 4-2.

/
Digsilent Result saved ~ ~

Flicker Meter X Pst
simulation as "txt" file I~ v

\
Figure 4-2: The process to measure flicker level

In order to estimate the transfer coefficient of the flicker between different voltage

levels as well as the impact of flicker in the network, several simulations with

background flicker are carried out in the general Dutch grid model described in

Chapter 2.

4.1.3.2.Case study
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Figure 4-3: Schematics of background flicker emission in LV net~vork
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Figure 4-3 shows the case where background flicker pollution (modelled as a motor)

is injected into the low voltage network at point A, It is assumed point A is at LV

network of Node 16 in the modelled network and points F, G are at Node IS, the

detailed flicker level is then measured at A, B, C, D, E, F, G, H, etc to verify the

propagation and transfer coefficient at the different part of the network. The type of

motor connected to A is 50 Hz 4kW/OAkV/I/Y,which has a power factor of 0.85, and

the inrush current is 6.3 times than the nominal current, which can be found in the

global type in 'Power factory.'

4.1.3.3.Testing results

When the motor starts up, there will be a rapid voltage change across the network

which may cause flicker. The voltage drop at each point during the motor start-up is

shown in Figure 4-4.
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Figure 4-4: Voltage drop (rms) during motor start-up

In the past, the measurement method for such rapid voltage change was based on the

magnitude of voltage change from the lowest point reached to the final steady-state

value. The definition was found to be inconsistent both with voltage fluctuations

might actually be observed by customer and what voltage variation was often

calculated for assessment purpose. The present recommendations are based on the

voltage change from the pre-event steady state value to lowest value reached during

event (voltage drop).In this simulation, the motor starts at time 0 s; there is an instant
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voltage drop at each measured point of network. Depending on the location, the

voltage drop varies a lot. After about 0.5 s voltage reached to stable state, at time 1 s,

the motor is switched off and the voltage returns to the previous value, the whole

process lasts 2 s. And the voltage profile is expressed in the root-mean-square value.

It is clear that point E, F, G, which are all located in other transformer station or other

LV networks, has less voltage drop and are less influenced. It can be deduced the

transfer coefficient from downstream to upstream network is relatively low. Therefore,

we will concentrate more on the flicker levels at other points, which locate in the

same network.

Since the flicker meter used is based on the instantaneous value of voltages, one of the

instantaneous voltage profiles (At point A) is shown in Figure 4-5 with step time

0.0001 s.
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Figure 4-5: Voltage profile during motor start-up (instantaneous, point A)

The Pst values at each point with different testing conditions are shown in Table 4-1,

realize that the standard Pst value is taken as 10 minutes, while in this simulation Pst is

measured within I minute.
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Table 4-1: Testing results of flicker level (Pst)

Test I Test 2 Test 3 Test 4 Test 5 Test 6

Power of the
4 4 4 4 4 4

motor (kW)
Motor starting

up and
switching off I I 2 5 10 20

frequency
(time/min)

DigSILENT
simulation time 0.001 0.0001 0.0001 0.0001 0.0001 0.0001

step

Simulation DigSILENT

Conditions simulation 2 2 2 2 2 2
period (min)

Matlab/simulink
simulation 2 2 2 2 2 2

period* (min)
Matlab/simulink
simulation time 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

step
Matlab/simulink

simulation
le-3 le-3 le-3 le-3 le-3 le-3

relative error
tolerance

Flicker Level Calculation
I I I 1 I I

Period (min)

A 1.3157 1.0922 1.4451 1.9361 2.3930 3.1348

Flicker B 1.0811 0.8876 1.1712 1.5748 1.9643 2.5651
Level at C 1.1570 0.9482 1.2571 1.6885 2.0998 2.7637
Different
Locations D 0.4184 0.3187 0.4118 0.5576 0.6864 0.8927

(Pst) E 0.0617 0.0967 0.1277 0.1744 0.2191 0.2762

H 0.4114 0.3109 0.4039 0.5469 0.6737 0.8800

Test I is presented here in order to remind that the DigSILENT simulation time step

time interval significantly influences the result of flicker value calculated by the

flicker meter. The less step time, the more accurate value the flicker meter will give.

The data from Testing I will not be used in later evaluation because of inaccuracy.

Based on the testing data of flicker level, with the consistent voltage drop (2.8%)

during motor start-up, the relationship between the flicker level and switching

frequency is shown in Figure 4-6.
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Figure 4-6: Voltage variations in relation to PSI

The motor start-up causes around 2.8% voltage drop at the terminal of the connection,

which leads Pst value slightly larger than l(can be verified from the Figure 4-I,note

that the number of voltage variations is the same as the frequency of switching,

including switching on and off). The voltage variation can propagate to the

neighbouring customers (such as B and C), the flicker level is higher at C than it at B

due to higher propagated impedance at C than B. It is not shown in the table that the

P,t value at point F and G, which is 0.0730 and 0.0607 respectively (for Test I), quite

low values. At the other feeders of the network (point H), the flicker level is equal to

that at location D, as they have the same effective impedance from the location of

flicker source. Further more the flicker level at the MV side of the transformer (point

E) is rather low, which reveals the transfer coefficient from downstream side to

upstream busbar is quite low due to the low impedance of the transformer and high

short circuit power of MV grid. Therefore, more attention should be paid to the

neighbouring customers who locate near the source to cable terminal. With increased

value of the Pst at the source, the low voltage network will be influenced. With more

drops and variations of voltage, the flicker levels increases significantly.

As known, the flicker level is directly related to the grid impedance of the network.

The impedance schematic of the previous low voltage grid (Figure 4-3) is shown in

Figure 4-7.
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Figure 4-7: The impedance schematic of low voltage network

The transfer coefficient of flicker between source (point A in the picture) and

evaluated point (point B for instance) is defined as:

P
T =~

'I, All P
.1"1. A

(4.2)

The transfer coefficient is just the ratio of Pst at the same instant between two points.

Take the flicker level at source as reference Pst. at other locations the flicker level can

be evaluated depending on the impedance values of the positions, which are shown in

the following equations.

p =P =T . P "" ZEI) + ZI)N . P"I,A
'I,B 'I,N P"AB 'IA Z + Z + Z + Z

H) DN NL AL

P =P =P =T ,. P "" ZEI) + Zf)N + ZNL P (43)
'I.e 'I,M ,\I,L P",At "I,A Z Z Z Z· "I,A .

101) + IJN + NL + AL

P =P = P = P =P "" T . P = ZEf) . P
'I,!) ,11,.1 ,"I.H'I,K "I ,Ii p., ,Af)'I,A Z Z + Z +Z",A

t.'JJ + ON NL AL

According to the model, the impedances and the transfer coefficients at Node 16 are

shown in Table 4-2.
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Table 4-2: Impedance and transfer coefficients
Impedance Transfer coefficients

ZED=17.2+6=23.2 mn TPsr.AR= TPSI.AN=O.75

ZDN=52.4 mn T PSI.AC= T Psl,AM= TPSI,AL=0.82

ZNL=7.1 mn T P.I'/.A/)= T Ps/.AJ= TPsr.AH= T Ps/,AK=

ZAL=18.4 mn TPsl,Ao=0.22

It is clear that Pst and transfer coefficient directly relies on the impedance, points C, M,

L have the same flicker level as the valid impedance are the same. Points J, H, K, and

o also see the Pst presented at point D, without the reduction in the other feeder. The

minimum transfer coefficient for flicker is 0.13 at the low voltage network

(considering the maximum impedance of LV network is 173 mn).

The impedance at point A is 100 mn, but the motor inrush current is 6.3p.u. If the

inrush current can be reduced; the flicker level will definitely decrease too. Pst value at

point A can be calculated by using some empirical equations, first each relative

voltage change waveform can be expressed by a flicker impression time (tf) in

seconds,

t ' =2.3· (F .d )3.2
J max (4.4)

F means the shaper factor, which is associated with the shape of the voltage change

waveform, and in this research it is taken as I to represent the worst case of the

voltage change waveform. dmax is the maximum relative voltage change expressed as

a percentage of the nominal voltage.

The Pst value is then expressed by the sum of the previous flicker impression times (t/)

in evaluation period with a total time interval (Tp ) in seconds,

1

[

" t ;3,2p = _L._J
" T

f!

(4.5)

Usually the observation period for Pst is ten minutes, however in our simulation we

only take one minute(60 s) observation period which may influence the calculation

result.
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With the flicker source at location A (Test 2, under the same condition), the caused

voltage variations are about 2.8 %( start-up), 1.7 %( return to the stable voltage) and

1.1 %( switch off).The time interval T,,=60 s, and the previous equation becomes,

I I

P = [Itt 13
.
2

= [2.3. (I. 2.8)3.2 + 2.3· (1·1.1)·12 + 2.3· (1·1.7)3.2 J3.2 =1.084 (4.6)
It T" j 60

So the result Pst=1.08, which is quite close to the value measured and calculated by

the flicker meter. And the rest flicker values at others point are calculated by using the

previous equations and parameters, which are shown in Table4-3.

The Pst value measured by the flicker meter is shown in Table4-4.

It is noticeable the theoretical calculation result is lower than the measured result

probably due to simulation times (only once and lasts 60 s, occasional), if more

simulations could be done, the average results will be more close to the theoretical

calculation. The duty cycle is also considered to be another reason, as the flicker

meter is based on the equal time interval; however in simulation the switching on and

off time are not always equal.

From the measured flicker levels, the transfer coefficients can also be calculated, the

comparison of calculated flicker level and the theoretical flicker level is shown in

Table 4-5.
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Table 4-5: Comparison of theoretical and measured transfer coefficient
Transfer coefficient Theoretical val ue Measured value

TPSI,AH=TPSI,AN 0.75 0.80

TPSI,AC= TPSI,A=TPSI,AL 0.82 0.86

TPSI,A/)= TPSI,A.!= TPsl,AH 0.22 0.28

TPSI,AK =TPSI,AO 0.22 0.27

TpSl,AF 0.06 0.08

The measured transfer coefficient is a bit higher than the theoretical one. It is

important to mention that the transfer from low voltage to medium voltage is around

0.3 (from point D to point E) at Node 16 for the worse case. As the short circuit power

here is around 25 MVA, and at Node 1, where the short circuit power is 180MVA, the

transfer coefficient becomes approximately 0.05. So this concludes the transfer

coefficient is between 0.05 and 0.3 from downstream LV networks to upstream MV

networks in the Dutch grid. Propagation value depends on the short circuit value at

MV side of the transformer, the impedance of the transformer and cables.

4.1.4. Simulation with two motors

In Figure 4-3, one more motor with the same type and operation power is connected
somewhere in the LV network, the diagram is then shown in Figure 4-8.
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Figure 4-8: Schematics of two motors simulations

First the motor at point A starts up, after a while, the other one at point R is switched

on, too. Instantaneous voltages during simulation period (60 s) are measured again,

with the same measuring conditions as before.

-------------
Q

f--------_r----~--

Figure 4-9: Impedance schematic of two motors

Figure 4-9 shows the impedance schematic of two motors simulation based on Figure

4-8. voltage variations at point A,B,C,L,S,R,D,E,H,Q are measured and the flicker
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levels at these locations are calculated by flicker meter. And the results are shown in

Table 4-6, and figure of the Pst value is shown after.

Table 4-6: Pst values with two motor simulations

Two motors switched on at
Two motors switched on with time

Point interval(s)
the same time

5 10 15 20 30
A 1.5456 1.1250 1.1246 1.0989 1.0945 1.111
L 1.4431 1.0176 1.0161 0.9921 0.9856 0.9991
C 1.4395 1.0150 1.0138 0.9898 0.9832 0.9968
B 1.3876 0.9650 0.9697 0.942 0.9369 0.951
S 1.1674 0.7625 0.8241 0.7659 0.7602 0.809
R 1.3006 0.8658 0.9541 0.8924 0.8863 0.943
D 0.6243 0.4005 0.4228 0.3993 0.3969 0.4161
H 0.6121 0.3924 0.4153 0.3911 0.3884 0.408

Q 0.6132 0.3932 0.4157 0.3919 0.3894 0.4086
E 0.2015 0.1301 0.1293 0.1286 0.1291 0.13
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Figure 4- J0: Flicker interval in relation to switching interval

It is noticeable that the two motors switched on at the same time produce the highest

flicker level. With some switching interval, the flicker value drops dramatically, and

the Pst values with different switching time intervals are slightly different.

Theoretically, they would have the same Pst value (the same voltage drop and

variation). Due to the different duty cycles of the switching period and calculation
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error, there are some differences between Pst values. But this difference is not large;

and the Pst values remain almost unchanged, especially at Point E (the MV busbar).

As recognized, Pst is related to both the percentage of voltage change and the

frequency of voltage variations, which is shown below:

(4.7)

As a consequence, the ultimate flicker level is not only dependent on the amplitude of

voltage change, but also depends on the frequency of the changing voltage, which can

be seen from all the test results. In the simulations of two motors, the highest flicker

severity is produced when the two motors are switched on simultaneously. When

there are some time intervals (not zero) between switching, the flicker level is not

influenced by the intervals.

4.1.5. Propagation through different voltage levels

In case of fluctuation loads in LV networks, the voltage variations will be transferred

to MV grid and further HV networks and visa versa, which can be seen from series of

test results. As stated in [16], the transfer coefficients from higher to lower voltage

levels are:

THV-->MV =0.9

TMV-->LV = I
(4.8)

Some attenuation occurs from HV to MV side due to the compensation effect of

rotating machines connected at utilization voltages. A number of other experiment

results also showed that transfer coefficients between MV and LV are near unity.

As from the simulation, the presence of fluctuation loads at lower voltage levels

downstream may significantly attenuate flicker level at higher voltage supply systems,

the transfer coefficients from low voltage to medium voltage ranges from 0.04 to 0.3

in the Dutch grid.

4.1.6. Planning levels

43



From the measured levels of Pit in the Dutch networks during the year 2005[7], the

planning level for Pit at LV network is set to be 1,which is equal to the compatibility

level(1owest requirement),and the planning levels for MV and HV can be taken as

0.65 and 0.5 respectively. The chosen Pit value for HV is 0.5 because polluted source

rarely occurs at HV and network, and in fact the Pit value of Dutch HV network is

always lower than 0.5. The Pit value for MV network is 0.65 in order to give more

space for the LV network because most of the pollution sources are from LV network.

The indicative values of planning levels for flicker are shown in Table 4-7.

Table 4-7: Indicative planning levels for flicker in Dutch grid
PIt(95 % of probability)

LV MV HV-EHV

1 0.65 0.5

Such values are chosen also because of the system structure and circumstances in the

typical Dutch network and the information provided by the grid operator.

Using the indicative planning levels in the table and the transfer coefficients showed

before between different voltage levels, the global contribution to the flicker level at

different voltage levels are be given, the maximum long team PIt flicker level for all

installations can be evaluated,

!1P,/,MV = a L~'/,MV -(Tpl/,flV-->MV ·Lp1l.flvt -(Tpl/,LV-->MV . Lpl/,Lvt

!1P".flV = 4L~",flV - (Tp{l,Mv-->flV . Lp!I.flV t

!1P,1.LV =4L~'I.LV - (Tplt.MV-->LV . Lp1I.MV t

(4.9)

Where Land T are the planning levels and transfer coefficients for different voltage

levels. The coefficient parameter a is depended on the characteristics of the disturbing

loads and it is taken as 3 as this value is mostly used when the risk of simultaneous

voltage variation is minimal.

Since the transfer coefficient from LV to MV side is very low, the global contribution

of MV installations can be calculated as,

!1P".MV =4L~'I.MV - (Tpll.flV-->MV . Lpll.flV t =~0.653 - (0.9· 0.5)3 =0.57
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Similarly for LV installation, the global contribution to the flicker level that can be

allocated to the total loads supplied can be given as,

(4.11)

Considering the general modelled network, due to the low possibility of simultaneous

use of the loads, the case that two loads disturb simultaneously is sufficient to

calculate the limit for tlPlt at the point of connection at MV and LV network,

~0.903
M,t.LV = 3 -2- =0.71 (4.12)

Therefore in the LV network, the limit of flicker level for two customers is 0.71,

which will limit the flicker level at the POCo The tlPlt can also be estimated by Pst.

Using a Pst= 1 the repetition rate has to be four times in two hours. Four times a Pst= 1

and eight times a Pst=O will give a P1t=0.71 at LV network at POc. It is also

understandable two customers connected to the maximum grid impedance and having

a maximum inrush current once each hour.

In summary it is reasonable to change the value of tlPIt=0.8 to tlPIt=0.71. In Dutch

grid code a maximum voltage variation of 3% is mentioned in combination with limits

for Pst and Pit for both grid operator and customer, however variation of 3% is not

necessary and can only be realised with very strong restriction on inrush current. Due

to the low impedance of the Dutch grid, load with certain inrush current can be

connected to position in the network where the maximum impedance is defined in

Table 2-3. If the inrush current is lower than or equal to current capacity and the

switch frequency is lower than or equal to once every two hours, it would not cause

flicker, however special attention should be paid to devices which has higher

switching frequencies and connected at the unsuitable place, where maximum

impedance exceed the limit, further mitigation techniques are needed to implement to

limit the amplitude of the inrush current.

4.1.7. Mitigation techniques

Many options are available to alleviate flicker problems; mitigation methods include

static capacitors at MV network and increasing system capacity. The particular
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method chosen is based upon many factors such as type of loading causing the flicker,

the capacity of system supplying the load, and the cost of mitigation methods.

Flicker is usually the result of a varying load that is large relative to the system short

circuit capacity. Increase the systems capacity sufficiently to decrease the relative

impact of the flicker producing load is an obvious way to upgrade the system, which

includes replacing existing transformers with higher kVA ratings, reconfiguration or

increasing the operational voltage, however it is not an economic solution for it is

costly.

Series reactors are found to reduce the amount of flicker experienced on a system

caused by welding devices. They can help stabilize the arc, thus reducing the current

variations during the beginning of melting periods. By adding the series reactor, the

sudden increase in current is reduced due to the increase in circuit reactance. Series

reactors also have the benefit of reducing the supply-side harmonic levels.

Static var compensator (SVR) can also be used for flicker reduction and harmonic

filtering. However the price for such flexibility is quite expensive at this moment.

In the LV network, A rather inexpensive method for reducing the flicker effects of

motor starting would be simply install a step-starter for the motor, which would

reduce the amount of starting current during motor start-up.

Perhaps the most economic way for the low voltage customer to reduce flicker is to

change the type of lamp that currently used. Different types of lamps have different

working principles r14].The lamps produce different amount of flicker for the same

voltage variation. Thus, the flicker tolerance to the voltage variations can be different

for kinds of lamps.

Previous measurements, done in the power quality (PQ) lab of the TU/e, showed that

different types of lamps have different flicker responses to the same voltage

modulationr 13].The 230 V,60 W incandescent bulb is used several standard, the

luminance variation of 60 W glass incandescent bulb is selected as the standard

luminance variations. The flicker curves for different types of lamps is shown in

Figure 4-1 I.
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It is clear that several other types of lamps are less sensitive than the incandescent

bulb to the sinusoidal voltage variations. Therefore by replacing the incandescent

lamp with energy-saving lamp or fluorescent lamp is definite an efficient solution.

4.2. Harmonics

4.2.1. Harmonic distortion

Harmonic distortion is one of the most important aspects of power quality in relation

to modem and future networks. Utilities in the Netherlands are supposed to supply

pure sinusoidal voltage; while on the other hand, the currents draw by some loads will

interact with supply voltage, thus resulting in a distortion voltage and current.

Harmonic currents exist in the grid due to non-linear loads. Examples of non-linear

loads are electrical machines, power electronics devices and lighting equipment, etc.

In essence, a non-linear load draws a non-sinusoidal current when a sinusoidal voltage

is applied to its terminals.

According to Fourier's theorem, when a waveform is identical from one cycle to the

next, it can be represented as a sum of pure sine waves in which the frequency of each

sinusoid is an integer multiple called a harmonic of the fundamental with certain

amplitude and phase. Any periodic waveform can be described as a sum of sinusoidal

the non-linear load adds some current components with higher frequency to the

fundamental current. Depending on the type of the distortion, only some frequencies
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can occur. When a frequency is an integer multiple of the fundamental frequency, it is

called a harmonic frequency; all other frequencies are called inter-harmonics. Most

common electric components do not produce inter- harmonics except for examples

like arc furnaces and welding equipment. Frequency components below the

fundamental are called sub-harmonics, which could be produced by copy machine.

Harmonic currents produced by nonlinear loads are injected back into the supply

systems. These currents can interact adversely with a wide range of power system

equipment, most notably capacitors, transformers, and motors, causing additional

losses, overheating, and overloading. These harmonic currents can also cause

interference with telecommunication lines and errors in power metering. Harmonic

currents can induce a voltage in the grid impedance that is added to the network

voltage, thereby distorting the grid voltage. As the grid impedance is usually small; so

the voltage distortion is relatively low. For example, if a group of devices has a

fundamental current that causes a 5% voltage change and the percentage of 3rd

harmonic current is 5%, the voltage induced by the harmonic current is only 0.25%.

However, the most severe harmonic distortions are usually found in industrial power

systems because of higher degree of resonance achieved.

Standards for the harmonic distortion made for the supply voltage and for limiting

harmonic current can also be found in EN50 160, which describes the maximum limit

of the individual harmonic voltage at the point of common coupling. Besides,

EN50160 also refers to the total harmonic distortion (THD) with a maximum of 8%

for 95% of the time. This THD can be calculated using the formula shown below:

~ 2 2 ?U? +U, + ... UN -
THD = -. ·100%

u U
I

(4.13)

Regulating harmonic currents of devices is carried out according to several IEC

61000 standards. The interactions between harmonic voltages and maximum

harmonic currents are also important because the interaction can lead to amplification

of harmonic voltages. In practice, many devices do not function appropriately due to

the excess of the limit caused by this interaction.

4.2.2. The transfer coefficients for harmonics

The definition of transfer coefficients for harmonics is the same as flicker; harmonic

sources can be current, voltage distortion. In real life, the system operator can supply
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good quality of supply voltage; the harmonics often comes from the installations of

devices leading to distortion of voltage.

In "Power Factory," devices with some harmonic current can be modelled as

harmonic current source. Two current sources with the same percentage of 5th

harmonic current are presented in the same LV (Node 16) shown in the Figure 4-12.

Harmonic ourrent 2 Harmonic ourrent 1
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t
400V

- f-

T
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--'- -l-

T- :-- -f-
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I-,
- I-

-I- - I- -f-

other feeders

Figure 4-12: Schematics for harmonic simulation

The THD value of voltage is then measured at the source, LV and MV busbar with

phase shift between sources, which is shown Figure 4-13.

The phase angle between different current sources will influence the total harmonic

distortion of voltage, with phase angle of 1800
, the THD can be attenuated

dramatically. On the contrary, the currents in phase will magnify the THD of voltage.
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Figure 4-13: THD related to the phase angle between two harmonic current sources

Due to skin effect and variations of the internal inductance, resistances and

inductances are usually frequency dependent. The analysis of transfer coefficient for

harmonics is quite similar to the flicker. Propagation on the low voltage levels

depends on the location of observation point, the short-circuit power and the location

of the source. Propagation coefficient from MV to LV is near to I; while the transfer

coefficient in the LV network can vary between 0.13 and I depending on the locations.

The practical values of the transfer coefficients of 5th harmonics from LV side in

relation with short-circuit power at MV side is shown in Figure 4-14, which is similar

to the transfer coefficients of flicker.
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Figure 4-14: Transfer coefficients from LV to MV network
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With the same percentage but different harmonics order of current sources, the THD

of voltage and transfer coefficients are shown in Table 4-8.

Table 4-8: THD and transfer coefficients for different order of harmonics

Harmonic order 5th 7th lIth 13th

A 0.0591 0.0775 0.1146 0.1333

D 0.0205 0.0286 0.0448 0.0529

E 0.0064 0.0088 0.0139 0.0164

Transfer coefficient 0.312 0.307 0.310 0.310

Although with the increase of harmonic order, the impedance and resistance also

increase, The THD of voltages at each location also increases, however the transfer

coefficients do not vary a lot. As a consequence, for different order of harmonics, the

same transfer coefficients can be deduced from one simulation.

It is important to mention that for harmonic calculation, the information about the

cable impedance in the frequency domain is critical to perform the evaluation. Or

otherwise some practical measurements are necessary to know the characteristics of

the cable.

In total, on accomplish of flicker, similar method can be employed for the analysis of

harmonics. For future work, the maximum harmonic current at POC can be given in

order to supply sufficient power quality for harmonics.
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5. Conclusion

Power quality aspects are becoming more and more important in public grid. The

network operator is supposed to provide good voltage quality, however customers

also have influence on the supply voltage. There must be cooperation between these

two parties. The network operator can hold responsibility for the voltage quality and

grid impedance while the customers can adjust their installations according to some

regulations and recommendations regarding current quality. Also some mitigation

technique can be required sometimes for specific customers.

In order to estimate the power quality level in the Dutch grid, a typical Dutch MV and

LV network has been built in "Power Factory," The model is based on the information

from several network operators in the Netherlands, and the new design of the network

in the model is the most common configuration in the practical network. Networks

with similar configuration in the Netherlands will have similar power quality

performances as a consequence.

The short circuit current (or grid impedance) is an important parameter for

classification of supply voltage. Grid impedance and short-circuit power are analyzed

in relation to the PQ level. The Dutch grid has in average a good PQ level due to the

use of cables in the MV and LV grid. However, it still happens that the current at the

POC exceeds the limit and causes reduction of the PQ level. The customer should

limit his emissions with reference to the maximum impedance established by the

technical regulations or if unavailable, he should remunerate the investments made to

decrease the grid impedance (increase the short-circuit power). It is therefore, strongly

recommended that customers should consult the grid operator before accomplishing

installations to ensure the sufficient PQ level.

The trend of flicker severity in the Dutch network is increasing, and it is now the most

common PQ problem in the Netherlands. The reasons for this problem are the

increase of high power equipment and the installations, connected to the network

without any mitigation techniques. It is an annoying problem for ordinary people and

it is urgent to enforce stricter rules to regulate the network or connect installations to

maintain the flicker at low level at POCo Transfer coefficients are obtained from the

model (range from 0.13 to I for the LV network; whereas 0.05 to 0.3 from the LV to

the MV network). The indicative planning levels for different voltage levels are

proposed (the values for the LV, MV and HV networks are 1, 0.65 and 0.5
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respectively). It can help the grid operator when design the system as it is based on the

practical survey combined with theoretical calculation.

Although harmonic problems are not yet a big issue in the Dutch grid at the moment,

it is becoming still important as more and more power electronics devices which have

non-linear characteristics are integrated into the public network. The analysis of

harmonics is quite similar to flicker but more complicated. Propagation coefficients

from the LV side to the MV side are between 0.05 and 0.3 (except the harmonic order

of 3 and multiples of 3) depending on short circuit power. Propagation coefficients

from the MV to LV network are close to I. This explains that variation in the LV

network is higher than that in the MV network and more attention should be paid to

the low voltage network. The planning levels for i h harmonic voltage are also

proposed, it is necessary to prepare some recommendations and regulations for future

maintenance.
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Appendix A EN50160 and Dutch Grid Code

Parameter

Power
frequency

Voltage
magnitude
variations

Rapid voltage
changes

Supply
voltage dips

Short
interruptions
of
supply
voltage
Long
interruption
of
supply
voltage

EN 50160
LV, MV: mean value of
fundamental
measured over lOs

• 1% (49.5-50.5 Hz) for
99.5% of week
• -6%/+4% (47-52 Hz) for
100% of week

LV, MV: Un ±IO% for 95% of
week,
mean 10 minutes rms values

LV:

• 5% normal
• 10% infrequently
• ~,:;;I during 95% of the

values averaged over 10 minutes
MV:

• 4% normal
• 6% infrequently
• ~,:;;I for 95% of time

Majority:
duration< Is,depth<60%Locally
limited dips caused by load
switching on:
LV: 10-50%
MV: 10-15%

LV,MV: (up to 3 minutes)
few tens-few hundreds/year
Duration70% of them< Is

LV, MV: (longer than 3 minutes)
< 10 - 50/year
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Dutch Grid Code

• 50 Hz +/- I% during
99.5% of any year

• 50 Hz +4% / -6%
during 100% of the time

For networks of
Un::;lkV&lkV<Un<35kV:

• Un±IO% for 95% of
the values averaged over 10
minutes
• Un+ I0%/-15% for all
values averaged over 10
minutes
For networks of
Un::;lkV&lkV<Un<35kV:

• 10% normal
• 3% in a situation
without loss of generation,
large consumers or connections

• ~I ::; I for 95% of the

values averaged over 10
minutes during an examination
period of one week.

• ~,::;5 for all values

averaged over 10 minutes



For networks of Un<35kV:

Supply
LV,MV: up to 2% during 95% of the 10

voltage
up to 2% for 95% of week, mean 10 minute measurement periods

unbalance
minutes rms values, up to 3% in per week, up to 3% of the
some locations normal for all measurement

periods

Odd harmonics

Not multiples of For networks of Un<35kV:
Multiples of 3

3 • The relative voltage per

Relative harmonic voltage shall be

Order voltage Order
Relative smaller than the percentage of

(%)
voltage 95% of the values averaged

(%) over 10 minutes stated in the

3 5 5 6
standard. The smallest value
given in the standard shall

9 1.5 7 5 apply to harmonics that are not
15 0.5 II 3.5 stated

21 0.5 13 3 • THD:::;8% for all

Harmonic 17 2
harmonic voltages up to and
including the 40th

, during 95%
voltage 19 1.5 of the time

23 1.5 • The relative voltage per

25 1.5
harmonic voltage shall be

Even harmonics
smaller than the percentage
stated in the standard

Order Relative voltage multiplied by 1.5 for 99.9% of
(%) the values averaged over 10

2 2 minutes measurements

4 I • THD:::;12% for all

6-24 0.5
harmonic voltages up to and

THD:::;8% for all harmonic voltages
including the 40th

, during
99.9% of the time

during 95% of the time

Note: the National Grid Code is just the supplementary to the EN50160 in the
Netherlands. This is not a complete standard; instead, it is just a part from the
standard related to my research!
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Appendix B Components used in a typical Dutch grid

Series reactor in MV feeder: Uk=0.27%; Pk=O.lkW; Snom= IMVA; Unom=IOkV

Transformers
Type Ratio Uk(%) Snom

400kVA IOkV/400V 4 400
630kVA IOkV/400V 4 630

MV Cable components
Cable Unom(kV) R(Q/km) X((Q/km) C(j.lF/km) Inom(kA) Ik[ Is](kA)

3*240AI
10 0.139 0.074 0.5 0.355 20.4

GPLK 8/10
3* 150AI

10 0.229 0.078 0.42 0.265 12.8
GPLK 8/10

3*50AI GPLK
10 0.713 0.089 0.28 0.135 4.3

8110

LV Cable components
Cable Unom(kV) R(Q/km) X((Q/km) C(j.lF/km) Inom(kA) Id Is](kA)

4*150AI
0.75 0.235 0.079 0.72 0.220 12.5

VMvK/AIK
4*50AI

0.75 0.641 0.085 0.54 0.110 4.3
VGVMvK
4*10 Cu

0.75 2.082 0.088 0.277 0.075 1.3
GPLK

Note: the parameters of these MVILV cables are measured under the temperature
30OC.
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Appendix C Configuration of LV networks modelled in 'Power
Factory'
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Household and small commercial customer
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Note: For simplification, each load (h) represents three single-phase houses in
practice. The configuration of larger commercial and industrial customer is not
present here as they have their own transformers directly connected to the JOkV
feeder, thus it is considered a large load points from the grid operator's view.
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