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Summary

These days, more power demanding equipment such as charging of electric vehicles (EV), in-
duction cooktops and power electronics based devices are installed in low voltage distribution
grids in every part of the country. This introduces potential problems regarding voltage quality
due to the state of the overhead lines and cables supplying consumers, especially in rural areas
where the trend of old infrastructure with low short circuit capacity is high.

In this thesis, a real IT-based low voltage distribution grid is modelled in the Simulink envi-
ronment where two series-connected voltage regulators, the Magtech Voltage Booster (MVB)
and the Dynamic Voltage Restorer (DVR), are installed and simulated during the start of an
induction motor. By analysing the response and impact of the voltage regulators, the goal is to
establish a set of guidelines for choosing the correct voltage regulation method followed by the

grid’s topology based on the )—’? factor and short circuit capacity.

Through the simulations done, it is clear that both the modelled voltage regulators manage to
control the voltage at the secondary side to 1 pu, supporting the induction machine in a way that
the startup sequence finishes without problems. However, the MVB is consuming significant
amounts of reactive power which leads to voltage drops upstream in the grid. This is further
empowered if the network has a % factor lower than 1. The DVR on the other hand is producing
the necessary amounts of active and reactive power needed to inject the correct voltage, without
consuming from the grid due to the VSC and energy storage. This is an important point as the
DVRs impact in the grid compared to the MVB is minimal and enables the DVR to theoret-
ically fully protect loads for the safety of supply during short circuit contingencies and other

great voltage sag events.

R
X

cannot supply unlimited amounts of active power, and is significantly more expensive than

Installing the DVR in grids with a resistive < factor, however, is not ideal since the DVR

other installations such as the MVB - and the ultimate goal for these devices is to be a cheaper

and more convenient alternative to a total reinvestment in the grid.
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Sammendrag

Lading av elbiler, induksjonskokeplater og laster med kraftelektronikk blir mer og mer van-
lig i det norske lavspentnettet og trekker hgy effekt over kortere tid. Dette introduserer nye
utfordringer knyttet til spenningsproblemer grunnet tilstanden som mye av dagens distribusjon-
skabler og luftledninger befinner seg i. Gammel kraftinfrastruktur i lavspentnettet med hgy
kortslutningsytelse er svart vanlig i grisegrendte strgk, og alternative lgsninger til reinvestering
i nettet har i gkende grad vert forsket pa med malsetning om & utnytte den eksisterende nettin-

frastrukturen bedre.

I denne masteroppgaven har et IT-basert lavspentnett blitt modellert i programvaren Simulink
basert pa data fra nettselskapet Elvia. To seriekoblede spenningsregulatorer, en Magtech Volt-
age Booster (MVB) og en Dynamic Voltage Restorer (DVR), er modellert og implementert i
lavspentnettet. Starten av en standard trefase 4k VA induksjonsmotor er gjort ved en last lokalis-
ert pa sekund@rsiden av de implementerte spenningsregulatorene, hvor responsen og regula-
torenes effekt pa spenningsprofilen i nettet under- og etter maskinstarten er analysert. Malet
med oppgaven er a gi noen generelle anbefalinger for hvilke spenningsreguleringsteknologier
som kan vare aktuelle for ulike nettopologier basert pa den spesifikke % faktoren og kortslut-

ningsytelsen.

Simuleringene som har blitt gjennomfgrt viser at begge de modellerte spenningsregulatorene
klarer a gjenopprette spenningen ved motorterminalene pa sekundersiden til 1 pu under mo-
torstarten. Regulatorenes pavirkning i nettet ellers er derimot svert forskjellig, hvor MVB
trekker store mengder reaktiv effekt. Dette fgrer til stgrre spenningsfall lenger oppe i nettet, en
trend som blir mer tydelig nar % faktoren synker. Dette er ikke tilfelle med en DVR da den pro-
duserer den ngdvendige reaktive effekten selv gjennom den interne kraftelektronikklgsningen.
I tillegg kan den kompensere for manglende aktiv effekt gjennom energilageret, som er et viktig
punkt, da denne regulatoren potensielt kan beskytte laster gjennom kortslutningshendelser eller

stgrre spenningsfall mye mer effektivt enn eksempelvis en MVB.

Installasjon av en DVR 1 lavspentnett med ensartede spenningsproblemer grunnet lav kortslut-
ningsytelse hvor % faktoren 1 all hovedsak er resistiv anbefales i utgangspunktet ikke, siden
spenningsstgtte via aktiv kompensering krever tilgjengelig kapasitet pa energilageret. En spen-
ningsbooster lignende MVBen kan da vare et bedre alternativ, hovedsakelig grunnet den store

investeringskostnaden til kraftelektronikkbaserte spenningsregulatorer med energilager. Dette

il



er viktig siden malsetningen med disse installasjonene er & vare et billigere og mer gunstig

alternativ til store reinvesteringer i nettet.
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Chapter 1

Introduction

The Norwegian power system is divided into three different categories. The transmission grid
(132-400 kV) operated by the Norwegian transmission system operator (TSO) Statnett, the re-
gional grid (66-132 kV) and the distribution grid (0.23-22kV) both operated by distribution
system operators (DSO). The different grid levels have different characteristics but all share
some similar traits. Huge parts of the Norwegian power grid is old and require reinvestments
to uphold new regulations in voltage quality and safety in the meeting of modern load profiles

dominated by electric vehicles, electrical motors and other power demanding applications.

In the distribution grid, it is estimated that one-third of all lines are older than 40 years [6].
The general load profile of a modern home greatly differs from back then until today, with
more equipment requiring higher load peaks and introducing other distortions. Examples be-
ing the direct start of induction motors, heat pumps, induction cooktops, charging of EVs and
power electronics based devices. In a weak distribution grid with long distances and low short
circuit capacity, the large load variations can lead to undesirable voltage phenomena such as
voltage dips, asymmetry between phases and harmonic disturbances. The DSOs is underlaid
the Norwegian regulation of voltage quality (FoL) which introduces requirements and regu-
lations. Besides, the low short circuit capacity (SCC) introduces challenges in implementing
proper protection schemes in the network, which is increasingly more difficult as more dis-

tributed generation units are dispatched in the grid.

Methods and techniques to improve voltage quality in weak grids as explained above is of great
importance for DSOs, as finding cheaper alternatives to large reinvestments in the grid makes it
easier to further invest in new technologies which give economical and environmental benefits

for the consumers as well as the DSO.




Chapter 1. Introduction

1.1 Scope of Work

In the specialization project conducted the autumn of 2019, test results regarding an actual MVB
were acquired from SINTEF, and analysed intending to confirm the validity of the previously
established MVB model from [15].

This thesis is a continuation of the named project and evolves with the implementation of a
power electronics based series voltage regulator, the Dynamic Voltage Restorer (DVR), enabled
for reactive and active power control. The device will be modelled in the simulation software
Simulink, and its behaviour in a modelled low voltage distribution grid will be investigated and
compared to the existing MVB model which previously has been established. The startup of a 4
kVA induction motor downstream of the modelled devices is used to simulate a taxing dynamic

voltage distortion to properly challenge the voltage regulators.

The goal of this project is to investigate on a scientific basis how the two modelled series voltage
regulators (the DVR and the MVB) can cope with the dynamics of the induction machine during
startup. The regulators’ impact in the voltage profile of the modelled distribution grid as a whole
will be investigated, with the goal of establishing some general guidelines for which type of
regulation devices is the most effective depending on grid topology, % factor and short circuit

capacity.

1.2 Project Outline

The thesis is split into three parts that focus on different aspects of the theme of voltage regula-
tion in the low voltage distribution grid. In the first part (chapters 1-2), some general character-
istics and challenges of the distribution grid are explained. Major parts of the content (chapters

1, 2 and 4) are transported from the specialization project [11] with modifications.

In the second part (chapters 3-6), a modelling approach of the induction motor, the MVB and
the DVR will be conducted. Also, the modelling of an actual test grid from the DSO Elvia will

be done.

In the third part (chapters 7-9), the simulation results relating the Simulink models of the DVR
and the MVB in the appointed grid will be presented. The results are further discussed with a
basis in the presented and known theory, before resulting in a conclusion which will give some
general guidelines about which regulation technology is the most effective for different network

topologies.




Chapter 2

The Distribution Grid - Characteristics and

Challenges

The Norwegian distribution grid is the final step of the transmission chain from producer to
consumer in the power grid. The main objective of the distribution grid is to distribute electrical
power at voltage levels ranging from 22kV (highest voltage) to household voltages of 230-400V.
The distribution grid is divided into two parts as seen below and operated by local DSQO’s. The
total length of the Norwegian distribution grid (0.230 - 22kV) is estimated to be around 300.000

km of lines and cables [7].

e High voltage distribution grid: Voltages between 1kV and 22kV [7].

e Low voltage distribution grid: Voltages between 230V and 1kV. The last step before

the consumer.

The Norwegian distribution grid has some fundamental characteristics which imply challenges
that have to be faced in order to maintain the security of supply and environment, health and
security (EHS). In essence, the most important characteristic (that poses a problem) is that the
distribution grid is not built for the load profiles of today, and certainly not for the future [10].
With a significant part of cables being old with high resistance and ageing insulation, the modern
trends of more power-demanding applications such as charging electric vehicles, heat pumps,
power electronics and induction ovens (to mention a few) introduce new problems to voltage
quality with emphasis on flickers, harmonics, asymmetric phases and under/overvoltages [8].
In addition, older grids tend to have a low short circuit capacity (SCC) - which heavily implies
that the distribution network in question responds poorly to load changes due to high system
impedance, and introduces problems referring to setup of protection schemes. This will be fur-

ther explained below.




Chapter 2. The Distribution Grid - Characteristics and Challenges

The introduction of more distributed generation (DG) also poses a significant challenge for
the current distribution grid [33], but is important for both environmental and economic stand-
points. Increased implementation of DG units can pose problems for protection schemes, but
also overvoltages as a result of the bidirectional flow of power [30]. The implementation of
DG will briefly be explained and discussed in accordance with voltage regulation techniques

presented in the thesis.

2.1 Simplified Model

In figure 2.1, a simplified model of a distribution network with one voltage source, one impedance
and one load is presented. The load is here representing a common household, the impedance is
representing the line and the voltage source is the step-down distribution transformer. It can be
seen that by increasing the load in the model, the increased current will lead to higher voltage

losses across the lines which will result in U, being reduced.

Z=R+jX
v *) X Last

O+ ="

Q

Figure 2.1: Simplified circuit model of distribution network [17].

To derive the expression for the voltage drop of the model above in figure 2.1, Kirchoff’s Voltage

Law is used to derive the voltage balance of the model.

Up=Us+1-(R+jX) (2.1)
p_
S=U-T"=P+jQ—1= UJQ 2.2)
1
Inserting equation 2.2 into 2.1 and we get 2.3
P—jiQ)(R+jX P-R - X (X-P-Q R
U, — v, 4 P ZIQWETIX) +@-X)+( @R a3

U 1 Ul
By setting AU = U, — U; and acknowledging the fact that the angle between the voltage source
and the load is very low [35], equation 2.3 compiles to 2.4

_P-R+Q-X
=—

By utilizing standard p.u. notation, U; = 1 pu since the voltage at the source is assumed ideal.

AU (2.4)

Equation 2.4 then results in equation 2.5.
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2.2 Network Structure: Radial and Meshed

AU=P-R+Q-X (2.5)

The voltage drop across the line can in other words be estimated using equation 2.5, and is im-
portant for the continuity of this thesis. It should be noted that both active- and reactive powers
have a connection with the voltage drop connected to the resistance and reactance of the system
impedance, respectively. To minimize the voltage drop, the impedance of the distribution lines
should ideally be kept as low as possible [17]. Figure 2.4 visualizes the concept of voltage drop

in the lines.

2.2 Network Structure: Radial and Meshed

There are mainly two ways to structurize the electrical grid. Radial, and meshed. Radial grids
typically operate through a single supply line, giving a simple layout and ofter easier operation.
However, this structure is outdated and offers low selectivity with alternative supply paths dur-
ing faults. Le., if a fault occurs right after the fuse/relay in the substation, the whole supply path
will be cut off for all the loads connected on that specific feeder [3]. This topology is commonly
used in the distribution grid. As can be seen, with no further DG production - the voltage and
SCC will be at the very lowest at the farthest end of the line. Figure 2.2 illustrates a simple

sketch of a radial layout.

A meshed grid or open-loop structure is a more modern form of grid - with more than one
supply alternative for different households, giving greater dependability of power supply for the
connected loads. However, the operation is more complicated and designing proper protection
schemes with satisfying selectivity is challenging [3]. The HV distribution grid, regional grid

and the transmission system should all be as meshed as possible to secure safety of supply [3].

MVILV ____-———-:‘“J____‘———— Q

Figure 2.2: Radial structure, typical for older parts of the distribution grid.
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2.3 R/X Ratio

As shown above, in the simplified model in figure 2.1 and equation 2.5, the voltage drop over
the distribution lines is dependent on both the system resistance and reactance, and the active
and reactive powers. In turn, different voltage regulation applications utilize different technolo-
gies. Some technologies are better suited for grids with a more reactive impedance/load profile
and vice versa. The % ratio is calculated by dividing the system resistance with the system re-
actance and is simply a measurement for the relationship between the resistance and reactance
in the network impedance. In general, overhead lines have a lower % ratio than cables [20] (but
not always), and is reduced with increased cross-section since the inductance of conductors in

a three-phase system is heavily dependent on the geometrical mean radius.

With % > 1 the distribution lines are more resistive, and changes in active power injections
influence the voltage response more than a change in reactive power. The opposite is also true,
with % < 1 the changes in reactive power injections will influence the voltage more. In the low
voltage distribution grid, the typical % ratio of a low voltage distribution grid is in the range of
2 > % > 0.5 [17]. A table with % factors for different cables and overhead lines represented
in the high and low voltage distribution grids can be seen in figure 9.1 in the Appendix. In a
distribution network, the other households/loads which are connected in parallel is neglected
for simplicity. The % ratio can be a good indication for choosing the correct voltage regulation
method [17].

At higher voltage levels, like in the transmission grid, the % factor corresponds to the % factor,
where they are the inverse of each other. The reactance component in transmission lines is usu-
ally several times larger than the resistance component due to the increased geometrical mean
radius, as well as the length of the lines. Besides, the cross-sectional area of transmission ca-
bles is larger, effectively reducing the resistance [12]. Consequently, voltage regulation through
reactive power compensation is much more common at higher voltage levels compared to the

low voltage distribution grid.

2.4 Short Circuit Capacity

In the low voltage distribution network, the term short circuit capacity (SCC) is of vital impor-
tance. NVE defines the SCC as Sy, in equation 2.6 [21].

2
S, =V3U,I, = ﬂ% (2.6)
k

Where U, is the nominal system voltage, and [, is the short circuit current during a three-phase
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symmetrical fault. Using Ohms law and substituting [, it can be noted that the systems short
circuit impedance Z is critical for the size of the SCC. Since the system voltage in the Nor-
wegian grid mainly is 230V, the SCC is often denoted as the short circuit current Io, yn, the
minimum fault current between two phases. In an IT configured network, the two-phased fault
current is the minimum fault current than can occur, giving the term additional information re-

garding the setup of relays and fuses.

The SCC is a general measurement for the stiffness of the network, with a low value making the
network less stiff”” and vice versa. The term stiff” refers to the network’s ability to counteract
and stabilize its voltage after load changes [16]. The SCC is a function of the impedance of the
network to the voltage source. The networks impedance increases with the distance to the step-
down transformer, implying that nodes/households built at some distance to the transformer are
most often exposed to voltage problems. A stiff network has a very static voltage response,
with negligible changes. A weak network with low SCC is often associated with voltage prob-
lems consisting of e.g. subsequent voltage dips during notable load changes in the system, or
asymmetric behaviour between the phases [16]. Using the SCC as a comparison parameter of
stiffness between grids of the IT and TN type cannot be done, which will be further explained

in the next section.

Another important aspect with the SCC, is the proper installation of protective devices such as
overcurrent relays/fuses, ensuring safe disconnection during a fault scenario. If the short circuit
current is in the same range as the general load current, problems will arise. E.g., the reference
network in the Norwegian distribution grid has a SCC of around 1.1kA while the main fuse of
a standard household is usually 63A per phase [16]. The topic of proper protection selectivity
during faults will not be investigated in great detail in this project but is very important for both
safety and proper operation of the distribution grid. This is especially true with the increased

implementation of DG [30].

2.4.1 Reference Values and Fault Current Sizes

In Norway, the majority of the low voltage distribution grid is constructed through an IT con-
figuration. An IT configuration means that all three-phases are grounded through the neutral
point, and there is no external neutral conductor [37]. All new constructions of the low voltage
distribution grid are today in general built in a TN configuration, with 400V system voltage be-
tween phases compared to 230V between phases in an IT configuration. The TN configuration

has an additional neutral phase that is used for grounding in the system [16].

The short circuit current in a TN configuration during a fault will naturally be larger than the

7
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short circuit current for the same fault in an IT configuration (i.e., phase-phase, phase-ground).
This follows by equation 2.6 above as the voltage is larger. However, the voltage drop during
operation of the grid will still be the same for both cases - since the connection of a 230V load
is between the neutral and phase (TN) or two phases (IT). The system impedance from the fault
location will then be equal for both cases, but the short circuit current between two phases will
be larger for the TN case due to the increased voltage in the phases [16]. There are some differ-
ences between loads connected in a one or three-phase configuration, but the main point is that
using the SCC as a comparing parameter between networks of different configurations can be

problematic without further groundwork.

A more natural approach for a comparable parameter between both network configurations
could be the system impedance, where the main rule of thumb follows: two networks with IT
and TN configuration respectively have the same stiffness if the system impedance is equal.
For three-phase loads, the IT impedance has to be one-third of the TN impedance for the same
stiffness [16]. l.e, if an IT configurated network has voltage problems due to the increased
connection of three-phase loads such as electric cars or heat pumps, upgrading from an IT con-
figuration to a TN configuration with the same conductors will improve the voltage situation.

Upgrading will not improve voltage problems caused by one-phase loads [16].

There are no specific reference values that indicate maximum or minimum short circuit currents
for different networks, but there are some guidelines and regulations that have to be followed

and be kept in mind

e In the “Regulations on safety when working in and operating electrical installations” it
is stated that an electrical system should be installed such that the probability of harm is

minimal for human life and materialistic values [22].

e A normal main fuse installed in Norway has a capacity of 63A. A rule of thumb is that

the minimal [, is 5 times this size, i.e., 315A [17].

e [EC has reference values for system impedance in the distribution grid that ensure that
electrical components do not influence the general voltage quality or cause inherent phe-
nomena as voltage flickering. Calculating Iy ,,;, With this value, the current of 1172A is

obtained. This value is quite large [16].

e Based on [16] and NVE, it is recommended that the minimal /5 should not be lower than
371A in an IT configuration. With a lower value, the usage of normal equipment can lead

to violations of FoL.

Based on [16], it is recommended that the minimal /.5 should not be lower than 371A in an IT

configuration. With a lower value, the usage of normal equipment can lead to violations of FoL.
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With Iis i, = 371A as lowest current, the corresponding system impedance can be calculated

to 0.23€2 using equation 2.7 from [16].

c-U,
|Z, + Z_|
Where U,, = 230V, and Z, = Z_ = R; + j X is the impedance in the network with the fault

2.7)

Ikain =

location at a distance from the transformer. The two-phase to ground fault current is the lowest

fault current in an IT network.

The value of Z,,;, = 0.23(2 should be noted. Installing voltage regulation instalments such as
series voltage regulators (SVRs) will increase this value, and further reduce the short circuit

current.

2.5 Distributed Generation

According to Wikipedia, Distributed Generation (DG) can be defined as electrical generation
and storage performed by a variety of small, grid-connected or distribution-system-connected
devices called distributed energy resources (DER). DER systems typically use renewable en-
ergy sources such as small hydro, solar power, wind power and are characterized by the fact that

they are decentralized, inherits a high degree of modularity and rated at 10 MW or less [42].

In the context of this thesis, DG units will mainly consist of small scale photovoltaic (PV) cells
connected downstream in radials in the low voltage distribution network. As of 2020, the Nor-
wegian government subsidize the instalment of PV panels for both households and companies,
to increase the renewable power generation. PV cells as an energy source are rapidly increasing

worldwide, and is purely renewable [9].

The introduction of more renewables through DG is from an environmental perspective is un-
questionable positive, however, the effects of installing DG in weak distribution grids can be
large, with extra emphasis on voltage quality and protection schemes. Some general advantages
with increased DG in distribution systems can be related to improved efficiency of the sys-
tem, reduced maintenance cost for DSO due to less power through lines, increased renewable

production, increased ability to regulate voltage through inverter and storage solutions [30].

2.6 Regulations for Voltage Quality

The operation of the Norwegian power grid is controlled through strict laws and regulations,

where one of the more notable regulations is the Regulation for Quality of Delivery (FoL). One
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of the objectives of the FoL is to ensure the satisfactory quality of voltage in the system. Every
instance that operates or owns electrical equipment connected to the Norwegian power grid
is underlaid this regulation. Chapter 3 in this regulation sets requirements and boundaries for
several parameters of interest [21]. These boundaries should be noted and are critical for the

successful implementation of grid reinvestments.

System Frequency

The TSO is responsible for the frequency of the system. The frequency should normally be in
the interval 50 Hz + 2%.

Slow Variations in System Voltage

The DSO is responsible for that the slow variations of the RMS value of the system voltage are
inside the boundaries of U,, - 10%. This value is measured over a period of 1 minute in the low

voltage distribution grid.

Short Over and Undervoltages and Voltage Sags:

There is a maximum number of allowed short over and undervoltages (transients) at any node in
the distribution grid. The values from table 2.1 are to be followed. It should be noted that voltage
transients that occur as a result of switching breakers, short circuits or necessary switching

operations to ensure the proper operation of the system is not covered by this regulation.

Kortvarige overspenninger, kortvarige Maksimalt antall tillatt pr. flytende 24-timersperiode
underspenninger og spenningssprang

1023 kv = Uy = 35 kv 35 kv < Uy,
AUsisiiai =3 % 24 12
|AUpaks 25 % 24 12

Table 2.1: Maximum allowed short over and undervoltage variations within 24 hours [21].

Voltage Asymmetry:

The DSO is responsible that the voltage asymmetry between the phases is within +2% mea-

sured over 10 minutes.
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2.7 Technologies for Voltage Regulation

The fact that voltage problems can occur as a result of poor/old network design has been prop-
erly established. To reduce voltage problems there are several alternatives that should be con-
sidered. The most obvious solution that usually is the technical most ideal, is to reinvest and
rebuild the distribution network in question by investing in cables/overhead lines with larger
cross-section or moving the distribution transformer closer to the loads, effectively reducing the
system impedance. Looking at reinvesting from a cost-benefit perspective, this is often not the
ideal solution for the DSO - and other solutions should be investigated before taking this action.

In the following subsections, a number of available technologies will briefly be presented.

2.7.1 On-load Tap Changer

The most common and simple method of controlling the voltage in a distribution network is to
vary the transformer ratio in the distribution transformer. Manual tap changing on transformers
is an option available on most models, but models in low voltage distribution networks cannot
be tap-changed during load. Manual tap changers in the low voltage distribution grids are often
installed at the high voltage (HV) side of the transformer (11-22 kV), and can be trinned in
several steps (typically +222.5%).

Another option is to install an On-Load Tap Changer (OLTC) in the transformer to be able to
change the voltage set point during operation based on voltage measurements in the system
to prevent over- and undervoltages. Transformers connected to industrial applications or nodes
with a high level of power fluctuation usually have such applications installed. See figure 2.4 for
an illustration. In the transformers between HV/MV voltages, OLTC is standard - and required
such that voltage variations at higher voltage levels do not spread towards the distribution level
[35].

As of yet and current knowledge, Helgeland Kraft is the only company which owns a dis-
tribution transformer with OLTC technology installed in Norway through the DGnett project
yielding very good results [33]. The transformer used in the DGnett project is produced by
Norsk Transformator, with Maschinenfabrik Reinhausen delivering the OLTC and control sys-
tem. Additionally, Hafslund Nett will be conducting an installation of a distribution transformer
with OLTC in an ongoing research & development project. Several transformer producers have

available products, but the Siemens FitFormer REG is a well tested complete solution.

The switching procedure in the Siemens FITformer can be seen in figure 2.3. The switching

consists of activating a bypass by closing a contactor. To make sure that the switch is faultless,
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the current flows through the bypass. This implies that any occurrences of unwanted voltage
drops/peaks during switching are minimal. After the switching is finished, the bypass is re-

opened and deactivated after reaching desirable regulation [36].

Figure 2.3: Siemens FITformer REG, principle of switching during load [36].

Vm ax

Vtap

Vsys

Distance

Vhause

Vmin

Figure 2.4: Voltage development with trinned voltage at distribution transformer.

2.7.2 Series Voltage Regulation

In general, Series Voltage Regulators (SVRs) functions by implementing a voltage regulation
device in series with the load, effectively boosting or reducing the voltage seen as fit. There are
mainly two types of series voltage regulators available that work in two fundamentally differ-
ent ways. Namely the series compensator and the line voltage regulator (LVR). Whereas the
series compensator functions by connecting capacitor banks in series with the line to offset the
inductive reactance of a line, the LVR decouples the initial line voltage and boosts it through
a series-connected transformer solution as can be seen in figure 2.5 below. In short, the LVR

can be modelled as a controllable voltage source connected in series with the line, injecting the
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missing voltage between the reference and the signal.

In this thesis two SVRs are modelled, where both the MVB and the DVR are variants of the
LVR type. Both the MVB and DVR functions in different ways, as the MVB utilizes a magnetic
controllable inductor (MCI) to change the inductance of an internal autotransformer, whereas
the DVR consists of a Voltage Source Converter (VSC) coupled with an energy storage which
can supply active and reactive power without increasing the reactive consumption of the line. A
more thorough explanation of the DVR and the modelled MVB will be done in chapters 3 and
4 respectively. Below, a brief explanation of the LVR and series compensation technology will

be done.

Vm ax

LVR, new setpoint

Vsys
Distance

!
Vhouse|--mmeemeeemmeemmeemee e TS

Vmin

Figure 2.5: Example of voltage development with a LVR.

Line Voltage Regulators

Line Voltage Regulators (LVR) (as illustrated in figure 2.5) decouples the system voltage, and
resets it to a new set point according to the instalment [13], or injects the voltage missing
between the reference and the measured value at the secondary. There are different LVR tech-
nologies, but they all consist of a transformer solution connected in series with the load which
can be modelled as a controllable voltage source. The differences between technologies comes
down to the method of changing the injected voltage. Figure 2.6 illustrates a basic single line
diagram of a LVR.

Different technologies to control the injected voltage of the LVR is used by different compa-
nies. I.e., Magtech is using the MCI to seamlessly change the inductance of an integrated auto-
transformer [24], while other manufacturers utilize power electronics, transformer cascades or
separate tap changers to change the output voltage. Some basic single line diagrams of these

technologies are illustrated in figure 2.7 [13].
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line voltage regulator

MV or LV line Ug loads and
transformer L AT decentralized

: i generation
Morly | :
feeder L1 g Ur=U_-Ug
' / '

U, : line to ground voltage

Ug: booster voltage on line side

Ugg: booster voltage on regulator side
Upg: regulated line to ground voltage

Figure 2.6: Single line diagram of a standard LVR regulator [13].

a) Transformer Cascade b) Adjustable Transformer ¢) Voltage Source
as a tap changer with a motor

(S JG Rectifier
| &
JG .| Inverter

O O

Figure 2.7: Different LVR technologies [13].

Adjusting inductance through tap changing is one of the more common solutions, with ABB and
a-eberle marketing solutions which utilizes this technology in some way [1]. Smart switching
through thyristor controlling or other measures can be used to seamlessly change the voltage.
However, the downside of using switching technology is moving parts and increased wear &
tear in the installations [13]. It should be noted that installations like LVRs can be used as an
alternative to reinvesting in grids in sparsely populated areas in the countryside. Having robust

installations with low maintenance costs are a huge advantage for the operator.

Series Compensation

Series impedance compensation is done by connecting capacitors in series with the line, and
is a common technique to offset the inductive reactance of the line in question to minimize
power losses. According to [23], the inductive reactance of a transmission line is compensated
to between 25 - 70% whereas full 100% compensation makes the line flows extremely sensitive
to changes in angle, and the risk of harmonic resonance occurring at the line increases. The
use of impedance compensation through series connecting of capacitors are mainly used in the
transmission system [S5]. The working principle is briefly explained below.

Assume an ideal power line with a series inductance X . The series capacitor X, is connected

at the midpoint of the line according to 2.8. Then the active power transfer across the line and

series reactance is given by equations 2.8 - 2.9.
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9
x
X

Figure 2.8: Simple transmission line model.

WV
pP= ;{2 sin & (2.8)
X=X, —-Xe=Xp1+ X2 — X, (2.9)
Substituting 2.9 into 2.8 results into 2.10.
WV
P= ﬁ sin 0 (2.10)

Where

e P is the active power transferred per phase

e 1] and Vj is the sending and receiving end voltages respectively

e X is the series inductive reactance of the line per phase

e X, is the series capacitive reactance of the capacitor bank per phase

e 0 is the phase angle between V; and V5,

It should then be observed that by varying X, the total reactance of the line can be increased
or decreased, enabling for greater values of power transfer. X, can be varied by changing the

number of capacitor banks connected through smart switching according to needs.

Series compensation is a great tool to enhance system stability, but also introduces problems
regarding sub-synchronous resonance, instalment of distance relays and potential high voltages

across any breakers. These are moments that will not be regarded any further in this thesis.

2.7.3 Shunt Compensation

The usage of shunt compensation methods through shunt-connected reactors and capacitor

banks are widespread, and an absolute necessity at higher voltage levels to maintain the high
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power factor and compensate for reactive consumption or production of power in transmission
cables [23]. This is often done through Flexible AC Transimssion System (FACTS) technol-
ogy. The idea of connecting a capacitor or inductor in parallel with a transmission line is to
compensate for an either inductive or capacitive power factor in the system, maximizing the
transmission of active power. By shunt connecting a capacitor, the capacitor bank will supply
reactive power and thus increasing the voltage. Vice versa, the shunt reactor will consume re-
active power, thus lowering the voltage. Reactors are often installed in high voltage distribution
systems with high variations in generation and load due to DG. Installing separate capacitor
banks and reactors for shunt compensation in the distribution grid is often associated with static
switching and small scale of controllability [30], however, newer installations are depending
more on implementation of power electronics - and gives greater controllability and perfor-

mance.

In the following, the ideal derivation of the working method of shunt compensation is to be

explained.

Consider a no-loss line with set impedance Z = ;X and the voltage at both ends is the same
Vs =V, =V asin figure 2.9.

X/2 X/2

Figure 2.9: Lossless line with equal voltage [41].

Due to the reactance of the line, there will be a phase lag between the voltages d. Thus V., V;

and [ can be derived as in equations 2.11 - 2.13.
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)
VSZVCOS§—|—jVSng (2.11)
)
V. =V cos 3~ jVSln§ (2.12)
Vs—1V, 2V sin 2
== = — 2 2.13
jX X 2.13)

Since the line has R = 0 there are no real losses in the line, meaning the active power P is
equal at any point of the line. The reactive power at the sending end has to be the opposite of
the reactive power at the receiving end due to the phase shift. This gives the following equations
2.14 - 2.15.

in(é 2
P,=P.=P=R(V)-1= Vcos(g) : W%M = 2‘% sin(g) (2.14)
. 0. 2Vsin(g V2 )
Qs=-Q,=Q=S(V) 1= Vsm(§) : %(2) = 4?“ — cos(§)) (2.15)

Equation 2.14 is the transmitted active power in the line, while equation 2.15 is the injected
reactive power from the midpoint shunt compensator. It can be noted that the maximum active
power possible to transmit equals 2‘/72 and happens when 0 = 90°. The shunt compensator then
has to inject 4‘/72 of reactive power. The shunt compensator will then inject or consume reactive

power based on the power factor of the system.

The general working method of shunt compensation is briefly explained above by [41], but it is
important to note the fact that the shunt compensator injects or consumes reactive power. The
effectiveness of voltage regulation by reactive power compensation is quite dependent on the
topology of the network, i.e., the % factor, and not necessary the best solution for the standard

low voltage distribution network.

2.7.4 FACTS

According to Machowski [23], the main control actions in a power system have traditionally
been utilized by the means of mechanical devices like tap changing transformers and switching
capacitors/inductors. FACTS devices are power electronic based devices that enable fast, robust
and accurate control of voltage variation through i.e., consumption and injection of active and
reactive powers. Nearly all FACTS devices have a power converter consisting of semiconduc-

tors such as thyristors, whereas one of the more common converter types are the VSC.
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Different types of FACTS devices exist, and they can be connected both in series and shunt
based on the need. Examples of shunt-connected FACTS devices are braking resistors and
reactive power compensators. Examples of series-connected FACTS devices are series com-
pensators, power controllers and phase angle regulators [23]. Below, a few well-known devices
will be briefly explained. The modelled DVR in this project is a variant of a series connected
FACTS device and is similar to the Static Synchronous Series Compensator (SSSC) and the
Static Synchronous Compensator (STATCOM).

Static VAR Compensator

The Static VAR Compensator (SVC) is a shunt compensation device that can be found in sev-
eral different configurations, but are in general made up of thyristor controlled reactors (TCR),
thyristor switched capacitors (TSC) and Fixed Capacitors (FC) [23]. Examples of a few config-
urations can be seen in figure 2.10. Through the operation of the SVC with power electronics,
a flexible and continuous reactive power compensation scheme can be established that operates
in both the inductive and capacitive regions. The operation is seamless, and is highly effective
in terms of improving voltage quality in transmission grids at higher voltage levels, but also to
improve voltages at industrial loads [23].

In the Norwegian distribution grid, the SVC is not used at lower voltage levels. A leading
reason is probably connected to cost, and distribution grids with mostly % > 1 where reactive
compensation is not as effective as other methods. The SVC is however much more common

at higher voltage levels. In other countries, the SVC is more commonly seen in lower voltage

distribution grids [39].

TCR/TSR TCR/FC TSC/TCR

Figure 2.10: Different types of SVCs [23].
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Static Compensator

The STATCOM is another FACTS device that is similar to the SVC in many ways, but instead of
being thyristor controlled, the STATCOM utilizes the VSC. The STATCOM incorporates a very
high content of power electronics, but the other components mainly consist of a transformer
and a capacitor [23]. See figure 2.11a for a simple model. The VSC is equipped with a pulse-
width modulation (PWM) controller which controls the AC voltage delivered by the VSC, by
changing the control parameters m and ) as given by equation 2.16. The transformer has a
reactance X, and the resulting voltage V¢ from the VSC influences a change of alternating

current across the transformer /4 as given in equation 2.17 [23].

Vac = mkVpe(cosy + jcosip) (2.16)
(Vi = Vac)

Tpe = ————= 2.17

AC X (2.17)

Since the impedance in [4¢ is purely reactive, the flow of current is controlled by the size of
the voltage produced by the VSC. Le., if V4o > V;, the STATCOM will deliver reactive power
to the busbar and vice versa. The AVR is regulating the sizes of m and v according to the bus

voltage.

In general, the STATCOM cannot deliver active power to the system, but by installing an energy
storage system in parallel with the capacitor, this enables the STATCOM to consume and inject
active power in addition to reactive compensation. This solution is also known as a Battery
Energy Storage System (BESS) [23]. Figure 2.11b illustrates a simple model of the STAT-
COM/BESS with energy storage.

The modelled DVR in this thesis is similar to other FACTS devices like the STATCOM by
its general design. The latter, however, is connected in shunt with the subjected distribution
line/load, and where the DVR is injecting a voltage in series with the load, the STATCOM is
injecting a controllable shunt current. The difference of series and shunt connection makes a
difference during greater voltage sags and outages (i.e., short circuits upstream in the grid).
According to [19] the DVR is more robust during greater voltage sags than the STATCOM,
giving cleaner voltage sags with less harmonics and noise. Both the DVR and the STATCOM

can support with active power if there is an energy storage element available.

PCS and AVR are acronyms for Power Converter System and Automatic Voltage Regulator,

respectively.
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(a) General model of a STATCOM. (b) STATCOM with connected storage system for active
power regulation (BESS).

Figure 2.11: Simple models of a STATCOM and a BESS [23].

Static Synchronous Series Compensator (SSSC)

The SSSC, in essence, is very similar to the STATCOM, and is often referred to as the series
STATCOM [23]. The AC voltage is generated by a VSC interconnected with a regular DC link.
The control of the SSSC is done by PWM by the parameters ¢/ and m in a similar manner as
above. The converter operates as a voltage source and is directly feeding the transmission link
through the transformer [23]. A general one-line diagram is shown in figure 2.12. ST is short

for series-transformer.

AV

L)

JAX ?
y

%3

PCS

Figure 2.12: One-line diagram of the SSSC. [23]

Unified Power Flow Controller (UPFC)

The equivalent circuit as well as a one-line diagram of the UPFC can be found in figure 2.13.

The UPFC is divided into two parts, one series and one shunt-connected. The shunt part is
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similar to a STATCOM, while the series part functions as a SSSC which is briefly described
above. The power converters are of the VSC type and are back-to-back connected through a
regular DC link. Through different control methods the UPFC enables three important functions
(the following is directly from [23]):

e Control of real power flows by adjusting the quadrature component of the booster voltage
in the series part.

e Control of reactive power flows by adjusting the direct component of the booster voltage
in the series part.

e Control of the voltage V; in the connection node by controlling the reactive current sup-
plied by the network to the shunt part.
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Figure 2.13: The UPFC; a) functional diagram and b) equivalent circuit from [23].

2.7.5 Distributed Generation

From sections 2.3 and 2.1, it is already established that distribution grids usually have % be-
tween 2 and 0.5, giving that changes in active power injection in the system mainly will affect
the system voltage the most according to equation 2.5. The motivations for a private instance to
invest in PV cells are often economical, therefore the PV cells are set to produce active power
at unity power factor, in turn heavily influencing the voltage in the distribution network [30]. In

Norway, the power generated is coincidentally at the highest during the time of the year where
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Chapter 2. The Distribution Grid - Characteristics and Challenges

the loads are lowest (during the summer), and the production is at its lowest when the loads
are the largest (during the winter). The corresponding voltage change AU can be expressed
with equation 2.18 (which is identical to 2.5) [25]. @), and P, is the reactive and active power

generated, whereas P, and (), is the active and reactive loads.

AU=R-(P—P)+ X -(£Q:—Q,) (2.18)

Neglecting reactive power production/generation, the voltage drop over the line will be negative
when P, > P}, simply implying that the DG application is increasing the system voltage since
the generation is greater than the load. Depending on the network impedance, the PV cells have
to reduce its production capacity which is not desirable from an economic or environmental

perspective during hours of high production and low load [25]. This is especially true in weak

R
X

installation can contribute to nullifying the voltage increase due to active power injection by

grids with a high system impedance. For grids with a < ratio close to 1, inverters in the DG

consuming reactive power [20].

The scenarios stated above are of the worst case, and in normal situations in the average grid,
the installed DG often contributes to maintaining acceptable voltage levels, ensuring that when
sudden load changes arise - the FoL regulations are upheld. l.e, if a voltage dip should arise
as a result of a sudden load change downstream in the system, the DG may prevent the voltage

from violating the —10% barrier of the system voltage as figure 2.14 illustrates.

Contribution from DG G 'l?g.

¥

Distance

Vm in

Figure 2.14: Simplified illustration of how DG can contribute to the system voltage.

However, as mentioned earlier - DG units based on PV cells are highly fluctuating, and should
therefore not be used as a primary solution for voltage regulation. DG units are installed pri-

vately, making it challenging to adjust the power factor of the inverters in the system [17].
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2.7 Technologies for Voltage Regulation

Utilizing Energy Storage such as lithium batteries to inject active and reactive power and stor-
ing excess energy from DG units is technically a viable option, but practically not realistic as
of today due to ownership regulations of batteries [17]. It should also be noted that in the low
voltage distribution grid, the % ratio is usually larger than 1. Inverter based solutions such as
DG and energy storage can always consume reactive power, but can only inject active power to
increase the voltage as long as the production or storage capacity allows it [17]. In networks
with % around 1 to 0.5, installing simple shunt reactors for voltage control is a very viable op-
tion that is used several places in grids internationally [30] with a high degree of implemented
DG.

2.7.6 Consequences for SCC

Series Voltage Regulators

The instalment of series voltage regulators, especially of the LVR type will affect the SCC of the
network. This is especially true if the network is based on an IT scheme [16]. Some LVRs can
contribute to the SCC if the network is of the TN type. I.e., the TN models of the MVB has this
functionality as stated in [24]. In general, since almost all new instalments of TN networks in
Norway is of newer date, it should be appropriate to assume that SVRs will mainly be installed

in IT grids.

As mentioned in section 2.4, the lowest possible [} ,,i, an IT network should have is around
371A, which gives a system impedance of 0.23(). Installing different LVRs gives an additional
impedance in series, potentially decreasing this current. Some applications like the MVB has a
bypass function that activates during a fault on the secondary side. This function can be seen in

figure 4.1.

It’s a bit challenging to acquire the correct series impedance of different SVRs since the series
impedance will vary according to the degree of voltage boosting and load. In [17], the additional
impedance of the MVB was estimated to be between 0.16 — 0.31€2 depending on the total %
ratio of the network and the booster. Installing the MVB in a grid with 0.23€2 system impedance,
the Iy2 min Will be reduced from 371A to 295-213A. .

Distributed Generation

The instalment of DG units such as PV cells without energy storage solutions is challenging
for DSOs, since the traditional power flow in radial distribution systems is compromised, with

situations where some households produce power to the grid. Neglecting the problems with
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Chapter 2. The Distribution Grid - Characteristics and Challenges

overvoltages as explained above, the real contribution to the voltage is the increased set point.

The voltage consequences have been properly explained earlier, however, from the perspective
of existing protection schemes, DG units with and without energy storage solutions can dras-
tically affect the 2 ,,in, [30]. In section 2.4, it was stated that the I ,,;, varied as a function
of the system voltage and the system impedance of the grid. The combination of distribution
networks with DG creates situations where the [ ,,,;, Will differ greatly as a function of the
production of the DG. The higher the local production and capacity of DG is, the bigger the
change. This can contribute to problematic situations with the tuning of overcurrent relays, ef-

fectively leading to false trips or no trips at all during faults [30].

L.e, in a situation at the end of a long line with three households in close proximity where all
have installed DG as in figure 2.15. With one fault at one of the households, the /; i, flowing
in the line and in the fault will vary according to the production of DG [30]. If the fault happens
during full production in a weak grid, the possibility of the DG units feeding the fault, and in-
creasing the set voltage at the node at the end of the line - can lead to the relay at the substation
not tripping as it should. More extensive protection schemes should be applied in such systems
[30].

Line

Overcurrent relay X\/p’;}-

Figure 2.15: Example of a fault at one household in an area with DG production.
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Dynamic Voltage Restorer

The principle of the DVR is similarly to the MVB a transformer installation connected in se-
ries with the appointed load. The DVR is, however, utilizing the VSC coupled with an energy
storage device to be able to inject active power in addition to reactive power. The installation
is used in different scenarios at different voltage levels in the world but is currently not sig-
nificantly utilized in the Norwegian low voltage distribution system. The DVR shares several
similarities to the FACTS devices SSST, the STATCOM and the UPFC. An illustrative one-line

diagram for a proposed DVR installation is found in figure 3.1 below.

According to [31] the DVR consists of 7 fundamental elements which is listed in table 3.1

below. A brief explanation of the elements listed will be done later in this chapter.

DVR
Network S Injection
: Transformer
: o H Sensitive
| E Lo load

Bypass Switches’

Rectifier SE::"_ g
él’ Low-pass filter

Energy I : f'fk _* ' Controller
| Storage | of DVR

Figure 3.1: Illustrative one line diagram of DVR [38].
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Element Main Function

Energy Storage Source of real power

DC-link Capacitor Stabilizing voltage

Power Converter Converting between AC/DC

Filter Filtering harmonics

Injection Transformer Minimize converter rating

Bypass Equipment Bypass large currents during faults or contingencies

Disconnection Equipment Disconnecting DVR from grid

Table 3.1: Fundamental elements of the DVR and their main function.

3.1 Technology and Working Principle

In this section, the working principle and fundamental technology of the general DVR model
is explained. Like other FACTS devices the DVR is equipped with a power converter (i.e., the
VSC) on the secondary side of the power transformer. The DVR utilizes voltage measurements
downstream of the device to control the stream of reactive power, as well as active power if
there is an energy source on the DC side of the power converter. DC energy sources that are
applicable for utilization could be batteries, super capacitors and flywheels to name a few [2].
The converter is controlled through a PI controller utilizing PWM. Since the DVR is regulating
by utilizing power electronics, the regulation is both fast and accurate. However, these abilities
comes at a cost since devices based on these technologies are often more expensive than cheaper
solutions, such as the MVB.

3.1.1 Circuit Model and Phasor Diagram

As a SVR of the LVR type, the DVR can be modelled as a variable or controllable voltage
source connected in series with the load, and functions by injecting a voltage AV supported by
a power converter coupled with a capacitor and energy storage for reactive and active control.
Figure 3.2 illustrates how the voltage can be modelled in series.

Where

e U/, is the source voltage (primary of DVR)
e V7 is the voltage at the load (secondary of DVR)
e Vpy g is generated voltage by VSC, AV is the total injected voltage by the DVR.

Assuming that AV can be expressed as AV = Z[ then the voltage balance is given by equation
3.1 and V7, is further given by equation 3.3 below
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3.1 Technology and Working Principle

P +iQy,

V @ Source V, Load

Ppvr + iQpvr

Figure 3.2: Example circuit of the DVR implementation.

SV, — AV 4V, =0 (3.1)
V= Vi+ AV (3.2)
Vi=Vs+ZI (3.3)

According to equation 3.3 the magnitude and phase of the voltage injected by the DVR can be
varied by controlling the current in the circuit. A simplified phasor diagram for the circuit above
in figure 3.2 can be seen in figure 3.3 below, which illustrates the basic fundamental principle of
the device. A series connected device that only offers reactive compensation will have the same
phasor diagram, but the injected voltage AV will then always be injected 90° according to the
source voltage. To control the voltage to 1 pu, this effectively means that devices purely based
on reactive compensation consumes more reactive power than a device which can support both

reactive and active power.

According to the equations and the phasor diagram, it’s important to note that as long as the
injected voltage AV is in quadrature with the load current, the voltage can be corrected by
measures of reactive power. However, the size of voltage sag being corrected by this method is
limited to some method which is based on the nature of the load. At some point (size of sag),

active power is needed to fully recover the voltage.

Operation Schemes

As briefly explained in the previous section with the phasor diagram, the correct control of the
DVR is critical to the stability of the application. During a sag event, the response of the DVR

can vary according to which voltage injection method is utilized. Since the goal of the DVR is
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Figure 3.3: Simplified phasor diagram of a proposed SVR.

to restore the voltage on its secondary to 1 pu during a sag event, controlling the magnitude and
power factor of the injected power can be done in several ways depending on different factors of
the voltage sag. L.e., different load conditions, different type of voltage sags and varying power
factor to mention a few. According to literature [34], there are mainly two main operation
schemes controlling the injection of compensation voltage;

e Pre-Sag Compensation: during this control method, the DVR is continuously tracking
the supply voltage during normal operating conditions. During a voltage sag event, the
DVR injects the necessary active and reactive power to restore the voltage to its pre-sag
conditions, meaning that both the voltage angle and magnitude will be recovered to its
initial state. The amount of reactive and active power cannot be controlled and is fixed

based on the measurements. The general representative phasor diagram for this situation
can be found in figure 3.4b [34].

e In-Phase Compensation: during this control method, the DVR is functioning indepen-
dently of the load current and pre-fault voltage. This means that the injected voltage will
be in phase with the supply voltage, controlling the injection of active and reactive power
accordingly. Phasor diagram for this situation can be found in figure 3.4a [34], and is the
scheme which will be utilized in this thesis. The biggest downside of this method is the
inability to correct the phase jump during a sag event, such as an induction motor start,

but is significantly easier to model.

In figure 3.4, Vi,.;q and V4,4 corresponds to the primary and secondary terminal voltages of the
DVR. I},44 is the load current and V), is the injected voltage by the DVR. § is the phase shift
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(a) In-phase compensation. (b) Presag-compensation.

Figure 3.4: Phasor diagrams for presag and in-phase compensation [34]

during the sag event, and ¢ is the phase displacement between the voltage and current. The
prefix ' means the parameter after the sag event. Le., Vg and V,; corresponds to the voltage

pre and post sag.

3.1.2 Fundamental Elements
Power Converter

There are several different designs of Power Converters available. In the modelled DVR a
three-phase, three bridge, 6 pulse (two-level) VSC is utilized. The VSC can change the output
frequency, magnitude and phase of the output signal based on the control scheme and is broadly
used in FACTS applications. The basic outline of a 6 pulse VSC is found in figure 3.5. There are
several different switching methods in the inverter, here one of the more suitable types are the
Integrated Gate-Commutated Thyristor (IGCT) which offers low cost and snubberless operation
[34]. The more important requirements of the installed power converter is high efficiency, high

reliability and inherent safety [31].

Energy Storage

The coupled energy storage has one primary function, which is to deliver active power com-
pensation to the DVR. As seen in the phasor diagram in 3.3, when the injected voltage also
consists of active power - the voltage regulation control can be simplified since injected voltage
based on purely reactive compensation is always injected 90° in phase. There are several types
of potential energy storage solutions that can be coupled with the DVR such as flywheels, fuel

cells and super capacitors. However, more common solutions are batteries based on lead-acid
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Figure 3.5: Illustrative one-line diagram of a 6 pulse VSC [29].

and lithium-ion technology [31].

There are some downsides with DVRs coupled with an active power source. One of the more
important is the cost of batteries, as well as the compensation ability which will decay over time
with the current technology of batteries. Besides, the matter of battery capacity should always
be kept in mind as the battery has to be charged to sustain the ability to inject active power
when needed. This usually happens at times of low load, but introduces a discussion about the
capacity of the battery, as well as the operation scheme of the DVR and the topology of the grid
itself.

Filter

The main function of the implemented filters is to decrease the amount of notable harmonics in
the output signals which can cause overvoltages or cause other problems in the grid. The filter
installations can be connected on both the DC side as well as the AC side - on both the HV and
LV side of the injection transformers, both options having some advantages and disadvantages.
In general, the installation of filters is a very customized process in regards to the actual grid,
according to [31], but by installing the filter on the ’line” side of the injection transformer, the
filtering does not affect the control system of the DVR. Besides, the leakage reactance of the
transformer can be used as a filter inductor and is located further away from the source of the

harmonics.

30



3.1 Technology and Working Principle

Injection Transformer

The injection transformer is mainly installed to minimize the voltage rating of the converter
and the energy storage. However, the transformer also functions as galvanic isolation of the
device which is an advantage, should faults occur in the system. At lower voltage levels, the
injection transformer is not a necessity, and by removing this element - the costs can be reduced

in addition to the increased system impedance of the device.

Bypass and Disconnection Equipment

The bypass and disconnection equipment are in essence smart switches which can isolate the
DVR during faults and are connected in series or parallel respectively. I.e., when the DVR is in
a state of no operation - the bypass switch can be closed but can be opened on short notice if
sudden sags or swells should occur. In addition, the switch can be closed during faults on the
line, increasing the short circuit current of the system since the series impedance of the injection

transformer will be removed [31].

3.1.3 Control Scheme

In figure 3.6 a one-line diagram of the modelled DVR is illustrated. The voltage is measured at
the secondary side of the transformer and relayed to the 3P Sequence Analyzer. The sequence
analyzer is outputting the phase sequence components of the voltage signal such as the magni-
tude and phase. The magnitude of the measured signals is subtracted from the V., value set to
230V before the PI controller which then outputs the corrected signal to the implemented phase
modulator (as represented in figure 9.14 in the Appendix), which offsets the signal according
to each phase with 120°. The signal is then output to the 6 pulse PWM generator. The control
strategy is based on the in-phase compensation technique as explained in the previous section.
A screenshot of the model can be seen in figures 9.12 and 9.13 in the Appendix, and is inspired

by [19]. A short introduction of the different main elements of the control loop is done below.

|-

Sensitive load
th‘ﬂs

Energy L VSC PWM Phase Pl
storage generator | |modulator ontrolle S

Figure 3.6: Simple one line diagram of control scheme for modelled LVR.
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3P Sequence Analyzer

The Sequence Analyzer uses the voltage measurements as mentioned above to calculate the
phase sequence components. The sequence voltages are internally calculated as in equations
3.4-3.6. here a equals the complex operator such that a = 1/120°. The Sequence Analyzer then

outputs the magnitude and phase of the measured signals.

1
Vi = g(va +aVi, + a*V,) (3.4)
1
Vo = 3(Vata’Vy+aVi) (3.5)
1
Vs = g(V@JFVHVC) (3.6)

PI Controller

A PI controller is utilized. Since the system is of the first order, the PI controller gives accept-
able stability and can be tuned by utilizing the Ziegler Nichols method as well as experimental
tuning. The transfer function of the PI controller is of the same form as in equation 4.9 with
parameters as in table 3.2 below. The controller outputs the signal to a phase modulator which

splits the controlled signal according to phase A, B and C with a 120° phase shift.

K, K
0.005 3000

Table 3.2: Controller parameters for the PI controller of the implemented DVR.

PWM Generator

The PWM Generator generates pulses based on the input signal which is used to control a
power converter, in this case, the VSC at the core of the DVR. According to the MathWorks
specifications [26], the pulses are generated by comparing a triangular carrier waveform to
an external reference modulating signal. The signal from the PI controller is the reference. An
example of how the PWM generator generates signals based on the carrier and modulated signal

can be seen by figure 3.7.
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Figure 3.7: Illustration of how the PWM signal is generated based on the carrier and modulation signal
[14]

3.2 Assumptions of Model

In the modelled DVR, a few assumptions has been made to simplify the model. The goal has
not been to create a fully modularized model, but rather showcasing the working principle of
the technology. The implemented model can be found in figures 9.12 - 9.13 in the Appendix.

e The Energy Storage: The energy storage on the DC side of the VSC is modelled as an
ideal DC voltage source rated at 500V. All charging and discharging factors as well as
degrading of the source is neglected. The capacitance of the coupled capacitor is rated at
C=54-10"°F

e Filter: Minimal amounts of filtering are installed in the model, simplifiying the calibra-

tion according to the load.

e Bypass equipment: No bypass equipment is modelled.
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Chapter |

The Magtech Voltage Booster

Since the MVB is a subject in this thesis, a thorough deep dive into the working principle of
the technology will here be presented. The following chapter is identical to the section in the
specialization project [11]. Besides, the groundwork for the Simulink model utilized in the
completed simulations will be established. The Simulink model and theory is inspired by the

work from a previous thesis [15].

4.1 Motivation

In short, the MVB is a series-connected transformer coupled with an autotransformer, all in
series with the distribution grid as shown in 4.3, effectively functioning as an LVR as explained
in the previous chapter. The company Magtech has patented a unique technology of a control-
lable magnetic coil (MCI) to seamlessly regulate the output voltage on the primary side of the

transformer.

Other companies provide similar LVRs, like ABB and a-eberle (mentioned earlier). However,
both of these applications are based on step-changing technology through switches. According
to a study done by [13], a LVR should fulfil two requirements in the highest degree as possible.
High robustness is important since installations like LVRs are often implemented in weak parts
of the grid that are located in rural areas. Installations with moving parts are subject to fatigue
and requires maintenance. Besides, the installation must affect the power quality as little as pos-
sible. It is curious that technologies that incorporate stepped control of the inductance (which is
quite widespread), can cause flickers, voltage jumps/dips and other transients [13]. In the same

study, a novel LVR utilizing the same MCI technology as the Magtech is established.
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4.2 Working Principle and Technology

The MVB is available in two different models optimized for either IT or TN network configura-
tion in the low voltage distribution grid. Models that are optimized for IT network configuration
will function purely as voltage support, while the TN model also can contribute to increased
SCC. In figure 4.1, the general block diagram of the MVB is illustrated [24]. The device is con-
nected in series with the load on a strategic location where the voltage should be regulated. The
output of the MVB is connected closest to the load. The controller unit has a set reference point
close to the system voltage (in this case slightly above, 235V), and compares the output voltage
of the transformer giving an output to a controller unit that rectifies the current needed from the
output. The DC current controls the hysteresis of the MCI (variable induction coil), effectively
changing the inductance of the autotransformer. With the magnetization of the autotransformer
regulated by the MCI, the output voltage will seamlessly change in accordance with the set DC

current. [15].

T 36K

Input ‘ | en Controlled
Output
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DC surrenl e
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Figure 4.1: Per-phase depiction the MVB with controller, the MCI, bypass and transformer units [24].

The lower node of the autotransformer is galvanically coupled with the MCI through a power
transformer (neglected further), where the value of the variable inductance of the MCI is con-

trolled with a DC current that is rectified from the secondary side of the transformer [15] [28].

4.2.1 MCI - Magnetic Controllable Inductor

The MCI is the core technology of the MVB, making the seamless change of output voltage
possible. As can be seen from figure 4.1 above, a controllable DC current 74, is used to change
the inductance of the main winding of the transformer through the MCI. This is possible be-

cause of the special layout of the MCI.
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4.3 Modelling in Simulink

The MCI compromises a main and a control winding wound around an iron core, where the
control winding is designed such that the magnetic field generated is orthogonal to the field
generated by the main winding. A virtual air gap is created as a result of this interaction, which
in turn enables the control of the inductance of the inductor through the control of the current
in the control winding [28]. The relationship between the inductance of the inductor and the
rectified control current is found as in equation 4.1 where R, and R, is the reluctance of the

core and the virtual air gap [15].

n2

SRRy “.1)

It is already established that the virtual air gap is established as a result of the interaction of the
two magnetic fields from the main and control windings. Adjusting the 7,4 that circulates in the
control winding will therefore directly impede the reluctance of the system, and from equation

4.1 the inductance is changed [15].

Figures 4.2a and 4.2b illustrates a core with control and main windings from Magtech [24] and

a simple illustrative one line diagram where the autotransformer and MCI is sketched in.

utgang

Inngang M

(a) Tllustration of a real MCI. (b) Simple one-line diagram of the MVB.

Figure 4.2: Simple illustration of a one line diagram of the autotransformer and the MCI [24].

4.3 Modelling in Simulink

A simplified Simulink model is established for the MVB based on [15]. The implementation,

assumptions and general model will briefly be presented in the following section.
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4.3.1 Per-Phase Model

A simplified per-phase one-line diagram is shown in figure 4.3. Several simplifications and
assumptions has been done relating the model to its original design, and can be listed as follows
[15]

The autotransformer is assumed ideal, with no power loss or saturation behaviour over

the transformer.

e The MCI inductance has no specified restrictions on its dynamic behaviour and is purely

controlled by the PI regulator of the booster.

e All effects by the power electronics in terms of dynamic behaviour and disturbances are

neglected.

e The galvanic coupling of the MCI and autotransformer is neglected.

The model in figure 4.3 is the basic model implemented in Simulink, with v;, and v,,; being
the input and output voltage of the booster, while the 7;, and 7., is the in and output currents.
vy and v, represents the primary and secondary voltages of the autotransformer. i,, and v,,
represents the voltage across the variable inductor and its respective current. In a future model,
the losses and magnetic coupling should be included in some way - but is not pursued in this

thesis.

Lin Lout
+O

Uin (%) Uout

o O

Figure 4.3: Simplified per-phase circuit of the MVB [15].
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4.3 Modelling in Simulink

The equations controlling the dynamic behaviour (equations 4.2-4.8) of the model is derived
from figure 4.3 and found by using Kirchhoff’s laws and node balance from the reference point

of the system [15]. The parameter z corresponds to the connected load of the MVB.

di,

=L, 42
v 7 4.2)
V2 = N1 (43)
Vout = Vin + U1 (44)
Vin = Upn, + Vs 4.5)
Vout = Ziout (46)
iin = iout + Zm (47)

1
im = _iout (48)

n

4.3.2 Control System and PI Regulator Parameters

A PI regulator was chosen as the control law of the system since the system is of first order.
The block diagram of the voltage control loop of the system is given in figure 4.4 [15]. The
Vout Of the booster is measured and compared to the voltage reference of the booster. The PI
controller calculates the dL,,, which is added to the initial inductance L,,. The value of induc-
tance is passed on to the voltage booster, and recalculating new voltage and current values, and
outputting a new value of v,,;. The PI controller will continue to regulate the output voltage as

long as there is a deviation between the reference and output.

U
v()llf Vé,"

(SL,,, Lm Vr)u
. PI(s) A f > MVB(s) ——»™

- - '

Vbu.\'e V ref.pu Ly

out

Figure 4.4: Block diagram of the voltage control loop [15].

The PI controller is on the form as in 4.9 and the K, & K terms can be modified to adjust the

dynamic response time.

K
K; I+ 3£s 1+ T;s
hT:K —_— = L = 49
»+ . K, ?S K, Tis 4.9)

According to the datasheet (Appendix D) of the model, the controller should have a dynamic

response time of 200ms. Tuning accordingly to the appointed loads in the tests the values in
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table 4.1 are chosen. An apparent weakness in this model is that different load settings require
different regulator parameters. A screenshot of the Simulink representation of the MVB and its

control system can be found in figure 9.9 in the Appendix.

K, K;
-0.005 -1

Table 4.1: Controller parameters for the PI controller of the implemented MVB.

4.3.3 Steady State Model

According to [15], the model can be transformed into phasor notation. Using phasor notation,
the steady-state transfer function of the MVB between V,,; and V;,, can be found as in equation
4.10. It should be noted that decreasing the inductance increases the output voltage V,,,; with
the load and input voltage set to constant. Further, the smaller L,, is, the relative voltage drop
at the output will increase.

V out (1+n) (1+n)

Vin N ZnZ + 1Em B ZnZ 4 227 Lm (4.10)

This transfer function can be plotted for different values of L,, and can be seen in figure 4.5

below with base values utilized as in table 4.2.

Sbase [VA] Vbase [V] Ibase [A] Zbase [Q]
2000 230 2.89 79.35

Table 4.2: Base values used in plotting of transfer function of MVB
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Figure 4.5: Transfer function of the MVB [15].

41



Chapter 4. The Magtech Voltage Booster

4.4 Results From Specialization Project

In the specialization project conducted in the autumn of 2019 [11], an actual MVB was tested

in the laboratories of SINTEF, and the Simscape model which is utilized here was also imple-

mented with a goal of localizing weaknesses in comparison with the actual device. Some key

points that should be noted from start before utilizing this model can be found below and will

function as error sources in analysing the later simulation results.

e Both the implemented model and the real MVB both succeeded in increasing the voltage

according to the set dynamic response.

The simulated model as well as the real MVB both consumed significant amounts of re-
active power during operation, with a close to constant power factor if the voltage sag
is subject to conditions on the secondary of the MVB. Resistive load changes were the
source of the voltage changes. However, if the voltage sag was subject to factors up-

stream, the power factor during boosting would drastically be reduced.

Both the implemented model and the real model experience different magnitude of the
voltage drops and spikes on the output compared to the input during load changes. The
significant drops in the model were explained by the nature of the transfer function, where
the added reactance of the booster significantly affects the % ratio of the system. This
shows as the voltage drops on the secondary side were much larger on the secondary side
compared to the primary. The model, however, experiences much greater drops and is
a known problem. If this is to occur during the following simulations in this thesis, it

should be duly noted, but not given much attention.

The real MVB successfully boosts the voltage with a maximum deviation of 0.2 pu be-
tween the input and output, with a pick-up voltage at 0.72 where the output is then boosted
to 0.92 pu.

From the specialization project, it was concluded that the MVB would function at its very best

with the least chance of complications in a grid with % > 1, with small or no amounts of DG

production as well as a total system impedance of 0.23 €2 including the MVB to maintain proper

protection selectivity during faults [11]
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The Induction Machine

The induction machine, also known as the asynchronous machine, is an important class of elec-
trical machines both in industry and households. According to Kothari and Nagrath [18], more
than 85% of industrial motors in use as of today are of this type. The machine shares some
similarities to the traditional synchronous machine, both utilizing the phenomena of rotating

magnetic fields to induce voltage and generate torque.

In this thesis, a standard induction motor is implemented in the Simscape environment to be
used for grid simulations in a low voltage distribution network. Induction motors are severely
taxing for the low voltage grid, especially during startup with the motor pulling currents several
times the size of the load current. The basic working principle of the machine, as well as the
mathematical foundation of the Simscape model, will be briefly explained. Further, a method

of modelling the mechanical torque by measuring the rotational speed w,,,,,, will be presented.

Overview of the Simscape Electrical and SPS implementations of the machine can be found in

figures 9.11 and 9.15 in the Appendix, respectively.

5.1 Working Principle

The Three-Phase Induction Motor is similar in construction to that of a synchronous machine,
with the stator consisting of a three-phase winding engulfing the rotor. The rotor core is of lam-
inated construction with rotor bars conveniently distributed along its horizontal axis. Further,
the rotor can be of two types - wound and squirrel cage. In this model, a squirrel cage rotor is
used. Contrary to the synchronous machine which operates with the rotor and stator magnetic
fields locked in place, the induction machine does not produce torque at synchronous speed but

has its origins in the current induction in the rotor which occurs at asynchronous speed [18].
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Chapter 5. The Induction Machine

A detailed illustration of the magneto-motive forces (MMF) and flux waves in the rotor and sta-
tor is illustrated in figure 5.1 below. The electrical torque produced is a result of the interaction
between the rotor and stator fields. The further physical groundwork of the machine will not be

explained further.

Current (®)
EMF 5
Current &b

Auxis of EMF
coll AA" ™~ ®
. SR Stator
Fm=Fr {n;_n}-pn:
n, (wrt slator)
I "
I b, s
Lol 3
v.! coil ga’
e T
Rotor

Figure 5.1: MMF and Flux waves in induction motor [18].

5.2 Basics of Simulink Model

The Simulink model of the wound rotor induction machine used is already implemented as a
standardized element in the Simscape Electrical and Specialized Power Systems (SPS) toolbox
library and is made up of an electrical and mechanical part. The Electrical part is represented
by a fourth-order state-space model and the mechanical by a second-order system [4]. The
state equations for the electrical and mechanical models will briefly be presented below. The
electrical states are represented exclusively in the dq frame by utilizing the park transformation,
and thus assuming constant reference frequency to avoid oscillatory transients. This makes

computations and model representation significantly easier.

Electrical Model

The equivalent circuits for the d and g axes reference frames of the modelled machine are found
in figure 5.2. Where the notations 7 and s represents rotor and stator respectively. Figures and

equations are cited from the MathWorks library [4].

The stator and rotor voltages of the d and g reference frames (V5, Vs, Vq’r and V) from figure

5.2 are given by equations 5.1 - 5.4 below.
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(a) Equivalent circuit d-axis frame.

(b) Equivalent circuit g-axis frame.

Figure 5.2: Equivalent circuit for d and ¢ axes [4].

ddys
‘/qs = Rsiqs + jz + w¢ds (51)
¢ds
Vis = Rgigs + e WPhgs (5.2)
d¢’.
Vi = Ry + 5+ (w0 = w)df (5.3)
Vvdr — 44 dr + 31;” (w - wT)qbi]T (54)

Further, the rotor and stator fluxes for the dq reference frame are modelled as in equations 5.5 -

5.8.

Ggs = Lyiqs + Ly, (5.5)
Gas = Lyias + Liniy, (5.6)
Gy = Ll + Linigs (5.7)
¢l = Ll + Loyias (5.8)

Finally, the electrical torque 7 is calculated by equation 5.9

Mechanical Model

T, = 1'5p<¢ds7;qs - (bqsids) (59)

The mechanical model which is used for simulating the mechanical properties of the machine

is represented by a two order model as given in equations 5.10 - 5.11. Equation 5.10 is also

known as the swing equation and represents the change in rotational speed as the torque balance

changes. T, and 7,, is the electrical and mechanical torques respectively, while H is the inertia
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Chapter 5. The Induction Machine

constant of the machine. The factor Fw,, represents the impact of viscous friction, which is

usually neglected in simplified simulations [4].

d 1

Ewm = ﬁ(Te - me - Tm) (510)
d
—Op, = Wiy 5.11
o w (.11

Further, the inertia J of the machine can be calculated by using equation 5.12. The inertia
constant H is given in seconds and wgyy. is the synchronous speed of the machine given by

equation 5.13 where P represents the number of poles.

2H - rate
J= # (5.12)
Wsyne
120 -
Wsyne = P f (513)

5.2.1 Modelling Mechanical Torque

The mechanical torque 7;,, which is applied to the machine represents a load. There are several
different ways to model the applied mechanical torque, but usually, 7, is a function of the
rotational speed w. The ABC model is represented by equations 5.14 and 5.15. All factors are
expressed in pu [40].

T = Tyo(Aw? + Bw, + C) (5.14)
A+B+C=1 (5.15)

The model constants A,B and C, as well as the inertia constant H, varies in accordance to the
nature of the load. In [40], a list of constant values for common loads such as a dishwasher,

heat pump/AC is readily presented. The list is presented in table 9.2 in the Appendix.

5.3 Characteristics of Model

The parameters of the three-phase squirrel cage induction machine model are presented in table
5.1. The machine is initially modelled after a small industrial load with H = 0.70 and A =
1 but is altered to decrease the starting currents by increasing the machine impedances. Zero

sequence interaction and modelling of the magnetic saturation in the machine is neglected.
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5.3 Characteristics of Model

Parameter Value
Vbase 230V
Srated 4 kVA

f 50 Hz

H 0.7s

J 0.0567 kg- m?
P 1 pair
Wayne 3000 rpm
tstart 2.50s
Rstator 1.50
Xleak,stator 2250
Ry otor 0.84 Q
Xleak,rotor 1.03 Q
Xonag 170

Table 5.1: Parameters of the three-phase squirrel cage induction machine.

Further, the torque/speed and active/reactive power characteristics as well as the power fac-

tor during startup of the machine is presented in figures 5.3, 5.4 and 5.5 below, respectively.

Looking at the power consumption during startup, it should be noted that the reactive power

consumption is roughly 3 pu during a direct start. This value can often be 2-3 times larger but is

intentionally reduced in this thesis, enabling the implemented SVRs able to properly compile.

Torque Speed Characteristics
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Figure 5.3: Torque Speed Characteristics of the induction machine.
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Figure 5.4: Active and reactive power characteristics of the machine during start-up.
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Figure 5.5: Power Factor of induction machine during start-up.
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Method

6.1 Modelling the case network

Data from an existing low voltage distribution grid is acquired from Elvia and modelled in two
different variations in the Simscape environment in Simulink. The grid is modelled using the
Specialized Power Systems (SPS) toolbox as well as the Simscape Electrical environment. The
previously modelled MVB is modelled specifically for the latter environment, while the newly
modelled DVR is modelled in the SPS toolbox. The two different environments give the same
results in steady-state operation, and will in this section be presented as a single modelled net-

work.

6.1.1 Grid Topology

The modelled grid is a classical 230V IT-based distribution network which can be exposed to
voltage problems. In this network, an MVB is already installed at a certain node (between line

9 and 10) due to experienced voltage problems at load 1.

The topology of the network is visualized in figure 6.1 below. The length of the line segments
in the figure is not representative for the actual length. The length and type of cable for each
segment can be found in table 6.1. It should be noted that the voltage booster is connected 840m
into the grid from the step-down transformer. In the simulations, the location of the installed
modelled voltage regulator will remain the same. Figures 9.10 and 9.8 in the Appendix features

screenshots of the modelled network in the SPS and Simscape environment respectively.
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Figure 6.1: Grid topology of modelled distribution grid.

Line segment Type Length [m]
1 TFESP3x150 + EX95 31+ 52
2 EX25 13

3 EX95 31

4 PFSP3x50 22

5 EX25 82

6 PFSP3x25Al1 27

7 EX95 54

8 EX25 96

9 Al70 638

10 Ex25 73

Table 6.1: Length and type of lines in the modelled network.
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6.1 Modelling the case network

6.1.2 Load Flow Validation

Maximum load data has been acquired from Elvia along with calculated voltage readings from
NETBAS, which are presented in table 6.2 along with a simple load flow analysis of the mod-

elled grid. The load flow analysis is done in the Simulink Simscape environment.

The voltages acquired from the load flow from the modelled grid is very accurate compared to
the actual readings. To further lower the voltages downstream in the grid, a minor adjustment is
done by changing load 3 from O to 7 kW. Currently, there is no consumption at this node. The

updated model then gives the voltage readings as written in the very last column of the table.

Bus Pioad kW]  Qioaa[kVAr| DSO V[pu] Model V|pu] Upd. Model V[pu]

TFLV -19 (-26) 0.160 0.999 0.999 0.994
Load5 4 0 0.987 0.987 0.983
Load4 7 0 0.982 0.982 0.976
Load3 0(7) 0 0.973 0.970 0.936
Load2 4 0 0.969 0.968 0.951
Load1 4 0 0.953 0.952 0.935

Table 6.2: Load Flow Analysis of case network during full load.

6.1.3 Simscape Model

Building a power system in the Simscape and SPS toolbox in Simulink is accomplished by uti-
lizing the implemented blocks corresponding to each element such as the loads, voltage sources,
distribution line models etc.. The modelling basis for the different major elements will briefly

be explained below.

Numerical Solver

In Simulink, there are several implemented solver configurations that can be utilized, but in
this project, the discrete trapezoidal solver is chosen with a sample time of 10~> which gives

satisfactory accuracy.

Voltage Source

The chosen voltage source block equals a configurable three phase voltage source which outputs
the balanced phase voltages V,, V,, and V, as described in equations 6.1 - 6.3. No harmonic

distortions are included. Vg = \2/—231{\/ and ¢ = 0.
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Vi = V2Vius - sin(wt + ¢) (6.1)
Vi = V2Vaus - sin(wt + ¢ + 120°) (6.2)
Vo, = V2Vzus - sin(wt + ¢ — 120°) (6.3)

Further, the internal impedance is modelled by the means of short circuit power level and %
ratio as given by table 6.3, and represents the "stiffness” of the connected MV grid. Figure 6.2

illustrates the block representation of the three-phase voltage sources for the Simscape and SPS
toolbox.

Parameter Value

X 7
R
Seve 500 kVA

Table 6.3: Internal impedance values of voltage source.

AR

a———— ~a a B =

cp

Simscape Three-Phase Source SPS Three-Phase Source

Figure 6.2: Block representation of the utilized voltage source in Simulink.

Transformer

The three-phase double winding distribution transformer is implemented by its respective block,
and corresponds to the equivalent circuit in 6.3 below. The transformer parameters can be found

in table 6.4 with impedance values in pu. The Z;,.. can be calculated by Zp,s. = %
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R1

L1

L2 Rz

Rm Lm

)

Figure 6.3: Equivalent phase diagram for the transformer model.

Parameter Value
%,line,RMS 22 kV
‘/Q,Zine,RMS 230V
Srated 100 kVA
Configuration YnYnO
R, 0.01 pu
X 0.001 pu
Ry 0.01 pu
Xy 0.001 pu
R, 500 pu
X 500 pu

Table 6.4: Distribution transformer parameters.
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Pi-Line Model

The block used for modelling the distribution lines in the system is the integrated Three-Phase

PI Section line. The PI line model connects the R and L elements in series, with the capacitive

elements connected in shunts at the sending and receiving end of the segment. A circuit diagram

of the model can be seen in figure 6.4 below [27].
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MA—(T8)

)
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R
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Figure 6.4: Illustration of PI-section line model.
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R
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The RLC elements in the model are calculated by equations 6.4 - 6.9 [27].

R. — 2Ry + Ry
3
L - 2Ly + Lo
3
Ry — Ry
Ry,
3
L = Ly — L,
3
Cp - Cl
3C1Cy
C pu—
70— Cy

Cgf2

Cef2

(6.4)
(6.5)
(6.6)

(6.7)
(6.8)
(6.9)

In these equations R, L;, C'; corresponds to the positive sequence parameters, while Ry, Lg

and C| corresponds to the negative sequence parameters.

The line data used to calculate the necessary parameters are collected from external sources and
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6.1 Modelling the case network

standards like REN [32], and can be found in table 9.1 in the Appendix.

Load

The modelled system consists of a total of 5 households consuming a set amount of power at
unity power factor, i.e., the loads are PQ dependent. The loads are connected in delta, giving a
line voltage of 230V over the load resembling an IT configuration. Figure 6.5 shows the block

representation of the loads utilized.

A
&
Simscape delta connected load SPS delta connected load

Figure 6.5: Block representation of the utilized delta connected load model in Simulink.

Per Unit system

In the following simulations, the results will be mainly presented using per unit (pu) terminol-

ogy. Notable base values used for presentation are found below in table 6.5.

Parameter Base Value

Voltage 230V
Active Power 4000 W
Reactive Power 4000 VAr
Apparent Power 4000 VA
Rotational Speed 3000 rpm
Frequency 50 Hz

Table 6.5: Some notable base values in the pu system.
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Chapter

Simulation Results

This chapter will be divided into three sections, with the first section presenting the induction
machines impact on the voltages in the distribution grid as a whole as well as the startup pro-
cess of the machine. The two next sections will investigate the behaviour of both the modelled
voltage regulators with the machine implemented in parallel with the existing resistive load of
7 kW at load 1. Due to the nature of the voltage regulators, the MVB will be connected during

the whole period while the DVR will be connected at 200ms after the machine is connected.

Several points of interest will be investigated such as

e Active and reactive consumption/injection of the regulator.
e Dynamic voltage response.
e Voltage impact of regulators in the network as a whole.

e Line losses upstream of regulator.

Scenario 1: Induction Motor Start with no Voltage Regulation

Induction motor start with no voltage regulation. The induction machine is connected at ¢ =
0.5s and the motor’s impact on the voltage profile of the system will be investigated. Besides,
the motor start characteristics as well as electrical torque with voltage controllers connected

will be presented.

Scenario 2: Induction Motor Start with MVB

The induction machine is connected at ¢ = 0.5s. The MVB is connected throughout the whole
simulation, since there is no limit on the capacity of the booster. Additional simulations to

investigate power losses across line segment 9 will be done.
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Chapter 7. Simulation Results

Scenario 3: Induction Motor Start with DVR

The induction machine is started at £ = Os, DVR is connected at ¢ = 0.2s. The DVR relies on an
energy source to be able to supply active power to affect the voltage, meaning that the DVR will
only be connected to compensate for greater voltage sags and swells. Additional simulation to

investigate power losses across line segment 9 will be done.

Clarification for Simulations

Since the induction machine is modelled and simulated in two different Simulink environments
(Simscape Electrical and SPS) the transient behaviour of the machine differs marginally, but will
not impact the conclusions in any important way. However, the stationary conditions before and

after startup are identical.

7.1 Induction Motor Start with no Regulation

The voltage profile of the whole network during the start of the machine can be seen by figure
7.1, with some key values described in table 7.1. It is quite clear that the direct start method is

severely taxing for the voltages.

Bus Vpre,start Vmin,transient VSS,start Vpost,start
Secondary Transformer 0.99 0.98 0.99 0.99
Load 5 0.98 0.97 0.97 0.98
Load 4 0.97 0.96 0.97 0.97
Load 3 0.94 0.90 0.91 0.92
Load 2 0.95 0.92 0.93 0.94
Load 1 0.93 0.83 0.85 0.89

Table 7.1: Voltage profile in system during start of motor with no voltage control.

Machine Start Characteristics with Regulation

The startup time, speed and torque with and without the MVB/DVR is plotted in figures 7.2 and
7.3 while some key values are presented in table 7.2. As expected, the machine starts slower
with a reduced voltage at its terminals. Further, the difference in torque shape should be noted
between the MVB and the DVR case from figure 7.3, with the DVR introducing significant

noise to the electrical torque.
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Figure 7.1: Voltage profile during the motor starting.

MVB DVR No regulation

Wstart [pu] 091 090  0.87
tstart [S] 249 256 4.00

Table 7.2: Rotor speed w and startup time with the MVB and DVR and no regulation.

Rotor Speed for MVB, DVR and no regulation
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Figure 7.2: Startup speed of machine with/without MVB and DVR connected.
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Electrical Torque of induction machine
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Figure 7.3: Startup electrical torque of machine with/without MVB and DVR connected.
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7.2 Induction Motor Start with Implemented MVB

In this simulation, the induction motor is connected in parallel at load 1 at ¢ = 0.5s with the

modelled MVB connected throughout the whole simulation.

7.2.1 Voltages and Distortions

The voltages on the primary and secondary side of the MVB is plotted in figure 7.4. Att = 0.5s
the motor is connected. The voltage drop on the secondary side of the MVB is extremely sig-
nificant, with a measured lowest value of 0.3 pu before the controller kicks in. After 200ms the
voltage is regulated back to its reference of 1.02 pu. The voltage drop on the primary of the
MVB is measured at 0.74 pu.

There is no significant noise on the voltage signal in the model. The whole voltage profile of
the system is plotted in figure 9.3 in the Appendix.

Voltage on primary and secondary of MVB
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Figure 7.4: Voltages measured on primary and secondary side of MVB.
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7.2.2 Power Characteristics

The reactive power consumption measured on the input of the MVB (difference of input and
output, reactive power consumption of the machine is removed), as well as the power factor
cos ¢ measured at the input, is plotted in figures 7.5 - 7.6 below. The modelled MVB does not
consume active power. The active and reactive power measured on the primary and secondary
of the MVB can be observed in figures 9.6 - 9.7 in the Appendix. As expected, the measured

active power is identical on in and output.

The power factor is drastically changed during the first 200ms as a result of controller transients,

but looking away from this deviance the power factor is in the area of 0.51-0.56.

The power consumption of the induction machine during startup with the MVB connected can

be seen in figure 9.4 in the Appendix.

Reactive Power consumption of MVB

prim, consumed
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Figure 7.5: Reactive power consumed by MVB.
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Figure 7.6: Measured Power Factor at input.
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Voltage Impact of MVB at Select Nodes

To properly emphasize how the additional reactive power consumption of the MVB further af-
fects the voltages in the system, the voltages at loads 2 and 3 as well as the primary of the MVB

is plotted in figure 7.7. The switching events of this simulation are found in table 7.3 below.

Event t [s]

Motor connection 0.5
MVB connection 0.7

Table 7.3: Switching events of simulation

After the MVB is connected it uses approximately 200ms to clear any transients (the transient
increase can be neglected). Notable values are found in table 7.4. As shown in the figure, the
measurements are done such that the only factor affecting the voltage is the presence of the
MVB.

The voltage drop difference at the primary of MVB illustrates the effect of how the different
)—}E ratio of distribution cables and overhead lines differ. I.e., right before the MVB a 640 m
long line segment of Al70 is installed, which haves a % factor of 0.8, which is why the relative
voltage drop with and without the MVB is greater here than at load 2 and load 3. The active

and reactive power consumption of this line can found in the next paragraph.

Location Vo [pul Vmvs [pu]
Load 2 0.93 0.90
Load 3 0.91 0.88

Primary MVB  0.86 0.74

Table 7.4: Voltages at load 2, load 3 and primary of MVB with and without MVB connected.
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Voltage at load 2, load 3 and at MVB primary with/without MVB
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Figure 7.7: Voltages at load 1, load 2 and primary of MVB with and without MVB connected
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Active and Reactive Power Consumption of Line 9

The active and reactive power consumption of line segment 9 with and without the MVB con-
nected can be seen in figures 7.8a and 7.8b respectively. The line in question is of the Al70 type
with a length of 640m. According to the line data from 9.1, the % factor of this line is roughly
0.8, which seems accurate looking at the losses. There is a significant difference in the losses
which can be explained by taking into consideration the increased current drawn by the MVB,

and that the losses are proportional with the square of the current.
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Figure 7.8: Losses across line segment 9

7.3 Induction Motor Start with implemented DVR

7.3.1 Voltages and Distortions

The motor is connected at ¢t = Os and the DVR is connected at ¢ = 0.2s.

The voltages on the primary and secondary side of the voltage regulator are presented in figure
7.9 below. The bus voltages of the whole system are presented in figure 9.2 in Appendix B.
From the same figure it can be seen that the voltages upstream of the DVR are not impacted in
anything but some added noise from the VSC. The noise can be seen from figure 7.11 below,

and is prone to further discussion.

The LVR is tuned such that the dynamic response is set to roughly 150ms during full load as
can be confirmed by the voltage response. The transient increase which can be observed during
the connection is assumed to be a switching transient in accordance with the connection of the

injection transformer. The voltage is fully restored to 1 pu, but at the moment the machine has
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fully started, the output voltage overshoots and stabilizes at 1.05 pu. This stable overshoot is
peculiar as the sequence analyzer which governs the controller is giving another value as seen

in figure 7.10. The voltage is measured at the very same point.
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Figure 7.9: Voltages measured on primary and secondary side of DVR during induction machine start.
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Figure 7.10: Measured voltage at secondary side of DVR and magnitude output of the phase sequence
analyzer.
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(a) Voltage at load 1 during LVR in operation. (b) Same signal as figure on left, but zoomed in.

Figure 7.11: Voltage at load 1 during operation of the DVR, zoomed in such that the noise is visible.

7.3.2 Active and Reactive Power

The injected active and reactive power by the DVR is plotted in figure 7.12 below. At the end of
the startup A() is negative. This means that the delivered reactive power measured on the input
is greater than the output, suggesting that the transformer is consuming some reactive power

from the grid.

The power consumption of the induction machine during startup with the DVR connected can

be seen in figure 9.5 in the Appendix.
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Figure 7.12: Injected power by DVR. Positive value gives output > input.
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Active and Reactive Power Consumption of Line 9

The active and reactive power consumption of line segment 9 with and without the DVR con-
nected can be seen in figures 7.13a and 7.13b respectively. These figures confirm that the power
losses over this line with the DVR connected are significantly reduced in comparison with the

MVB scenario, since the DVR is not consuming any extra current of magnitude.

Active Losses Across Line Segment 9 (AI70) Reactive Losses Across Line Segment 9 (AI70)
— AP, AI70 DVR — AQ, AIT0, DVR

800
600 —

Z 700
=z >,

5 T 600
% 500 g
o

o % 500
L 400 =
£ 3

g g 400
12

300 300

200 200

100

0.5 1 1.5 2 2.5 3 0.5 1 15 2 2.5 3
Time [s] Time [s]
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Figure 7.13: Losses across line segment 9 with and without the DVR connected
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Chapter

Analysis and Discussion

In this section, the results will be discussed individually for all three scenarios, and in a broader

context concerning voltage regulation in low voltage distribution networks.

8.1 Scenario 1 - No Regulation Device

As can be seen from the results, and already mentioned, the induction machine start in this
simulation introduces significant voltage drops all across the system, which in turn can lead
to voltage instability. The transient power consumption of the modelled induction machine is
reduced by increasing the impedance of the machine in order for the modelled voltage regu-
lators to compile. A real machine has the potential of consuming 6-7 pu of the rated power
during startup, further emphasizing the significance of the induction motors behaviour in weak

distribution grids.

8.2 Scenario 2 - With Implemented MVB

The MVB as well as the modelled DVR, are both controlled by a PI regulator system with a
manual setpoint of parameters. This implies that the dynamic response is fully controllable,

giving the measured result of 200ms to be expected.

By analysing the active and reactive power measurements on the input from figure 7.6, it should
be noted that the power factor is varying during the startup, but is drastically decreased in the
first transients of the induction motor startup. The power factor is roughly 0.56 before and after
the machine is started, which corresponds to the results from the specialization project - where
the power factor have minor variations if the load changes are subject at the secondary of the

booster. The secondary voltage is recovered as expected and the induction machine starts up
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quite cleanly with the MVB, further emphasizing that the model works.

In the voltage response, the known phenomena where the voltage drop on the secondary is
greater than the primary is present [11]. In the simulations, the initial voltage drop during con-
nection of the induction motor before the controller reacts is measured to roughly 0.3 pu on the
secondary side, while the voltage drop on the primary is measured to 0.74 pu. The value of 0.3
pu is an anomaly with the model (which has been elaborated upon in [11]), and should not be
given too much consideration. However, the measured voltage at the primary of 0.74 pu is of

particular interest.

This value is significantly lower than the lowest measured voltage with the DVR implemented
and showcases that the reactive power consumed by the MVB is of importance, which also
can be seen by figure 7.7 and table 7.4. The reactive power consumption introduces additional
voltage drops which increase with decreasing % factor. The line segment prior to the MVB is
a 640m long Al70 with % ratio of roughly 0.8 (table 9.1 in Appendix). The active and reactive
power consumption at this line segment with and without the MVB connected, as well as with
and without the DVR, is visualized by figures 7.8a - 7.8b and 7.13a - 7.13b respectively. The
power losses increase with the square of the current according to Sj,.s = 1?7 where Z is the

line impedance.

From the specialization project, it could also be recalled that the MVB failed to boost the voltage
if the primary voltage was below roughly 80%, further emphasising that the total voltage drop at
the terminals of the MVB has to be above this value, even in operation. Additional voltage drops

are measured at loads 2 and 3 which further indicated the problematic impact of the device.

Summarized

In general, the MVB by its general design works splendidly to boost the voltage utilizing the
MCI, and is best suited in grids where the degree of voltage transients and the SCC is low. This
implies that the system impedance of the grid seen from the sensitive load is too large due to
the sheer length and quality of the distribution lines/cables. The MVB can then boost the volt-
age, with small consequences in the grid as a whole as long as the % factor is greater than 1.
The MVB is constantly consuming reactive power during operation which leads to additional
voltage drops in the system which increases with decreasing %. Possible solutions to solve the
reactive voltage drops across the Al70 line could be by installing a series capacitor to offset the

reactance, but most likely not realistic due to economic considerations.

Simply put, the MVB should be installed in a grid where the additional reactive power does not
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lead to additional problems for other loads, and there is a problem with consistent undervoltages
during peak loads. The general location of undervoltages are far downstream in the grid where
the SCC is low, whereas the MVB is usually utilized before one or two households since voltage

regulation at the distribution transformer can introduce overvoltages at loads upstream.

8.3 Scenario 3 - With Implemented DVR

Similarly to the MVB, the DVR is controlled by a PI regulator with set parameters such that
the dynamic response is approximately 150ms. This can be seen by 7.9. In the models, it is
important to note that the PI controller can be tuned as wished. It is already mentioned that a
power electronics based regulator (FACTS device) is among the fastest applications for equal-
izing voltage sags and swells, and can be observed by how fast the DVR reacts to the voltage
sag introduced by the induction machine. Tuning the regulator to operate even faster could have

been done as well as connecting it quicker.

The voltage response on the primary and secondary side of the DVR is found in figure 7.9. The
temporal overshoot which occurs at the moment of connection is neglected and assumed to be a
controller/transformer transient. The voltage on the secondary side is restored to 1 pu during the
startup of the machine before the DVR further injects until the secondary voltage is measured
at 1.05 pu after the machine is fully started. The reasons why the DVR is overshooting the
reference of 1 pu after the machine is started is a bit unclear since the phase sequence analyzer
is measuring the voltage at 1 pu and not 1.05 pu according to figure 7.10. The cause probably

lies in the measurement method of the sequence analyzer.

The degree of noise is much more substantial with the DVR implemented compared to the
MVB, which is natural due to the implementation of the VSC. Noise and harmonics occurring
as a result of the implementation of power electronics based devices are well-known phenom-
ena. According to FoL [21], there are several restrictions regarding the generation of harmonics
and noise, which can lead to voltage instability and general problems with electrical devices
connected to the grid. IL.e., there is measured significant noise on the electrical torque of the
induction machine with the DVR connected, which can cause unneccesary wear and tear on the
machine in the long run. The noise can be reduced by adjusting regulator parameters, changing
the VSC parameters as well as implementing filters (though expensive) as explained in chapter
3.

Looking at the active and reactive power injection by the DVR from 7.12, it can be observed

that the magnitude of injected active and reactive power is not constant. However, the injected

73



Chapter 8. Analysis and Discussion

values are enough to sustain the voltage over the load close to 1 pu. The explanation of the
varying active and reactive power injection lies in how the DVR is modelled. By utilizing the
in-phase compensation method as explained in chapter 3 the DVR injects voltage in phase with
the existing voltage to restore the magnitude, but not the phase itself as shown in figure 3.4a. As
the power consumption of the induction machine varies according to its startup characteristics,
the DVR is simply injecting power according to the voltage angle at load 1, giving a voltage
input at a variable angle. It should be noted that the DVR is consistently injecting the missing
voltage supported by around 1.5-2.0 kVA of power, and is enough to successfully boost the

voltage from 0.85 pu to the reference of 1 pu.

Measures to deload the line can also be achieved with the DVR through more advanced control,
such that the DVR supplies even greater amounts of necessary power - further decreasing the
power consumed from the grid. Besides, choosing different capacitance rating of the capacitor

as well as the voltage across the energy storage affects the performance of the device.

A FACTS based series voltage regulator such as the DVR is more robust and effective than
LVRs of the switching or MCI type during situations of transient activity leading to great volt-
age sags. This is due to the installed energy storage device on the DC side that supply the active
power (which is assumed charged during times of low power demand). Further, since the DVR
(ideally) is not consuming any reactive power during its operation, induced voltage drops at
other locations upstream of the device are avoided, contrary to the MVB. However the injec-
tion transformer will consume some amounts of reactive power due to its internal impedance as

shown in figure 7.12.

The reactive power needed for compensation is produced by the device, and the active power
needed to fully recover the voltage during large contingencies is available as long as there is
capacity in the energy storage. This is of major importance comparing the device to the MVB,
as the MVB consumes reactive power from the grid to support the injected voltage. The fact
that the DVR can support limited quantities of active power however emphasizes the fact that
the DVR should not be used for continuous compensation of active power losses of the line or
the load.

The DVR is by the completed simulations working as it should by utilizing the series-connected
transformer and injecting the missing voltage backed by the required active and reactive power
supported by the capacitor and the energy storage on the DC side of the VSC. However, the
control of the VSC could have been even more profound. I.e., by decoupling the currents into
the dq0 plane by the park transformation, it would be more seamless to control both the active

and reactive power injection separately.
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Summarized

Installing fast-acting regulation devices such as the modelled DVR is a great choice to mitigate
large temporary voltage transients caused by i.e., an induction motor start, and can according to
literature even be used to counteract harmonic distortions created by other installations at con-
sumers. Additionally, the DVR can be used to support important loads from temporary short
circuits upstream for a limited amount of time as long as there is capacity in the energy source
supplying the active power. This is a major advantage comparing the DVR to the MVB since
the latter is heavily dependent on reactive power consumed from the grid to control the injected
voltage. The DVR is only dependent on the VSC and the capacity of the energy storage, mean-
ing that the induced voltage impacts upstream in the grid can be drastically reduced in addition

to relieving stressed line segments in the grid.

Installing a regulation device of this nature may not however be the best solution for a grid with
low short circuit capacity due to high system impedance, contrary to the MVB or other LVR
types. This is mainly because active compensation requires available stored energy in the en-
ergy storage, like a charged battery. In a distribution grid with mostly % > 1 and low SCC, the
voltage is subject to crossing the undervoltage barrier of 10% at full load due to active power
losses over greater periods of time which the energy storage is depleted. In this case, the MVB
is the better choice due to its consistent voltage performance during steady-state operation and
its economic advantage. The DVR is though more robust and can be used for unlimited reactive
power compensation (limited by the power rating of the device), but it should again be noted
that devices based on FACTS technology are significantly more expensive than more simple
installations like LVRs based on tap changing or the MVB, and the increased voltage drop and

stress on lines are often acceptable compared to the extra cost of investment.

The voltage regulators modelled in this thesis are meant for localized regulation downstream
in older low voltage grids. Proper coordination between different voltage regulation measures
such as the impact of OLTC distribution transformers in union with more local devices such as
shunt connected FACTS devices and series-connected LVRs is an exciting topic as every single
grid is unique in different ways. In the future with the implementation of even more DG units,
devices based on FACTS technology in union with energy storage has a unique property of
storing excess energy during situations with low consumption and high production, instead of

installing reactive sinks that simply consume energy instead of utilizing it effectively.

Another important consideration is the impact of the short circuit currents which can occur
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during faults, where series installed voltage regulators of the LVR type have a negative effect
on this current - making it even smaller, introducing selectivity problems in the calibration of
relays and fuses. Both the MVB and the DVR have bypass switches that ideally bypasses the
short circuit current after a set amount of time, but properly calibrating these measures are
no easy task - and with the main goal of these devices to be as cost-effective as possible, it
is crucial that the degree of modularity is high. This topic is not profoundly treated in this
thesis, but measures to apprehend this problem is of vital importance regarding the safety of
supply during load. Further researching this field of study with emphasis on bringing a greater
understanding of the implications of installing voltage regulation devices concerning relay and

fuse selectivity is an interesting and deeply relevant topic for future studies.
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Conclusion

One of the goals of this thesis was to compare the performance of the two implemented SVRs
on a scientific basis in the modelled distribution grid. A modelled 4 kVA induction motor is
connected in parallel at load 1 to simulate a taxing dynamic voltage distortion to properly chal-
lenge the voltage regulators. According to the simulations, both the DVR and the modelled
MVB manages to successfully regulate the voltage back to its reference, but there are signifi-

cant differences in how the applications impact the grid as a whole during operation.

Due to its nature, the MVB is consuming significant amounts of reactive power from the grid
during operation which effectively introduces new voltage drops in the system. This trend in-
creases with the decreasing % factor of the network impedance. During the machine startup,
the voltages at the primary of the booster, load 2 and 3 are experiencing notable voltage drops
which is a direct result of the consumed reactive power. The difference is largest at the primary
of the booster, where the difference is 0.74 pu with the MVB connected and 0.86 pu without,
which is explained by the Al70 line spanning before the MVB with a % = 0.8, highlighting the

reactive losses.

The DVR on the other hand injects voltage through the means of the internal VSC and can
supply active compensation due to its design with an energy storage connected on the DC side
of the converter. The DVR does not introduce additional voltage drops like the MVB since
the reactive and active power needed to control the injected voltage is supplied from the device
itself. This makes the DVR potent for protecting sensitive loads during taxing dynamics, even
sustaining voltage over the load if a short circuit upstream in the grid occurs. The limiting factor
is the power rating of the device as well as the capacity of the energy storage. For the DVR to
contribute with active power to restore the voltage, however, it’s crucial that there is available
energy in the energy storage. l.e., the energy storage has to be charged by the grid, and should

be charged during periods of low load.

77



Chapter 9. Conclusion

As a result, the DVR is not well suited in a grid where the SCC is low with a resistive % factor
where undervoltages can occur consistently due to active power losses through the lines at full
load. In this case, the MVB is the better choice due to its consistent voltage performance during
steady-state operation and the lower cost. The DVR is though more robust, but it should be
noted that devices based on FACTS technology are significantly more expensive than installa-
tions like LVRs based on tap changing or the MVB. The increased voltage drop and stress on
lines are often acceptable compared to the extra cost of investment, especially since installing
these devices are supposed to be a cheaper alternative to reinvesting in the infrastructure of the

grid itself.

Through the theory which is presented and the simulations that are done, it can be concluded
that SVRs like the MVB and DVR works splendidly to boost the voltage downstream in a grid
where the degree of voltage transients and short circuit capacity is low, giving undervoltages
that consist over time. This holds as long as the reactive power consumed by the regulator
does not initialize further voltage drops of significance due to the low % factor of the network
impedance. The DVR will not function properly in situations which consistently requires active
power compensation since the capacity of active power often is limited. The DVR is, however,
operating fast with great precision. No voltage drops are introduced upstream due to reactive
consumption and are a great alternative to effectively mitigate any sudden voltage sags, har-
monics and general transient behaviour. Introducing the DVR in grids with problems like the
ones previously mentioned can be of great help, especially coupled with energy storage systems

such as batteries.
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9.1 Further Work

The two modelled series voltage regulators are both viable devices, but there exist a number
of other technologies such as other shunt connected FACTS devices like the STATCOM and
the SVC. In [15] a similar study was done with the STATCOM, yielding quite good results.

Modelling an SVC in a similar environment as done in this thesis would be interesting.

Conducting further modelling studies with the DVR, removing assumptions and properly im-
plementing a more robust control system would make the model even more precise, yielding
better results in the simulations. The same can be said about the MVB, as the implemented

model clearly has weaknesses compared to the real-life tested device according to [11].

Repeating the last paragraph from the discussion:

Another important consideration is the impact of the short circuit currents which can occur
during faults, where series installed voltage regulators of the LVR type have a negative effect
on this current - making it even smaller, introducing selectivity problems in the calibration of
relays and fuses. Both the MVB and the DVR have bypass switches that ideally bypasses the
short circuit current after a set amount of time, but properly calibrating these measures are
no easy task - and with the main goal of these devices to be as cost-effective as possible, it
is crucial that the degree of modularity is high. This topic is not profoundly treated in this
thesis, but measures to apprehend this problem is of vital importance regarding the safety of
supply during load. Further researching this field of study with emphasis on bringing a greater
understanding of the implications of installing voltage regulation devices concerning relay and

fuse selectivity is an interesting and deeply relevant topic for future studies.
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Appendix

9.2 A: Line Data and other Tables

Line Type R X[gh] Cune[fE]  Ciine groundal ]
TESP 3x150A1 0.206 0.072 0.60 1.19

PFSP 3x50A1 0.641 0.079 0.53 1.08

PFSP 3x25Al 1.200 0.082 042 0.82

EX95 0.320 0.076 0.52 1.09

EX?25 1.200 0.082 0.28 0.55

Al70 0.256 0.312 448 11.91

Table 9.1: Line parameters for utilized cables/overhead lines in the test grid [32].

Type R/X-rate Konfigurasjon
TFXP 4x50 Al 8,11 | 1 kV, fireleder uten skjermi jord
g" TFXP 4x95 Al 4,21 | 1kV, fireleder uten skjerm i jord
g TFXP 4x240 Al 1,74 | 1 kV, fireleder uten skjerm i jord
2 | EX 3x50 Al 8,11 | 1 kV, hengeledning
& [EX3x95 Al 4,16 | 1 kV, hengeledning
EXW 3x150 Al 2,86 | 1 kV, hengeledning
FeAl 35 (56-AL1/ 9-ST1A) 1,34 | 24 kV luftledning, 1,5 m faseavstand
FeAl 50 (80-AL1/ 13-ST1A) 0,97 | 24 kV luftledning, 1,5 m faseavstand
wo | FeAl 95 (151-AL1/ 25-ST1A) 0,54 | 24 kV luftledning, 1,5 m faseavstand
% BLX 3x50 1,92 | 24 kV, hengeledning
¢ | BLX 3x95 1,09 | 24 kV, hengeledning
é BLX 3x150 0,66 | 24 kV, hengeledning
T | TXSE/TSLE 3x1x50 Al / 16 3,05 | 24 kV, flat forlegning
TXSE/TSLE 3x1x95 Al / 25 1,60 | 24 kv, flat forlegning
TXSE/TSLE 3x1X240 Al / 35 0,69 | 24 kv, flat forlegning

Figure 9.1: % ratio of some typical overhead lines and cables in both the low and high voltage distribu-
tion grid [17].

85



Component A B C H(s)
Heat pump / AC 02 0 0.8 0.28
Refrigerator/freezer 02 0 0.8 0.28
Dishwasher 1 0 0 0.28
Clothes washer 1 0 0 1.50
Clothes washer 1 0 O 1.30
Pumps, fans, other motors 1 0 0 0.70
Small industrial motor 1 0 0 0.70
Large industrial motor 1 0 O 1.50
Power plant auxiliaries 1 0 0 1.50
Agricultural water pump 1 0 O 0.40

Table 9.2: Different constants for ABC torque model for induction machine [40].
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9.3 B: Measurements and additional graphs from simulation

Voltage Profile in Distribution Grid with DVR
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Figure 9.2: Voltage profile of the whole distribution grid during DVR connected and induction machine
startup.

Voltage Profile of distribution grid with connected MVB during motorstart
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Figure 9.3: Voltage profile of the whole distribution grid during MVB connected and machine startup.
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9.3.1

Induction Machine Start Power Measurements

Consumed Active and Reactive Power of Induction Machine with MVB
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Figure 9.4: Active and Reactive Power consumption of induction machine during startup with MVB
connected. Sp,se = 4000 VA.

Consumed Active and Reactive Power of Induction Machine with DVR
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Figure 9.5: Active and Reactive Power consumption of induction machine during startup with DVR
connected. Sp,se = 4000 VA.
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9.3.2 Active and Reactive Power at input and output of MVB

Active and Reactive Power measured at input of MVB
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Figure 9.6: Active and Reactive Power measured at input of MVB during induction machine startup.

Active and Reactive Power measured at output of MVB
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Figure 9.7: Active and Reactive Power measured at output of MVB during induction machine startup.
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9.4 C: Simulink Models

9.4.1 Simscape

Modelled Grid

Figure 9.8: Modelled low voltage distribution network in the Simscape environment.
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Magtech Voltage Booster
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Figure 9.9
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9.4.2 Specialized Power Systems

Modelled Grid

LOAD 2

Figure 9.10: Modelled low voltage distribution network in the SPS environment.
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Induction Machine Model in the Simscape environment.

Figure 9.11




Dynamic Voltage Restorer - Overview

OF
(IORORO

Vabe_meas_pu phase

Serietrafo

=

inpar Transformer

o

CONTROL

< a
@S ‘Uninvenzal Bridge

._'I

Parallel RLC Branch

E n ! Converter & DClink + DC source

Series RLE Branch

Doc \J‘nluge Saurce

Figure 9.12: Overview of DVR model.

Vabc_in

Pl Controller s
um 3P

PWM
4‘ PIe) e B D

Integrator and signal splitter Terminator
Constant

PWM & Control

out_gate

Scope

Figure 9.13: Control and PWM generator of DVR model.

94



mag
1

120%(pif180)

Figure 9.14: Phase modulator of DVR [19].
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Induction Machine Model
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9.4.3 Initialisation Matlab Script

Contents

= Induction motor pu values (Used in testing)
= PU
= Linedata (R[ohm/km], X[ohm/km], Clineline[F/km], Clineground[F/km], Czeroseq)

$%Initialise testnetwork

f = 50;

S _base = 100*1073; SVA

V_base = 230; %V, rms

Zbase machine = V base”2/S base;
omega b = 2*pi*f;

e = 107 (-9);
a=1;
$$TF

Rprimary = 0.01;

Lprim = 0.001/(100%pi);
Rsecond = 0.01;

Lsecond = 0.01/(100*pi) ;
Rsat = 500;

Xsat = Rsat;

Induction motor pu values (Used in testing)

poles = 2;

connection time motor=0.5;

Srated = 4000;

Sbase = Srated;

V_base machine = V _base;

I_base = Sbase/ (V_base*sqrt(3));

omega sync = 120*f/poles;

H=0.7; %[s]

omega rads = omega sync*pi/30; %[rad/s]
J = Srated*2*H/ (omega_rads)"2; % kgm*"2

Lbase = Zbase/ (2*pi*f);
Thase = Sbase/ (100*pi);
inertia = J;

torque constant = 2;

$SNOT PU

Rs = 0.25%6;

Rr = 0.14*6;

X stator = 0.9*%2.5;

Xrotor = 0.41*2.5;

Lrotor = Xrotor/ (2*pi*f);
Lstator = X_stator/(2*pi*f);
Xm = 17;

ILm = Xm/ (2*pi*f);

PU




Rs_pu = Rs/Zbase;

Rr_pu = Rr/Zbase;

X _stator pu = X stator/Zbase;
Xrotor pu = Xrotor/Zbase;
Lrotor pu = Lrotor/Lbase;
Lstator pu = Lstator/Lbase;
Xm_pu = Xm/Zbase;

Im_pu = Lm/Lbase;

c0 = @(Cg,Cp) Cg*Cp/(Cg+3*Cp);

Linedata (R[ohm/km], X[ohm/km], Clineline[F/km], Clineground[F/km], Czeroseq)

TFSP 3x 150A1 = [0.206*a 0.072*a 0.6*e 1.19*e];
EX95 = [0.32*a 0.076*a 0.52*e 1.09%*e];
PFSP3x50A1 = [0.641*a 0.079*a 0.53*e 1.08*e];
EX25 = [1.2*a 0.082*a 0.28*e 0.55*e];
PFSP3x25A1 = [1.2*a 0.082*a 0.42*e 0.82*%e];
Al50 = [0.256*a 0.312*a 4.48*e 11.91%*e];

TFSP_3x_150A1 cO0 = [0.206*a 0.072*a 0.6*e 1.19*e 1.19*e];
EX95 c0 = [0.32*a 0.076*a 0.52*e 1.09*e 1.09%e];
PFSP3x50A1 c0 = [0.641*a 0.079*a 0.53*e 1.08*e 1.08*e];
EX25 c0 = [1.2*a 0.082*a 0.28*e 0.55*e 0.55%*e];
PFSP3x25A1 c0 = [1.2*a 0.082*a 0.42*e 0.82*e 0.82*e];

Al50 cO = [0.256*a 0.312*a 4.48*e 11.91*e 11.91*el;

Published with MATLAB® R2019b
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Datasheet MVB
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