




















It is evident that short duration shallow voltage sags are by far the most prevalent PQ&R problems at
these sites. Based upon the chronology of voltage sags occurring in the Southeastern states of the U.S.
during this survey we may say that the most voltage dips take place around the 10%—-20% level.

In accordance with this PQ survey results let's consider other PQ monitoring processes which
have been carried out in different countries and depict almost the same trend in the distribution
of voltage dips.

Fig. 1.4 represents distribution of voltage dips in the city of Brescia in Italy during the year of 2014
[18]. As it can be seen the most occurred voltage dips during the whole year of 2014 are in the range
of 10-20% magnitude drop with the duration of 0-0.2 S.

Figure 1.4: Distribution of voltage dips in terms of duration and magnitude drop

Also in a power quality investigation in Brazil from April 2011 to March 2014 at Tesla Power
Engineering laboratory, located at Federal University of Minas Gerais, where there are four big metal
industries in nearby, three years voltage sags are monitored [3]. These industries have metal processes
such as hot rolling mill, cold rolling mill, and blast furnaces which are categorized as very large
electric loads together with high PQ demand. Impacts of voltage sags in these processes can be found
in [4] and [5]. Two hundred and seven voltage sags were measured, making an average of eight
voltage sags per month. However, some months have more than 15 events, while others have less than
five events. Fig. 1.5 shows the numbers of events in each month.

Figure 1.5: Number of voltage sags per month in a 3 years PQ survey in Brazil

Furthermore in another power quality investigation in Denmark from November 1996 to May
1998 around 200 delivery points located in the distribution networks were measured [6].
Medium and large industrial companies were excluded from the survey and more than 60%
of the measuring proceeded in urban site. In total 700 data sets, each one of them representing



one week of measuring, were analyzed by the new standards, EN 50160, IEC 1000-3-2. All
interruptions longer than 3 minutes were removed from the data. The data were categorized
into the events of flicker, total harmonic distortion (THD), dip and swell, unbalance, DC
voltage, and transients. Among these events, the dips appeared as a top issue. While just 30%
of the measurements were under 85% of the nominal voltage, most of measurements were
above 85% of the nominal voltage.

In consideration of above mentioned power quality and voltage sag surveys and according to
the European Standard EN 50160, voltage dips can cause tripping of sensitive loads therefore
they should be avoided. The cost associated with short duration voltage dips can “in some
cases” justify the insertion of power electronic equipment to compensate for the poor power
quality [7].

1.1.2 Motivating factors toward distribution systems with high PQ

Some of the main issues, which have triggered the interest in power quality, can be expressed
as:

- Higher demand on supreme power quality. IT-technology, automated production plants
and commercial activities require a good and reliable power supply [7];

- De-regulating and commercializing of the of electric energy markets has made power
quality a parameter of interest to achieve a higher price per kilowatt, to increase the
profit and share of the market [8];

- Decentralization of the production of electricity with integration of alternative
energy sources and small generation plants has increased certain power quality
problems like surplus of power, voltage variations and flickers [9];

- The improvements in the power electronic converters together with data processing
capability have made improvement in power quality possibilities by means of relative
cost-effective power electronic controllers [10];

- It is possible to conclude that installation of the series unit is a cost-effective way for
distributors to improve the power quality level in the distribution networks in order to achieve
the standards imposed by the authorities [31];

Therefore these trends have motivated interest in PQ studies and investigation for employing
appropriate strategies in order to mitigate PQ problems.

1.1.3 Custom power system devices for voltage dip mitigation

There are two general approaches to confront power quality problems. One approach is to
ensure that the process equipment is less sensitive to disturbances, allowing it to ride-
through the disturbances [11]. The other approach is to install a custom power device to
suppress or counteract the disturbances.

Many CUPS devices are commercially available in the market today such as, active power
filters (APF), battery energy storage systems (BESS), distribution static synchronous
compensators (DSTATCOM), distribution series capacitors (DSC), dynamic voltage restorer
(DVR), power factor controller (PFC), surge arresters (SA), super conducting magnetic
energy storage systems (SMES), static electronic tap changers (SETC), solid-state transfer
switches (SSTS), solid-state circuit breaker (SSCB), static var compensator (SVC),thyristor
switched capacitors (TSC) and uninterruptible power supplies (UPS).

Focusing on the compensation of voltage dips the number of devices can be narrowed
down, and in [12] three types of devices have been compared, they are:



- UPS: this is a static converter with double conversion to mitigate most type of
power quality disturbances. The topology is illustrated in Fig. 1.6;

- SSTS: is supposed to change from a faulted feeder to a healthy feeder. The topology is
illustrated in Fig. 1.7;

- DVR: is a series-connected device, which corrects the voltage dip and restore the
load voltage in case of a voltage dip. The topology scheme is illustrated in Fig. 1.8;

Some of the advantages and disadvantages regarding the three solutions are summarized in

Table 1.1.
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Figure 1.6: Double conversion Uninterruptible Power Supply with energy storage
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Figure 1.8: Series connected dynamic voltage restorer with energy storage

In [12] an economic comparison of the three solutions have been investigated regarding the



expected savings, cost of solution per kVA, annual operating cost, total annual cost and a
benefit/cost ratio. The SSTS has the highest benefit/cost ratio if a secondary independent
feeder is present and if the DVR is not considered to be the most cost effective solution.

The dynamic voltage restorer is a series connected modern custom power device, used in power
distribution networks to protect consumers from sudden sags (and swells) in the grid voltage. In case
of a voltage dip the DVR injects the missing voltage and it avoids any tripping the load.
Actually, the DVR is still very rarely inserted in the grid and only relative few cases have been
inserted around the world.

Commercial and theoretical projects/products regarding the DVR have been reported in [7],
[12], [13], [14], [15], [16], [17], [19] and [30].

Even though the DVR is commercially available today, the DVR is not a high matured
technology and several areas regarding the design and control of this type of device
are at the basic research level. The design of a DVR has been treated in [9], [48]
and [22] with focus on the sizing of the wvoltage, power and current rating
DVR structures have been described in [23] and [24] with the design considerations for the
line-filter for a DVR. The control strategies to limit the energy storage have been treated in [25]
and [26] while in [27] some control issues regarding series compensation of unbalanced supply
voltages have been described.

It is worth noting that the DVR is a series connected device and one of the drawbacks with
series connected devices is the difficulties to protect the device during short circuits and
avoid interference with the existing protection equipment, which have been explained in [28]
and [29].

Device Advantages Disadvantages
-High cost per kW
UPS -Can compensate interruptions. -High losses
-Low losses, injects only the missing part of the -Difficult to protect
DVR supply voltage -Cannot compensate
-Cost effective interruptions
-Low standby losses -Needs a second
SSTS -Low system cost if second feeder is present undisturbed feeder
-Can compensate interruptions and voltage dips -Difficult to ensure a
-High benefit/cost ratio if a second feeder undisturbed feeder
independent feeder is present -Slow response

Table 1.1: Comparison of three solutions to protect sensitive loads from voltage deviations.



1.2 Major voltage issues

During this section main concepts regarding voltage quality (VQ) are discussed. Different types
of disturbed voltage in conjunction with appropriate measures in order to counteract the
presence of disturbed voltage in distributed network are presented. Thereafter main power
electronic converters and configurations to mitigate voltage dips are expressed.

Problems of voltage quality and their solutions have become remarkable topics in the research
activities in particular with the growth in power electronics technology. Also the voltage quality has
an impact on the control and design of DVR. Moreover the DVR performance depends on the
voltage quality at the location where the DVR is inserted. Thus voltage quality deserves
particular attention. Voltage harmonics, non-symmetrical voltages and voltage dips are other
treated topics to give a basic introduction to main voltage parameters for a DVR.
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Figure 1.9: Typical placement of LV-DVR in a radial distribution network

1.2.1 Voltage harmonics

The presence of harmonics in electrical systems means that current and voltage are distorted and
deviate from sinusoidal waveforms with the fundamental frequency. Harmonic currents are caused by
non-linear loads connected to the distribution system. A load is said to be non-linear when the current
it draws does not have the same waveform as the supply voltage. The flow of harmonic currents
through system impedances in turn creates voltage harmonics which distort the supply voltage. Non
fundamental voltage harmonics often appear at all levels in the electrical system. Let's consider
the typical placement of a DVR within a radial LV distribution network in Fig. 1.9, in
relation with the DVR the harmonic contents of the voltage before and after the DVR have
major interest. Before the DVR, during no-load conditions the so called background distortion
level can be measured and the level of distortion may influence the control of the DVR. The DVR
can inject some harmonics and a vector addition with the background harmonics gives the
resulting load voltage harmonics. The load voltage harmonics and the resulting load
voltage distortion is an important evaluation parameter of the DVR performance. Sources of
the distortion in the load voltages vary and considering what is reported in [33] the three main

sources arc:

- Background voltage harmonics: background harmonics can easily be transferred to
the load voltage side. During DVR voltage injection harmonics from background



distortion can be amplified or damped within the DVR control system. A supply
voltage with a high harmonic content can influence on harmonic contents of load
voltage;

-  Harmonics injected by the DVR: the THD of the injected series voltage depends
on the DVR hardware including converter topology, switching frequency, modulation
method, modulation index and filtering. Also non-linear effects in the DVR caused by
non-linear characteristics in the converter such as dead-time, transistor and diode
voltage drop can cause harmonic injection;

- Non-linear load currents: a non-linear load current distorts the load voltage, which
depends on the strength of the grid, the inserted DVR and the resulting impedance
seen by load which includes impedance in the DVR and the grid;

The voltage distortion Uy can be calculated by a summation of the harmonic components,
according to (1-1)

(1-1)

and the Total Harmonic Distortion (THD) in percent can be calculated by (1-2):

U,
Urnpos = UL:S x 100%

(1-2)

The DVR has the potential of improving the load voltage with respect to harmonic distortion,
which means both to compensate background harmonics and to compensate the distorted load
voltage caused by a distorted load current. This type of control is often termed as a harmonic
blocking control or series harmonic filtering [34]. In this thesis the main focus is on the control
of the fundamental voltage, but still the load voltage THD has to be within acceptable limits.

1.2.2 Non-symmetrical voltages

In a three-phase system the degree of symmetry is very important for a large group
of three-phase loads. For a DVR non-symmetry implies hardware and control to
be able to detect and correct the unbalanced supply and load voltages. The degree
symmetry is a main performance criterion, which can be used to evaluate the DVR. In the
analysis of three-phase systems the decomposition of symmetrical components is useful. The
formula (1.3) shows the transformation from phasor values to the symmetrical components.

Ur
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The degree of symmetry is often evaluated as the negative sequence component divided by
the positive sequence component, according to:

Unon—symmetry% = U_; X 100% (1-4)

It is important to distinguish the non-symmetry from the four different sources:

- Background non-symmetry: caused by other loads and can be a relative permanent
condition, which can interfere with the DVR control and make the load voltages non-
symmetrical;

- Non-symmetrical loads: a high non-symmetrical load can be the cause of non-
symmetrical voltage drop across the DVR and the supply which inherently leads to
non-symmetrical load voltages;

- Non-symmetrical voltage dip: short duration non-symmetry voltage dips caused by a
nonsymmetrical fault incident in the grid;

- Non-symmetry generated by the DVR: a DVR is inserted to remove symmetrical
and non-symmetrical voltage dips, but in some cases the DVR may increase the non-
symmetry by voltage injection or by the voltage drop caused by non-symmetrical load
currents;

Unlike harmonic compensation the compensation of non-symmetrical dips involves active
power transfer from the energy storage, which normally is costly.

1.2.3 Voltage dips

Voltage dips are in many references stated as the most important and costly power quality
problem, because of the high risk of tripping devices and a relative frequent occurrence
[35],[36]. Voltage dips have been discussed in a large number of papers for instance [20], [37],
[38], [39] and [40].

Voltage dips are mainly caused by faults in the grid and the fault clearing time of various protection
devices decides the dip duration time. Fig. 1.10 illustrates how the voltage disturbances typically are
located in terms of magnitude versus duration. The numbers are referring to the following origin [11]:

1. Transmission system faults;

2. Remote distribution system faults;
3. Local distribution system faults;
4. Starting of large motors;

5. Short interruptions;

6. Fuses;
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Figure 1.10: Voltage dips of different origin in a magnitude-duration plot. 1 — transmission faults, 2 -
remote distribution fault, 3 - local distribution fault4 - starting of large motors, 5 — short
interruptions and 6 - fuses [11].

Voltage dips can be categorized in symmetrical and non-symmetrical voltage dips:

- Symmetrical voltage dips

Voltage dips are usually caused by a short-circuit current flowing into a fault, a simplified
model is illustrated in Fig. 1.11 [66]. Magnitude and phase of the voltage dip at the Point of
Common Coupling (PCC) are determined by the fault and supply impedances, using the
equation of (1-5):

Zfault

(1-5)

Ujin = E X
Yd =3
P Zfault + ZSupply

PCC
Zfault

Y

Zsupply
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Figure 1.11: Simplified circuit to calculate the voltage dip in a simple system.

By the impedance considerations the reduced magnitude and in some cases a phase
jump can be estimated. Equation (1-5) illustrates the voltage at the PCC with Udip as the
voltage during the dip.
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In Fig 1.12 a simple vector representation of voltage dip is depicted. g, is the phase jump
in the voltage at PCC due to the fault. Hence a simple symmetrical voltage dip can be
characterized by the following three parameters:

- Voltage during dip (Udip);
- Dip duration (Zs);
- Phase jump (¢up);

Upre-dip

Unmissin g

Udip
Figure 1.12: Vector diagram of voltage dip with phase jump including vectors of pre-dip voltage, dip
voltage and missing voltage.

The definition of a voltage dip with phasors can be stated as:

gdip = gpre—dip - gmissing (1-6)

The voltage dip is with this definition the voltage at PCC during the voltage dip and can be calculated
as the pre-dip voltage (often the rated voltage) subtracted the missing voltage.

- Non-symmetrical voltage dips

Based on what is reported in [42] we may say a very large portion of voltage dips recorded in a EPRI
survey are non-symmetrical, About 68% resulted from single-phase faults, 19% from two-phase faults
and only 13% from three-phase faults. Thereby approximately 87% of the voltage dips were non-
symmetrical.

Also considering another voltage monitoring survey that is carried out in Brazil and is reported in [3]
almost the same conclusion is made. Distribution of different voltage dip types of this survey is
illustrated in Fig 1.13.

Figure 1.13: Voltage dip types in a voltage monitoring survey in Brazil, from 2011to 2014.
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These facts have a considerable impact on the design and control of DVRs, and the voltage dip
distribution could justify the design of the DVR for non-symmetrical voltage dips, and therefore the
focus of performance evaluation should be on the compensation of non-symmetrical dips.

Generally voltage dips are caused by different kinds of fault in the grid. The faults can be categorized
as:

1- Three-phase faults;

2. Two-phase faults;

3. Two-phase faults with ground connection;
4. Single-phase faults;

In a direct or effective grounded power system 2, 3 and 4 can lead to a non-symmetrical voltage dip
and in isolated or high impedance grounded system 2 and 3 can lead to a nonsymmetrical voltage dip.
Fig. 1.14 illustrates the voltage dips associated with the fault in a direct grounded power system. As it
can be seen in Fig. 1.14 (a), a three-phase fault could cause all phases to decrease in magnitudes
equally without any change in their phasor angles hence it is called a symmetrical voltage dip.

In addition to changes in magnitudes of faulted phases a two-phase fault causes the faulted phases to
decrease in angle between as it is depicted in Fig. 1.14 (b). A two-phase fault with ground connection
and also a single-phase fault give rise to decrease in magnitudes without any change in angles as it is
shown in Fig 1.14 (c) and (d).

Figure 1.14: Voltage dips from short-circuit faults. a) Voltage dip from three-phase fault, b) voltage
dip from two-phase fault, c) voltage dip from two phase fault with ground connection and d) voltage
dip from single phase fault.

Propagation of the voltage dips

The propagation of the voltage dips associated with faults is occurred through transformers and the
grounding at each voltage level. In the following example three different fault types have been applied
at a high voltage level with a direct grounded system and the system is illustrated in Fig. 1.15 [96].
From HV to MV a Dy transformer is assumed to be used and the MV-level is inductor grounded.
Finally, the connection to LV is made with a Dy transformer and the LV-level is directly grounded.



14

T1 HV 12 MV 73 LV

Zearth Z0

Z0
MY, |:/ V' 'e
1 Fault IW
=0

(®)

Figure 1.15: (a) The example grid which is used to show how a fault on the HV-level can propagate
to MV and LV-levels. (b) Positive, negative and zero sequence equivalent circuits

- Two-phase fault: the two faulted phases are reduced in magnitude. In addition the angle
between them is reduced too at HV side. At the medium side one of the phases is down to
50%, nevertheless, the low voltage side amplitude is only reduced to 66%. Table 1.2
illustrates the associated phase voltages and symmetrical component voltages for a two-phase
fault at the HV-level and its propagation to MV- and LV-levels.

Voltage High Voltage Medium Voltage | Low Voltage
Ur 1.00 20° 0.50 2£0° 1.00 20°
Ug 0.66 £—139° | 0.90 2—106" 0.66 2£—139°
Ur 0.66 £139° 0.90 £106° 0.66 2£139°
Ugy 0.75 20° 0.75 20° 0.75 20°
U; 0.25 20° 0.25 2180° 0.25 20°
Uy 0 20° 0 20° 0 20°

Table 1.2: Two-phase fault at the HV-side and the voltage propagation down to the LV-side.

- Two-phase fault with ground connection: the two faulted phases are just reduced in
magnitude at HV-level. The associated phase voltages and the symmetrical component
voltage for a two-phase fault with ground connection at the HV-level and its propagation to
MV- and LV-levels is treated in Table 1.3.
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Voltage

High Voltage
1.00 20°
0.50 2—120°
0.50 2120°
0.67 20°
0.17 20°
0.17 20°

Medium Voltage
0.50 20°

0.76 2£—109°
0.76 2109°
0.67 20°

0.17 2180°

0 20°

Low Voltage

0.83 20°
0.60 2—134°
0.60 2£134°
0.67 20°
0.17 20°

0 20°

Table 1.3: Two-phase fault with ground connection at the HV-side and the voltage propagation

down to the LV-side.

- Single-phase fault: a single phase-fault causes the magnitude drop in the faulted phase while
the magnitudes and angles of other phases do not change. Table 1.4 illustrates the associated
phase voltages and symmetrical component voltages for a single-phase fault at the HV level
and its propagation to the MV and LV-levels.

Voltage
Ur

High Voltage
0.50 20°
1.00 2—120°
1.00 2120°
0.83 20°
0.17 2—180°
0.17 2—180°

Medium Voltage
1.00 20°

0.76 2—131°
0.76 2131°
0.83 20°

0.17 20°

0 20°

Low Voltage
0.67 20°
093 2—111°
0.93 2111°
0.83 20°
0.17 2—180°
0 20°

Table 1.4: Single-phase fault at the HV-side and the voltage distribution down to the low voltage side

Fig. 1.16 illustrates graphically the different fault types transformed from the HV-level to the MV

voltage level.

Figure 1.16: Voltage at the MV-level from faults at the HV-level. a) Voltage dip from three-phase
fault, b) voltage dip from two-phase fault, c) voltage dip from two-phase fault with ground connection
and d) voltage dip from single-phase fault.

As it is illustrated in the above tables and phasor representations non-symmetrical voltage dips often
include a phase shift of two phases and based on the circumstances the voltage phasors of faulted
phases come closer to each other or more separated. This phase-shift is very different from the phase
jump in symmetrical voltage dip. In order to protect a sensitive load against these phase shifts, at first
they must be detected and then an appropriate strategy should be employed in order to mitigate them.
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1.3 Interruptions

In the European standard EN 50160 two terms are used:
* Long interruptions: longer than three minutes.
« Short interruptions: up to three minutes.

Interruptions are typically caused by different types of faults e.g. malfunction of protection equipment
or lightning. In a system without redundancy a fault often leads to a long interruption, which requires
manual intervention. Short interruptions are often caused by automatic reclosing after a fault. Short
interruptions below three minutes are normally considered a voltage quality problem. Interruptions are
a severe power quality problem, but in a wide range of industrial countries interruptions occur very
rare, because of redundancy and high maintenance of the grid. A correlation can be found between
interruptions and voltage dips. Taking measures to decrease the number of interruptions may increase
the number of voltage dips. For instance by having a meshed distribution system (high redundancy)
the number of interruptions go down, but the voltage dips can occur more frequently and be more
severe [11].

1.4 Power electronic possible solutions for mitigation of voltage dips

The section gives a short survey of three possible power electronic configurations to mitigate
voltage dips also treated in [45]. First, shunt controllers are treated, thereafter series controllers
and finally combined series/shunt controllers.

1.4.1 Shunt devices

Even though shunt devices are mostly employed for improving supplied power quality but they
are also used to stabilize the voltage at a certain point [46], [47].

Generally if the controllers are equipped with a voltage source converter the devices are termed
Static Compensators (STATCOM), Static Condensers (STATCON) or Advanced Static Var
compensators (ASVC). Shunt devices are effective to compensate small voltage variation, which
can be controlled by reactive power injection. The ability to control the fundamental voltage at a
certain point depends on the impedance to the supply and the power factor of the load. The
compensation of a voltage dip by current injection is very difficult to achieve, because the supply
impedance are usually low and the injected current has to be very high to increase the load
voltage. However as it is reported in [46] and [47] shunt devices can be employed in cases which
statistically suffer from small range of voltage dips in order to mitigate them thanks to the
achievable simplicity regarding protection issues in shunt connected devices. Compensation of a
voltage dip with a shunt controller through reactive current injection is illustrated in Fig. 1.17.
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Figure 1.17: The use of a shunt converter to compensate a voltage dip. a) Circuit diagram, b) Vector

(a)

diagram for normal condition (zero injection), ¢) Vector diagram for reactive compensation of a
voltage dip.

Let's consider a case with a supply voltage of 1 pu voltage, a supply impedance of 0.05 pu
inductively and a resistive load of 1 pu in Fig 1.18. Inserting a shunt device with 1 pu current
injection capability the voltage disturbances (dips or swells) in the range of 0.95 - 1.05 pu can be
controlled approximately. Even though the shunt device is supposed to design for 1 pu current
injection, it only can compensate small range of voltage dips and swells (5%). For deeper voltage
dips the required injection capability of the shunt device increases considerably and makes this

compensation strategy useless.
+ Vdrop -
I O T VA

50.05 pu
1 pu@ 1 pu Active load

|

Figure 1.18 Compensating voltage dip in the range of 0.95 to 1.05 with shunt converter of 1 pu
injection

Active power injection by shunt converters is more interested in PQ conditioner devices, however in
order to make a comparison with reactive power injection let's consider active power injection
through shunt devices for voltage dip mitigation. It should be noted that if during voltage dip interval
there is not disconnection between the shunt converter and the main power supply, injecting active
power by the shunt converter will have a poor effect on the load voltage.

Through breaking the connection to the main supply during a voltage dip it is possible to keep the
rating of the shunt converter to approximately 1 pu and deliver all the active and reactive power
needed by the load for a short time and re-synchronize with the grid, when the voltage dip is over.
However, active power injecting method requires very large energy storage which means significant
cost.

These simple examples indicate the poor effectiveness of reactive power injection and economically
limitation of active power injection through shunt devices in order to compensate voltage dips.

1.4.2 Series devices

The series controllers for control of the fundamental voltage are termed as a series connected PWM
regulator in [48], a static series regulator in [49], [50] and [51], but mostly the devices are termed
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dynamic voltage restorers or shortly DVR. If the device only injects reactive power the device can be
termed as series var compensators [52].

Taken the same simplified model of a supply and a load, Fig. 1.19 illustrates the insertion of a series
controller to support the load at moment of voltage disturbance. The DVR restores the disturbed
voltages through injecting appropriate voltage in series with the main supply. Employing this
configuration for voltage dip mitigation required sizing of the DVR decreases considerably comparing
to shunt configuration thanks to its high effectiveness.

For instance a 0.5 pu voltage dip can be restored through a DVR sized at 0.5pu. Also based on the
voltage injection methods which is discussed in chapter 2 thoroughly the exchange active power of
DVR with the network can be limited to almost zero. The DVR always is in series connection with
the supply whether Usupply is normal or a voltage dip occurs, therefore no resynchronization is
necessary as it is the case with the shunt connected converter.

The main drawbacks of this configuration include standby losses and also complexity of protection
during downstream fault which is discussed in chapter 3.

Isupply + Vdrop - - +
——>

Usupply @

Zsuppl
PPy Usupply-normal

Usupply-abnormal V2

Vdro;

----- Vioad Isupply ~
== / Py “Vload-abnorr Vxl

Figure 1.19: The use of a series controller to compensate a voltage dip. a) Circuit diagram, b)Vector
diagram for normal condition (zero injection), c) vector diagram for compensation of a voltage dip
with two different voltage injection methods.

1.4.3 Combined shunt and series devices

The main application of combination of series and shunt controllers is for PQ conditioners which are
often referred to as unified power quality conditioner (UPQC) [34] or line-interactive uninterruptible
power supply (UPS) [53]. However, thanks to presence of series device, it provides a mitigation
solution for voltage dip. Fig. 1.20 illustrates the two possible connection methods. The installed rating
tends to increase with unified approaches, but the performance can also be improved and some of the
benefits with both shunt and series controllers can be utilized. Both controllers can exchange reactive
power with the grid and also active power can be transferred between the controllers. Most important
the energy storage can be significantly reduced with unified approaches. Nonetheless this combination
is mostly employed for increasing the quality of power and does not give an economical solution
when the only concern is voltage dip comparing to the DVR [66].

Isupply Zsupply - Useries + Isupply Zsupply - Useries +
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Figure 1.20: Unified controllers. a) shunt-series controllers, b) series-shunt controllers.
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Finally we may figure out that the most effective and economical solution for voltage dip mitigation is

employing a series voltage injection device. In the next chapter a more accurate analysis regarding
this type of devices is presented.

1.5 Summary

During this chapter a general review of PQ issues and its requirements together with the power
electronic solutions to increase the quality of power have been treated.

Some of the main conclusions are:

Power quality is a service and many customers are paying for it even today. In the future,
distribution system operators could decide, or could be obliged by authorities, to supply their
customers with different PQ levels and at different prices.

A major topic in PQ studies is the quality of voltage at the load terminals. Also The main
issues regarding the quality of voltage consist of;

- Voltage harmonics;

- Non-symmetrical voltages;

- Voltage dips;

Voltage dips can in many cases be the most considerable power quality problem, because they can
occur very frequently and lead to a load tripping. Voltage dip depth, duration and phase jump
depend on the location of the fault and the protection equipment used.

Voltage dips are caused due to faults at all voltage levels. The voltage dip size and symmetry
depend mainly on the type of fault, the grounding principles used at the faulted voltage level and
the transformer connections between the fault and the load of interest.

The mitigation of voltage dips can be achieved through power electronic solutions. The
suggested configurations in literatures includes:

- Shunt controllers;

- Series controllers;

- Combined shunt and series controllers;

Combined shunt and series controllers have the best performance, however the higher cost limits
their application in PQ conditioners. While the shunt controllers have a poor performance for
voltage dip mitigations, the most economical solution for voltage dip mitigation is employing a
DVR which is installed in series with the main supply. Even though main drawbacks include
standby losses and also complexity of protection during downstream fault.
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CHAPTER 2

Analysis of dynamic voltage restorer

During this chapter a general review of a DVR and its constituent parts, placement options
within the grid and possible topologies to realize a DVR are presented. More details on
rating values of a DVR, sizing a DVR and designing the control systems are treated in the
appendix.

2.1 General configuration and elements of a DVR

A general schematic of a DVR and its constituent elements is illustrated in Fig. 2.1.These
elements consist of:

1-

DC-link and energy storage: a DC-link voltage is used by the VSC to synthesize an
AC voltage. In order not to size a very large energy storage we are more interested in
reactive power injection, however still during some of voltage dips, active power
injection is necessary to restore the line voltages;

Converter: the converter is most likely a Voltage Source Converter (VSC),
employing PWM strategy delivers energy from the DC-link/storage to AC-voltages
where it is injected into the grid;

Line-filter: the line-filter is inserted to reduce the switching harmonics generated by
the PWM VSC;

Injection transformer: in most DVR applications the DVR is equipped with
injection transformers to ensure metallic isolation and to simplify the converter
topology and protection equipment;

Protection and Bypass equipment: during faults, overload and periodical service a
bypass path for the load current has to be ensured. In Fig. 2.1 as a mechanical bypass
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together with a static switch bypass is illustrated. Also fault current limiting function
is an issue of interest in some cases and possible solutions for that will be considered
in the next chapter;

6- Control and measuring unit: this unit measures voltages and currents and controls
VSC of the DVR to produce appropriate voltage in order to compensate voltage dips.
Also this unit controls the static switch bypass for bypassing the DVR when it is
required;

7- Disconnection equipment: to completely disconnect the DVR for periodical service;

Mechanical bypass

Static switch
v [ | Load
Zsuppiy !
PPy Ziine
Supply | 2 | N | Load

2
= Vpee +

Control
Ly
E And
| Measurement unit

Line Filter

- Upc +
Ueony +
o

Energy Storage Converter

Figure 2.1: The basic elements of a DVR in a single-line representation.

2.2 Placement options for a DVR

The DVRs intended location is either at the MV distribution level or at the LV-level close to a
LV customer. This chapter discusses the different perspectives with the two alternatives.

Zsupply Uconv Xdvr Rdvr Iload
- + -—>

Usupply @

Load

Uload

Figure 2.2: Single-phase simplified model of the DVR.

A simplified model of the DVR within the grid is illustrated in Fig. 2.2 and can help to evaluate
the best location of a DVR. The DVR can be represented as an ideal voltage source (Ucony)
with an inserted reactive element (Xpyr), which mainly represents the reactive elements in the
injection transformers and line filters, and an inserted resistive element (Rpyr), which



22

represents the losses in the DVR. The size of the inserted impedance is closely related to the
DVR voltage rating (Upyg) and the DVR power rating (Spyr) according to:

VR 2.
Xpvr = o X UpyRr,x
DVR
U?pyr (2.2)
Rpyr = . X Upyr R
DVR
DVR 2.3)
Zpyr = . X Upyr,z
DVR
UpyRr,z = Upvr,R T UpVR X (2.4)

Upyrz depends on the type of transformer used, the line-filter, losses in the
VSC etc. A DVR with high injection capability (high Uppr) and the ability only to protect a
small load (low Spyr) has large equivalent DVR impedance (Zpyr).

Going from a LV-level DVR to a higher voltage level DVR the pu value of the
reactance (Upprx) tends to increase, and the pu value resistance (Upyprpr) tends to
decrease.

A high resistive part increases the energy which is dissipated through the DVR and the costs
associated with the losses. High total inserted DVR impedance increases the potential load
voltage distortion and load voltage fluctuations if the load is non-linear and/or has a
fluctuating load behavior.

2.2.1 MV-level DVR
50/10 kV
3 3 3 3 @ 4
MV DVR @

Figure 2.3: DVR located at the medium voltage distribution system

Applying the DVR to the MV-level, it can protect a large consumer or a group of consumers.
The insertion of a DVR in the medium voltage distribution system is illustrated in Fig.
2.3. Inserting a large DVR at the MV-level will only increase the supply impedance for a LV
load slightly. Assuming an infinite busbar at the 50 kV level, the impedance for a LV load
consists of the summation of impedances from the 50/10 kV transformer, cables and
overhead lines at the 10 kV level, the 10/0.4 kV distribution transformer and finally LV
cables to the LV load. The impedance and the increase in impedance by inserting a DVR can
be expressed as:
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2.5
ZSupply,before = ZSO/lO + Zline,lO + ZlO/O4 + Zline,0.4 (2.3)
Zsupply,after = ZDVR + Zsupply,before (2 6)
_ Zpyr o
Zincrease,% = X 100% 2.7

ZSupply,before

For a LV load the dominant impedance is most likely the LV-line impedance

(Ziine.0.s) and the impedance of the distribution transformer (Zion.4) not Zpyz . Even

though for a large MV-load close to the DVR the increase in impedance due to insertion of
the DVR can be significant.

Inserting one high rated DVR at the MV-level has certain advantages:

The increased impedance due to DVR insertion seen by a LV-load can be relative
small if a large DVR is placed at the MV-level;

In MV-distribution systems which are configured as a three-wire system
with isolated or inductor grounded system, injection of positive and negative
sequence system is sufficient and a simpler DVR topology and hardware can be used;

The costs per MV A to protect downstream loads against voltage dips are expected
to be lower if one large central DVR is located at the medium voltage level instead of
decentralized low voltage units;

Some of the disadvantages can be summarized to:

The DVR is connected to a higher voltage level, which requires a high isolation level
and the short circuit level is also high;

Protecting a large load may require a DVR with high voltage injection capability
(Ubvr) otherwise the losses in the DVR will be too high;

A part of the DVR rating may be utilized on less sensitive loads which do not
require a high voltage quality;

2.2.2 LV-level DVR

The insertion of a DVR at the low voltage four-wire 400 V level is illustrated in Fig. 2.4.

The increase in impedance by insertion of a small rated DVR can be significant for the
load to be protected from voltage dips. Thereby, the percent change in the impedance
(Zincreaserw) In (2.7) can be increased significantly.
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Targeted LV loads
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Figure 2.4: DVR located at the low voltage distribution system.

Inserting a DVR at LV-level has certain advantages:

e The DVR can be targeted more specifically at voltage dip sensitive loads;

e A majority of electric customers have only access to the LV-level and the DVR can both
be placed by the customer at the customer domain or by the utility at the utility
domain;

e The short-circuit level is significantly decreased by the distribution transformer and the
DVR is easier to protect;

And the disadvantages with a LV solution are:

e The impedance increment after the insertion of the DVR for the protected load
can be large, which may influence the site short circuit level and protection. An increased
load voltage distortion and load voltage variation can be expected, which may be
caused by nonlinear and time varying load currents;

e Voltage dips with a zero sequence voltage component can appear and in order to be
able to compensate properly, the DVR hardware and control should be able to generate
positive, negative and zero sequence voltages;

2.3 Presented schemes for realizing a DVR

During this section the main schemes and topologies for DVRs are discussed with focus on
methods to connect the DVR to the grid, converter topologies suited for DVRs and also
methods to ensure active power injection capability during the voltage dip mitigation. The
section includes a survey and comparison of the different topologies for DVRs, which also
have been treated in [54], [55] and [56].

2.3.1 DVR connection to the grid

The DVR is going to inject a voltage in series with the supply, which requires either metallic
isolation to the VSC or letting the VSC float at the potential of the supply voltages. Two
different approaches are here considered, referred to as a transformer connected converter or a
transformer-less converter.
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Transformer connected converter

It uses a low frequency transformer (50/60 Hz) to transfer the VSC voltages to series

injected voltages. This is the most common method, which is illustrated in Fig. 2.5.

In [57] it has been tried to replace the low frequency transformer with a high frequency

transformer link together with a floating cyclo-converter based DVR.

Ensuring the metallic isolation with a low frequency transformer the following advantages can
be obtained:

The transformer ratio can be chosen rather arbitrarily, thereby the transformer can be
scaled to a standard industrial converter voltage. To achieve the best performance
either step-up or step-down transformer can be employed;

The transformer can be used as a part of a line-filter in a LCL-filter configuration;

A relative simple converter topology with six active switches can be used to inject
the voltages into the grid;

One DC-link is sufficient, which simplify the DC-link, charging circuit and the DC-link
voltage control;

Some of the disadvantages, when using injection transformers are:

The series injection transformers are not off the shell transformers, because the design
differs from mass produced shunt transformers and the voltage rating varies with the
required injected voltages;

The transformers increase losses, have a non-linear behavior and can be a limiting
factor regarding the bandwidth of the DVR system;

The low frequency injection transformers are bulky with high cost, weight and volume;
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Figure 2.5: DVR including an injection transformer to ensure metallic isolation between the
supply and VSC with open /open transformer configuration.
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- Transformer-less converter

Series injection with transformer-less converters has been reported for VAr compensator in
[52]. DVRs using a directly connected converter are stated as an idea in [8] and the concept
is used in [57]. Technically, direct connection is more suited for series devices, which only
exchanges reactive power with the grid. Fig. 2.6 shows a directly connected DVR converter
and the advantages with a directly connected DVR converter are:

e The performance is expected to be improved, because the bandwidth is not decreased
by the transformer and the non-linear effects and voltage drop caused by the
transformers are removed;

e The bulky transformers can be avoided. A compact DVR solution can be
developed with low volume, low weight etc.;

Some of the disadvantages are:

e Protection of the power electronics is more complicated and also Basic Insulation
Level (BIL)' must be ensured more actively.

e The converter topology has to be more complex and a high isolation to ground has to be
ensured, in addition a higher number of components are expected to be used in it which
per se influences total reliability of the system.

LE
A
I LE
aas
LE

Udc
11
Udc

o o o o o o

Figure 2.6 transformer-less DVR, directly connected to the grid and a separate DC capacitor for
each phase leg.

2.3.2 Converter topologies

The voltage source converter is a main building block for a DVR and choosing

! Operating voltage level of surge protecting devices must be lower than the minimum voltage withstanding
level of all installed devices within the target grid. This minimum voltage rating is defined as BIL or basic
insulation level of electrical equipment.
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a topology suited for the application is essential regarding system performance.
The DVR is connected in series and the impedances inserted lead to unwanted voltage
drops and losses. The treated converter topologies in the following have been limited to
transformer connected converters based VSC with hard switching.

The basic converter topologies, which are presented in the literatures include:

Half bridge topologies;
- Half bridge converter with an open' / star transformer connection -Topology
I which is reported in [51] and [58];

- Half bridge converter with an open / delta transformer connection -Topology
II which is reported in [29];

Full bridge topology;

- Full bridge converter with an open / open transformer connection -Topology
III which is reported in [8];

Multilevel topology;
- Half bridge three-level converter with an open/delta transformer
connection-Topology IV which is reported in [59], [60] and [61];

The following parameters must have been included in the investigation and comparison

of these mentioned topologies:

>

The effective switching frequency which influences the size of the line-filter and
by having a high effective switching frequency the line-filter can be reduced.

The number of devices in the current path in order to estimate losses and
resistive voltage drop across the DVR. Also the number of devices influences
reliability, cost and complexity in the system.

Ability to handle zero sequence currents and injection of zero sequence voltages.
Compensating zero sequence voltages requires individual control of each phase and
only certain topologies can comply with this.

Utilization of the DC-link voltage.

Control of the DC-link voltage and methods to transfer active power to/from
the DC-link.

These above parameters are very relevant concepts regarding converter parameters for DVR
applications and they must be considered in order to select appropriate converter topology.

1”Open" term is referring to the configuration of three separate (magnetically de-coupled) single phase
transformers
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Comparison of the converter topologies

Due to the fact that the investigation on converter topologies is not the main objective of
this thesis, a non-detailed comparison of the four topologies is illustrated in the following
tables. More details could be found in [8],[29],[51],[58],[59],[60] and[61]. Zero
sequence voltage injection can only be ensured by topologies I and III and it has a
negative influence on the DC-link utilization. The more complex topology III and IV
have higher component number and components in the current path, which both have a
negative influence on complexity and losses. Some of the drawbacks are balanced by the
higher power handling capability and the double effective switching. The line-filters can
be reduced in size, which has a positive effect on the DVR size, the filter losses and costs.
Important parameters for the four topologies are categorized in Table 2.1 and the
advantages and disadvantages are summarized in Table 2.2.

The increased number of levels has the main advantage of a decrease in the line-filter size.
For the simpler topologies of two- and three-level the main voltage drop are due to the
line-filter and the injection transformers, while by increasing the number of levels the line-
filter can be reduced and the voltage drop across the semiconductor devices will have a
greater importance.

Topology IGBT/Diodes Components in  Voltage 1* harmonic component
Numbers current path levels
I 6/6 3 2 fsw
11 6/6 3 3 fsw
I 12/12 6 3 2fsw
v 12/18 6 4 2fsw

Table 2.1: Comparison of converter topologies for DVRs.

Topology Zero voltage injection DC-link control DC-link utilization
| + > >
I - + +
111 i 4 -
10% - - +

Table 2.2: Comparison of converter topologies for DVRs. (+) indicates good
performance/possible and (-) indicates poor performance/impossible.

2.3.3 Topologies to have active power access during voltage dips

Considering the load power and the depth of voltage dip sometimes voltage dips are mitigated
through pure reactive power injection, however in some cases active power injection seems the
only possible solution in order to carry out mitigation.

During a voltage dip the DVR injects voltages and thereby restores the supply voltages. In this
phase based on voltage injection method the DVR may exchanges active and reactive power with
the surrounding system. If active power is supplied to the load by the DVR, it needs a source for
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the energy. Two concepts are here considered, one concept uses stored energy and the other
concept uses no significant energy storage. The stored energy can be delivered from different
kinds of energy storage systems such as batteries [62], double-layer-capacitors [63], super-
capacitors, flywheel storage [64] or SMES. In the no-storage DVR concept, the DVR has
practically no energy storage and the energy is taken from the remaining supply voltage during
the voltage dip. The four system topologies, which are presented and compared, are:

e Topologies with stored energy devices
— Constant DC-link voltage;
— Variable DC-link voltage;

e Topologies with power from the supply
— Supply side connected passive shunt converter;
— Load side connected passive shunt converter;

The parameters, which have been focused on in the comparison are:

e DC-link voltage level and control during voltage dips;
e Rating of the converters used for the DVR solution;

e Ability to compensate voltage dips of different kinds;
e Effect on the supply and neighboring loads;

e System and control complexity;

e Relative cost estimations;

In order to simplify and clarify the comparison the load is assumed to be purely resistive and to

absorb rated active power and the load voltages are always restored to rated load voltage. This
can be stated as:

Pioaa= Pload,mted, gplnad: 0, Uload = Uload,mted (28)

The voltage dips, which are considered, are symmetrical, have no phase jump and the DVR
injects only a voltage in phase with the supply voltage:

Udip,nnn*symmeny% = 0, (Ddip = 0, @DV R= (Qsupply (29)

Some values and equations have been transferred to pu values with rated load voltage as base
voltage and the rated three-phase load power as the base power. pu values are indicated with
lower-case letters.

Topologies with stored energy

In this case all the energy is stored before the voltage dip and a very small scale converter is
expected to be used to re-charge the energy storage or employing the diodes in the VSC during
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normal voltage condition as a rectifier to charge the energy storage. Two different
control/hardware methods have been considered, which are a DVR operating with a constant DC-
link voltage and a DVR operating with a variable DC-link voltage.

- Constant DC-link voltage

Isupply -Ubvr+ fload
% %
Supp ly e W U o Load
z +
5 5
Energy | DC/DC [T Series
Storage | | Converter | T S| Converter

Figure 2.7: DVR topology with power from stored energy and operating with constant DC-link
voltage.

A DVR with constant DC-link illustrated in Fig. 2.7 voltage is expected to have superior
performance and an effective utilization of the energy storage. An additional converter is
expected to convert energy from the main storage to a small DC-link capacitor and thereby
control and stabilize the DC-link voltage. Without this small converter injecting active power
during voltage dip causes DC-link voltage to drop considerably and as a result voltage injection
capacity of the DVR decreases significantly. The DVR with a constant voltage is here considered
to be a reference topology by which the other DVR topologies are evaluated. During voltage dip

power taken from the grid is reduced according to the dip (Usp=supply voltage during voltage
dip).

Psupply = \/3 |Iload| | Udip|COS((Dload) (2 10)
In pu and at rated load:
_ V3|load| [Udip|cos(proad) _ |Uai|] (2.11)
Pevpely = Prated - |Urated| - |ude|

The rating of the energy converter and the series converter can be estimated to:

Spc/pc conv. = Sseries conv. = V3 x |Urated — Udip| X |Iload]| (2.12)

Spc/pc conv. = Sseries conv. = (1 — udip)| (2.13)

- Variable DC-link voltage
A DVR with variable DC-link voltage illustrated in Fig. 2.8 offers benefits in simplicity due to
only one high rated converter and only one DC-link capacitors as the storage. The voltage
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Figure 2.8: DVR topology with power from stored energy and operating with variable DC-link
voltage.

injection capacity depends on the actual level of the DC-link voltage, and energy saving control
strategies is urgent to fully utilize the energy storage system. The energy content in the storage
can be calculated as:

1 (2.14)

_ 2
Estorage = ECDCU DC,rated

The DC-link voltage can be utilized only down to a certain DC-link voltage level. Knowing this
level, the actual usable stored energy can be estimated through:

1

AE = ECDC(UZDC,begin - UZDC,end) (2.15)

At severe dips a smaller portion of the stored energy can be effectively utilized and the ability to
restore the supply voltage decays.

Topologies with power from the supply

Taking power from the remaining supply voltage has the disadvantage of an increase in the
supply current. The advantages are cost saving of the energy storage and the ability to
compensate long duration voltage dips. Taking power from the grid can have a negative influence
on the neighboring upstream loads, because the DVR protects its downstream loads by taking
more current from the supply, which can lead to an even more severe voltage dip for upstream
loads. Topologies for DVR using power from the grid can generally be characterized based on the
location of the shunt converter which could be at the supply side of the series converter or at the
load side of the series converter [65] , [66]. Both passive and active shunt converters can be used.
Here, only passive six-pulse diode converters are considered which are rated for full power
transfer. This will give simple topologies, but passive solutions with diodes are less controllable
and absorb non-linear currents. Considering stationary conditions and active power only, the
supply current increases at a severe dip, because the active power to the load has to be supplied
from the main. The issue is represented in (2.16).
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isupplyl =

|udip| (2.16)
- Supply side connected passive converter

isllpp[}f -Ubrr+ 1load

Supply + oo— Load

-

Shunt 3 Series
Converter T =| Converter

4 supply +
Ishunt

-Uload+

Figure 2.9: DVR topology with energy from the grid and with a shunt converter at the supply
side of the series converter.

The supply side connected passive converter illustrated in Fig. 2.9. The shunt current and DC-link
voltage are poorly controllable and at non-symmetrical voltage dip the current drawn by the shunt
converter will be very uneven distributed between the phases. The DC-link level is proportional
to the voltage dip depth and at severe voltage dips the required voltage injection is high, but the
DC-voltage can here be expected to be low according to:

upc = V2| usuppty| = V2| udip| (2.17)
upvk = 1 — udpp (2.18)

In the case of a voltage dip uncontrollable nature of the shunt converter causes that the power is
not absorbed by the shunt converter until the DC-link voltage have dropped below a certain level.

The following equations express the maximum voltage for the shunt and series converter:

|ushunt| =1 (219)
|userie| = |1 - Udipl (220)

And the currents to be handled by the converters are:

|ishunt| = |(1 - udip)l/ludipl (221)
|iserie] = 1 (2.22)

And the rated powers in pu are:

|Sserie| = |(1 - 'U,dip)l (223)
|Sshunt| = |(1 - udip)l/ludipl (224)
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The concept of a passive shunt converter is relative cheap, but the correlation between the DC-

link voltage and the dip size is unfavorably and expected to be unqualified for severe voltage dip
compensation in general.

- Load side connected passive converter

f:upp[y -Ubwr+ iload
Supply —‘—uwa > Load

-U. supply +
-Uload
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- Shunt
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Figure 2.10: DVR topology with energy from the grid and with the DVR operating with a shunt
converter at the load side of the series converter.

A DVR with a load side connected passive converter [66], illustrated in Fig. 2.10, can basically
keep the DC-link voltage almost constant, because the load voltage is controlled by the DVR
itself. One disadvantage is the currents handled by the series converter increase significantly
during a voltage dip and the load voltages can be more distorted because of the nonlinear currents

drawn by the passive shunt converter, which have to flow through the series converter. The DC-
link voltage is equal to:

unc = V2|uioad| = V2|(udip + upvr)| (2.25)
The voltage rating of the series converter depends on the injected voltage capability:

|userie| = |1 - Udipl (226)
|U,shunt| =1 (227)

The current rating of the shunt converter is equal to the supply side topology. At severe dips very
high converter current ratings are necessary according to:

|iserie| = 1/|udip| (228)
|ishunt| = |(1 - U,dip) |/|U,dip| (229)
The power rating of the series and shunt converter are equal and can be calculated according to:

|Sserie| = |Sshunt| = |1 — udipl/l'U.dipl (230)

A DVR with this circuit topology, seems to be a very effective solution, the DC link can be held

relatively constant. In the case of non-symmetrical voltage dip the current can still be taken
equally from each phase.
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Comparison of the topologies for active power access

In this section a general comparison of the four DVR topologies has been performed [66]. Fig.
2.11 illustrates how the rating of the converters varies with dip size for the four topologies. The
load side connected converter requires the highest rated DVR followed by the supply side
connected converter, constant DC and variable DC. To be able to compensate a load of 1 pu from
a 0.5 pu voltage dip the four solutions require at least an installed rating of 2 pu, 1.5 pu, 1 pu and
0.5 pu, respectively.

Spvr [pu]
5 - , , ,
»— Load side
‘\X : ‘ ‘ ¢ | —=— Supply side
] —+— Constant DC |
N : : i | === Variable DC
L S SO PE OSSP SOUUOO PO SUUU U UE SURPRI
7L
THr D
1+ ————ﬁ'*—*—*’wrﬂ;iiﬂ;——— T ER RN
e SESUSUDNE Baaes 13- VIR
' BERRS ettt WG 5 s T8

03 04 05 06 07 08 09 1
Voltage dip [pu]
Figure 2.11: Power rating of the converters used for the four topologies versus voltage dip size

in pu.

In Fig. 2.12 and Fig. 2.13 the two topologies with taken power from the supply are compared.
The current and power requirements for the series converter represented by (|Iseries|) and
(|Sseries|) and the total DVR power requirements (series + shunt) which is represented by
(|Sovr|) versus voltage dip size are depicted. A difference exists in the rating of the series
converter for the two strategies. E.g. at 0.4 voltage dip the current through the series converter is
2.5 pu for the load side converter and 1 pu for the supply side one. The associated power ratings
for the series converter at this dip size are 1.5 for the load side converter and 0.6 for the supply
side one. Table 2.3 illustrates the different topologies and a typical four level rating
(from ++ to --) of each topology is done. Although the best topology cannot be certainty
stated, some main differences can be seen. In this comparison the system with a load side
connected shunt converter is estimated to have the highest total points with general high
performance followed with relative low cost and complexity. Still the negative grid effects and
high rated series converter could disqualify the solution for certain applications. The system with
a constant DC-link voltages has been ranked as the second best topology with the highest number
of pluses (+) with superior performance in deep voltage dips, but drawbacks regarding
complexity, converter rating and overall cost are also important aspects. The system with a
variable DC-link is ranked number three with relative poor performance for severe and long
duration dips. Some of the drawbacks can be accepted due to the simple topology and the
converter rating.



35

Iseris ,Sseries 'SDVR [pu] Iseris ,Sseries :SDVR [pu]
[=mad ] 3, L.
H—— 1S e X —— 1Sl
Aprer o Sl [ AK ey IS5l ]
T, : e
lpeeeeeacacscseodugoniconadonentanse 1 e
Ran S RSTUUE NN ionrs WY et
0 ‘ e e, 0 i
03 04 05 06 07 08 09 1 03 08 09 1
Voltage dip [pu] Voltage dip [pu]
Figure 2.12:DVR with supply side shunt Figure 2.13: DVR with load side shunt
converter vs voltage dip size in pu converter vs voltage dip size in pu
Stored Energy No Stored Energy
Constant Variable Supply side Load side
DC-link DC-link connected connected
voltage voltage converter converter
Long voltage dip duration - -- ++ ++
Deep voltage dips ++ - -- +
Non-symmetrical voltage ++ ++ - +
dips
DC-link voltage control ++ - -- +
Size of energy storage ++ +
Grid effects + + - -
Rating of charging/shunt - + -- -
converter
Rating of the series converter + + + --
System complexity - ++ + +
Cost Estimation -- - + +
Control complexity - - ++ +
Sum (+) 10 8 6 8
Sum (-) -7 -6 -9 -4
Total 3 2 -3 4

Table 2.3: Comparison of the different DVR topologies with the grading: very good (++), good
(+), poor (-) and very poor (- -).

The DVR topology, which have the highest number of minuses (-) and the least number of total
points is the system with a supply side connected shunt converter. The uncontrollable DC-link
voltage is proportional to the dip voltage. This topology is not found suitable for a DVR solution.
If the passive shunt converter was substituted with an active converter some of the main
drawbacks could be eliminated and the topology should then be re-evaluated.
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2.4 DVR operation modes

The DVR can basically be operated in three different operation modes, which here are referred to

as:

1- Bypass mode: the DVR is bypassed mechanically or electronically, during high load
currents and down-stream short circuits. In this mode the DVR cannot inject a voltage to
improve the voltage quality;

2- Standby mode: the supply voltages are at rated level and the DVR are ready to
compensate for a voltage dip. During standby mode the DVR is supposed to have low
conduction loss;

3- Active mode: A voltage dip has been detected and the DVR injects the missing voltage;

2.5 DVR limitations

It is important to address the DVR limitations, which may be closely linked to the control strategy
[75]. A DVR has limited capabilities and the DVR will most likely face a voltage dip outside the
range of full compensation. Four important limitations for a DVR are:

1- Voltage limit: the design of the DVR is limited in the injection capability to keep the cost
down and to reduce the voltage drop across the device in standby operation;

2- Current limit: the DVR has a limitation in current conduction capability to keep the cost
down;

3- Power limit: power is stored in the DC-link, but the bulk power is often converted from
the supply itself or from a larger DC storage. An additional converter is often used to
maintain a constant DC-link voltage and the rating of the converter can introduce a power
limit to the DVR;

4- Energy limit: energy is used to maintain the load voltage constant and the storage is
normally sized as low as possible in order to reduce cost. Some dips will deplete the
storage fast, so appropriate control is required to reduce the risk of load tripping caused
by insufficient energy storage;

All the limits should be taken into consideration in the control strategy. Fig. 2.14 illustrates a
single-phase phasor diagram for DVR limitations. The phasor of the pre-dip voltage is shown
with a lagging load current and the voltage dip contains a negative phase jump. The voltage and
power limits are indicated and the hatched region illustrates the region which the DVR can
operate within. The pre-dip voltage cannot be maintained in the case illustrated in Fig. 2.14.
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Figure 2.14: A deep voltage dip with a phase jump. The hatched region indicates the region
where the DVR can operate.

Other limitations

The voltage injection with an ideal DVR can be done instantly, but practical DVRs have a finite
response-time and other factors may favor a smooth change from one operating point to another.

For the DVR a slow change to the stationary operating point will reduce the risk of in-rush
currents and saturation of the transformer. From a load point of view a fast response time will

make the voltage dip unseen. Other factors are important for the control strategy, which include
additional hardware constrains:

Saturation: at high voltage injection levels the injection transformers can start to

saturate, which degrades the load voltages and increases the currents handled by the
series converter [43];

In-rush: at the beginning of a compensation variation in the flux level in the injection
transformer can cause additional high in-rush currents;

Bandwidth: a finite system bandwidth for the DVR complicates the compensation;

Line-filter impedance: the line-filter is necessary, but it can give unwanted voltage drop
across the DVR and current oscillations in the filter components;

The limitations are the most relevant issues which should be taken into considerations, when the
different control strategies are discussed and evaluated.

2.6 Effect of voltage dip type

Through similarities between control concepts of power converters for other applications it is
possible to develop and realize the control system for a typical DVR. Control of FACTS is
thoroughly described in [46] and further analogies can be drawn with the control of high power
drives in [71]. Applications with series connected devices are in particular close to a DVR and
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they are for instance treated in active filters in [72] and [34], and static voltage controllers in [47],
[64] and [48]. In this section the DVR control strategy is analyzed. First control of a DVR during
different symmetrical and non-symmetrical voltage dips then the influence of connecting
different types of loads are discussed.

2.6.1 Symmetrical voltage dips

Due to interest in injecting a small voltage during voltage dip by the DVR and also possibility to
extend the injecting voltage capability of the DVR to higher range of load power factor, the most
commonly used method to control a DVR in different literatures is to put the DVR voltage in
phase with the supply voltage, regardless of the actual phase angle of the load current but it may
lead to a fast drain of the energy storage unit. Energy optimized control has been adapted to save
energy and fully utilize the energy storage capacity. This method is further described in [26].
Symmetrical voltage dips are ideally characterized by the dip duration, magnitude reduction and a
phase jump. A control strategy for voltage dips with phase jump should be considered in order to
be able to compensate for this particular type of symmetrical voltage dip [75].

The DVR can be controlled by a number ways to improve certain parameters:

1. voltage quality optimized control: the voltages are always compensated to the pre-dip
level, disregarding that this may be an operating point with high voltage injection and
energy depletion;

2. voltage amplitude optimized control: the injected voltages are controlled in a way that
minimizes the necessary injected voltages;

3. energy optimized control: to fully utilize the energy storage, information about the load
can be used to minimize the depletion of the energy storage;

The three discussed control methods are illustrated in Fig. 2.15 for two different loads.

Upwrs M,
Upre-dip !
QD}'RJ
U DVRS\\\
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Udip Unifr2
bfomd B B load DVRI
+UDVvR2
) Unit power factor b) Lagging power factor

Figure 2.15: Control strategies for a DVR compensating a voltage dip with a phase jump.UDvR,1
the voltage quality optimized control, Upvr2 the voltage amplitude optimized control and Upvr3
the energy optimized control. a) unit power factor b)lagging power factor
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Common for all three methods is that the load voltages are compensated to the rated load
voltages:

|Utoad| = constant (2.31)

In addition the currents and power in steady state absorbed by the load are unchanged:

|Ioad| = constant,  |Pwad| = constant,  |Quad| = constant (2.32)

The phase of the load voltages can be changed by the DVR, but with time the phase of the load
currents will change until the same active and reactive power are absorbed by the load. The
currents are equal for the supply, the DVR and the load. In a steady-state condition the load will
absorb the same amount of power before and during the dip, if the voltage dip is fully
compensated. The differences between the three methods are how much power, Pprr and voltage,
Ubrr has to inject into the system. Two factors for evaluating the different methods are the
voltage dip depth, and the dip phase jump, (Udip = remaing voltage):

Udip = |Udip| Zedip (2.33)

Additionally, the load condition can be expressed by the absorbed apparent power, Sioad and the
load current, Zioad:

iload = Pload + leoad (234)

Lioad = |lioad| £ pioad (2.35)

Fig. 2.16 illustrates the active and reactive power flow in the system also investigated in [76]. The
control strategy depends on the type of load connected and the load response to a change in the
phase of the impressed voltage. Some loads are very sensitive to a voltage phase shift and a phase
shift should be avoided in the control. Other types of loads are more tolerant to phase shifts and
the main criterion is to ensure the rated voltage on all three phases.

Psupply+jQsupply Udvr Pload+jQload
————> - + ———>

A
I
i
Usupply | Zload Uload
Pdvr+jQdvr

Figure 2.16: The flow of active and reactive power with a DVR inserted.
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Voltage quality optimized control

The control system in order to detect the phase jump and inject appropriate voltage must be too
fast and it makes this strategy more complex, because there is the possibility that the DVR even
introduces another phase jump instead of avoiding the first phase jump if it is not fast enough.
However, using the voltage quality optimization strategy the load voltages are always
compensated to the pre-dip voltage amplitude and phase and the strategy gives undisturbed load
voltages. In the case of a voltage dip without phase jump the method is equal to the voltage
amplitude optimization. If a phase jump is present it can have a considerable impact on the power
and voltage, which must be injected by the DVR [43]. The power and voltage can be calculated
to:

Upvr = Upredip — Udip = |Qpredip|4(ppredip — |Udip| £paip (2.36)
2 . 2
|UDVR| = J(Upredip - UdipCOS((pdip)) + (UdipSln((pdip)) (237)
I —Udipsin(@adip)
pove = tan Upredip — Udipcos (@dip) (2.38)
Povr = V3 X |Ubvr||Lwad| X cos(@ioad + @ovR) (2.39)

A phase jump increases the amplitude of the voltage injection.
The voltage quality optimized control is shown in Fig. 2.17 without phase jump (pdi» = 0) for
three types of load (PFiaa= 0.5; 0.75; 1.0) [95].
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Figure 2.17: Voltage quality optimized control of the DVR for three different power factors. a)
Power injected by the DVR as a function of the voltage dip and b) voltage injected as a function
of the voltage dip.

The value of the injected power depends both on the load power factor and the phase jump [75].
Fig. 2.18 illustrates the power and the voltages injected by the DVR with “-15” degree phase
jump.
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Considering Fig 2.18a, during normal condition (no voltage dip) the DVR has to absorb power if
the load power factor is 0.5 or 0.75 and when the power factor is 1 the DVR still has to supply
power to the load.

Also as it is depicted in Fig. 2.18b the injected voltage is not influenced by the power factor, but
the phase jump increases the necessary injection value comparing to the previous case (@dip = 0).
Phase jump tends to increase the necessary voltage rating if the voltage quality optimization is
used. Some aspects regarding phase jump are reported in [43].
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Figure 2.18: Voltage quality optimization for three different power factors with pdip =-15 degree.
a) Power injected by the DVR as a function of the voltage dip and b) voltage injected by the DVR
as a function of the voltage dip.

Voltage amplitude optimized control

Voltage amplitude optimized control is a strategy, which gives a good utilization of the DVRs
voltage rating during severe voltage dips with phase jump. The DVR voltages are injected in
phase with the supply voltage and the DVR voltage and power contribution can with this strategy
be calculated to:

Ubvr = ||Qpredip| - |Qdip||4(pdip (2.40)
Ppvr = \/3|QDVR||£load|COS((pluad) (2.41)
Psupply = \/3|Qdip| uloadlCOS((pload) (242)

The power from the DVR increases with the severity of the voltage dip and the power
contribution from the supply drops proportional to the voltage dip.

Energy optimized control
In the energy optimized control the DVR voltages are controlled according to a condition with

low depletion of the energy storage. For a simple study case, with no supply impedance, the
maximum power is taken from the supply, when the load current and supply voltage are in phase.
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Psupply = \/3 |qupply| I!loadICOS((pload) (243)

The only way to maximize the power absorbed from the supply is to decrease the angle between
the load current and supply voltage. The power factor of the load determines how much the
power from the supply can be increased. The increase in active power AP can be calculated
using:
AP = Psupply, max — Psupply, predip (244)
AP = \3|Usuppiy||L10ad| (1 — cos(¢ioad)) (2.45)

If the load angle was low (high PF load) before the voltage dip the power from the supply can
only be increased slightly and the power has to come from the DVR to compensate for the
voltage dip. Energy optimized control which uses the power from the supply instead of stored
energy has less range of voltage injection capability in terms of load PF in DVR topologies. The
balance between active and reactive power is useful to evaluate the different strategies for a
DVR. The equations for the active and the reactive power balance can be expressed as:

Ppvr = Psupply — Pload (246)
QDVR = qupply - Qload (247)

Using energy optimized control the power from the DVR is controlled to a minimum value. Fig.
2.19a illustrates the active power the DVR should inject for three different load power factors
using energy optimized control. For small voltage dips all the power is taken from the grid, until
the DVR has to inject active power in order to compensate voltage dip. (i.e. it goes to voltage
amplitude optimized control). The voltage, which has been injected using this method, is
illustrated in Fig. 2.19b. It can be seen from Fig. 2.19b, that during a 0.5 voltage dip it is
necessary with a “PFiad= 17 to inject 0.5 pu-voltage, a “PFlad = 0.75” to inject 0.71 pu-voltage
and a “PFlad = 0.5” to inject 0.87 pu-voltage. The power needed for this voltage dip is 0.5 pu,
0.25 pu, and 0 pu respectively. The energy optimized control gains mostly interest with low
power factor loads and it requires a high voltage injection capability and loads which are
insensitive to phase shifts.
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Figure 2.19: Energy optimized control with three different power factors. a) Power injected by
the DVR as a function of the voltage dip and b) Voltage injected by the DVR as a function of the
voltage dip.
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Comparison of the control strategies

Three different control strategies have been discussed, in order to figure out which method is
preferred one must consider several conditions such as the:

e Type of voltage dip: depth, duration and phase jump etc.;

e Type of load: power factor and load behavior to a phase change etc.;

e Type of DVR: energy source, power rating and voltage rating etc.;
Fig. 2.20 illustrates a comparison with a DVR compensating a voltage dip with “—15” degree
phase jump protecting a 0.75 PF load. It can be seen, that for this type of load the voltage,
amplitude control requires the highest amount of active power, but the lowest required injected
voltage. For severe voltage dips the energy optimized control requires the highest voltage
injection capability.

Ppyr [pul Upvr [pu]
1 ;
1 T T T
J— lity —_— Quahg’
: : T g;:?p![ihlde 09F- - N Amphl-ude H
0.8f e LoD Eneray ~-— Energy

0.6f

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6

a) Voltage dip |pu] b) Voltage dip [pu]

Figure 2.20: Comparison of the three control strategies with PFload = 0.75, odip =-15
degree. a) Power injected by the DVR as a function of the voltage dip and b) Voltage injected by
the DVR as a function of the voltage dip.

Different control methods can be used to compensate the symmetrical voltage dips. All methods
could be applied for a DVR and used under different conditions. The voltage quality optimization
can be used for light voltage dips and voltage amplitude optimized control for more severe dips
with phase jump, where the full voltage rating is necessary. Energy optimization has only an
effect for certain load conditions and the control requires a relatively high voltage rating of the
DVR, and introduces a large phase shift to the load even when the voltage dip is without phase
jump.
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2.6.2 Non-symmetrical voltage dips

Even though compensation of non-symmetrical voltage dip is not among the aims of this thesis
but it is worth to give a general review. A very large distribution of voltage dips recorded in a
EPRI survey [42] are nonsymmetrical. In the survey approximately 87 % of the voltage dips were
non-symmetrical. The distribution of voltage dips can vary with the system layout, the climate
and the location. In the control it is important to distinguish between locations, in which the DVR
should remove or ignore a sudden zero sequence voltage component from a non-symmetrical
voltage dip. The control and analysis of zero sequence components in DVR system have been
treated in [58]. Removing the zero sequence component complicates the control and measurement
units. The DVR must be able to generate a zero sequence voltage and the control must be
designed to handle a zero sequence component. If the DVR is located in an isolated MV grid
there is not zero sequence component, but if it is located in the MV distribution system with an
inductor grounded system or in LV distribution system, zero sequence voltage components can
appear.

Leaving the zero sequence aspects the focus is how to compensate positive and negative sequence
components. The non-symmetry should be compensated to avoid tripping single-phase loads, two
phase and three-phase loads. Therefore the DVR should compensate the positive sequence of the
load voltage to rated value and suppress the negative sequence component in the supply voltage.
A factor which can complicate the compensation of the negative sequence voltage is that the
detection of a non-symmetrical fault is more difficult and the injection can be delayed because of
time delay in the detection of a non-symmetrical voltage dip. Considering a symmetrical load the
injection of a negative sequence voltage does not lead to a power drain of the energy storage and
only a pulsating power flowing to and from the DC-link storage is expected.

2.7 Effect of load type

The control strategy can be adapted to the load to avoid load tripping, and to have a maximum
utilization of the DVR equipment. The DVR can introduce a number of unwanted effects such as
transients, harmonics, non-symmetrical load voltages and phase shifts. The load voltage quality
can generally be controlled, but often it is a tradeoff between the different parameters and also the
load to be protected may have a certain characteristics, which favor some particular control
strategies. The parameters, which can be controlled, are:

1- Phase shifts: the DVR can in theory compensate voltage dips with phase jump, but some
of the disadvantages are more complex control system, difficult to implement, high
voltage injections and power drain from the energy storage. Loads, which could be
sensitive to phase shifts, are local generators, motors, and loads synchronized to the
supply, such as supply commutated converters. Other loads may be robust to phase shifts,
but it may lead to transients or in-rush currents in capacitors and transformers.

2- Restoration voltage level: the load voltages do not necessarily need to be restored to
rated voltage. If the load tripping voltage is 0.7 pu voltage the load voltages can be
restored to 0.75 pu;
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3- Harmonics: the harmonics injected by the DVR can be controlled and filtered, but often
at the expense of losses;

4- Over-voltage/under-voltage: a fast response is necessary for some loads and often at the
expense of generating transients;

5- Transients: the DVR can lead to transients in the load voltages, especially in the
transition phases in the beginning of a voltage dip and at the end of a voltage dip. Some
loads may be sensitive to transients and the control should minimize the generation of
transients;

In addition to the above mentioned parameters, the loads dependency of the voltage level has an
impact on the stability of the control. The loads can be categorized according to:

e Constant power;
e (Constant current;
e Constant impedance;

The load voltage dependency is particular important if the DVR is not able to restore the load
voltages. Then the absorbed current or power will change according to the type of load
connected. The different types of load must be handled by the DVR and a robust performance is
important. Assuming that injecting active power is necessary for voltage dip mitigation, if the
load has a constant current or impedance behavior it can be worthwhile to restore the load
voltages to as low voltages as necessary(less voltage injection capability is required). Thereby the
load absorbs less power and the energy drain from the energy storage of DVR can be minimized.
With a constant power load, the strategy does not give any benefits. Here, the current demanded
by the load will increase and the risk of a current overload exists. With a constant power load it
can even be considered to restore the load voltage to a higher voltage level to reduce the load
current.

The loads, which could be protected by the DVR, are here grouped and potential problems are
described:

e Time variable active/reactive power loads: large load voltage variations if the voltage
drop across the DVR is not compensated;

e Non-linear loads: a very large group of non-linear loads consists of single-phase and
three-phase diode rectifies. Generally non-linear loads can lead to high load voltage
distortion and initiating oscillations in the DVR line-filter;

e Loads with bidirectional power flow: loads with reversed power flow require that the
DVR storage can absorb power to be able to compensate for a voltage dip;

e Non-symmetrical loads: can lead to non-symmetrical load voltages and power pulsations
during compensation of symmetrical voltage dips;

e Electrical machines: directly connected electrical machines can have high starting current
and can be sensitive to voltage unbalance and phase shift. Electrical machines with a
power electronic interface to the grid can have a completely different characteristic;
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Capacitive loads: PF correction capacitor banks could be located downstream and the
load will oppose voltage variations;

Inductive loads: oppose fast changes in the load current;
Resistive loads: will help to damp line-filter oscillations;
Transformer loads: phase shift sensitive and can have significant in-rush currents;

Power electronic loads: the commutation of the converters is important for the DVR
control strategy, non-linear loads often use line load voltages to commutate. Converters
with thyristors have a control system, which is synchronized with the supply and firing
turn-on signals are given to each switch, turn-off is handled by the supply voltages.
Thyristor loads are expected to be sensitive to phase shifts and harmonics generated by
the DVR or by the voltage dip. Passive diode converters are on the other hand considered
to be very robust towards phase shifts, harmonics and voltage variations generated by the
DVR;



47

2.8 Simulation

In order to investigate the treated theories for implementing a DVR and observe its operation
principle, a 3-phase distribution radial network of Fig. 2.21 with the parameters depicted in the
table 2.4 is considered. Also based upon already presented procedures the DVR is designed for
compensating the voltage dips with the voltage injection capability of 1 pu and using energy
optimized strategy. The voltage controller is implemented through feedback voltage controller

strategy.
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Figure 2.21 Single-line diagram of a 3-phase radial LV-network equipped with the DVR.

Us
Grid Transformer

line

Load

Injection Transformer
DVR LC filter
DC —link storage

Switching frequency

20 [kV]
S=180 [kVA] , Zsc=0.04% , Kt=20[kV]/230[V]

Z line=0.125+0.0742i [m/m], Cable 185mm”"2
Voltage drop (at PF = 1), at load-bus 3 %
Length=250 [m]

3-phase star connection

S=150 [kVA]  Vn=230[V] PF = 0.85 lagging

S =3%50[kVA] , Zsc = 0.04% , Kt=230[V]/230[V]

L =0.5 [mH] C =1[mF]
C =75 [mF] Vpe = 500 [V]
f =20 [kHz]

Table 2.4 Parameters of LV distribution network of Fig. 2.21

The network was simulated in Matlab environment. The DVR control system was implemented
based on energy optimized strategy. Thanks to this strategy the DVR real power exchange is
almost zero (real power consumption will be limited to the losses within the VSC and the filter
components). Therefore the DVR will restore the feeder voltage through exchange of only

reactive power.



48

At first a symmetrical voltage dip is applied to the grid voltage during the time interval of 0.4 to
0.6 in such a way that the remaining voltage is 0.875 [pu]. As it can be seen from Fig. 2.22 the
DVR restores the load voltage successfully in such a way that the load almost does not see any
voltage disturbance.

Vsupply [pu]
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Figure 2.22 Performance of the DVR during voltage dip. a)The grid voltage b) The DVR
voltage c) The load voltage

Thereafter in order to investigate the performance of the employed strategy, another type of
symmetrical voltage disturbance is considered. During the time interval of 0.4 to 0.6 a
symmetrical voltage swell is applied to the grid voltage so that the voltage of M-bus V}, becomes
1.125 [pu]. As it is represented in the Fig. 2.23 the DVR compensates the voltage swell
successfully so that the load voltage remains almost constant.
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Figure 2.23 Performance of the DVR during voltage swell. a)The grid voltage b) The DVR
voltage c¢) The load voltage
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2.9 Summary

The location of the DVR and the differences in placing the DVR at the medium voltage
distribution system or at the low voltage distribution system has been discussed.Thereafter DVR
topologies including the connection of converter with or without an injection transformer,
converter topologies and how to obtain the active power necessary to compensate some voltage
dips have been analyzed.

Some of the main conclusions are:

The placement of a large DVR at the medium voltage level can simplify the DVR topology
and minimize the losses and voltage drop across the DVR;

A DVR topology using an injection transformer is expected to give certain benefits regarding
the converter topology, the charging circuit and the protection of the DVR;

Regarding the converter topology one of the first aspects is the capability of the topology to
inject zero sequence voltages in order to compensate non-symmetrical voltage dips. A higher
number of synthesized voltage levels can be beneficial in order to reduce the size of the line-
filter;

In a strong grid and with a rare intensity of severe voltage dips, DVR topologies without any
significant energy storage can be an interesting alternative. A shunt converter at the load side
of the series converter can have a good performance, but at the expense of a high installed
converter capacity;

DVR limitations have been treated, which could influence the control strategy. Different
operation modes have been described for a DVR including standby mode, active mode and
bypass mode, which have been incorporated in the control system;

Different control strategies have been treated, such as voltage quality optimized control,
voltage amplitude optimized control and energy optimized control. The control methods have
been discussed with respect to voltage quality, voltage injection, power drain of the energy
storage and how it may the influence the connected load;

The effects of load types (which are supposed to be protected) on the control strategies and
the voltage drop across the DVR are described;
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CHAPTER 3

Implementing fault current limiting function

3.1 Incentives

As already discussed in the previous chapter the DVR is designed to improve quality of voltage at
medium voltage or low voltage level distribution system. The primary function of the DVR is to
protect downstream sensitive consumers from effects of upstream voltage disturbance including
voltage sags and swells. Unfortunately faults do occur on the distribution system downstream of the
DVR. Considering the Fig 3.1 the faulted point could be anywhere on the feeder connecting the DVR
and the protected load. Owing to the fact that DVR is series connected to the faulted feeder, a large
current will pass through the injection transformer and into the DVR converter. Generally the main
power network is designed and sized for withstanding against such short circuit transient current
before the operation of the circuit breaker. But limiting such transient short circuit current is
demanded from some points of view.

In fact without proper considerations, the high short circuit current could easily damage the injection
transformer, destroy insulators and more important break power electronic switches which are more
sensitive to high current. In order to break the fault current, one can of course rely on the circuit
breakers installed upstream of the DVR. Depending on algorithm of protection coordination and the
exact location/nature of the fault, the fault clearing action may typically take some cycles. However,
fault current during these cycles can still have damaging effect on the power switching devices within
the DVR. Moreover, for the other parallel loads the voltage sag event due to fault current can be
harmful as it can cause equipment on these parallel feeders to fail, malfunction, or shut down. In
addition, at the moment of fault occurrence if the DVR is not controlled properly, the DVR might also
contribute to the PCC voltage sag in the process of compensating the missing voltage, thus it further
worsens the fault situation.
M
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Figure 3.1: 4 typical configuration of radial LV distribution network equipped with the DVR

Considering these issues together with the cost of installed equipment, it proves the necessity of
employing appropriate strategy in order to limit the downstream fault current.
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3.2 Network fault analysis

3.2.1 Necessity of fault analysis

Short-circuit fault analysis is carried out to ensure the safety of systems, workers as well as the
general public. Power system equipment such as circuit breakers can fail catastrophically if they are
subjected to fault duties that exceed their rating. Other equipment such as bus-bars, transformers and
cables can fail thermally or mechanically if subjected to fault currents in excess of ratings. Other areas
where fault analysis is carried out are for the calculation of induced voltages on adjacent
communication circuits, pipelines, fences and other metallic objects.

Short circuit current calculations are made at the system design stage to determine the short circuit
ratings of new switchgear and substation infrastructure equipment to be provided and installed.
Switchgear manufacturers design their circuit breakers to ensure that they are capable of making,
breaking and carrying the specified short circuit current for a short time.

System reinforcements may be triggered by network expansion and/or the connection of new
generating plant to the power system. Routine calculations are also made to check the continued
adequacy of existing equipment as system operating configurations are modified. In addition,
evaluation of minimum short circuit currents are made and used in the calculation of protection relay
settings to ensure accurate and coordinated relay operations. Maximum short circuit current
calculations are carried out for sizing and designing the substations and grid. Short circuit analysis is
also carried out as a part of initial power quality assessments for the connection of disturbing loads to
electrical power networks. These assessments include voltage flicker, harmonic analysis and voltage
unbalance. Other area where short circuit analysis is carried out is in the modification of an existing
system such as installing a new auxiliary electrical power system including DVRs.

Equipment with standardized short circuit ratings are designed and produced by manufacturers. Also,
manufacturers of substation infrastructure equipment and other power system plant, e.g. transformers
and cables, use the short circuit current ratings specified by their customers to ensure that the
equipment is designed to safely withstand the passage of these currents for the duration specified.
Short circuit faults can occur between phases, or between phases and earth, or both. Short circuits may
be one-phase to earth, phase to phase, two-phase to earth, three-phase clear of earth and three-phase to
earth. The three-phase fault that symmetrically affects the three phases of a three-phase circuit is the
only balanced fault whereas all the other faults are unbalanced.

The vast majority of short circuit faults are weather related followed by equipment failure. The
weather factors that usually cause short-circuit faults are: lightning strikes, accumulation of snow or
ice, heavy rain, strong winds or gales, salt pollution depositing on insulators on overhead lines and in
substations, floods and fires adjacent to electrical equipment. Equipment failure, e.g. machines,
transformers, reactors, cables and etc., cause many short circuit faults. These may be due to failure of
internal insulation because of ageing and degradation. Short circuit faults may also be caused by
human error. A classic example is one where maintenance staffs inadvertently leave isolated
equipment connected through safety earth clamps when maintenance work is completed.

3.2.2 Short circuit current waveform

The initial magnitude of the dc current component in any phase depends on the instant of the voltage
waveform when the short circuit occurs, and on the magnitude of the ac current component. The rate
of decay of the dc current component in the three phases depends on the circuit time constant L/R or
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circuit X/R ratio where X/R=wL/R. The assumption of a constant L results in a time-independent X/R
ratio or constant rate of decay. Short circuit currents are detected by protection relays which initiate

Typical short-circuit current waveform
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Figure 3.2 Time sequence to circuit breaker current interruption

the interruption of these currents through circuit breakers. Fig. 3.2 shows a general asymmetrical short
circuit current waveform and the terminology used to describe the various current components as well

as the short circuit current interruption are defined:
et =Instant of short circuit fault;
e At =Protection relay time;
e t, =Instant of ‘initial peak’ of short circuit current;
e At, =Circuit breaker opening time;

e t2 =Instant of circuit breaker contact separation = instant of arc initiation;

e At; =Circuit-breaker current arcing time;

o t3 =Instant of final arc extinction = instant of short circuit current interruption;

o AA’=magnitude of DC current component at t = t,;
e A’A"=peak ac current component;
o AA”= Initial peak of short circuit current at t = ty4;

3.2.3 Fault effects

- Thermal effects

Short circuit currents flowing through the conductors of various power system equipment give rise to
thermal effects on conductors and equipment (e.g. transformers) due to excess energy input over time

as measured by “I?t” where “I” is the short circuit current magnitude and “¢” is the short circuit
current duration. Because the short circuit duration is quite short, the heat loss from conductors during
the short circuit is usually very low. Generally, both ac and dc components of the short circuit current
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contribute to the thermal heating of conductors. The three-phase short circuit fault normally results in
the highest thermal effect on equipment.

- Mechanical effects

Short circuit currents flowing through the conductors of various power system equipment create
electromagnetic forces and mechanical stresses on equipment such as overhead line conductors, bus-
bars and their supports, cables and transformer windings. Mechanical forces on transformer windings
are both radial and axial. The transformer windings must be designed to withstand the mechanical
forces created by the short circuit currents.

In modern power systems, there are various types of active sources that can contribute short circuit
currents in the event of short circuit faults on the power system. These include synchronous and
induction generators, synchronous and induction motors and modern power electronics converter
connected generators. Power system elements such as lines, cables, transformers and series reactors
between the short circuit fault location and the various current sources will affect the magnitude of the
short circuit currents infeed into the fault. The effect is generally to reduce the magnitude of the short
circuit currents and to increase the rate at which the dc components will decay. In design/modification
stage it is necessary to calculate the ac and dc components of the short circuit current at the fault
location in systems that generally contain many different sources.

3.2.4 Short circuit current terminology and definitions

Standards ER G7/4 and IEC 60909 give calculation strategies for short circuits current.
In IEC 60947-2 , IEC 60898-1 and ANSI C37.13 the standard definitions and terminology for short
circuit, circuit breakers and fuses are treated.

- Prospective short circuit current: the highest current which is likely to flow in a circuit if

line and neutral cables are short circuited is called the prospective short circuit current (PSC).
It is the largest current which can flow in the system and protective devices must be capable
of breaking it safely. The breaking capacity of a fuse or of a circuit breaker is one of the
factors which needs to be considered in its selection, but before using other equipment the
installer must make sure that their breaking capacity exceeds the PSC at the point which they
are supposed to be installed;
The effective breaking capacity of overcurrent devices varies widely with their construction.
For instance semi-enclosed fuses are capable of breaking currents of 1 kA to 4 kA depending
on their type while cartridge fuses (BS1361 type) will safely break at 16.5 kA for type 1 or 33
kA for type II. Prospective short circuit current is driven by the e.m.f. of the supply through
impedance made up of transformer windings and the cables from the supply to the fault. The
impedance of the cables will depend on their size and length, so the PSC value will vary
throughout the installation, becoming smaller as the distance from the intake position
increases;

- I?t (let through energy): an expression related to the circuit energy as a result of current
flow. Referring to circuit breakers, the 12t [A2S] is expressed for the current flow between
the initiation of the fault current and the clearing time;
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Iu (In) rated uninterrupted current: this is the maximum value of current that a circuit
breaker fitted with a specified overcurrent tripping relay, can carry indefinitely at an ambient
temperature stated by the manufacturer, without exceeding the specified temperature limits of
the current carrying parts;

Icu rated short circuit breaking capacity: the short circuit current breaking rating of a
circuit breaker is the highest (prospective) value of current that the circuit breaker is capable
of breaking twice. The value of current quoted in the standards is the rms value of the AC
component of the fault current, i.e. the DC transient component (which is always present in
the worst possible case of short circuit) is assumed to be zero for calculating the standardized
value. This rated value is normally given in kA rms;

Current limiting circuit breaker: overcurrent/fault current limiting protective devices have
been available in the marketplace for many years. The age old competition between fuses and
circuit breakers has reached a new level with the introduction of these fast acting, high
performing current limiting circuit breakers. Current limiting fuse applications require
compromises by the end user, especially in 3-phase applications. It is not unusual for at least
one of the three fuses in the circuit not to open during an overcurrent event. This could create
a single phasing situation on the system which could result in equipment damage, especially
in motor applications. “Current limiting” when applied to circuit breakers describes a unique
capability that extends beyond the normal tripping features of a circuit breaker. Although all
circuit breakers could be said to limit current by opening during an overload or fault current
condition, ‘current limiting’ circuit breakers are special versions that provide additional
protection. This current limiting protection is provided typically beyond the calibration of the
instantaneous trip system that would typically respond to fault current.

The standard for molded case circuit breakers, UL 489 and IEC 60947-2 defines a current
limiting circuit breaker as:

‘one that does not employ a fusible element and, when operating within its current-limiting
range, limits the let-through I2t to a value less than the I2t of a 1/2-cycle wave of the
symmetrical prospective current.’

Expressed graphically, the energy in the circuit, 12t, is represented as the area under the
curve. For a circuit breaker to be current limiting, it must interrupt the short circuit energy in
one half cycle or less. It should be noted that a fault which lasts just three cycles adds six
times the energy of one lasting just one-half cycle. In 50 Hz systems, half cycle tripping
means that the circuit breaker must sense the short circuit current, trigger the tripping
mechanism, part the electrical contacts, and interrupt the subsequent arc in no more than 10
milliseconds. However, this interruption is performed only when the short circuit current is in
the current limiting range of the trip device. This range is typically above the 10X to 15X
instantaneous trip element calibration. To perform this function it requires fast acting current
sensing, a special mechanism customized electrical contacts, and unique arc chute
construction;
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Figure 3.3 Principle operation of current limiting circuit breaker

3.3 Single phase DVR applications

- Motivation
Considering several long term PQ survey which were carried out in different countries some
interesting issues regarding voltage sags were revealed. For instance in PQ survey reposted in
[11,[2].[3], and [6] it is observed that voltage dips in the 3-phase system are not uniformly
distributed on different phases and oftentimes there is significant accumulation of voltage sags
on one phase. Also taking into account that some electrical consumers are more sensitive with
respect to voltage disturbance rather than other consumers, they are more willing to pay for high
voltage quality. In the consideration of these two mentioned issues and aiming to have a cost
effective solution for voltage sags, DSOs would be interested in installing series voltage compensator
only at single phase configuration. It substitutes a three-phase series voltage compensator to the usage

Figure3.4 Distribution of voltage sags per phase in a 3-year PQ survey in Brazil

of single phase one. This usage would not eliminate entirely the voltage sag occurrence but would
certainly diminish the consequences of voltage sags.

To reach this conclusion, one must analyze three types of electrical load connections.

1) Single-phase loads connected from phase-to-neutral: for this type of electrical load, this solution,

as long as this load is connected on the protected phase with DVR, would entirely mitigate voltage
sags;
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2) Single-phase loads connected from phase-to-phase: when voltage sag happens, the series voltage
compensator would recover one phase, resulting in less severe voltage sag. This would diminish the
number of events that might affect seriously these single-phase electrical loads;

3) Three-phase loads: single-phase series voltage compensator would recover one phase transforming
a three-phase voltage sag into a two-phase voltage sag. Although it does not mitigate the problem, the
new one is less critical. Usually, three-phase loads are less sensitive to two-phase voltage sags
compared to three-phase ones [85],[86];

Therefore it makes sense that in order to implement the fault current limiting function for DVR
during this project the focus is on single phase distribution network. However without the loss
of generality the treated concepts are expandable to 3-phase applications;

- Short circuit calculation

Ifault
M7 Load
| ) Xiine1 Riine1 Xiine2 Rine2 | load
L -, - ~
' > Pij
| CB % | jQ
Zg Fault

ug(t) = V2Ugsin(wt)

Figure 3.5 Calculation of prospective short circuit current in LV radial network configuration

For the purpose of calculation of prospective short circuit current occurs at t = ¢y it is more common

to consider that the circuit is at rest and initial current in the circuit is zero i.e. for t< tr

ipre—fault ®)=0

The total impedance in the short circuit current path is given by:

. . X 3.1
Ze—Ry + jX; = Zs + (Runer + jXiine1 ) = | Zs |4 tan™? R—; =z |18z, OV

Superposition of steady state and transient components during short circuit is depicted by:

ifault(t) = i,fault(t) + i"fault(t) 3.2)

where the steady state solution is :

. V2Us . (3.3)
i e (t) = |Zfs| sin(wt — AZf)
and the transient (dc component) general solution is:
[ty _at-tp (3:4)

mn
[".e ot where ot==

Mrque(®) = 1" e =
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In order to find the integration constant we are supposed to apply the initial condition to the
general total solution:

_o(t=tp (3.5)
8Z;)+ " e ot

. V2U;

lfault(t) = 1 Z7 |
As already mentioned supposing the initial condition at t= ts is zero, therefore the integration
constant will be:

(3.6)

Iu — \/EUS

2 | sin(wt, — AZy)

Due to the fact that the feeder and power transformer is dominantly inductive and the resistance of
solid fault is considered negligible, so 4Z; ~ u

Therefore the highest positive and the lowest negative DC components of short circuit current are
respectively when:

— 4Zp =2kl £ -g > wt= 2kl and wt;=(2k + 1)1 G-7)

It means that the highest DC component (under the assumption of £Z; ~ g ) happens when supply

voltage is at zero crossing point.

Even though this is the conventional way for calculating prospective short circuit current to consider
that the circuit is at rest when the fault occurs, to be more stringent in sizing stage one may consider
the effect of pre-fault current on the transient peak of current during short circuit. This consideration
results in the fact that a capacitive power factor which per se causes higher pre-fault steady state
current, gives rise to higher transient peak of short circuit current when it is assumed as initial
condition.

Proad + JQroaa
—

- g JXL10ad
—JXcioaa

Figure 3.6 The presence of capacitor for the purpose of power factor correction at the load terminal

Uloaa

The equivalent load impedance would be:

XC loadXL load leoadXC,load (3-8)
Rload + ](XL,load - XC,load)

Zload
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And the steady state pre-fault current is:

\/Euload (39)

| Ztotal |

ipre—fault(t) = Sin(wt - Z$Zload) = \/E InSin(wt - ZiZtotal)

It is a trivial conclusion that increasing C gives rise to smaller Z;,,4 Which causes higher "L,".

However the power factor correction capacitor installed at the load terminal does not make the load
current capacitive and in the best performance it gives unit power factor. Also due to short length of
secondary distribution feeders we may say that capacitive power factor (leading PF) in LV network is
a rare issue, therefore in order to consider the initial condition and integrate the effect of steady state
pre-fault current in the calculation of transient peak of short circuit current to find the highest peak it
is enough to consider the unit power factor load as the worst case in LV grid.

In order to implement FCL function in a DVR throughout this chapter we need an indicator to
compare the effectiveness of each proposed solutions. Let's calculate the prospective short circuit
current in the typical radial LV network of Fig 3.5 before the installation of DVR and with the
parameters depicted in table 3.1 :

Us 20 [kV]
Grid Transformer  S=60 [kVA] , Zsc=0.04% , Kt=20[kV]/230[V]

line Z1ine=0.125+0.0742i [mQ/m], Cable 185mm"2
(voltage drop at rated load at load-bus= 3%)
Length = 250 [m/

Load S=50 [kVA]  Vn=230[V] PF=1

Table 3.1: Parameters of the specified LV distribution network of Fig. 3.5
High index for the peak of short circuit current

- Fault occurs at the M-bus;
- Fault instance is the moment which results in the highest possible DC component;
- Pre-fault current is the grid rated current with unit power factor;

Low index for the peak of short circuit current

- Fault occurs at the load-bus;
- Fault instance is the moment which results in zero DC component which means no transient
behavior in short circuit current waveform;

The simulation result in Matlab environment for “high index” and “low index” for short circuit
current in this chapter with the parameter depicted in table 3.1 gives the following curves in Fig. 3.7
and 3.8 respectively.



59

As it is depicted in the Fig 3.8 the short circuit current occurs at load-bus at the fault moment which
results in zero DC component exceeds 15 pu. Installing a low voltage circuit breaker with
thermomagnetic trip unit which is set on /u = 10 X In (in order to be robust enough against starting
inrush currents of big motors) at M-bus with the characteristic curve depicted in Fig. 3.9 requires the
minimum short circuit current exceeds 10pu to guarantee the instantaneous tripping.

current [p.u]
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Figure 3.7 Prospective short circuit current when the fault is at M-bus and pre-fault current is rated
one with PF=1, our “high index” for peak of short circuit current during this chapter
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Figure 3.8 Short circuit current when the fault is at load-bus with no transient behavior, our “low
index” for short circuit current in this chapter

As it is depicted in the Fig 3.7 the peak of high index exceeds 50 pu. Considering the result of low
index in Fig 3.8 proves that the circuit breaker can successfully trip the short circuit current
instantaneously due to fault at any point of downstream feeder.



60

A2 Frames A2 250A - Fixed (F) 1 pole - Front terminals (F)
Thermemagnetic trip unit - TMF lcu (240 V)
Rating Magnetic trip Catalog number Catalog number

A A A (10kA) N (14kA)
125 1250 A2A125TW-1 AZN125TW-1
150 1500 A2A150TW-1 AZN150TW-1
175 1750 A2A175TW-1 AZNA75TW-1
200 2000 A2A200TW-1 A2N200TW-1
225 2250 A2A225TW-1 A2N225TW-1
250 2500 A2A250TW-1 A2N250TW-1

=

104 77

100 -

102 =

dlla 8] Hlind BIH

xly

Figure 3.9 Time invers tripping curve of A2A250TW-1 equipped with magnetic tripping unit

Care must be taken regarding installing any new series connected device (e.g. a DVR) within this
network in order not to interfere with the pre-set coordination protection scheme otherwise it gives
rise to possible destructive effect on upstream equipment due to late tripping of short circuit current.
Throughout this chapter different strategies in order to integrate a fault current limiting function in the
installed DVR at M-bus are treated. The feasibility and economic justification of each solution will be
discussed too.

One may refer to installing a fuse or a current limiting circuit breaker as the best solutions for
implementing the fault current limiting function for the feeder. But it is worth mentioning that DSOs
prefer fuse-less protection scheme due to reliability reasons and economic reasons including
continuity of service (which is carried out through automatic reclosing of circuit breakers) and also
robustness of the network against transient current. Regarding current limiting circuit breakers, it
should be mentioned that they are more expensive than conventional thermomagnetic circuit breakers
and also it is not economically justified to replace a healthy conventional circuit breakers with a new
current limiting circuit breaker. In addition providing independent protection strategy for the DVR is
necessary in the case of malfunction of upstream circuit breaker during fault, therefore integrating the
fault current limiting function in a DVR protection system makes it more valuable in the marketplace
thanks to reducing stress on the already installed upstream equipment which leading to increase the
lifetime of the devices.
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3.4 Fault/Recovery detection techniques

Fault detection:

Assuming the fault current in steady state is A times of the load current. When a short circuit fault
occurs, the ratio of change of fault current is 4 *w times larger than that of the normal current [87]. So
by sensing the ratio of change of current, short circuit fault can be detected with a fast speed. But it is
easily to be influenced by disturbances. To make sure that the fault current can be detected fast and
accurately, a fault current detection method by sensing the load current and its rate of change is
developed, as shown in Fig. 3.10 [88].

"ire" 1s the reference value of fault detection, which is larger than the peak value of load current. 4t is
the sampling period. 4i; and AilF are the differences between the two adjacent sampling values of load
current and fault current, respectively.

In the proposed fault current detection method, if the following two conditions can be both met, short
circuit fault can be detected.

1) For the k1 consecutive sampling period, the instantaneous value of load current is larger than the
reference value i,,.

2) Assuming Ai; is the difference between the adjacent sampling values of load current. For the
k2 consecutive sampling period, the ratio of Ai;/ At is larger than the reference value Jop.

Typical values for these parameters are:

(3.10)

k1 =(4~8) k2= (4~8)
e = 12 X V2X (3.11)
Top =12 x w xV2 x I (3.12)

where [; is the RMS value of load current.
In this project it is considered that k1 = k2 =6

i A F

Ai /

Ar
Figure 3.10 Fault detection algorithms
Recovery from downstream fault

Recovery from a downstream fault can be detected through measuring the PCC voltage (voltage at
load side of the DVR injection transformer). As soon as the fault is cleared, the load voltage will
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increase. Once Vpcc is restored to a preset threshold level Vi, , the fault current limiting function of
DVR can be terminated.

Moreover, to ensure DVR FCL mode is not turned off by any spurious transient distortion or
measurement noises, a low pass filter like characteristic is introduced to this recovery detection which
is equivalent to a delay in time domain. Therefore the DVR FCL mode will be turned off when
Vpcc > Vth is sustained for a specific period of time and no other downstream fault is detected
during this period. A 60 ms (3 cycles) delay seems a good choice to eliminate the effects of oscillatory
load voltage magnitude.[93]

3.5 Bypassing the DVR

An often used option for DVR operation during a downstream fault is to passively protect the DVR by
enabling the bypass circuit (usually a slow mechanical bypass together with a fast solid-state
switch)[94]. During the short circuit a high current will be sourced to the fault and it has to flow in the
series connected device. The short circuit currents are too high to be handled by the VSC and the
protection philosophy is to bypass the DVR in order to avoid any equipment damage and interference
with existing protection equipment

Mechanical bypass

il
Zsupply
Supply | 2 f ~ Load
' H

Fault

Energy Storage Comverter Line Filter

Figure 3.11: DVR with bypass protection equipment

The passive control scheme is for the moment the most likely protection scheme for series connected
power electronics. Using this philosophy, the VSC can be rated for relative low currents. For active
control the VSC has to be sized in such a way to conduct short circuit currents and still to be able to
inject voltages into the grid. The protection of series connected devices is much more difficult than
the protection of shunt devices and a down-stream short circuit can be critical and requires extra
protection equipment.

The controllable power switches employed in DVRs can be of the most known types IGBTs, GTOs or
IGCTs and for the DVR used in this project the IGBTs are considered. The IGBT has current limiting
capabilities and during a short circuit, the current is limited to approximately 5 - 10 times the rated
current. During this process the power dissipation in the switch is very high and usually the switch
must be turned off before 10 us to be within its Safe Operating Area (SOA) otherwise the IGBT will
break quickly under the faulted condition.

The short circuit level before and after the DVR has a main influence on the protection equipment
used. Knowing the DVR and supply parameters the short circuit current level can be estimated:
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= Upvrz (3.13)

|| (3.14)

lfault |ZDVR + Zsupplyl

where Upyg 7 is the pu value of total voltage drop across the DVR. Assuming upyg z = 0.04pu,
Zsupply = 0.04pu the steady state short circuit current can with this very simple example be
calculated to more than 12 times the rated current, however apart from the steady state value of short
circuit current, the main problem is caused by very higher value of short circuit current during
transient interval which even exceeds 50 pu.

Ideally, the converter should conduct the current until the protection equipment has cleared the fault,
but it would require significantly more powerful IGBT to withstand such a high current for the
required fault clearing time e.g. 5 to 10 cycles. Turning the power switches off makes only a current
path through the diodes when the voltage across the DVR is larger than the DC-link voltage level.
Therefore, turning off the power switches will lead to an uncontrolled charging of the DC-link
capacitor. The uncontrolled charging can in some DVR design cause a destructive DC-voltage level,
which will damage the power modules and the DC capacitors. The highest risk of damage will arise if
the rated DC-link voltage is close to the maximum allowable DC-voltage. The first protection scheme
for the DVR could be achieved with thyristors and mechanical bypass. In several DVR protection
schemes thyristors are intended to take over the current for the VSC until a more robust and slower
mechanically bypass is ensured. The method to ensure a current path is explained in the following
way.

As soon as fault is detected the zero-state condition (no switching commande) is applied to the
converter. The current can be still flowing through the diodes. Appropriate sizing is required for the
diodes in order to withstand against this high current before the bypass is successfully achieved. At
the same time the on-state is applied to the anti-parallel thyristors placed at the primary side of
transformer. Thyristors can react fast and bypass the DVR. Thereafter the mechanical bypass switch is
closed. Mechanical bypass protection is relative slow, but robust, cheap and easy to control.

A DVR with the characteristic parameters depicted in table 3.2 was inserted to the same pre-defined
LV network of Fig. 3.5. The results of implementing this strategy in Matlab environment are treated
in the following figures.

Injection Transformer S =50[kVA] , Zsc= 0.04% , Kt=230[V]/230[V]

Bypass thyristor Ron =1 [m2]
V_forward = 0.8 [V]
R_snubber = 2 [k£02]
C_snubber = 250 [nF]

DVR LC filter L =0.5[mH] C =1[mF]
DC-link storage C =75 [mF] Vpe = 500 [V]

Table 3.2 DVR characteristic parameters
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Considering the Fig. 3.12, it should be mentioned that due to the small delay between the moment
of fault occurrence and reaction of DVR protection system to the fault, the highest peak is less
than 50 pu compared to the feeder before installing the DVR depicted in Fig. 3.7

Prior to the fault detection moment, the DVR tries to compensate the voltage dip at PCC-bus.
This attempt results in voltage sag in DC link capacitor depicted in Fig. 3.14. As soon as fault is
detected, the control system turns off all IGBTs in the inverter. But still the current can flow
through the diodes if the voltage across the inverter exceeds the DC link voltage. During the
delay between the fault occurrence and realizing bypass through static switches the current in the
filter inductance increases rapidly which results in accumulation of energy in the inductor.

1 (3.15)
VVinductor = ELf X I?

Due to this stored energy after deactivation of IGBTs voltage across the inverter exceed the DC
link voltage and the current flows to the capacitor and charges it which causes a jump in DC link
voltage. In order to protect the DC link voltage in that case a cheap and robust solution could be a
dissipative one which is described in section 3.6.1.

1 2 2
VVinductor ~ _CDC—link X (Vafter jump T Vbefore jump ) (3'16)
2
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Figure 3.12 Short circuit current in the feeder with bypassed DVR
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Figure 3.13 comparing the real fault moment with the fault detection time of the DVR
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Figure 3.14 variation of DC link voltage during fault

3.6 Active fault current limiting (FCL) function implementation

As already discussed, during downstream faults in order to protect the DVR against high short circuit
current one can rely on a bypass scheme. The bypass circuit would only protect the DVR during a
downstream fault and allows a large fault current to flow in the feeder which could cause upstream
bus voltage to drop. A more promising approach is to control the DVR actively during a fault and
reduce the large fault current and restore the upstream bus voltage, reported in [82]-[84].

Compared to the bypassing protection scheme of DVR, active control of DVR during a downstream
fault puts limitation on short circuit current and the implementation is almost easy. But the
disadvantage is the requirement of higher compensation capacity for the DVR which leads to
oversizing the DVR with respect to its primary duty as a voltage compensator.

- Options for implementing active FCL function:

1-

Rated FCL function: this strategy limits the short circuit current in the feeder to 1 pu.
Therefore in order not to interfere with protection coordination of upstream circuit
breakers it requires to implement a communication channel between the DVR and
upstream protection equipment. As soon as the DVR goes to FCL mode, it informs the
upstream circuit breaker, so the instantaneous current breaking is still achievable. In this
strategy the DVR is supposed to size for the rated power of downstream feeder;

Spvr = Vratea X Iratea (3.17)

Not-rated FCL function: when there is not possibility to implement a communication
channel between the DVR and upstream protection equipment, a solution for active FCL
mode could be limiting the short circuit current to the instantaneous tripping point of
characteristic curve of upstream circuit breaker. It also decreases the voltage injection
requirement of the DVR, but there is a serious problem regarding the high current
(= 10 In). It needs very expensive IGBTs which makes this solution unjustified;
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3- Optimum FCL function: there is a tradeoff between voltage injection capability and
current rating of the DVR during active FCL mode. The optimum FCL point in terms of
limiting short circuit current could be somewhere below or higher than rated current of
the feeder. Considering different definitive factors for implementing FCL mode of the
DVR such as current rating of the DVR and the primary duty of the DVR as a voltage dip
compensator which gives the required voltage injection capability based on the statistical
data of voltage dip range in the target place, it is possible to define a cost function in
order to be optimized for implementing FCL function. By this time this solution is still
under investigation;

In the following implementing rated FCL function under option one is described through different
realization strategies.
Generally there are two possibilities to realize active control of DVR during downstream fault:

1- Active impedance [83]: the DVR can be controlled to inject a suitable series voltage, which
makes the DVR act like additional virtual line impedance in series with the distribution feeder.
A phasor diagram of the DVR limiting the fault current by series voltage injection is illustrated
in Fig. 3.16, where Vj;,,,, is the voltage drop across total feeder impedance (including the source
impedance, downstream feeder impedance and fault impedance, denoted as Zs + Zj;,01), and
Us is the source voltage. Given Us = Upyg + Vjjne a fault current magnitude limited to a
fixed level, the voltage drop across Zs + Zj;neq Will be on the dashed circle shown in Fig. 3.16.
Comparing these voltage phasors, it is obvious that the injected voltage phasor of the series
inverter is minimized by orientating Upyr to be in phase with Vj;,,.. This implies that for
minimal voltage injection, the series inverter would act like a virtual impedance Z, whose ratio
is proportional to R/X of the total feeder impedance to faulted point Zs + Zjineq 3

Parallel feeder
I ——

CB

PCC

Ziiner Ziinez
LV DR A AT A
CB %

Fault

LV loads

W

Upvr

Figure 3.15 Active FCL function of the DVR in a faulted feeder of a LV radial network

2- Active' reactance [93]: it should be taken into account that the resistive component of the
virtual impedance will cause the DVR to absorb real power during the fault compensation. The
real power absorption will charge the DC capacitor bank and cause the DC link voltage to rise.
With large fault current flow, the capacitor charging can be damaging. Therefore, from this
point of view a better choice will then be to control the DVR to act like a pure virtual inductor
X, with no real power involved during the FCL mode;

! Here active is the opposite of passive, therefore it is completely different from active and reactive power
concept
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Figure 3.16 Active impedance and reactance voltage injection phasor diagram

3.6.1 Active impedance FCL strategy

DVR normal operation mode
At first let's consider normal operation condition which there is no fault within the network. The
principle operation of DVR in order to compensate voltage sag for non-faulted downstream network
was treated in the previous chapter. To facilitate discussion and with reference to Fig.17, it is assumed
that the series reactance of the injection transformer is negligible and the protected load is of constant
power factor. Furthermore, nonlinearities existing in the DVR converter have been ignored and the
distribution feeders have been assumed lossless. The last assumption is reasonable for the most of
overhead transmission networks which are predominantly inductive. On the other hand, overhead
distribution line feeder impedances may include appreciable resistive parts. In that case, the following
analysis can be readily modified without any loss of generality.
Prior to any disturbance, the DVR is inactive (Upyr = 0). Under this condition, the load-side voltage
phasor is given by:

Vece = Us = jXs Line (3.18)
where I}, 1s the line current under normal condition. If an upstream fault occurs, the voltage sag
event could be modeled as a change in the source voltage to Uy;p,.

Vi Vpee Ve

Liine —
| ) - Upyg + |%l
f AV AV, Load
| CB jX1 | jX2

Figure 3.17 The DVR in non- faulted network

To protect the load against this voltage sag, the DVR will inject a voltage to restore the load-side
voltage to its pre-sag level. Under this condition, once the load-side voltage has been completely
restored, one can obtain:

Vece = Unip = jXs Liine + Upvr (3.19)
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In previous chapter different strategies regarding determination of Upy g in order to restore Vpqc were
explained.

In fact the pre-sag PCC voltage is used as reference. Vpc is readily measurable, its magnitude and
phase can be logged using the phase lock loop technique. Vi, = Uy — jXs Iine 1s the voltage on the
source-side of the DVR. It can be measured directly on the network too.

The injection voltage Upyp is the difference between pre-sag value of Vpcc and ongoing value Vpee
during voltage sag.

Implementation of fault current limiting function

The simple power system model shown in Fig. 3.19 is used to explain the operation principle of active
impedance fault current limiting method of the DVR. In this model, X7 is the effective reactance
between the PCC and the location node F where a solid fault occurs.

The pre-fault voltage at F'is Vi . Assuming Upy,r = 0 the relationship between the line current and the
voltages under the pre-fault condition can be expressed as:

Iiine (3.20)
.Xl !Line (3~ 21)

jXS lLine

T, KF jxlll,ine

Figure 3.18 Phasor diagrams of voltages in non-faulted lossless feeder

where V), is the pre-fault voltage at the source side of the DVR. Phasor diagram of the current and
voltages is as shown in Fig. 3.18. Normally, the line impedance is much smaller than the impedance
of the load, so the voltage drop across the line is small. Thus, Vj; and Vphave almost the same
magnitude.

YL Load

.
B A I jx1 I jx2
. !
Y

= Upc -

Figure 3.19 DVR in zero injection mode in faulted network

When the downstream fault occurs at F, thus Vz = 0 . As the focus now is on downstream fault
condition, one may assume that the equivalent source voltage and reactance remain unchanged.
Assuming Upyr = 0 from Fig.3.19 the following circuit equations can be established:
Us = V'y = jXs I (3.22)
Vi =jX: I (3.23)
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Figure 3.20 Phasor diagrams of voltages in lossless faulted feeder when Upyr = 0

where V'y and I are the respective source side DVR voltage and fault current during fault, without
the DVR in the network. The phasor diagram of the voltages and current is as shown in Fig 3.20

As line losses have been neglected, therefore, the voltage phasors are perpendicular to the fault
current ;. One notes that the pre-fault current is:

PO el 77 (3.24)
2Line ] XS
whereas the fault current will be
Us—V'y (3.25)
If ==———
JXs

The proposed scheme to limit the fault current can be described in the following way. It is proposed
that as soon as the fault is detected, the DVR will inject a series voltage through the injection
transformer, as shown in Fig.3.21. In the final stage Upyp will attain such a value that M-bus voltage
will be restored back to a phasor value identical to that prior one. This restoration is to be carried out
through a continuous adjustment in Upyr . Thus, when full restoration has been achieved the fault
current will be limited to its pre-fault level, i.e. I'y = I n,

V' V'pce Ve=0

r
IR S e NN N
I Load
| CB | jX1 JjX2

jXs %

ny Fault

Us

o
+ Upe -

Figure 3.21 The DVR in active FCL mode in a faulted network

At this stage, the relationship between the line current and the voltages can be expressed as:

Us—V'y = jXsI'y (3.26)
V'w — Upyr = jX1 !If (3.27)
Us
szI_/f
!f:!Line lel_/f

Figure 3.22 Phasor diagrams of voltages in a faulted network when M-bus voltage is fully restored
through active impedance of the DVR in FCL mode.
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The corresponding phasor diagram is shown in Fig. 3.22 By comparing the phasor diagrams of Figs.
3.22 And 3.18 , one notes that when:

Upvr=Vr (3.28)

i.e., at the precise condition when the injection voltage phasor is identical to the pre-fault voltage
phasor at the fault location, the fault current would have been limited to the pre-fault load current. As
the fault location is random and unknown, V is not known. One way to overcome this problem is
now described. The injection voltage can be expressed as:
Upyr = ZM.pre—fault —JjXi Lf (3.29)

Thus, one notes that the injection voltage can be synthesized if the pre-fault Vj,voltage was logged
into the control system and the PCC voltage during fault is known too. Vp¢ is readily measurable and
can be logged using the phase lock loop technique on-line , so jX; If is known too. Thus Upyp can be

generated and updated in a continuous manner.

The phasor diagram shown in Fig. 3.23 is used to illustrate the continuous injection process. Before
injection Upype=0, and the fault current is Iry and the M bus voltage is Vyo. The voltage
Vpcc=JjX1 Iy is measured on the load-side of the DVR continuously. As the pre-fault M bus voltage
is tracked continuously, the injection voltage Upyg is generated using Upyr = Vi pre—faur — Yecc -
As a result of the voltage injection, the M- bus voltage will move progressively toward its pre-fault
value. In Fig. 3.23., for example, an intermediate step could be when the M bus voltage reaches
Vi1 and the line current phasor moves to Iz, . The process will continue until finally the M bus
voltage is completely restored and the line current reaches its pre-fault level. The adjustment of Upyg
will then end. The process enters into a steady state.

ZM,pre—fault

=V
—F,pre—fault

v

Lro

Figure 3.23 Continuous adjusting of Upyg

Thus for a line equipped with the DVR, the fault current will be limited to the pre-fault level when a
downstream fault occur. Under such a situation and in order to guarantee that the upstream CB will
still operate quickly to clear the fault, the line protection system must be integrated with an additional
device capable of detecting the FCL action and alerting this to the CB relay. A technical solution
could be to install a communication channel which could be used to send a signal to the CB relay
indicating that the DVR is operating as a FCL. The CB would be tripped based on its relay definite
minimum-time setting. This will ensure the shortest fault clearing time possible to clear the fault.
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From the above analysis, it can be seen that the steady state line current during the FCL stage is the
pre-fault load current [I};;,.|. The maximum injected voltage occurs when X; = 0, i.e., the fault is
just next to the load-side of the DVR. Hence, the voltage rating of the primary winding of the
injection transformer of the DVR should be V,,. Furthermore, the steady state VA rating of the DVR
is equaled to |V * I} ;.| or approximately that of the downstream load capacity.

DC-Link Voltage Variation

During the fault-current limiting stage, it can be seen from Fig. 3.21 that the DVR acts as a load
absorbing power from the upstream source. With the M-bus voltage restored to Vi pre—rauie and the
line current to I;;,,, , the absorbed power equals to the power delivered to the protected load before
the fault event, as line losses have been ignored. Suppose the duration of the current limiting action is
T. The energy absorbed by the DVR is approximately given by:

AE =P,T (3.30)
where P; is the pre-fault load power. Note that T corresponds to the operating time of the upstream
CB considered earlier. The absorbed energy is stored in the energy storage device of the DVR. The
storage medium is often in the form of capacitor banks, as shown in Fig. 3.21. The absorbed energy
will cause a steady-state voltage rise, AV, across the capacitor. If losses in the DVR are ignored, then
AE is also given by:

1
AE = 5 C(AV)* +C.V.4V (3-31)

where V the voltage rating and C is is the capacitance of the energy storage capacitor. Ignoring

second order effects:
pPT (3.32)

If the DVR is designed for 100% voltage compensation during voltage dip (for its primary function),
integrating FCL function in it the voltage rating of the injection transformer does not need to be
increased owing to the fact that DVR injection voltage capability is as high as M-bus voltage. On the
other hand, the current rating of the DVR has to increase due to the current surge at the beginning of
the downstream fault and before the FCL action can be realized completely. Also, the energy storage
device is expected to experience a voltage rise.

For a given distribution system, the duration of the injection is known, as it is equal to the operating
time of the line circuit breaker CB. One can define a factor K as the ratio of energy absorbed by the
DVR during downstream fault (AE ) over rated energy storage capacity of the capacitor (E;). Energy
storage capacity is given by:

1
Ec = ECVZ (3.33)
Thus, k can be expressed as
B ﬂ _2PT (3.34)
E;  CV?

One can obtain an important relationship between the steady-state voltage rise in the DVR energy
storage capacitor:
AV (3.35)

The results of the above analysis can be used to design the energy storage capacitor. Usually one

. . o o . av
technical requirement on the capacitor is its voltage endurance capability. This means that — must
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be less than a certain value, typically 0.1-0.2, or the capacitor will be damaged. Given the maximum
% allowable and the load capacity power P, , one can determine the required capacitance and rated

voltage for the energy storage device.
Therefore we may say:
- There is a maximum threshold value for k, above which the capacitor voltage will exceed

. av
the maximum - allowable.

- The worst case for fault incident from this point of view is one of the following cases:

1- Fault occurs at the end of the line protection system, i.e. when T is of the highest
value, if one assumes a typical inverse-time over-current protection scheme often
used on distribution lines;

2- P;is at the maximum;

Depending on the network one can find the dominant parameter between 1 and 2 then the
required minimum size of the capacitor can be determined.
A dissipative solution in order to limit the voltage rise in DC link during FCL function of DVR could
have both cheapness and effectiveness factors to implement. For this purpose it is possible to install a
controllable resistor across the DC link. Thanks to short time operation of DVR in FCL mode before
the CB trips the circuit, the dissipative energy in the resistor will be limited to tolerable values.

- UD VR

e
Rdiss

;H—/\AAA—

| |
|
+ Upc —

Figure 3.24 dissipative solution for controlling DC link voltage during active impedance FCL mode
Active impedance control scheme

- Open loop control

Having established the injection strategy for the FCL function, it still remains to incorporate this
function into a control scheme of a DVR. The schematic diagram in Fig. 3.21 shows a typical scheme
whereby the M-bus voltage is restored by the DVR through the injection of the voltage Upyp .
A second-order inductance—capacitance (LC) filter is implemented at the output stage of the inverter
to block all but the desired output voltage fundamental frequency component.
Assume that the DVR harmonic filter has an inductance of Ly with an internal resistance of 7y and a
capacitance of Cy. It must be emphasized that in the following analysis, the precise nature of the load
needs not be known, except that it is of constant power factor. The resistance and leakage inductance
of injection transformer is assumed negligible and its turns-ratio is 1:1.
The following state equations can be obtained:
diconv (3.36 )

dt

Ucony = V¢ + iconvrf + Lf
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iconv = be + iLine (3.37)

o = G (3.38)
e i
1 1
i i
i i
Vu(s) Upvr ref (sj conv £ 1 i
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Figure 3.25 open loop control of DVR voltage injection during active impedance FCL mode

The transfer function block-diagram of the power system under open loop control can be obtained
readily. In Fig. 3.25. Upyg rer(S) is the reference injection voltage, which is generated through the
application of previous mentioned equation. Up,z(S) is the actual DVR output voltage. Upyg(S) for
this control configuration can be written as:

Upvr(S) = G1Upyrref(S) + Golpine(S) (3.39)
ki (3.40)
G =
) =TS+ 1
—(LgS +1%) (3.41)
Go(S) = 7

where G (s) is the transfer function from the reference signal Upyg rer(S) to Upyg(S) while G,(S)

is the transfer function from I;;,,,(S) to Upyr(S).
For the second-order power system, the natural damping frequency w,oand damping constant &, are

1 (3.42)

1 cr (3.43)
an B 2wan0 B 2 Lf

where w, is equal to the filter resonance frequency and &, is very much dependent of the filter

given by:

inductor resistance. Let wpg be Kr times of system base frequency (i.e. w,o=Ks. wg) . As the filter is

designed to alleviate the harmonics produced by the inverter, . Kz>>1

So the damping constant is then given by:
Ty 1 (3.44)

im0 = 2%, K~ 20K,
where X is the reactance value of Ly at the base frequency. For practical filter design, the Q factor of

the filter inductor is usually greater than 10 so as to keep the losses in the filter to an acceptable value.
This means that 77/X;f is likely to be less than 0.1. Hence, &9 < 1 since K>>1 . This analysis
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reveals that when the DVR is operating under this open loop control mode, an inherently low damping
level can be expected in the power system. Similar conclusion has also been reached in [81].

As discussed in before, the capacitor voltage Up. will increase when energy is absorbed from the
source. This increase in DC-link voltage directly affects the gain K; of the converter and causes K; to
increase. Consequently, the output voltage of DVR Up,pwill have a tendency to increase during fault-
current limiting function. To compensate this issue, it is possible that through monitoring Up, use its
value to scale the duty cycle command to the DVR. In this way, the original error reference voltage
will be multiplied by a factor Vref /Vdc , and the resulting value is fed to the PWM. Vref in this
case corresponds to the full-scale command voltage of the inverter.

- Closed loop control

To improve the damping of the system, the control system shown in Fig. 3.26 is considered. The
details within the DVR block are identical to that one shown in Fig. 3.25. In addition, as Upyg(s) has
to track Upygrer(S) an outer voltage loop has been included. Notice that the rate of change of
Upyr(s) is proportional to the capacitor current Ic(s) in the filter. If this current can be regulated
appropriately, Upyr(s)can also be controlled in the event of load current changes.

Voltage Ic,rgf(s) Current Uprr(s)
Vu(s) Upvr,ref(s) -
4 /_\ 3 m controller 3 m Controller > D T R >
Y @,
- & k, r
Upyr(s) Ic(s)

Vpcc(s)

Figure 3.26 closed loop control of DVR voltage injection during active impedance FCL mode

Therefore, the effect of this current disturbance can be effectively alleviated. The proposed inner
current loop and the outer voltage feedback loop controllers are the two proportional regulators k. and
k, . Since the output voltage is sinusoidally varying, a PI regulator will introduce additional phase
shift. Hence, integral control action is not considered. From Fig. 3.26, it can be shown that the closed-
loop transfer function between Upyg rer(s)and Upyg(s)can be obtained

Upvr(S) = G1c(S)Upyrref () + Goc(S)Line(s) (3.45)
kvkcki (346)
Gic(s) = L.C.S2
rCrS% + (17Cr + kckiCr)S + kykike + 1
—(L S+r ) (3,47)
Gac(s) = =7

LeCrS? + (rsCr + kckiCr)S + kypkike + 1

Where Gq.(s) is the closed-loop transfer function from the reference signal Upygqrer(s) to
Upyr(s)while G,.(s) is that between I;;,.(s) and Upyr(s) . The resulting system will have the
natural damping frequency w,,. and damping constant &, given by:

’ 1
Wpe = w/kvkcki +1 E

(3.48)
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_1p tkik, (3.49)
ne Zwanc

The natural damping frequency of the resulting system is therefore ./ k,k.k;+ 1times filter
resonance frequencywy. If the filter resonance frequency is k times system frequency, then :

£ = rrtkike (3.50)

" 2X) fK p[1+kykck;

where X ¢ is the reactance of the filter inductance at system frequency. The degree of damping can be
increased considerably, as compared to the open-loop control scheme, by the judicious choice of k,,
and k. . The value of w,. is determined from the requirement of the closed-loop system response
settling time and the value of &,. is determined from the requirement of permissible maximum
overshoot. Given w,. and &, one can find the values of k,, and k. from (3.48) and (3.50).
From previous sections, the largest fault current would be obtained when the downstream fault occurs
next to the DVR (i.e. when X1=0). So the selected w,. and§,,., and therefore k,, and k. should be
determined under such a fault condition so that the fault current is limited close to its pre-fault level.
It is trivial that the fault current due to a downstream fault which is further from the DVR will be

limited to an even lower level and the transient fault current will be properly damped so as not to
damage the converter.

I, Zii/\“/\ IR ||

027“\“

M-bus voltage [pu]
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Figure 3.27 Limiting high index of short circuit line current through active impedance FCL mode of
the DVR a)line current b)M-bus voltage c)DC link voltage variation

As it can be seen in Fig. 3.27 implementing FCL function through active impedance injection
seems effectively limit the short circuit current in the same pre-defined LV distribution network.
For the high index of short circuit current this strategy can restore the line current to 1 pu in 4-5
cycles. Also regarding the transient behavior, DC component decay relatively fast. Thanks to
fast decaying of DC component, the zero crossing of short circuit current is not postponed which
results in tolerable values for let through energy I%t and the les stress on upstream circuit breaker.
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3.6.2 Active reactance FCL strategy
Voltage injection in-phase with the line voltage gives the minimal voltage injection requirement for
the DVR during FCL operation mode; however, as already discussed, controlling the DVR as a virtual
inductor would ensure zero real power absorption during downstream fault current limiting function
thus guarantees a constant DC link voltage.
Furthermore in feeders with dominant inductive impedance (like MV level feeders) the active
reactance strategy for DVR FCL function is carried out through an injected voltage which is almost in
phase with V. , therefore it gives approximately minimal voltage injection requirement.
Also for a nearby fault, where Upyr > Ve (equivalent to; Xo = jwLg > Zs + Zjine1), magnitudes
of Upyg,1 and Upyg , would be similar in Fig 3.16.
Realizing the active reactance through the DVR is achieved through different strategies. Each
strategy has its own pros and cons and it is impossible to say surely which one is the best choice.
Therefore a dedicated case study based on a real network and its requirements in order to employ
the best choice is required.

These strategies includes:

1- Constant active reactance

- Flux-charge control strategy;

- Voltage-current control strategy;
2- Variable active reactance

Constant active reactance

- Flux —charge control scheme
Fig. 3.15 shows a downstream fault occurring in the DVR connected system. Using the voltage
divider concept, the fault current and M-bus voltage in this fault situation can be calculated as (with
the DVR bypassed and without consideration of other feeders connected at M-bus)

I = Qs (3.51)
=0

o Zs + Zlinel

Ve, = Zlinel U (3.52)

V=77

ZS + Zlinel =

Where Z is the source impedance and Z;;y.4 is the downstream feeder impedance including the fault
impedance. Due to the very low line impedance, the fault current would be significant as it can be
seen from (3.51).

As illustrated in (3.52), the M-bus voltage will drop and the remaining voltage can be very low with a
small Zjjneq (a nearby fault). The sag in Vj, will affect the loads on the other parallel feeders
connected to M-bus too.

The DVR, acting as an inductance, would therefore compensate the fault current by generating nearly
1 per-unit voltage lagging the fault current by 90 with no real power absorption. By representing the
DVR as an inductance in series, the fault current and M-bus voltage can be recalculated as:

Us

I = ;
Fautt Zs + Zlinel +]X0

(3.53)
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Ziine1 T JXo U (3.54)
ZS + Zlinel +jX0 =

Vi

It is obvious that the fault current is reduced and the M-bus voltage can be restored
(with [jXy + Zijine1| > |Zs| ) by adding an additional L, in series with the line. Another effect is the
load voltage will further be reduced due to the voltage drop across L,.This load voltage drop will help
to detect the fault and trip loads at the downstream side with minimized interference of the protection
system.

Over-current tripping is not possible in this case unless additional communication between the DVR
and the over-current circuit breaker is available. If it is necessary to operate the over-current circuit
breaker at M-bus, a communication channel between the DVR and the M-bus circuit breaker might
have to be made in order to send a signal to the breaker when the DVR is in fault current limiting
mode. Locating the DVR just after the M-bus facilitates the realization of this communication
channel.

Control algorithm

The DVR control scheme is illustrated in Fig. 3.28, where a fault/recovery detection unit is first
implemented by measuring the line current (for fault detection) and load voltage (for fault recovery
detection) as discussed in 3.4. The fault detection unit function is supposed to bring the DVR into
FCL mode when a fault is sensed and turn the DVR into standby mode after detection of a fault
recovery. Upon the occurrence of a downstream fault, the DVR is controlled as a virtual inductor in
series with the distribution feeder to limit the fault current and restore the M-bus voltage and it is
turned to standby mode by forcing all the PWM signals to be zero after a downstream fault recovery
is detected. One way of controlling a series inverter as a virtual inductor is to use the flux-model
control concept reported in [89] and [90]. But the predictive flux-model control presented in [89] and
[90] is highly sensitive to system parameter variations, which is a common feature for most predictive
schemes. An alternative robust flux-charge-model control, with an outer flux loop and an inner charge
loop reported in [91], is therefore adopted for controlling the DVR.

The control variable used for the outer flux-loop is the inverter filtered terminal flux, defined as
¢=[ Upyrdt  where Upyp is the filter capacitor voltage of the DVR. The flux variable is compared
to a reference flux given by |prefr| = LollLinel Where Ipjpe is the line current (at DVR power
converter side of the injection transformer).

The flux error is then fed to the flux regulator, implemented using the P+resonant compensator, which
is actually an equivalent form of the PI controller [92]. A practical form of the P+resonant controller
implementation is shown in (3.55)

Flux,.;

2kiweytS
L() . k A i1 cut
P 524201 S+w2,
Flux
Charge controller
Flux controller
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Vece Tine

Upvr

Fault/Recovery
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‘nln-l‘

| =

Figure 3.28 Active reactance realization through flux- charge control strategy
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qu (S):kp + 2KiwcytS (355)

S242weytS+wo?

where k,, is the proportional gain, k; is the integral term for fundamental frequency (wo = 2I1f rad/s,
f =50 Hz) and w,,; is the cutoff bandwidth for adjusting the controller performance for frequency
variations [92]. With a large gain at fundamental frequency (50 Hz) by selecting a large k;, the
P+resonant controller therefore has the ability to regulate the fundamental components with very good
steady-state performance. In [91], it is shown through classical control analysis that a single flux-
model would not dampen out the resonant peak of the LC filter connected to the output of inverter. To
stabilize the system, an inner charge-loop is therefore added to force the filter inductor charge, defined
as Q = [I,dt where I, = I ,p, is the current through the DVR filter inductor, to track the reference
charge output Q.5 of the flux regulator. The calculated charge error is then fed to the charge with
transfer function shown in (3.56)
koS

Go (S)—1+S/N (3.56)

which is actually a practical form of the derivative compensator, where the added pole is used for
limiting the regulator gain to N at high frequencies to prevent noise amplification. To further avoid
the possible filter inductor current measurement noise amplification by the differentiation, the

derivative term Gg(s)= of the charge loop compensator is moved to the front of charge loop

1+S/N
(after the flux regulator) as shown in Fig. 3.29, to act only on the flux controller output. The integral
term added on the filter inductor current in Fig. 3.28 can then be removed correspondingly. As a
result, the charge loop would become more robust to measurement noise and more computationally
efficient.

Qres
Fault /Recover & &
o et — R
detector P g2 +2mmt5+mzo =
Flzxcoutroller Charge controller, Charge contralier,

1

|

Vece Iine

Gl

Figure 3.29 Modified flux-charge control strategy

"Lo" is the value of active inductance which is inserted in the current path and supposed to limit the
short circuit current caused by downstream fault. Therefore considering Fig. 3.19 and assuming feeder
impedance dominant inductive the total impedance in current path would be  |j(Xy + X1)|, owing to
the fact that in LV distribution feeder the maximum voltage drop across the feeder is supposed to be
less than 3% , Xy > X;. So we could say (X, + X;) = Xg.
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Transfer Function

With the designed control scheme shown in Fig.3.29 the open-loop transfer function for flux-charge
control system can be derived as:

c  kpkoS? 4+ 2(ky + k)kqweuS + kpkow?
¢popen—loop = ksS5 + kyS* + k3S3 + ky,S? + kyS + kg (3.58)

where

ky, is proportional gain of flux controller;
k; is integral gain of flux controller;
kq differential gain of charge controller;
And the coefficients of ks to k is defined by:
= 1
kO wo kl = 0)02 (N + Cfo + kaQ) + chut

_ wa02(7f+kQ)+2wcut

ko N

+Cr(woPLs + 2weyeTy + 2weyueky) + 1

_ C(wo?Ly + 2wty + 20cyekg) + 1

ks

N
Cr(rs + kg + 2weyeLy) CrLy
_ Yy + kg cutbf _ I

where

Lf, Ty and Cf are LC line filter elements;
wq 1s fundamental frequency of the system;
weyels cut-off frequency of resonant compensator filter integrated in flux controller;

The open-loop Bode plot of flux transfer function is drawn in Fig. 3.30 with k;, =0.5, k; =200, wy=
314 rad/s and N=1000, L;=0.5mH, C;=1 mF. The open-loop response shows a significant gain at the
fundamental frequency, which ensures nearly zero steady-state error. Also in Fig. 3.30 is depicted that
the final flux-charge control system exhibits a bandpass filter like characteristic, with good
attenuation of the low frequency measurement DC offset, high frequency switching noises and filter
LC resonance.

Problem

The simulation result for high index of short circuit current for the same pre-defined LV network
limited by constant active reactance injection through the DVR with Ly=1 mH is depicted in Fig.
3.31. It should be noted that for limiting the fault current to 1pu L is supposed to be more than 3mH.
Increasing the value of L gives rise to another problem. Considering the Fig. 3.31 the AC component
of short circuit current is almost quickly and effectively limited. In the other hand the instant injection
of large inductance L, into the faulted system by the DVR causes the DC component of the fault
current to decay in several cycles. The slow decaying of DC component of short circuit current results
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in increasing the parameter of let-through energy I%t which puts stress on the upstream circuit

breaker.
In order to solve this problem, three possible options are suggested:

1- Allocating smaller value to Lg as the reference for active reactance injection which
results in weak FCL function , so there could be a tradeoff between FCL function and
limiting the value of I2t;

2- Using variable active reactance method which increases the active reactance in a ramp
form instead of step injection;

3- Using active impedance FCL strategy at the cost of oversizing DC-link capacitor;

Bode Diagram
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Figure 3.30 Bode plot of open-loop flux-charge controller.
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Figure 3.31 The simulation result for high index of short circuit current limited by active reactance
injection through the DVR with Ly=1 mH. The ripples in the current waveform during the first two
cycles after the fault are due to resonance in the line-filter.

- Voltage-current control scheme

Considering the above explained flux-charge control model , one may intuitively conclude that the

in flux — charge control loop neutralizes the effects of voltage and current

s
1+S/N
integrations at the inputs of the model, resulting in the flux-charge algorithm having the same

derivative term in
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regulation performance as the voltage-current control loop. But there are some differences. The first
1

1+S/N °

one is the presence of an additional low pass filter in the flux control loop in the form of

Upyrores Leonv.rer Upyr

Voltage Current >
s . 5 DIR

detector controller Controller

Upyr
Iy = Ieonw

Vece  Iine

Fault/Recovery 1ine

Figure 3.32 Constant active reactance realization through voltage- current control strategy

The bandwidth of this low pass filter is tuned through varying N with consideration of measurement
noise attenuation, DVR LC-filter transient resonance attenuation and system stability margins as well
as system bandwidth. Although sharing common control principles, the flux-charge control does have
an implementation advantage over voltage-current control. The additional integration in flux-charge
control would allow its outer loop flux reference to be easily computed by multiplying Ly and
I;ine Without differentiation (differentiation of I;;,, is needed for voltage-current control as it is
depicted in Fig. 3.32). The resulting flux reference is therefore more accurately calculated (without
phase delay and noise amplification associated with differentiation), and the flux-charge controlled
DVR would emulate virtual inductance L, more closely.

The simulation result of FCL operation for the same pre-defined LV distribution network through
implementing the above voltage-current control system in Matlab environment is similar to the
already treated flux-charge control system. In order to find out the main differences it is suggested to
add some high frequency noises to the current to compare the effectiveness of these two solutions.

Variable active reactance
- Voltage-current controller scheme

This strategy increases the reference voltage of DVR Upyr in a ramp waveform instead of step
injection. Thanks to this smooth injection, the DC component of short circuit current is less severe.

As soon as fault is detected in order to limit the short circuit current the reference generator provides
an appropriate Upyg rey by comparing the pre-fault voltage of M-bus with the online V. It increases

the voltage reference value of the DVR until V), is fully restored and line current limited to 1pu.

The outer loop controls the voltage of DVR Upy g, and the inner loop controls the current. In order to
have better control performance the line current is added to the output of voltage controller. It reduces
the duty of voltage controller.

As a result of switching losses and also losses in Ly , the DC link voltage drops during pure reactance
injection, it order to keep the DC link voltage constant it is required to provide the angle of voltage
injection through a voltage controller which gives an almost constant DC link voltage with small
oscillation.
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Figure 3.33 Variable active reactance FCL mode through voltage-current controller scheme
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Figure 3.34 line current and M-bus voltage in variable active reactance FCL mode when the fault is
at PCC.
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Figure 3.35 small oscillations of DC link voltage around a constant value using controller of Fig 3.33

3.7 FCL function implementation through passive elements

Already treated solutions in order to implement FCL functions for a DVR require providing a reliable
communication channel with the upstream protection devices. The FCL mode of a DVR is a short
term duty and it is not supposed to operate for a long duration.

However the presence and/or reliability of the communication channel is not always achievable or
may lead to extra costs. But still there is a demand for fault current limiting function. In this condition
the solution for implementing FCL function for a DVR is based on employing passive elements
including thryristors and inductors in order to limit the short circuit current.
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Due to the fact that there is no communication between DVR and upstream circuit breaker during the
next sections we are trying to limit our high index of short circuit current (when fault occurs at
PCC) as close as possible to 10/n and at the same time we are taking to account the limitation
imposed on our low index of short circuit current (when fault occurs at load-bus) in such a way that
still can be detected by upstream circuit breaker and have the chance to be cleared instantaneously in
order not to interfere with pre-set protection coordination. If both aims are achieved then we can have
an appropriate solution for FCL function through passive elements.

3.7.1 Using the impedance of the injection transformer

. M Load
supply .
pply Ziine

Supply |

\— A
Fault

= Voce *

Energy Storage Converter Line Filter

Figure 3.36 FCL operation through impedance of injection transformer

This protection strategy is the most conventional one for series devices which is also analyze in [29].
In [29] an integrated protection scheme with varistors, thyristors and mechanical bypass are proposed.
The idea is ensuring an alternative current to avoid interference with the existing protection
equipment and the uncontrolled charging of the DC-link. In several DVR protection schemes
thyristors are intended to take over the current for the VSC until a more robust and slower
mechanically bypass is ensured. This method is explained in this way, as soon as fault is detected:

1- Zero-state condition is applied to the inverter. The IGBTs are supposed to tolerate the flow of
short circuit current (in terms of both electromagnetic forces and also thermal limitation) for
some micro seconds prior to realization of FCL function;

2- Control system turns on anti-parallel thyristors. Thyristors react fast and by taking advantage
of short circuit impedance of injection transformer which is saturated during short circuit,
limits the fault current considerably;

The configuration of this strategy is depicted if Fig. 3.36. Varistors can be considered as a voltage
dependent resistance and cannot ensure a continuous current path, but they can be used to detect and
limit voltage spikes across the DVR. Varistors must effectively be placed at the secondary side of the
injection transformers.

The simulation results of this configuration in Matlab environment for the same pre-defined LV
network with the parameter in table 3.1 are depicted in Fig. 3.37 for fault at PCC and in Fig. 3.39 for
fault at load-bus.
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As it can be seen the imposed current limitation for fault at PCC is not highly effective, because the
first peak touch 25 pu and the steady state fault is around 15 pu.

One solution to have more effective FCL function under this strategy is to increase the short circuit
impedance of injection transformer, but this solution is not interested from two points of view;

First, it causes higher voltage drop and losses during normal operation of the DVR.

And second, considering the Fig. 3.39 it proves that the already prepared FCL function makes the
fault at load-bus completely limited and even a small increase in impedance of short circuit current
path makes interference with the upstream protection devices.
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Figure 3.37 FCL mode through impedance of the injection transformer a)line current b) M-bus
voltage when the fault is at PCC(the high index)

The variation of DC link voltage during FCL operation can be seen in Fig. 3.38. and 3.40. Again the
same issue which is explained in section 3.5 regarding voltage jump in DC link is visible. This jump
has a high rate of rise and could be harmful for capacitors.
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Figure 3.38 DC link voltage variation during short circuit when the fault is at PCC
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Figure 3.40 Effect of stored energy in filter indutance on variation of DC link voltage
(a)DC link voltage variation during fault at load bus (b) DC link current (c) filter inductor current

3.7.2 Using the filter reactance

The configuration of this strategy is depicted in Fig. 3.41. The strategy operates in the following way.
As soon as fault is detected the control system turns on the anti-parallel thyristors. Therefore the
output of the VSC is shorted and the filter capacitor and inductor become parallel and their equivalent
impedance is added to the impedance of the injection transformer in the current path. Then the
inserted impedance limits the short circuit current.

As it can be seen from Fig. 3.43 the short circuit current flows almost completely (neglecting the
effect of capacitor and saturation of transformer) through the inductor of the filter. Due to high value

of the filter inductance with respect to resistive part of the faulted circuit the ratio of % becomes high

which gives rise to slow decaying of DC component of short circuit current. Therefore using this
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strategy for the same pre-defined LV network postpones the first zero crossing of short circuit current
to 6™ cycle. This issue results in considerably increasing of the let trough energy /2t which puts a high

stress on upstream equipment including the circuit breaker.
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Figure 3.41 Implementation of FCL function through filter inductance

A solution for this issue may be decreasing the value of line filter inductor by increasing the switching
frequency of the power converter. Unfortunately the switching frequency is limited by several factors
including switching losses and limitation of radiated emission imposed by EMC standards.

Decreasing the value of line filter inductor without changing the switching frequency causes increase
in THD of line current during normal operation condition which gives rise to other problems in terms

of power quality and is not accepted by the IEC standard.
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Figure 3.42 Presence of long term DC component in the line current during FCL operation by filter
inductance when the fault is at pcc (the high index). The ripples in the current waveform are due to

resonance in the line-filter.

The short circuit current sharing between the filter capacitor and the filter inductor is depicted in Fig.
3.43. As it can be seen except small oscillation caused by resonance which flows into the filter
capacitor all short circuit current flows in the filter inductor which is what we expected because:

Xinductor « Xcapacitor
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Regarding the variation in DC link capacitors, as it is shown in Fig 3.44 the reduction of DC link
voltage at the fault moment is due to delay of fault detector while thanks to being shorted at the
output of the inverter by the thyristors, there is no jump of DC voltage anymore.
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Figure 3.44 Variation of the DC link voltage during FCL operation through filter inductance when
the fault is at PCC.Thanks to new path for inductor current there is no jump in the DC link voltage.

Presence of fault at the load-bus (low index of short circuit current) is shown in the Fig. 3.45.
Due to high value of the filter inductor there is a strong limitation imposed on the short circuit
current in such a way that it cannot be detected and cleared by instantaneous operation of the
circuit breaker.

In conclusion we may say that due to required oversizing in terms of installation location,
insolation material and also conductor diameter of filter inductor to be used as a fault current
limiting element and also considering the described problems, this strategy for implementing
FCL function is not applicable even though it was proposed in some literatures.
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Figure 3.45 line short circuit current limited by filter inductance when fault is at load-bus(the low
index). The coordination with upstream protection is lost.

3.7.3 Merging the FCL function with the bypass strategy

As already explained in part 3.7.1 the best possible outcome of FCL funtion using the impedance of
injection transformer as a current limiter gives the value of 25 pu for the highest peak of short circuit
current .

In this section a new configuration through merging the FCL funtion with bypass solution is
proposed. An external reactance of Xp.; is inserted into the protection scenario which is in series
connection with the anti-parallel thyritors. Calculation results together with simulation curves prove
that the required value for Xg¢y, is a lot less than filter inductor.(around 0.1Lf).
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Figure 3.46 Merging FCL funtion with bypass strategy in order to be more in accordance with

upstream protection coordination

However thanks to this small indutance a considerable current limiting performance with respect to
part 3.7.1 is achieved. At the same time taking advantage of bypass solution gives the possibility in
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order not to intefere with upstream protection coordination for the fault occuring at the end of the
feeder(load-bus)

The principle of operation is the following steps:

- As soon as fault is detected the control system puts the VSC in zero- state and the static
switch across the capacitor filter is turned on in order to limit the short circuit current;

- The line current is continously sensed and compared with 10In, if it becomes less than 10/n
the the control system turns on the bypass thyristors to ensure a high short circuit current
flows into the feeder in order to be detected and clreaded quickly by the upstream circuit
breaker;

For the purpose of finding the value of X, we can use the following equations to limit the highest
posssible short circuit current due to fault at PCC.

Us

! ! .
|Z supply +7Z sc,transformer + Von,thyristore +]XFCL|

> 101, (3.59)

I'. is steady state short circuit current after inserting the reactance of Xp¢y;

Z' supp 1y and Z "setrans former are respectively saturated short circuit impedance of supply and

injection transformer;
Von,tnyristore 18 the voltage drop across anti-parallel thyristors;
JjXrcy 1s the reactance of fault current limiting inductor;
Using this equation, and parameter of the pre-defined LV network of table 3.1 gives Lr¢; =60uH

Simulation results of this configuration are depicted in Fig. 3.47 for the fault at PCC and in Fig. 49 for
the fault at load-bus.

As it is shown in the Fig. 3.47 the steady state of limited short circuit current is remain above 101, ,
therefore there is no interference with upstream circuit breaker in terms of protection coordination.

Considering the Fig. 3.49 for the fault at load-bus without using bypass switches, the short circuit
current was limited to 8 pu and lost the chance to be detected by instantaneous tripping of circuit
breaker. The resulted interference with protection coordination causes harmful effect on the
equipment including the DVR injection transformer and also the main grid. Besides for loads in
parallel feeder a deep and long term voltage dip is expected.

As a result of merging the bypass solution to FCL function of DVR under this strategy, it gives the
possibility to bypass the FCL inductor when the current is less than 10/n in order to be detected by
the upstream circuit breaker.
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Figure 3.47 a)limiting short circuit current through Lgc; in accordance with upstream coordination
protection when fault is at PCC (the high index) b) M-bus voltage
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Figure 3.48 DC link voltage variation during DVR FCL operation through L., when the fault is at
PCC(the high index)

Regarding the value of reactance Xr; care must be taken in terms of total voltage drop across
the DVR converter during FCL operation.

Because a not appropriate choice of Lg.; causes the voltage drop across the DVR converter
exceeds the DC link voltage which would charge the capacitor through the diodes of the inverter
and it must be avoided. Therefore after calculating the value of Xg; from (3.59), it is required
to check the voltage drop across it during short circuit. The value of X, must satisfy (3.60)

Vpe > 1101, X Xpcp |+ adequate safety margin (3.60)
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Figure 3.49 Effect of merging FCL function with bypass solution compared to not merged one

Therefore it seems that this strategy is the promising one in order to implement FCL function in
the DVR with passive elements and without the requirement for communication channel or

interference with upstream protection devices.

3.8 Comparison of the proposed FCL solutions

The main benchmarks and criteria in order to compare the different treated FCL solutions

throughout this chapter include:

1- The required sizing power of the DVR equipped with FCL function;

2- The DVR voltage injection capability requirement for the FCL function implementation;
3- Prerequisite of the communication channel;

4- Complexity of the control system;

5- Let-through energy before tripping operation of the upstream CB;

6- DC-link voltage increment during FCL operation;

7- The effect of the FCL function upon the total reliability of the network;

The comprehensive and judicious comparison of the treated FCL strategies in order to
implement for a particular network requires performing a dedicated case study for the target
network. For instance considering the benchmark number 2, if the DVR is installed to protect
sensitive loads in a network with the significant possibly of occurring very deep voltage sags,
then the voltage injection capability of the DVR is supposed to be as high as even 1 pu in order
to perform its primary role as a dynamic voltage restorer. Therefore in that case in order to
choose the optimum FCL strategy the benchmark under number 2 is not an evaluation criterion
anymore.

However, assuming a typical radial network with the requirement for installing a DVR to
protect sensitive loads, a general comparison of the different treated strategies in order to

integrate the FCL function into the DVR is expressed in the table 3.3.
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Voltage Communication  Complexity Let- DC-link
FCL strategy injection channel of the control through voltage
capability requirement system energy increase
Active 1 pu Yes High Tolerable Considerable
impedance increase
Constant active 1 pu Yes High High Small
reactance oscillation
Variable active 1 pu Yes High Tolerable Small
reactance oscillation
Using the *Defined by
injection the No Medium Tolerable Step increase
transformer statistical
impedance data
Defined by
Using the filter the No Medium Very High No increase
reactance statistical
data
Merging FCL Defined by
function with the No Medium Tolerable Step increase
the bypass statistical
strategy data

Table 3.3 General comparison of the treated FCL strategies
* Statistical data of the voltage dips in the target network defines the voltage injection
capability requirements for the DVR.

3.9 Other FCL solutions

The exceptional development of power electronic technology has been the origin of a new interest on
fault current limiters (FCL) devices in the last 20 years. Exploiting the favorable aspects (first of all
the high intervention speed) offered by thyristors and GTOs, several FCL circuits have been proposed
in recent years. Generally speaking, despite the advantages offered, the electronically controlled FCL
are not free of practical inconvenience, like remarkable cost for the high voltage and current rated
power electronic components, decrease in power system’s total reliability, requiring proper control
and firing system. Then, other possibilities must be conveniently investigated as well.

3.9.1 Resonant filters

The main purpose of the FCLs previously proposed was the reduction in high breaking capacity
demand and power quality improvement in distribution systems by means of a device as simple as
possible. A simple series LC circuit tuned at the net frequency, with the capacitor shunted by a metal
oxide varistor (MOV), proves to be a well suited limiter to reach the goal. A change of state in the
FCL is simply given by the intervention of a metal oxide varistor (MOV) across the capacitor, thus
avoiding dedicated control system and power electronic.
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The principle scheme of the proposed FCL is shown in Fig. 3.50. It consists of a series L and C tuned
at the net frequency (50 or 60 Hz) and a MOV (designed for high energy absorption) in parallel with
the capacitor. The FCL must be placed immediately downstream of the feeder’s breaker. During
normal operation, the circuit is almost transparent. Only a slight decrease of the downstream short
circuit power is given by the series natural reactor’s resistance.

Figure 3.50 Fault current limiting through resonant filter

The voltages on the reactive components have the same values, given by the line current I times the
reactance X, and opposite signs.
1 (3.61)

In case of a short circuit downstream of the limiter, the LC circuit has the peculiar characteristic to
force a gradual increase of the current. This property determines a “smooth” short circuit transient. If
a metal oxide varistor with adequate protection level is placed across the capacitor , the MOV will
remain inactive during normal operation and will clip the capacitor voltage once that its protection
level is reached. From this moment on, the MOV must be able to absorb the relevant energy for the
number of cycles necessary for the line breaker to definitely open.
The above proposed device has the following pro aspects:

- simplicity (low number of components);

- spontaneous operation (no control and firing required);

- can be built with commercially available components;

- high reliability, mainly depending on the MOV operation;

- moderate cost;

On the other hand, some con aspects are:
- increase of distribution losses due to the natural series inductor resistance;
- possibility of ferroresonance or subsynchronous resonance at motor starting due to the C in
series;

- Need of a new protection coordination of the downstream;

3.9.2 Future work with the superconducting FCL strategy

In recent years, superconducting fault current limiter (SFCL) has become one of the forefront topics
of current-limiting technology in the world. In power systems, superconducting fault current limiters
(SFCLs) can limit the prospective short circuit currents to lower levels so the series connected devices
including DVRs can be independently bypassed without any concern in terms of preparing fault
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current limiting operation for upstream equipment. However in first step a comprehensive analysis of
introducing SFCLs on power system stability for targeted network is required.

superconductor

P

normal metal

Tc T

Figure 3.51 Resistivity — temperature curve of superconductive material

Generally speaking Electromagnetic Transient Program (EMTP) simulation results based on a model
system show that SFCLs are effective for enhancing the transient stability of electric power systems
by restraining the generator rotors from accelerating after faults and improving power quality. Due to
low-loss nature in superconducting state during normal operation, SFCLs could offer a solution to
controlling fault current levels in utility distribution and transmission networks. In the event of a fault,
SFCLs will produce impedances due to losing superconductivity, and insert them into the circuits.
Therefore application of SFCLs in electric power systems is expected to suppress the amplitudes of
the short circuits currents. In the Fig. 3.51 the main concept of superconductivity is depicted.
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3.10 Summary

During this chapter the analysis of DVR downstream short circuit current, its effects on the
DVR and possible scenarios in order to implement a FCL function within the DVR were treated.
Some of the main conclusions are:

Faults do occur on the distribution system downstream of the DVR. Without proper
considerations, the high short circuit current could easily damage the DVR. Moreover, for other
parallel loads the voltage dip event due to fault current can be harmful;

Voltage dips in the 3-phase system is not uniformly distributed on different phases and
oftentimes there is significant accumulation of voltage sags on one phase. Also taking into
account that some electrical consumers are more sensitive with respect to voltage
disturbance rather than other consumers, DSOs would be interested in installing series voltage
compensator only at single phase configuration;

We need an indicator to compare the effectiveness of each proposed FCL strategy, for this
purpose two indices for the peak of short circuit current are considered:

- High index for the fault occurring at the M-bus with the highest possible DC component;

- Low index for the fault occurring at the load-bus with zero DC component;

To make sure that the fault current can be detected fast and accurately, a fault current detection
method by sensing the load current and its rate of change was developed. Recovery from a
downstream fault can be detected through measuring the PCC voltage (voltage at load side of the
DVR injection transformer);

An often used option for the DVR operation during a downstream fault is to passively protect the
DVR by enabling the bypass circuit (usually a slow mechanical bypass together with a fast solid-
state switch). But this strategy only protects the DVR and the fault effects on the other parts of the
network are still a matter of concern,;

Integrating FCL function within the DVR is possible through several strategies including active
and passive solutions. Active solutions are applicable in impedance mode and reactance mode.
Presence of communication channel is an important requirement in order to use active FCL
strategies;

In Active impedance mode the DVR can be controlled to inject a suitable series voltage, which
makes the DVR act like additional virtual line impedance in series with the distribution feeder. It
should be taken into account that the resistive component of the virtual impedance will cause the
DVR to absorb real power during the fault compensation. The real power absorption will charge
the DC capacitor bank and cause the DC link voltage to rise;

In active reactance mode controlling the DVR as a virtual inductor would ensure zero real power
absorption during downstream fault compensation thus guarantees a constant DC link voltage.
Realizing the active reactance through the DVR is achieved through different strategies including
constant active reactance and variable active reactance;
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In the variable active reactance method the reference voltage of the DVR is increased in a ramp
waveform instead of step injection. Thanks to this smooth injection, the DC component of short
circuit current is less severe but in the transient interval the peak of short circuit current is less
limited compared to constant active reactance injection method;

Existence of the communication channel is a main requirement in order to implement active FCL
scenarios. The presence and/or reliability of the communication channel is not always achievable
or may lead to extra costs. In this condition the solution for implementing FCL function for a
DVR is based on employing passive elements including thryristors and inductors in order to limit
the short circuit current;

The treated strategies in order to implement the FCL function for a DVR through passive
elements include:

- Using the impedance of the injection transformer;

- Using the filter reactance;

- Merging the FCL function with the bypass strategy;

A Comparison of the proposed FCL solutions was treated based on the benchmarks such as:
- The DVR voltage injection capability requirement;

- Prerequisite of the communication channel;

- Let-through energy of the upstream CB;

- DC-link voltage increment;
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Conclusions

Voltage dips have been reported as a major power quality problem. Based upon the chronology of
voltage sags we may say that the most voltage dips take place around the 10%—-20% voltage level and
for a very short time (around 10 cycles). Power electronic controllers for voltage dip mitigation have
been discussed and it is concluded that a dynamic voltage restorer is an effective apparatus and
economically justified solution to compensate voltage dips.

The main drawback of a DVR is the complexity of protection during downstream fault, because the
protection of series connected devices is much more difficult than the protection of shunt devices and
a downstream short circuit can be critical and requires extra protection equipment.

An often used option for DVR operation during a downstream fault is to passively protect the DVR by
enabling the bypass circuit. The bypass circuit would only protect the DVR during the downstream
fault and allows a large fault current to flow in the feeder which could cause upstream bus voltage to
drop.

Integrating FCL function within the DVR is possible through several strategies including active and
passive solutions. Active solutions are applicable in impedance mode and reactance mode. Presence
of communication channel is an important requirement in order to use active FCL strategies.

In Active impedance mode the DVR can be controlled to inject a suitable series voltage, which
makes the DVR act like additional virtual line impedance in series with the distribution feeder. It
should be taken into account that the resistive component of the virtual impedance will cause the
DVR to absorb real power during the fault compensation. The real power absorption will charge the
DC capacitor bank and cause the DC link voltage to rise. In active reactance mode controlling the
DVR as a virtual inductor would ensure zero real power absorption during downstream fault
compensation thus guarantees a constant DC link voltage. The presence and/or reliability of the
communication channel are not always achievable or may lead to extra costs. Moreover active FCL
strategies require 1 pu voltage injection capability.

The analyzed strategies in order to implement the FCL function for a DVR through passive
elements include:

1- Using the impedance of the injection transformer: the applied current limitation for the
faults occurring immediately after the DVR is not highly effective due to small value of the
short circuit impedance of the injection transformer;

2-  Using the filter reactance: due to high value of the filter inductance with respect to resistive

part of the faulted circuit the ratio of % becomes high which gives rise to slow decaying DC

current component. Therefore using this strategy postpones the first zero crossing of short
circuit current and increases the parameter of let-through energy;

3-  Merging the FCL function with the bypass strategy: through a relatively small value of
dedicated fault current limiting inductance Lg.; considerable fault current limiting
performance is achieved with the possibility of bypassing DVR during small values of
short circuit current in order to be detected by the CB. Therefore it seems that this
strategy is the promising one in order to implement the FCL function in a DVR with
passive elements and without the requirement for communication channel or interference
with upstream protection devices;

However sensitivity studies are required in order to generalize the conclusions to other
networks.
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Appendix

A.1 DVR design parameters

In [20] and [21] the topic is dedicated to the rating values of a DVR .In Fig A.1 a simplified
equivalent circuit of a typical DVR for one phase is illustrated. In the following some concepts
regarding the voltage, current and energy rating of a DVR is treated.

Zsupply Uconv Xdvr Rdvr Iload

Usupply @

Load

Uload

Figure A.1: Single-phase simplified model for the DVR.

A.1.1 Voltage, current and energy rating

In the simplified model illustrated in Fig. A.1 the DVR consists of a controllable voltage source
and a fixed resistance, which is equivalent to the losses in the DVR and a fixed reactance, which
is equivalent to the reactive elements in the DVR. The main design parameters for the DVR are
the voltage injection capability, the current handling capability and the size of the energy storage.
The voltage injection capability can be expressed as:

Ubvr A.l
uopvr % = — X 100 % A1)
supply, rated

The voltage injection capability should be chosen as low as necessary in order to reduce
equipment cost and standby losses. Losses tend to increase if the voltage rating of the DVR is
increased assuming the current rating of the DVR is fixed and upvr r as the pu value of the
resistive voltage drop across the DVR then:

Upvr

Rpvr = x UDVR, R

(A.2)

The losses in the DVR can be grouped into losses in the transformer, filter and the converter. The
voltage injection is mostly fixed by the requirements to compensate symmetrical and non-
symmetrical voltage dips and the next step is to size the current rating of the DVR. Because the
DVR is a series connected device, the design of the current handling capability of the DVR
depends on:

e In-rush phenomenon in the downstream load, such as starting of large motors and
magnetization of transformers;
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e Non-linear loads, which may lead to higher peak currents;

e P and Q characteristics of the downstream loads; Assuming constant load power during
voltage dip, the load current may increase according to the remaining voltage at the load
bus. Therefore care must be taken if the DVR is supposed to compensate severe voltage
dips;

e Downstream short circuits; The protection issues are discussed in the next chapter, but
the DVR should be able to survive a downstream short circuit and robustness to short
circuits may increase the necessary current rating;

e Future load increase;

e Standby losses; Increasing the current rating of the DVR tends to decrease the standby
losses in the system;

e Magnetization of the injection transformer; A fast magnetization of a large injection
transformers requires a high inrush current, which must be at the same time tolerated by
the structure and fed by the VSC;

If the current rating is sized too low, some of the above cases will result in current overload in the
VSC and the DVR has to change to bypass mode, in conditions that it is not able to compensate
voltage dips. The main parameter to size the current rating of the VSC is the peak current and the
RMS current in the grid. The IGBTs have an overload current limit, which will influence the
system during short circuit and a heavy loading condition. The sizing of the current handling
capability can be defined as:

) Ipvr 0
LDVR,% = — 100 % (A.3)

load, rated

To size voltage, current and energy rating, statistical information about the voltage dip
distribution and voltage dip frequency at the location of the inserted DVR 1is necessary. A one
year pre-recording can be necessary to get statistically valid data. By these data it is possible to
draw a diagram with the distribution curve of the number of voltage dips as a function of the
voltage dip depth and voltage dip duration:

ndip(Udip' tdip) (A-4)

In Fig.A.2 an example of this curve is given which is reported in [32]. The classification can be
complicated if phase jump, symmetry and non-symmetry voltage dips are taken into account.

According to what is reported in [68] information about the load is also necessary in the design

procedure with the load sensitivity/tripping as a function of the voltage dip depth and voltage dip
duration. The CBEMA curve in Fig. 1.2 is one graphical approach to the following function:

Nerip (Uaip taip) (A.5)
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If a large mixed load is supposed to be protected the tripping limit may vary and also voltage dip
symmetry and phase jump can influence the tripping curve.
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Figure A.2: Voltage dip matrix with number of dips as a function of voltage dip duration and
voltage dip magnitude. [32]

The optimization has to include cost functions of the losses associated with the voltage dips:

Closses(Udip, tdip) (A6)

A cost function for the DVR including the voltage, current, energy rating and standby losses:

Covr(Upvr, IDvR, EDVR, Plosses) (A.7)

In [12] it has been stated that the DVR cost is approximately 300 US$/kVA and it has a 5 %
annual operating costs (% of total costs). The standby losses are very dependent on the voltage
injection and current handling capabilities. Several factors can be included in the rating of a DVR
optimized with respect to costs. Considering three DVR installations reported in [69], they have
between 0.4 - 0.5 pu voltage injection capabilities and can maintain maximum voltage injection
on all three phases for 14 - 30 cycles. Regarding the reported costs, below 0.3 pu voltage
injection the effort of inserting a small rated DVR may not be rational and above 0.5 pu the costs
and standby losses may be favoring UPS solutions instead of DVR solutions.

When the DVR compensates a symmetrical voltage dip with no phase jump and the voltage
injected is in-phase with the supply voltage (which is in favor of some severe voltage sag
compensation) the energy drain for a symmetrical voltage dip and a symmetrical load can be
calculated to:

Epvr = \/3|grated — Udip||l10ad|cos(@load) X tdip (A.8)
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A.2 Sizing DVR components

A.2.1 Converter design

The converter is a voltage source converter, which is equipped with fully controllable switches.
The most common three switch types in the considered power range are the IGBT, GTO and the
IGCT. The IGBT switch is chosen for the DVR converters, because it is easy to control and
suited for the actual power range. However the IGBT is not necessarily the best switch, because
the current limiting behavior is not particularly wanted in a DVR application. From the
comparison of converter topologies in Section 2.3.2 the full bridge converter topology has been
chosen for the DVR, originally because it is a versatile topology regarding the following criteria.

* Zero sequence voltages can be injected.
 Three voltage level can be synthesized and the effective switching frequency is the double of
the actual device switching frequency. Thereby, the line-filter can be reduced in size.

* The DC-link is easy to control and charge.

The DVR topology is illustrated for one phase in Fig. A.3 with a LC-filter and an injection
transformer. Based on choices of IGBT rated voltage and rated DC link voltage one can estimate
the injected voltage capability of the DVR. Using a carrier based sine modulation and defining
the amplitude modulation index m. as:

Ma = ﬁconv
g (A9
Uy = Ubc (A.10)

If the modulation index is below one the fundamental frequency component varies linearly with
ma, above one the output voltage contains more harmonics and the fundamental component does
not vary linearly with ma [45]. The maximum amplitude with square-wave operation is:

4Upc (A.11)
/2

For the full bridge converter in the LV level with 500 V DC the maximum fundamental RMS
voltage is 450 V. Some modulation schemes have a higher utilization of the DC-link voltage
which is can be found in [45].

Operating in the linear region with the modulation index below one the RMS voltage of
fundamental frequency component is:

Uconw =

Ubc
V2 (A.12)

Uconv = Ma

The current through the converter is the sum of the ripple current generated by the switching, the
magnetization current of the transformer and the load current.

ivsc = iripple, sw(t) + Imagnitization(t) + miload(t) (A.13)
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Figure A.3: Single-phase diagram for a DVR with full bridge VSC

Two switches are always conducting and during standby mode the RMS current can be equally
shared between the upper and lower switches:

Tconv (A.14)

ldiode = liGBT =

However the current sharing between the diodes and the active switches during voltage injection
varies with the direction of the active power, circulation of reactive power and the modulation
index. During transfer of active power to the DC-link the diodes conducts a larger part of the
current. Exchange of pure reactive power gives ideally equal sharing between the IGBTs and the
diodes. The worst case for the diodes is protecting a voltage dip at maximum resistive load and
injecting maximum voltage. Here the diodes conduct the major part of the load current while the
worst case for the IGBTS is the protection of the same load from a maximum voltage swell.

In case of a short circuit in the downstream load and the bypass protection fails the DC-link can
be uncontrollable charged by the short circuit current via the freewheeling diodes.

At worst the peak value of voltage across the DVR, is the supply voltage:

Usuppply
UDVR, fault = V2——
n

(A.15)

This uncontrolled charging process can be harmful for the DVR and the bypass protection is
supposed to act before reaching a destructive DC-link voltage.

A.2.2 Series injection transformer design

Metallic isolation between the supply and the DVR converter is advantageous. Otherwise the
DVR converters would have to float at the phase voltage potentials and it would require isolation
to ground, a more complex converter topology and a more complex protection of the DVR from
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incoming transients. Several types of transformers can be used for DVRs. Here it is chosen to
operate with three magnetic de-coupled single-phase transformers. The chosen transformer
configuration can be used together with the full bridge topology and it can be used to generate
zero sequence voltages.

The ratio of the transformer can be sized according to the injection capability of the VSC and the
intended injection level into the network. The ratio can be defined as:

_ Uprimary _ Ubvr
n= Usecondary B Uconv (A16)

The ratio can be sized to have a high utilization of the converter, but protection concerns can also
be necessary to include in the transformer design. Important aspects in the transformer design are
the voltage drop across the transformer, which means the size of the leakage inductance and the
copper resistance. The leakage inductance can in some cases be useful in the filtering of the
switching harmonics from the VSC and also preparing fault current limiting inductance. The
resistive losses are mostly unwanted, but can give some damping to oscillations in the line-filter.
The summation of the resistive and reactive elements is also called the short circuit impedance of
the transformer and it has a major influence on the short circuit current, which can be expected
during a down-stream short circuit. Reactive and resistive components of the transformer can be
calculated to the primary side by:

Uz .
Xtra,pri = Szpn Utra, X (A.17)
Uz . (A.18)
Rtra, pri = Szp Utra, R
Ztra,pri = Rtra,pri + thra, pri (A19)

with Utra,x and Uira,R as the transformers pu reactive and resistive voltage drop. The Luapri/Rira,pri
can also have some influence on the obtainable bandwidth of operation. During normal supply
voltage condition, it is preferred not to inject a voltage by the DVR and a very low voltage drop
across the transformer is wanted. During a voltage dip the DVR has to inject a voltage and the
voltage drop of the transformer can be compensated by voltage injection too. During a
downstream short circuit the mechanical and thermal stress of the injection transformer can be
considerable and the worst case short circuit current can be calculated to:

Itra,sc = —|quppzy|
ra, 73 x |Ztra| (A.20)

The transformer must be built by a ferro material in order to control the flux, leakage and reduce
the size of the transformer. This introduces iron losses from hysteresis and eddy currents and non-
linear magnetization currents. The saturation of ferro materials must also be considered and at
which voltage level the transformer can be allowed to be saturated. The problems have not been
addressed in any reviewed literature in detail, but in [43] it has been proposed to choose the
saturation level for series transformers at twice the level of typical shunt transformers, which will
increase the cost, volume and weight significantly. The hysteresis and saturation effects can lead
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to high in-rush currents, which must be supplied by the DVR. The in-rush occurs, when it
changes from zero voltage injection to high voltage injection.

The transformer floats at the supply voltage level and the isolation level has to be accordingly
high with uniform isolation. Capacitive effects in the transformer should be considered because
capacitive coupling between the primary and secondary winding is present.

A.2.3 Filter design

Design of a line-filter for a DVR has been treated in [24]. The filter is inserted to damp the
switching harmonics generated by the PWM control of VSC. The PWM control generates
harmonics and if the modulation index is kept below one the switching harmonics are typically
centered on the switching frequency and multiples of the switching frequency. Consumer
products have to keep certain standards before released to mass distribution. Regarding EMC two
important areas are usually included [70]:

1. Conducted emission in the frequency region 150 kHz - 30 MHz;
2. Radiated emission in 30 MHz -1 GHz;

Even though a large part of the harmonics is injected in the spectrum without any limits 2 kHz -
150 kHz still it is considered important to damp the switching harmonics in order to be able to
fulfill standards in conducted emission in the region 150 kHz - 30 MHz and radiated emission in
the 30 MHz - 1 GHz. Due to the fact that the DVR is not a consumer product and it is a series
connected device to be placed in the distribution system thereby it cannot be classified as a
typical load. So the criteria to design the filter to follow certain standards seem complex because
the DVR is difficult to classify within existing classes in the standards.

The filter design deals with guidelines to size the filter parameters and the consequences for the
DVR performance. Ideally, the PWM converter only injects a fundamental component and the
switching harmonics assuming the converter is operated in the linear modulation region. A
variety of factors can lead to the injection of non-characteristic harmonics. Some of the factors
are:

e Non-linear effects in the converter caused by the non-linear voltage drop, turn on, turn-
off delay and dead time;

¢ Quantification in the A/D conversion and the duty cycle generation;

e Aliasing in the A/D conversion;

e Omission of short duty cycles strategy to reduce switching losses;

e Background harmonic distortion from the grid enters the control and leads to an injection
of harmonics in the system;

e Non-linear control algorithms;

The injected harmonic currents can be substantial, if it is a shunt connected PWM inverter
operated against a strong supply connection. Regarding the DVR, the non-fundamental DVR
voltages will be injected in series with the supply and the load therefore the associated injected
currents depend on the supply and load impedance. The load impedances are assumed to be
relatively high. The non-fundamental harmonic voltages will still be injected and cause an
increased total harmonic distortion of the load voltage. The emission of noise from shunt devices
is less complicated in comparison with series devices. In Fig. A.4a the model for a shunt device is
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shown and by knowing the standard impedance of the supply the emission by the converter can
be calculated. For a series connected device the emission of harmonics depends on the connected
load impedance and the supply impedance. Fig. A.4b and A.4c illustrates how the model for a
single-phase series device can be redrawn. The voltage division between the supply and the load
indicates that from the noise generated by the converter a part of it can be seen as load voltage
distortion for downstream loads, and the other part is supply voltage distortion for upstream
loads. Both aspects are important; however, upstream voltage distortion must be more considered,
because it may disturb other loads and the upstream loads have no benefits from the inserted
DVR while downstream loads have the benefit of higher voltage quality due to installed DVR.
The simplest line-filter is to have an L-filter either from the leakage inductor in the injection
transformer or from a special designed inductor. The damping is relatively low with this filter and
often a capacitor is added after the converter inductance, here called a LC-filter, and for better
damping an LCL-filter is used. The order of the filter can be further increased, but here the focus
is on the 1st to 3rd order filters.
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Figure A.4: Simple model for the emission from series and shunt converters. a) Shunt converter,
b) series converter and c) redrawn circuit for the series converter with the supply voltage set to
zero.

The model of the LCL-filter is illustrated in Fig. A.5. The resonance frequency is defined by two
filter inductors (L1£, L2r) and the filter capacitor (Cr).

The supply inductance is included in the model and also the connected downstream load. For a
DVR the resonance frequency (fres) varies with the actual connected load according to:

1 Llf + LZf + Lsupply+Lload
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Figure A.5: LCL-filter applied for a series converter.
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In a DVR application it will very often be the case that (LsuppstLioaatLar) >> Lir and the
resonance can be simplified to:

1 1

~
fres =

(A.22)
2 L1 Cr

The design procedure for the line-filter could be as follows:

1. Liris the main parameter for the size of the ripple current flowing in the converter;
2. Sizing the filter capacitor with respect to the wanted resonance frequency;

3. Sizing Lar proportional to the wanted damping, voltage drop and resonance frequency;

The frequency dependency of Lir(w) ,L2r(w) and Cr(w) should be as low as possible in order to
have a good damping of high frequency components and a predictable filter performance.
Inserting a line-filter has several effects on the system performance besides the damping of the
switching harmonics. Considering an LCL-filter for a DVR application the insertion has the
following potential problems:

e A voltage step increase in VSC can initiate oscillations in the line-filter due to resonance
and this may lead to a distortion of the load voltage. The bandwidth of the injected
voltage may have to be reduced to avoid high oscillations;

o The line-filter components introduce losses and voltage drop;

e A non-linear load can excite the filter resonance frequency and lead to a distorted load
voltage;

e A potential risk of a harmonic voltage component in the supply will excite a resonance in

the line-filter;

A.3 Designing control system of DVR

A.3.1 DVR load voltage controller

Voltage control requires measurements and controllers to secure acceptable load voltages. The
control must be robust to different disturbances from both the supply side and the load side. The
disturbances could be for example non-symmetrical loads or non-symmetrical supply voltages.
Various DVR voltage controllers have been tested and described in literature [51], [77] and [26].
The three main voltage controllers, which have been proposed, are:

* Feedforward voltage controller

* Feedback voltage controller

e Multi variable controller
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The feedforward voltage controller is the dominant DVR voltage control method, because of its
simplicity and robustness. Feedforward control is used in several papers for instance in [51] and
[77]. The principles operation of feedforward is illustrated in Fig. A.6. The line above the
variables (e.g U) indicates a three phase value represented as a space vector. From measurements
of the supply voltages and the rated load voltages the required injected DVR voltages can be
calculated. Taking the actual converter currents into account the expected voltage drop across the
line filter can be calculated and the DVR reference voltages to the converter can be given. In the
feedback control, either the load voltages or the DVR voltages are measured and used in a
feedback loop. The method has the potential of a fast and more correct response, but the tuning of
the voltage controllers are complex and depends on the connected load. Fig. A.7 illustrates the
principles in the feedback control with the load voltages used as feedback signals. The converter
currents are not necessarily used in the feedback control, because the voltage drop across the line
filters are handled by the voltage controllers. The supply voltages are still measured to have
voltage dip detection.

ﬂ:uppfy

Unrr

Uisad

Uload,ref Voltage Uconv.ref
ﬁ@% System Tioad
o
controller N

Leonv

Figure A.6: Feedforward control of the load voltage in a DVR.
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Figure A.7: Feedback control of the load voltage in a DVR.

Multi-variable control is used in [26] with an inner current loop to control the current in the filter
capacitors and an outer voltage loop to control the DVR voltage. It is reported as a robust and fast
control method.
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Feedforward controllers

In feedforward control the reference parameter is the wanted load voltages, Uload,ref, and the

error, Usupply,error between actual supply voltage and reference load voltage must be injected by
the DVR:

ﬁsupply, error = ﬂload, ref — asupply (A23)

A voltage drop in the line-filter and the injection transformer can be expected and this voltage

drop, udrop can also to some extent be compensated with a feedforward control before the DVR
voltage is injected by:

Hconv, ref = asupply, error + adrop (A24)
Only the stationary 50 Hz voltage drop is expected to be compensated.

Feedback controllers

One method in the feedback control is to set a reference for the load voltage, trefload and correct
the error with a voltage controller:

ﬁload, error — ﬂload. ref — Uload (AZS)
ﬂconv, ref = ﬁload, error. Geontroller (A26)

With the load voltage used as reference the controller tries to control the load voltage to a
symmetrical and ideal voltage.

An alternative method sets the load voltage as reference load ref , calculates the wanted DVR
voltage on the basis of the actual supply voltage and any deviation is going to be injected by the
DVR, uDVRref . The method is depicted in Fig. A.8. A voltage controller handles any error
between actual DVR voltage, uDVR and the reference DVR voltage:

HDVR, ref = aload, ref — ﬁsupply (A27)
UDVR, error = UDVR,ref — UDVR (A.28)
ﬁconv, ref = ﬂDVR, error . Geontroller (A29)

The method gives a better opportunity to distinguish the amount of voltage injected by the DVR,
and sets up the limits for the voltage injection according to the DVR hardware. A fast control can
be obtained with feedback control, but the controller must be well designed in order to obtain a
stable system. The performance of the closed loop control depends on the type of controller used.
The controller has to be able to stabilize the load voltage, hence stabilize the positive voltage
component and damp the inverse voltage component.

Comparison of the feedback and feedforward control
In Table A.1 some of the main differences between the feedback and the feedforward control are

listed. From Table A.1 it can be seen that feedback control requires more concern in the
controller design, but it has the potential of a superior performance. Adding other tasks to the
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DVR control e.g. harmonic blocking or compensation of the harmonic voltage drop caused by
nonlinear loads also require feedback control.
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Figure A.8: Modified feedback control, where the DVR voltages are calculated and used in a
feedback control.

Feedforward Feedback
control control
Voltage sensors 3*1 3*2
Response time -Fast, depends on the -Medium, controllable via the
system. controller.
Stationary error -Can be low with voltage -Can be eliminated.
drop compensation.
Transient over shoot -Difficult to control. -Controllable.
Stability -Good. -Instability risk.
Compensation of DVR -Difficult to control. -Can be reduced.
generated harmonics
Switching harmonics -Do not enter the control. -Enter the control.
Compensation of background -Almost impossible. -Possible.
harmonics
Compensation of non -Slow, possible. -Good.
symmetrical faults
Load voltage distortion -High. -Can be reduced.

at non-linear loads
Table A.1: Comparison of feedforward and feedback control.

Stationary and rotating reference frames
From Fig. A.6 and Fig. A.7 the basic control methods can be implemented in a number of ways.

Each phase could be controlled individually with RMS calculation of each supply voltage and an
injection of the missing voltage. (A.30) illustrates the theoretical RMS value of the voltage:

1% A.30
URMS = _f uz(t) dt (4.30)
TJy

In order to have a tracking of the 50 Hz component, the difference between t; and t, must at least be
10 ms. Beside the RMS value the phase angle of each voltage must be estimated. Discrete Fourier
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Transformation (DFT) can also be used to detect the fundamental 50 Hz component and the
associated phase angle. The method is slow and requires a large amount of data processing. (A.31)
illustrates the DFT method.

N-1
j2mrmn
Xtm)= ) x(mew, 0sn<(N-1D (A31)

n=0
N is the size of the data array and a calculation of one element requires (N-1) complex multiplications
and (N-1) complex additions. Using DFT is time consuming and difficult to implement in real time
control.
A high bandwidth is required to protect very sensitive loads, and therefore only instantaneous
compensation and detection methods of voltage dips are further considered. The control of the
fundamental voltages is done in the time domain. The frequency domain processing can be used in
some cases for harmonic blocking, which could be a secondary task for the DVR. The voltage control
is often implemented in different reference frames. The purpose of using another reference system is
to simplify the control or improve the performance. The typically used reference frames are:

» Stationary reference frames
— Three-phase system (RST)
— Space vector system (0,50)
* Rotating reference frames
— Synchronous rotating system (dq0)

— Inverse rotating system (-dq0)

In the stationary RST reference frames the current and voltages are sinusoidal quantities. A
transformation of the RST-system to a space vector representation can often be advantageous. The
transformation is:

_ 2 , , . (A.32)
u®) =3 wp(t) + us(Oe’™ +ur(t)e’™) = uy(t) +jup(t)
Rewriting in matrix representation, the matrix can be written as:
ua] _2[1 -05 -05 ] i
usl ~3l0 V32 —3/2l|, (A.33)

Zero sequence values are eliminated and with symmetrical phase voltages the resulting space
vector rotates with a constant angular velocity and it has a constant magnitude.

Transformation to a rotating system can often lead to further simplifications and improvements of
the control system. The transformation to a rotating dq-frame is shown in:

Udq(t) = ua(t) + jua®) = (ua(t) + jup(t))e ™ (A.34)
The transformation matrix can be written as:

=L et w9
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The control principle in the rotating dq reference frame is illustrated in Fig. A.9. The Phase
Locked Loop (PLL) synchronizes to the positive sequence component in the supply voltages.
With symmetrical voltages, usupply,d is a DC-value and equal to the peak value of the phase
voltages and usupply,q is zero.

Setting a DC-value for the d-reference uioad ref,d the DVR converter is set to generate a voltage in-
phase with the supply voltage and the g-reference component wuiadrerg indicates a voltage
perpendicular to the supply voltage. Setting the g-reference to zero the DVR only injects a
voltage in-phase with the supply, which is an effective way to increase or decrease the load
voltage. The dg-reference values are then transformed back to the rotating reference frame with
the angle of transformation frir and thereafter to the reference phase values uconv,refR, tconv,refs
and uconvref 7. Both stationary and rotating reference frame control of the DVR have been tested in
[51] and only very small differences have been registered in the performance. Generally, the use
of a rotating dq-frame has the widest acceptance.

Usyppiyd <«— dg ap Usupphy, R
Usupply. 5
Usgpipg < ap RST Usuppty, T
OpLL PLL
Uload-refd__ %, Uconv-refd BpLL Une
- Teonv-refiR .
) Py SR p U
- Uconv-refs
Usupply,d System

Ucom-ref T, %
af RST

Lconv

Ulsad-refg  +

T Ucomerefg

Usupply,g

Figure A.9: Feedforward control in the rotating reference frame.
Load voltage controllers to control the non-symmetry

Compensation of the negative sequence component is in the most cases wanted and the dq-reference
frame is not always a good reference frame to handle negative sequence components.

The negative sequence components appear as 100 Hz component in the dg-frame and if the DVR
control system is only equipped with a d- and a g-controller the controller will damp the 100 Hz
component according to the bandwidth of the used controller.

A method proposed in [78] and [79] uses the transformation to a negative dq-frame system(dq-).
Thereby the negative sequence system appears as DC-values. (A.36) shows the transformation

U(dg—) = uap(t)e” (A.36)

The (dg-)-frame still contains the positive sequence component and the DC-component from the
negative sequence. The negative sequence component can be extracted by calculating a mean value of
a 10 ms moving window. Using a window size of 10 ms, the positive sequence components equals



112

zero in mean value. The mean value in the (dq-)-system, must be calculated both for the d- and g-
component, according to:

1t (A37)
U(d-), mean(t) = Tf uE@-(t)dt
t-T
1t (A38)
U(g-), mean(t) = Tf u@-(t)dt
t-T

Calculation of the mean value in a DSP requires storing of data. For instance in the case of a
sampling frequency equal to 5 kHz an array of 50 elements must be stored:

Ndata = fs X 10ms = 50 (A.39)

Practical calculations of the mean value can be done by adding the new value, u(n) and
subtracting the oldest value u(n-50) to a sum, usum. Thereafter the mean value can be calculated:

usum(n) = uUsum + u(n) — u(n — 50) (A.40)

1
U.mean(n) = ? Usum (A41)

Also instead of mean value the DC-value may be extracted by filtering technics, which for low order
filters require less storage of data.

The extracted result of the negative sequence component can be used for reducing non-symmetry in
the load voltage. Both feedback and feedforward control of the negative sequence component can be
used. The reference value of the negative sequence component, u(dq-)ref is most likely set to zero in
order to have symmetrical load voltages. The compensation of the negative component with a
dedicated control setup is much slower compared with the positive sequence controller. The time
constant of a feedforward control is in the order 5 - 10 ms before the DVR effectively can compensate
for the non-symmetrical voltage. For both feedforward and feedback methods this (dq-)-
transformation appear to be the most promising method to separately control positive and negative
sequence components.

A.3.2 DVR DC-link voltage controllers

So far the control of the AC voltages across the DVR has been analyzed. In this section different
methods to control the DC-link voltage are described. The DC-link voltage can to some degree be
controlled by the series DVR converter. In [80] the DVR converter is used to charge the DC-link and
the attached batteries, but often the DC voltage is controlled by an externally DC-link charger. Some
DVR system topologies give the opportunity to control the DC-link voltage while in other topologies
DC-link voltage is relatively uncontrollable. In some DVR configurations the DC-link voltage can be
chosen to be kept constant at all times. With a constant DC-link voltage the generated DVR voltage
can always be at maximum.

During a voltage dip the rating of the DC-link charger may give limitations in the ability to maintain a
constant DC-link voltage.

The two main topologies, which are capable of maintaining a constant DC voltage, are a DVR with an
active shunt converter (AC/DC converter) or a topology with separate energy storage and a DC-link
equipped with DC/DC converter. Another simpler charger could be a diode charger connected to the
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supply side or to the load side of the series converter and the DC-link voltage depends on the supply
or the load voltages.

In order to control the DC-link voltage a voltage drop across the DVR has to be controlled to take
power from the supply to charge the DC-link voltage. The load voltage is a summation of the supply
and the DVR voltage:

Uioaa = gsupply + Upvr (A.42)

The DVR voltage is equal to the generated converter voltage (Uconv) subtracted line-filter voltage
drop.

QDVR = gconv - l_]line—filter (A-43)

To be able to charge the DC-link the injected converter voltage must include a charging voltage drop,
which corresponds to a resistive voltage drop across the DVR.

In order to control the load voltages to rated values the DVR can circulate reactive power. The ability
to take active power from the grid and still maintain a rated load voltage depends on the grid strength,
the supply voltage level, resistive and inductive voltage drop caused by the line-filter and finally the
apparent power absorbed by the load,

Qload = gsupply + gconv - \/3(Zline—filter)!load (A’44)

A current has to flow to the load in order to be able to charge the DC-link and the charging
voltage is always in-phase with the load current. During low load currents the charging voltage
has to be increased to ensure a fast charging. In this condition the voltage drops across the line-
filter and supply line are also low and a higher charging voltage can be accepted.

A.3.3 DVR Voltage dip detector

An essential part of the DVR control system is the detection circuit. A voltage dip must be detected
fast and corrected with a minimum of false operations. The detection circuit operates the DVR from
standby to active mode and vice versa. Parameters for the detection circuit are:

* Robust operation with the presence of background voltage quality problems.

* Fast voltage dip detection and transition to active operation to minimize load under voltages.

* Detection of a restored supply voltage and transition from active to standby operation and a
minimization of load over-voltages.

These are the main parameters to the detection circuit. To achieve a fast detection it is possible to use
instantaneously measurements instead of RMS based calculations which introduce delay to the dip
detector. The measurements of the supply voltage gives the instantaneously voltage and the
transformation of the supply voltages to a rotating or a stationary reference can in some cases be
advantageously. Three voltage dip detection methods are here presented:

1. Magnitude of the space vector in af-reference

| ﬁsuppply, aﬁl = \/uzsupply,tx + uzsupply,ﬂ (A45)
| ﬁsupply, af | < Uthreshold (A46)
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2. Length of the d-component and g-component in the dg-reference frame comparing each value with
threshold values.

Usupply,d < —Uthreshold (A47)
Usupply,q > “Uthreshold or Usupply,q < —Uthreshold (A48)

3. Length of the error vector comparing with a threshold value.

|ﬁe1’ror, dql = \/(Uref,d — Usupply, d)z + (U,ref,q — Usupply, q)z (A49)
| ﬁerror, dq | > Uthreshold (ASO)

The detection circuit depends on the DVR hardware and control strategy. All the three methods can
detect a large symmetrical voltage dip without any phase jump. A non-symmetrical voltage dip on the
other hand can give some problems in the detection. The voltage dip can often give the appearance
that the supply voltages are restored. Fig. A.10a illustrates a very typically non symmetrical voltage
dip. The dashed line indicates the non-faulted voltages and the solid line the faulted voltages.

At t = 10 ms the instantaneous values are equal in the faulted and the non-faulted case even though the
fault still persists. Fig. A.10b-d illustrates how the three different methods detect this type of fault. At
t=11.7 ms the d-component has reduced to 90 % of the rated value in Fig. A.10c and the error in Fig.
A.10d is above 10 %. The case illustrates that the detection of a small non-symmetrical voltage dip
can be delayed and the delay depends on the occurrence time of non-symmetrical voltage dip and also
the type of it.

All the methods are equally effective in the detection of this type of non-symmetrical fault. If the
voltage dip contains a phase jump method 1 will only detect the voltage reduction, but not the phase
jump. In the methods 2 and 3 a phase jump will lead to a reduction in both the d- and g-component.
For that case detection method number 3 seems better, because it gives the ability to detect phase
jump and only one parameter has to be compared.

Usupply [PU]

2 T T ! 1.5

Wsupply,d; Usupply,q [PV]

a) Time [ms] ¢) Time [ms]

Usuppiy,as| [PU] [Terror,aq| [PU]
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\., : // \‘\ : // 04f
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Figure A.10: Detection of a non-symmetrical voltage dip. a) RST-system with the faulted and non-
faulted voltages (dashed), b) method 1 amplitude of the space vector, c) method 2 evaluation of the d-
and g-component and d) method 3, the magnitude of the error vector.
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It is undesirable if the converter often changes state from active to standby mode. During a state
change the DVR can cause oscillations, generate harmonics and distorts the load voltages. To avoid
frequent shifts from active to standby mode, it is possible to introduce two digital filters to the output
signal of voltage dip/recovery detector. The first is a low-pass filter with a high bandwidth (1 kHz),
which ensures that the DVR very fast goes into active mode and the second is a slow low-pass filter
(50 Hz), which takes the DVR slowly back to standby mode. The result is that very short transients
are not detected as a voltage dip and once the DVR is set in active mode, a certain time without any
under-voltage must pass before the DVR is taken from active to standby mode. Fig. A.11 illustrates
the principle operation of the detection circuit.
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Figure A.11: The operation principle of the detection circuit with short pulse prevention and turn-on
and turn-off delay.
Loss of grid connection

In [43] the risk of damaging neighboring equipment in the case of a disconnection of the supply has
been investigated. If the feeding supply voltage is too low, the DVR has to stop injecting a voltage. A
simplified diagram of this case is illustrated in Fig. A.12. During line breaking the DVR will try to
compensate the load voltage to pre-voltage level and the load current will be forced through the
downstream load. As a result of this voltage injection a voltage and current reversal can be expected
at the upstream load unless the DVR detects the primary supply breaking and goes into a bypass state.
A number of measures have been proposed in [43], and one method is to stop injecting at very low
supply voltage, which in some cases would lead to a bypass the DVR even though the supply line is
still intact. The voltage across the upstream load during the loss of grid connection is equal to the
voltage:

U =-U Zypstream (A.51)
—upstream —DPVER Zioga T Zupstream

T

Zline

Usupply

Zupstream
+ Uupstream -
Load
Uload

Figure A.12: DVR effect on upstream load during loss of grid connection.
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A.3.4 DVR LCL filter response

Different DVR voltage controllers have been tested by simulations. Simplifying the system gives a
good indication of the very important control aspects of a DVR. The DVR in a single-phase diagram,
is illustrated in Fig. A.13. The supply voltage is by superposition set to zero and the supply impedance
is usually very low and here also set to zero. The converter voltage (Uconv) is assumed ideal and the
DVR is drawn with an LCL line-filter with no losses. Additionally, the load is assumed linear and
resistive (Rioad).

L1f L2f

+
Uload *

Uconv

©

1|
Q
h

Rload

UDVR:

Figure A.13: The simplified DVR diagram using superposition principle Usupply=0
We know that for a DVR system with only an L line-filter the transfer function can be simplified to:

1

Gsystem(S) = 1+—L1f (A.52)

Rioad

The function is a first order system and the filter inductor value is fixed, but the load can change
and thereby the time constant of the system. Adding a capacitor to the line-filter (LC-filter), a
second order system appears with the following transfer function:

1
1+ LS+ LifCrS? (A.53)

Rioad

G system (S ) =

In this case the resonance frequency is set by the filter and the damping is inverse proportional to
the resistive load.

Introducing LCL filter configuration to the system gives the transfer function of:

1
Gsystem(S) = Lif + Lf

1 +——S+ CrLirS? + LLyCr o3 (A.54)

Rload Rioad

It should be mentioned that even the line-filter is only realize by LC filter configuration, due to
leakage reactance of injection transformer still L2f exits but with a different value.

Such a system has three left side poles; two poles are complex and close to the imaginary y-axis and a
real pole on the x-axis.

The step response of the system changes according to the load. The step response of the open loop
transfer function is illustrated in Fig. A.14 for three different load conditions.
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Figure A.14: Open loop step response for the DVR with a LCL-filter and variation of the resistive
load.

In order to have better step response, the closed loop controller may be used at the cost of decreasing
the response speed of the system. The closed loop controller is relatively slow because the response of
the system must be measured and compared with the reference value. In order to be able to design a
closed loop controller in real application other aspects have to be included. Analog to digital
converters has limitation in their bandwidth, so in order to avoid aliasing an anti-aliasing filter is
supposed to be introduced to signal before entering A/D converters and introducing these elements to
the control loop makes it slow. Also the control hardware has a delay from the beginning of the
measurement to the change of the switching

Ueonv (5, 1
o = Ubrz (s)
by ( ) s Ger(D) Ly Gaeary(@) 5 Crwu®) L 51 4 e +L1,§;Zc’53 >
A/D |« Ganti—aliasing(s)

Figure A.15: The simplified block diagram of the DVR with an LCL filter configuration.
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