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Introduction

INTRODUCTION

The increasing widespread of the distributed generators connected to the Medium Voltage (MV) and
Low Voltage (LV) distribution networks has come to point out a series of new phenomena and new
issues related to interactions between the networks themselves and new types of generators, in the first
place those interfaced through electronic power converters. The areas involved are very different and
cover, for example, aspects of Power Quality, network operating and automation, regulation and
standardization of the service and the market.

From the point of view of Power Quality, the activity performed, in the context of an Executive PhD
in the research center RSE Ricerca sul Sistema Energetico S.p.A.', in collaboration with the
Department of Energy of Politecnico di Milano, has studied in deep the base knowledge of the
interaction between inverter and electrical network. In particular, it has been oriented toward the
analysis of the harmonic impact on the distribution network and the effects of the variability of the
primary source, feature typical of renewable energy sources. In addition, in the frame of the recent
national and international Standards, it has been evaluated the distributed generators behavior in case
of voltage dips and the possibility for the electronic power devices to support the network. This new
perspective makes it necessary also to consider the new strategies for DG control, alternatives to those
currently implemented, for the overcoming of voltage dips (Fault Ride Through - FRT).

A significant presence of Distributed Generation (DG) also leads to review the coordination strategies
for network protection, that will have to maintain generators connected during network voltage dips
avoiding, at the same time, the unwanted islands occurrence and the interference with the automatic
reclosing procedures.

On the base of these premises, the activity has been developed along the following main directions:

e analysis of the harmonic impact of the inverters connected to the distribution network and the
effect of the variability of the power available from primary source on Power Quality;

e analysis of the new features requested by the most recent Standards to distributed generators
in case of a network disturb;

e study of the behavior of electronic converters interface to DG (photovoltaic and wind) in case
of voltage dips and evaluation of possible control strategies for overcoming them (FRT);

¢ definition and verification of a possible coordination protection scheme in active networks.

The analysis have been carried out through simulations with software for numerical calculation
(Matlab) and programs for transient simulation of electrical networks (ATPDraw, DIgSILENT).

The discussion begins (Chapter 1) with the study of the interaction phenomena between inverter and
electrical network analyzing in particular harmonic pollution and the effect on the Power Quality due
to the variability of the power available from the primary source of distributed generators.

Subsequently, peculiarities and issues related to the presence of electronic converters interface for
distributed generators connected to the Medium Voltage distribution network have been analyzed. In
particular, in Chapter 2 the photovoltaic and wind generator models, based on Permanent Magnets
Synchronous Generator, are introduced and discussed.

New strategies to overcome voltage dips to avoid sudden loss of generation as a result of disturbances
of network have been studied. These new strategies allow to maintain the generators connected to the
network during voltage dips, contrary to the nowadays practice, that, in case of a fault, requires the
generators disconnection to avoid unwanted islands in the distribution network. The study highlights
what are the design characteristics of the inverter and what are the control logics necessary to enable

' This work has been financed by the Research Fund for the Italian Electrical System under the Contract
Agreement between RSE S.p.A. and the Ministry of Economic Development - General Directorate for Nuclear
Energy, Renewable Energy and Energy Efficiency in compliance with the Decree of March §, 2006.
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them to overcome a fault in the network in accordance with the requirements of certain European
states Standards (Chapter 3 and 4). Different advanced inverter control solutions for the optimal
management of static generators in presence of unbalanced networks have also been investigated
(Chapter 5).

At the end of the study of the behavior of the DG interface inverter, an experimental activity,
supported by theoretical analysis, indispensable for the forecast and the interpretation of the test
results, has been carried out. The scope of these activities has been to identify how to implement the
new features required to the inverter from recent national Standard and the issues to be taken into
account, in particular relating to the voltage dips overcome and the exchange of active and reactive
power with the network. The results are presented in Chapter 6. The tests have been carried out on two
commercial inverters: one with basic functionality and one with some advanced features, even if
designed before the present Standard.

Finally, the discussion concludes with the proposal and analysis, presented in Chapter 7, of a possible
protection scheme for Medium Voltage distribution networks based on logic selectivity, suitable for
both passive and active networks, able to operate the faulty line segment selection and to ensure
effective management of the distributed generators connected to the network.



Chapter 1. Distributed Generation and Power Quality

1 DISTRIBUTED GENERATION AND POWER QUALITY

The generation interfaced to the network through electronic power converters is rising new challenges
both in terms of the Power Quality and of the network exercise itself. These issues arise mainly from
the interactions between the network and distributed generators that characterize active users.

In the following paragraphs, a brief description of the different types of disturbances that can occur in
the electrical distribution networks has been presented. Especially considering the disturbances that
can affect the proper functioning of the consumer devices, with the need, sometimes, to adopt
measures to mitigate the disturbance effect.

Then, in particular two types of disturbances has been taken into consideration that are generally due
to the interaction between the network and the distributed generators:

e the generation of harmonics in the network by different types of inverter, also considering
analytical formulation useful for the study of possible techniques to minimize these
contributions;

¢ the flicker generated by active power variation of the primary source.

Concerning the phenomenon of flicker, the analysis has been carried out starting from models of wind
Permanent Magnet Synchronous Generator (PMSG) connected to the network in a back-to-back
configuration.

1.1  Overview on the main disturbances present in electrical networks
In general, disturbances caused both by networks faults and by the operation of devices connected to
the networks themselves, are composed mainly of voltage variations in terms of:

frequency;
waveform;
amplitude;
symmetry of three phase voltages.

Among the different types of disturbances, it is possible to define “conducted disturbances” those
electromagnetic phenomena that, from a source, propagate in electrical networks through the lines
conductors. In some cases an electromagnetic disturbance moves through the transformer windings
and then between networks at different voltage levels.

Network frequency variations

The variations in the frequency are deviations from the rated network frequency and depend from
events with their origin essentially in the generation and transmission systems. For interconnected
networks, transient frequency variations are due to:

large generators disconnection;

faults in very high and high voltage network (respectively HHV and HV);

opening of “important” interconnection lines;

large loads disconnection.

For the Medium Voltage (MV) and Low Voltage (LV) distribution network, the Standard CEI EN
50160 [1] defines the voltage characteristics in term of maximum frequency variations’. Then the
Standards for the connection criteria CEI 0-21 [2] and CEI 0-16 [3] define the interval for the
frequency variation to set the Interface Protection (IP).

% In presence of distributed generation new requirement to the interface protection are requested, in terms of
frequency variation (Chapter 7).
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Voltage and current harmonics

The harmonics are the spectral components of a periodic signal non-sinusoidal whose frequencies are
integer multiples of the fundamental frequency; the inter-harmonics are sinusoidal components with
frequencies that are not integer multiples of the fundamental frequency.

The current harmonics are normally generated by “non-linear” loads and/or consumer devices
(identifiable as disturbing sources) and may be constant or vary over time depending on the operating
conditions of the individual disturbing sources. The current harmonics “injected” into the network
from the various sources, flowing through the network impedances, give rise to harmonic voltage
drops and consequently to a deformation of the waveform of the supply voltage.

With reference to the voltage, the harmonics can be evaluated individually, through their
amplitude (typically as a Root-Mean-Square, RMS, value expressed in Volts or p.u. of fundamental),
or globally, through the total harmonic distortion factor calculated by the following expression:

N
2V
THD_Vzi”;j a.h

1

Similar characterization can be applied to the currents, both in terms of RMS value I, (expressed in
Amperes or p.u. of a reference current) both through the total harmonic distortion factor:

20 (1.2)

The main sources of harmonic currents in the networks are:
e AC/DC and AC/AC converters;
¢ loads with non-linear characteristics, such as equipment with magnetic saturation, discharge
lamps, arc furnaces, arc welders, transformers, etc.

Flicker

The flicker consists of a visual sensation caused by the intensity fluctuations of the lamps lighting;
such fluctuations are originated by a series of rapid variations (identical or different) of the voltage
that have modulation frequencies different from 50 Hz, ranging from 0.5 to 40 Hz.

The level of feeling instantaneous flicker is a quadratic function of the amplitude of the light variation
and therefore of the fluctuation of voltage. Beyond a certain threshold the flicker becomes annoying
and the discomfort grows very rapidly with the amplitude of the fluctuations.

At international level the problem of measuring the flicker in an objective way is considered, the
solution is to use an instrument that, connected to a network with voltage fluctuations, indicates the
level of visual sensation that the human subject would alert if a reference lamp (230 V, 60 W) has
been powered by the network considered. This tool, said flickermeter, has been developed by the
International Union for Electroheat (UIE) and has been adopted by IEC 61000-4-15 [4]. The measure
provided by flickermeter is the feeling of instant flicker, obtained with an appropriate simulation of the
response to the voltage fluctuation of the chain lamp-eye-brain.

The flickermeter output provides two indices of the severity of the flicker (in p.u. of the threshold of
flicker irritability), processing online the instantaneous flicker feeling (in p.u. of threshold flicker
perceptibility)’. These indices are:

3 The thresholds of perceptibility and irritability of the flicker are defined as follows:
e Threshold perceptibility is the flicker level considered perceptible by only 50 % of the persons tested;
e Threshold of irritability is the flicker level considered irritable from a substantial part of the persons
tested.
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e Indicator of the severity of flicker in the short term Py, (referring to a time of 10 minutes).
e Indicator of the severity of flicker in the long term Py, ( referring to a time of 2 hours)

The severity of long term (Py) is calculated on the basis of a series of 12 consecutive values of Py,
corresponding generally to an interval of two hours, with the following expression:

(1.3)

The flicker is produced by loads variation and in particular the industrial loads are the most important
cause. The flicker may be originated also from the combined effect of a population of loads connected
to the same distribution system, even if every single load taken individually doesn’t originate flicker.
The main HV and MV loads with propensity to cause flicker are the arc furnaces, rolling mills, cycle-
converters, welders and motor drives. In regards the LV loads some domestic loads (such as PC,
monitors, VT), motor drives and small welders can be considered.

Voltage Unbalance

The voltage unbalance can be individuated considering a diversity of RMS values of the phase
voltages and/or normal phase shift of 120 degrees between phases.

Generally the degree of unbalance is defined through the ratio between the component of reverse
sequence V; and the direct sequence V:

v
V, o=-L 1.4
v (1.4)

The voltage unbalance in a transmission or distribution network can also be expressed in the following
way:

_1-\3-6-8
“\1+.3-6-8

A A ) (1.5)
_ Vie Vi + Vi
(VL2L12 +VL2LZ3 +VL2L31)Z
or:
! G )
V,= Vneg :g' Vuta'V,+aVv,, (1.6)
where:

e Vi Line voltage between phases 1 and 2, scalar value;

Viz;  Line voltage between phases 1 and 2, scalar value;

Vi Line voltage between phases 1 and 2, scalar value;
Phase voltage between phase 1 and neutral, value complex;
Vi Phase voltage between phase 2 and neutral, value complex;
Vi3 Phase voltage between phase 3 and neutral, value complex;

. 22

e 6 o o o
=
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The main sources of unbalance are single-phase not balanced loads in LV networks and single-phase
loads fed phase to phase in MV and LV networks.

Non-negligible source of voltage unbalance on the transmission HHV and HV grid is constituted by
the high speed load rail supplied in AC single phase.

Voltage dips
According to the CEI EN 50160 [1], the voltage dip is defined as a sudden variation of the voltage

above a certain threshold, in a node of the electric system; this reduction is followed by a return of
voltage to the nominal value after a short time interval.

A voltage dip is a “two-dimensional” electromagnetic disturbance, it’s determined by the magnitude of
the reduction (or alternatively the residual voltage) and by its duration.

The main cause of voltage dips in a public network is represented by the faults and, in some cases, by
transient overload due to starting a large motors or insertion of large loads in relation to the network
short circuit power.

Voltage Interruptions

An interruption, according to the CEI EN 50160, occurs when the voltage at the terminals of supply is
less than 1% and may be scheduled (in cases of network maintenance) or accidental.

These last are usually originated by transient or permanent faults, mainly linked to external events or
actions of third parties and may be classified as short (with duration less than 3 minutes and caused by
a fault transient) or long (with duration longer than 3 minutes and caused by permanent failures).
While the effects of a scheduled outage may be “smoothed” by the users, since they are informed in
advance they may arrange appropriate measures, in case of accidental interruptions in the presence of
unpredictable and uncertain events is particularly difficult to avoid negative effects.

Overvoltages
Overvoltage between a phase conductor and ground, or between phase conductors starts when the pick

value exceeds the value corresponding to the highest voltage admissible for the equipment. For the
networks with voltage greater than 1 kV the following classification is considered:

e temporary overvoltages: these normally arise from network automation, by failures or by
sudden reductions of load. A temporary swell at main frequency generally takes place during a
ground fault in the system of public distribution or installations users and disappears when the
fault is removed.

® transient overvoltages: these are usually caused by lightning (direct or indirect), network
automation or fuses interventions.

1.2 Analysis of the impact of harmonic inverter connected to the distribution
network
The analysis of the harmonic impact on the network of all the devices connected through electronic
power converters will be conducted analyzing analytically the harmonic impact. Three phase
converters characterized both by two or three-level will be considered. At the end of the study
a possible technique for minimizing the harmonic contributions injected into the network will be
presented. The obtained results can be extended to any type of generation or device interfaced to the
network with power electronic converters.
It’s important to consider the different harmonic impact that the different architectures involve, impact
that, in general, depends on the type of technology used (three phase inverter at two-level or multi-
level), the modulation strategy (Pulse Width Modulation - PWM modulation, fixed-band, etc. ), the
switching frequency and any presence in the network of harmonic disturbances.
For this purpose, the activity has taken into consideration architecture with both single inverter (three
phase inverter with two or three-level) and with modular configuration, both with PWM modulation,
focusing the analysis on harmonic voltages and currents associated with these two architectures.

10
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1.2.1 Two-level three phase Inverter

The basic structure of a three phase two-level inverter is shown in Figure 1-1. In Figure 1-2 the
switched line to midpoint and line to line voltages produce by a two-level inverter, obtained by Matlab
simulations with Pulse Width Modulation (PWM), are presented.

Line-to-midpoint Voltage produced by two-level Inverter [p.u. Vdc]

| |
1 1
| |
J J J | |
| |
| |
| | | |
"m] Y
1 1 1 1 1 1 1
m 0 0.005 0.01 0.015 0.02  0.025 0.03  0.035 0.04
= Line-to-line voltage produced by two level inverter [p.u. Vdc]
(558 P S R R
|
T ) 4 e
! |
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Time [s]

Figure 1-1: Three phase two-level Inverter (Voltage Figure 1-2: Phase voltages and generated line to
Source Inverter) line by a three phase two-level inverter

In principle, a primary objective of all modulation schemes is to calculate the converter switch-on and
switch-off times, which create the desired target output voltage or current. For this purpose, some
alternatives are possible [5]:
e naturally sampled PWM: switching at the intersection of a target reference waveform and a
high frequency carrier;
o regular sampled PWM: switching at the intersection of a regularly sampled reference
waveform and a high frequency carrier;
e direct PWM: switching so that the integrated area of target reference waveform over the
carrier interval is the same as the integrated area of the converter switched output.

Many variations of these alternatives have been published; in this study the double-edge naturally
sampled modulation strategy has been adopted. The most common form uses a high frequency
triangular carrier to compare with a sinusoidal fundamental waveform.

In the assumption to use the PWM strategy with triangular carrier, for a three phase two-level inverter,
a balanced set of three phase line to line voltages is obtained if the phase-leg reference are shifted in
time by 1/3 of the period (Figure 1-3).

Carrier waveform two-level inverter - Modulation index m=0.81
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Figure 1-3: Switched line to midpoint and line to line voltages produced by a PWM two-level inverter
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The choice of the switching frequency (equal to the frequency of the carrier) is usually conditioned by
the characteristics of the valves of the converter, the switching losses and the electromagnetic
disturbances caused by variations in voltage dv/dt.

Fourier analysis for three phase two-level inverter
The analytical formulation of the general wave of phase voltage generated by a two-level inverter can
be written with the following Fourier series transformed:

V()= él {Con cos[n(a)ot + ¢0 )]}eroz; n:f_joo {Cmn cos[m(a)ct + 4, )+ n(a)ot + ¢O )]} (L.7)

where @, is the network angular frequency, @, is the carrier angular frequency, @, and @, are the

offsets of the carrier and modulating waveforms. The summations represent, respectively, the
harmonics multiple of the switching frequency and its sidebands harmonics.

To obtain this expression in case of PWM modulation with triangular carrier, it is necessary to proceed
as follows [5]

V()= manc sin(a)ot + ¢O) (1.8)

where m, is the modulation index, V, is the direct voltage and @), is the fundamental angular

frequency. The transformed in Fourier series can be written in the complex form:

+oo jn(w0t+¢0)

V)= ¥ Cpe (1.9)
Nn=—o0

and the coefficients C, are :
1T _j”wot 1z —jnd

C,=—1V(ne dt=— [V(t)e dd (1.10)
TO 2w -7

2z
where T =— is the fundamental period and = @yt .
@
0

Assuming that the width of the pulse is not constant, the phase ¢J can vary between * km+ @. and
then the (1.10) becomes:

k'z+g, ke . . (1.11)
1 c _ i 1 1 _; j s — i .
c, =— [ Ve jm}dﬂ:—|:——e jnﬁ:l :_ejngDL [ejnk V.4 . jnk ﬂ]

27 —k w+d, 2z jn —k'7r+¢c 27m

since k'=k+m,V,, Sin(a)ot + ¢0) and k =V,_, the (1.11) becomes:

J o jnge [ Jjnkx JnmaV g zwsin(@yt+4@) — jnkm —jnmancirsin(th+¢0)]
—e e e —e e

C, = (1.12)
2m

and, considering the link with the Bessel function:

ejxsinz? _ E" Jp (x)ejpﬂ (1.13)

p=—c°

and substituting the (1.13) in (1.12), it’s possible to obtain:

12
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J o ojng.| jnkm T jplagt+@y)  —jnkr T jp(a@yt+4)
C,=—e e _Z Ty (nmanciz)e —e _Z T_p (nmanciz)e
2m L = p=—
i nge| nkz e poy+d)  jnkx Jp(@yt+4y)
C, = ¢’ g e’ _Z T, (nmancir)e 07T _ Y _Z (—l)p T (nmancir)e 00 (1.14)
2/m L p=—0c° p=—c°
J jn [ 4o Jp(@yt+¢y) ( jnkm — jnkw
C, = 5 e’ % p_z Jp(nmancﬂ')e 070,/ —(—l)pe J
m L =—00

.
In addition, collecting e "2 , the final expression of the (1.14) can be simplified:

. i ) _. X 4 .
_VYacl jnoe| * z ip(@gr+9y) “IPo | jnkz Py —jnkx TPy
n = e Jp n—m, le e e e —e e

2/m p=—

. i ) _. X 4 .
Vacd jnge| z ip(@gr+9y) “WPo | jnkz Py —jnkx TPy
C, = e 2 Jp n—mg, le e e e —e e

1.15
8 2/m p==0 2 ( )
.z ‘ . z
= gty 5 | 1 [ Amrerd] et
C, =V = JP n—mg, (2nw)e e e -—jle —e
p==e 2 2
and considering this condition:
1 j[nkﬂ+pgj —j[nkﬂ+p§j p
-—jle - =sin| nkz + p— (116)
2 2

the (1.15) becomes:

. 4
+oo i j\ngc—p=
C, =V p:z_oojl’ (n;rma j/(2n7r)e]p(w0t+¢0)e ( 2j|:— sin(nkiz + pgj:l (117)

Substituting the coefficients C, (1.17) in the voltage equation (1.9), the following Fourier series
transformed is obtained in case of sinusoidal modulating:

z
+ +oo  + jp(nzmaj Jp(@nt+dn) -jp% z
bt in(@et+ i S in(@et+
Viy= 2 Cnejn( el+0e) Wy LN ——— 007707 ™ 20 _gin| ik + P— ejn( ct+0c) _
n=—co n=+1 p=—co 2nmw 2

T
- -J n—m . V3 1.18
+o0 4o T p( 2 aJ ](n¢c+17¢0—175) j(na)c+pa)0)7‘ ( )
=2V, X X |-sin|mkz+p— || e
n=tlp=-co| 2 2nx
T
+ + 0 y 4 i Jp n;ma —jpl Jjp(@nt+dn)
i e in(@et+
=, X X |-sin mkztp— | |———Fe 27 00 M@t le)
n=tl p=—co| 2 2nw

If the waveform instead is expressed in cosine, the equation becomes:
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T
k'=k+mgVy, cos(wot + ¢0) =V +mgVy, sin(; - oyt + ¢Oj (1.19)

and the Fourier series transformed for a single phase is the following:

v

Jp(nmaj (1.20)
400 +oo i ; )
vip=2v, T X [sm(”%Jr pfj:|—2€J(n¢c+P¢o)ej(na)c+pa)0)z

n=+1p=—oo 2 2nw

Starting from (1.21), it’s possible to underline the main aspects of the analytical solution of the
inverter output voltage with PWM modulation as a function of the indices n and p.

cos[n(a)ct + 4, )] +

n—

V(t) = Vdc + manC cos(a)ot + ¢0) + )

V.4
Jol n—m
4Vdc +oo ( ﬂj 0 2 “
> sin _—

x h=+l1 n

(1.21)

T

4V, 4o+ Jp(nm“j
L —de DD |:sin(n§+ pﬁjj|—2cos[n(a)ct + ¢C)+ p(a)ot + )]

x h=+lp=—oco 2 n

In case of three phase two-level inverter in presence of balanced three phase voltages displaced by
120°:

va() = VO cos @t = manC cos @yt

vy (1) =V coslay —27/3) = gV, coslay - 27/3) (1.22)
ve(t) =V coslay +27/3)=mgV . coslay +2713)

where V,y is the peak output voltage, m,, is the modulation index and @, is the fundamental angular

frequency, the Fourier series transformed of the phase voltage and line to line voltages become [6]:

2
Vank (t) = Vdc + manC cos(a)ot - k?) +

P (1.23)

Jp n—mg,
4Vdc +oo 400 T V4 2 o
+—— X X |sinfn—+p— | |[————cos n(a)ct+¢c)+p oyt —k—
x n=+lp=-—c 2 2 n 3

V4
Vabnk (t) = Vdc + manc Cos(a)ot + ;) +

z (1.24)

v Jp(nmaj

+oo “+oo

c—de v Y lin n£+p£ —~ 2 7 2sin —pz sin n(a)ct+¢c)+p a)Ot—z
x n=tlp=—e 2 2 n 3 3

In the specific case of a three phase two-level inverter, the voltages (line to midpoint and line to line)
harmonics generated by the inverter are depending on the switching frequency and in this case it’s
possible to use the analytical expression below:
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> sin| n—

V)=V, +m,V, cos(wnt+ @)+
(1) = Vg +maV g cost@qt + 4 T e

J T
4V, oo ( ,,j 0 ”gma
T (1.25)
4Vd oo 4oo y 4 y 4 Jp(nzmaj
+—% Y ¥ |sin norps —Cos[n(a)ct+¢5c)+p(a)ot+¢5o)]

7 n=+1 p=—o0 2

p#0

where:
® @, is the angular frequency at the fundamental frequency, @, is the angular frequency at the

carrier frequency, ¢, *and @. represent the offsets, with respect to an absolute reference, of the

modulating and carrier waveforms;

* m,represents the modulation index;

e the first term (V4.) represents an offset of the waveform generated that in this case, because its
symmetry, is not present;

e the second term (m,V 1 cos(@yr + ¢0)) corresponds to the fundamental component (f;) of the

voltage generated;

e the first sum represents the harmonics multiple of the switching frequency (f.), as defined by
index n [cos(na.t +ng.) I;

e the double summation identifies the sideband harmonics around each multiple of the switching
frequency (n f.), when n,p #0;

N, fc-p fp N, fc N, fc+p £,

e the functions J, and J, are the Bessel functions of the first type.

The harmonic spectrum of the phase voltage generated has the first “harmonic bell-shaped
distribution”, after the fundamental component at 50 Hz, at the carrier switching frequency (500 Hz);
the subsequent ones are around the multiples of the switching frequency.

In the line to line voltage, considering the equation (1.24), there is a lack in the harmonic spectrum of
the following components:

e carrier harmonics, since they are the same for all phase legs;

e  third sideband harmonics around each carrier multiple, where n is a multiple of 3;

e sideband harmonics with even combination of nt p (since the voltage is an even function

and it doesn’t produce even harmonics), thanks to the expression |:sin(n 4 p)”} in (2), for odd
2

value of n, harmonics only exist for even value of p and vice versa.

* The angle ¢

[

is, for the three phase voltage generated, equal to 0, -2/3m, 2/3.7
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According to the last point, if n=1 in the line to line voltage spectrum all the odd sideband harmonics
are eliminated in the first carrier harmonics group, this means that the significant sideband harmonics,
with p even, in this carrier group will occur at frequency @t +2ayt, @t+4am¢ and so on. For the

second carrier group (n=2), the significant sideband harmonics, with p odd, will occur at 2@ .1+ @ ,

201 t5wt, 20t 7w, and so on.

Figure 1-4 shows the phase voltage and the line to line voltage harmonic components for a three phase
two-level inverter operating under naturally sampled PWM, considering f,=50Hz and f;,=500Hz.

Phase to midpoint harmonic spectrum Voltage generated by two-level inverter [p.u.]

1 1
1000 1200 1400 1600 1800 2000
[Hz]
Line to line harmonic spectrum Voltage generated by two-level inverter [p.u.]

06— G-
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(He]

Figure 1-4:  Phase and line to line voltages harmonic spectrum for a three phase two-level inverter with
PWM modulation

Considering the currents, on the assumption that the inverter is connected to an infinite power network
through its switching reactance, the current series Fourier transformed is:

T

J (n mg
I(t) = I cos(ayt + ¢p) + ﬂ +£° sin(nzj—2cos[n(a)ct + 9, )]
x n=+1 2 n
(1.26)

v

a4 . Jp(nma
+—1 DIEEDY [sin(n£+ pﬁjj|—2cos[n(a)ct+¢c)+ p(a)ot+¢0)]

x n=tl p=—co 2 2 n

From (1.26) it’s possible to calculate the harmonic spectrum (in p.u. of the fundamental current),
shown in Figure 1-5, that is characterized by the same harmonics present in the phase voltage
(Figure 1-4).

Starting from the “base case” of two-level inverter, possible solutions for a reduction of the harmonic

impact on the network are analyzed. In particular, in the following the analysis for multilevel inverter
structure, for example three-level, and interleaved inverter are presented.
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Current harmonic spectrum - two-level inverter [p.u.]
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Figure 1-5:  Current harmonic spectrum generated by a two-level three phase inverter with PWM
modulation (p.u. of fundamental component)

1.2.2  Three-level three phase Inverter

Multilevel Voltage Source Inverter (VSI) are a class of inverters where a DC source with several tabs
between the positive and negative terminal is present [6] = [13]. In Figure 1-6 a three-level Neutral
Point Clamped (NPC) inverter configuration is shown and in Figure 1-7 the switched line to midpoint
and line to line voltages produce by three-level NPC inverter, obtained by Matlab simulations, are
presented. The structural feature of a three-level inverter is to have, for each step, a leg constituted by
four valves in series and two clamp diodes connected to the central point of the DC capacitors

(Figure 1-6).
Line to midpoint Voltage produced by three-level Inverter [p.u. Vdc]
J 4 d
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Figure 1-6: Three phase three-level Inverter Figure 1-7: Phase voltages and generated line to line
by a three phase three-level inverter

0067

The modulation strategies for three phase multilevel inverters are similar to those employed for
conventional three phase two-level inverters. In a multilevel inverter the values assumed by the output
voltage are defined by the number of the levels of the converter.
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An advantage of this structure is that, with the same DC voltage and in condition of “open” (OFF), the
voltage applied to each valve is equal to half of that which would occur in case of two-level
configuration, with associated benefits for the components design.

The valves are controlled in such a way that only two of the four of each “inverter leg” are ON
simultaneously. This means that in case of three-level inverter, the available levels, considering the
ON condition of the valves, are (Figure 1-6):

e +V, -valves S11 and S12;

e the zero level - valves S12 and S13, connecting the phase A to the center point of the
capacitors;

e -V, -valves S13 and S14.

In addition to the capability to withstand higher voltages, the inverter NPC has a less ripple in the
output current and reduced amplitude of the output voltage steps, compared to a two-level with the
same switching frequency.
At the end comparing a three phase two-level inverter and three-level with the same DC voltage and
PWM modulation, it’s possible to say that in case of a three-level:
e there is a reduced voltage across the terminals of the individual valve, with a consequent
advantage in design and in the choice of the valves;
e phase voltages and line to line are characterized by a greater number of levels and
consequently less harmonic content expected, thus favoring the inverter filter output design;
e considering the valves, a single valve in a network period switches the half of the times than in
the case of a two-level inverter. In fact, considering the upper valves S11 and S21
in Figure 1-6, it’s clear that, in a period, the valve S11 to get the +V,. level switches only 5
times as well as the other, while in case of a two-level the valve switches 10 times
(Figure 1-8). This reduction in the number of commutations leads to a reduction in switching
losses.

Line to midpoint voltage produced by two-level inverter [p.u.]
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Figure 1-8:  Phase voltages from the output of a two-level inverter and three-levels NPC during a
fundamental period
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Three-level inverter modulation strategies
The double-edge modulation, used for the three phase two-level inverter, can also be implemented, for
the three-level, increasing the number of triangular carriers to L-/, where L is the number of voltage
levels of the converter. Three sinusoidal references are then compared with these carriers to
determinate the switched voltage. In particular for a three-level inverter:

e  [-]=2 carriers are arranged;

e the converter is switched to +V 4 when the reference is greater than both the carriers;

e the converter is switched to zero when the reference is greater than the lower carrier but less

than the upper;
e the converter is switched to —V,. when the reference is less than both the carriers.

In the literature are presented different types of PWM modulation considering different relative phase
shift between the carriers [5]:

e  Alternative Phase Opposition Disposition (APOD), where the carriers are shifted by 180°;

¢  Phase Disposition (PD), where all the carriers are in phase.

In Figure 1-9 and Figure 1-10 the carrier and modulation waveforms are shown together with the
phase voltages generated by a three phase three-level inverter with different modulation strategy. For
example, Figure 1-13 illustrates the carriers and the output voltage of a five-level inverter in case of
APOD and PD modulation.
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Figure 1-9: Carriers waveform and phase voltages Figure 1-10: Carriers waveform and phase voltages
produced by a three-level NPC inverter with produced by a three-level NPC inverter with
naturally sampled APOD modulation naturally sampled PD modulation
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Figure 1-11. Carriers waveform for a five-level NPC inverter configuration with naturally sampled
modulation: a) APOD, b) PD
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Fourier analysis for three-level three phase inverter
To obtain the analytical expression for the output voltage of a three phase three-level inverter, it is
necessary to start from the general expression, which is valid for any converter output waveform:

F(t) = ATO + ;Z: Aop Cos(p[wot +dy ]) + By, sin(p[a)ot + 9y ]) +:§ Aoy, cos(n[a)ct + 4. ])+ By, sin(n[wct +9. ]) +

[ ERS

+ 2 Z Anp cos(n[a)ct + ¢C]+ p[wot +4 ]) + B, sin(n[wct + ¢C]+ p[a)ot +4p ]) =

n=1 o (1.27)
p#0
A j[n(@.1+¢, )+ p( i+, )]
— Jin(@.t+¢. )+ p(ayt+
=2 2.Cye
n=l p=—oco
where the coefficients of the Fourier transformed expressed in the complex notation are:
1 T T .
C =A +jB =—— j If(x,y)ej(nx+py)dxdy (128)

np np np 2”2 Caen

with x =, and y = gy .

Considering the solution of the integrals expressed in (1.28), for a three phase three-level inverter with
PWM modulation under sinusoidal oscillation PD, the following coefficients C,, are obtained [5]:

e  for the basic component (n=0 and p= 1):

mqVye (1.29)
e  for the multiple harmonics of f. (n#0 and p= 0), present only if n is odd [(1 - cos n;r);EO]:
Wie = Jopoy(nn,)
—5-l-cosnz) ¥ = ———-— 1.30
7 ( ’ )k=1 25 -1] (130
e for the harmonics in the neighborhood of the multiples of switching frequencies:
y \ [Zk—l]cos p% (1 31)
dc . 43 4 T ( .
e i- = x
- {1 cos([n + p]ﬂ')}x Jp(nizmajsm(p 2) + s 112k _1 nﬂma)le . leZk T pJ

‘p‘¢2k—1

This expression is different from zero only for even values of p (cos p%;":()), while the term

J p(nzzmajsin( p%j is non-null only for odd values of p. As a result:

v' the even harmonics (p even) are present only around the odd multiples (n odd) of the
switching frequency.

v" the odd harmonics (p odd) exist only in the neighborhood of even multiple of the switching
frequency (n even).

By replacing the coefficients (1.29), (1.30), (1.31) in (1.27), it’s possible to obtain the analytical
expression of the phase voltage generated by a three phase three-level inverter:
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Va (t) =m,V,;. cos(a)ot + 9 ) + 8V§C § : g T2k ([Zn — 1]7zma ) cos([2n - l]a)ct) +
= n=loy k=1 [2k—1]

2V, g L +Z°:° J2p+l (2n7zma )cos(pﬂ')cos(Zna)Ct + [2p + l]a)ot) + (1.32)
x =1y p=—e :
SVdc oo 1 +oo oo Jop—| [(Zn - l)ﬂma l2k - l]cos P

22 n=l 2"_1Z;6°°k:1 [2k—1+2p][2k—1—2p]

+

+ cos [(2n - l)a)ct + 2pa)0t]

In Figure 1-12 and Figure 1-13 the harmonic spectrum the inverter voltages when f, = 50Hz and f.=
500Hz for both modulation strategies Phase Disposition (PD) and Alternative Phase Opposition
Disposition (APOD) are shown. In particular, it is possible to verify that:

e in both cases, the amplitude of the harmonics is less than in the case of two-level inverter
(Figure 1-4);

¢  the amplitudes of the harmonics of the phase voltage are lower than in case of modulation PD;

e the presence in the phase voltage, in case of PD modulation, of the 2nd and 4th harmonics
(Figure 1-14) (these components are not present in case of a two-level inverter), while with
APOD modulation the first relevant harmonic is the 5th (Figure 1-15).
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Figure 1-12: Phase and line to line voltages Figure 1-13: Phase and line to line voltages
harmonic spectrum with APOD modulation harmonic spectrum with PD modulation

Considering the Figure 1-13 and Figure 1-15, it’s possible to verify, in line with the analytical
considerations, that in the line to line voltage harmonic spectrum of a three phase three-level inverter
with PD modulation:

e for n odd (for example n=1, i.e. , at the switching frequency) are present only even harmonics
(p=+£2;£4);

e for n even (for example n=2, i.e. at the double of the switching frequency) the only harmonics
in the neighborhood of the multiple of the switching frequency are the odd ones (p =+ 1; +
3;.).
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Figure 1-14: Zoom of the harmonic spectrum of Figure 1-15: Zoom of the harmonic spectrum of
voltage at low frequency of a three phase three- voltage at low frequency of a three phase three-level
level inverter with modulation PD inverter with modulation APOD

The different PWM modulation strategies (APOD and PD) may have different impacts in terms of
harmonic contribution to the network even from the point of view of the currents, as highlighted by the
spectra of the currents in Figure 1-16 and Figure 1-17 (in p.u. of fundamental component). In
particular, it may be underlined that:

¢ the current harmonics are the same of the phase voltages (the components multiple of f. in
case APOD are not presented);

e in case of PD modulation there are harmonics at low frequency (below the switching
frequency) as a consequence of the fact that, being the carriers in phase with each other, the
harmonic contributions add up.
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Figure 1-16: Harmonic spectrum of the current Figure 1-17: Harmonic spectrum of the current
generated by a three-level inverter with APOD generated by a three-level inverter with PD
modulation modulation

1.2.3 Three phase interleaved Inverters

In the presence of multiple inverters connected to the Point of Common Coupling (PCC), it becomes
relevant to characterize the sum of the harmonic components. The effect of the presence of N inverter
connected to the PCC can be represented, in terms of harmonic currents injected into network, from
“ratio of harmonics summation” [14][15]:
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N 1
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1 1 . . .
where P v, 4c and I, are referred to the rated power and harmonic currents of a single inverter,

n

while N is the number of inverters connected to the PCC.
For inverters of the same type and of equal power, the expression (1.33) can be simplified by:

_ L
NI,

S

(1.34)

For inverter, whose harmonic currents are in phase, the value of f,iv is equal to the unit (arithmetical

sum of harmonic components of various inverters) while the ratio tends to zero (zero-impact on the
network) in case of “perfect cancellation” mutual of the harmonics. This condition occurs when the
harmonic currents have the same amplitude and the shift angle between the inverter carrier waveforms
-5
is:

2

1.35
N (1.35)

@,

This condition of phase shift can be obtained by generating, in case of PWM modulation under
sinusoidal oscillation, carriers shifted among them of the angle @. [16]. In particular, this modulation
strategy is particularly indicated for solutions of photovoltaic installations made with modular
architecture where more three phase inverter connected in parallel to the same network node are
available [17]+[19].

Since they interleaved inverters are in parallel connection, the one phase leg line output voltage
Fourier series is the same for both inverters (Figure 1-21).

ClJ_ I(Si : S2 I s3 mL

a J_ ]( 51 ! 52 S3 (m]L_

(o)

T ( s1' ( 52 I/ 53

Figure 1-18: Three Phase two-level Voltage Source Inverter in interleaving configuration when N=2

> For example, in the case of four inverter (N= 4), the condition of f ,iv = 0 would occur for phase shifts of /2

between the currents supplied by the inverter (0, /2, w/ 2+7/ 2=x, T+7n/ 2 =3/2T).
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Here below, to understand the interleaving benefit, two three phase inverters, in two-level
configuration, connected in parallel at the PCC have been considered with the carrier waveforms at the
same switching frequency (500 Hz) but shifted of 180° and designed so that the total power generated
by the two interleaved converters is the same as the single inverter and modulated with PWM
modulation providing a 180° phase shift between the carriers (N = 2). The studies are carried out
under the assumption of converters connected to a network of infinite power through their switching
reactance.

Fourier analysis for three phase two-level interleaved inverter

The modular solution requires that the inverters are connected in parallel to each other and with the
network, therefore the analytical expression of the phase voltages generated is the same for both
converters and is equal to the equation (1.23) used in § 1.2.1 for the assessment of the harmonic
impact on the network of a single two-level inverter.

About the current, in the assumption to have the inverters connected though their output impedance to
an infinite power network and to shift the carrier waveform of the second device of 180°, the total
current absorbed by the network is the sum of each device, from the equation (1.26), is the following:

1(e) = 1,(0)+ 15() = (1) + 13 )costayt + ) +

T
4(11+12) o ( ”jfo(nzma)
+—a 27 L N

{cos[n(a)ct + 9, )] + cos[n((ocr + @, + 7r)]}+
(1.36)

{cos[n((o(.t + 4, ) + p(wor + 4 )] + cos[n((ocr + 0.+ 7r) + p(a)or +4 )]}

b4
J | n—m
a1, +1,) 4o 4o p( ”j
+7(1+ 2) Y |:sin( z ”\J}z
2 2

where:
e the first term represents the fundamental frequency component;
e the first sum represents the multiple harmonics of the switching frequency. This summation,
a+p  a-p

cos
2 2

considering cos e + cos # = 2 cos , can be rewritten as follows:

)
o
WEUELIR (_j ( ]| m bl )](_j

2

2 co: cos
2 2

na) oL+ N, +na.t+ng, +n7z’) (na)ct+n¢c —nw.t—ng, —nﬂ')}

Which shows the lack of multiple harmonics of the switching frequency in the spectrum of the total
current injected (first summation always null), since:

v’ for n 0dd, the term cos(- nz/2) is null;

v’ for n even, the term sin(- nzf 2) is null.

e The double summation identifies the components around the multiple harmonics of the
switching frequency (n-f.) when n, p # 0 .By rewriting the expression it’s possible to obtain:
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where:

v if n and p are both odd (or both even) the term sin (n + p)ﬂ'/ 2 is zero, causing the absence of

harmonics in the neighborhood of the multiples of the switching frequencys;
v if nis odd and p is even and vice versa (i.e. , n + p is odd), the term sin(n + p)ﬂ'/ 2 is non-

null and therefore in the spectrum the harmonics around multiples of the switching frequency
are present (for example, with n=1 and p=2 there will be f; + 2f;).

In Figure 1-19 the spectrum of the current of the individual inverter and the total injected into network
(considering f.=500Hz) are shown, it’s possible to highlight:

e the absence of the harmonic bell-shaped distribution at the switching frequency (n= 1);

e the presence of the odd harmonics, in the neighborhood of even multiple of the f;

e the presence of the even harmonics, in the neighborhood of the odd multiples of the f..

In conclusion, the analytical expression of the output current of two inverters interleaved is the
following:

I(z) = Il(z)+ 12(t) = (11 + Iz)cos(a)ot + )+

J nﬁm cos|:(pa)01 + p¢0)+WW[:|{cos(—n”] +sin(— n”\)}-#
4(11+12) +z°° il |: ( 7 Ir):| PU 2 2 2 (1.37)
+ sin I

2 n—+p—
o n=+1 p=—co 2 2 n 2n@,t +2ng, +nx V4 V.4
—cos (pa)ot+p¢0)—7 cos| —n— [—sin| —n—
p#0 2 2 2

wheren=1,2,3,4,...andp=+1,43, £5...
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Figure 1-19: Current harmonic Spectrum for each single inverter and interleaving configuration

In Figure 1-20 the current harmonic phases for the two-level interleaved inverter for n=1 (a) and n=2
(b) are shown: since they have the same amplitude, the spectrum of the current injected into the
network doesn’t have the contribution of these harmonics, while for the second bell (n= 2) the
harmonic contributions are added, as shown in the spectrum of Figure 1-19.
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Figure 1-20: Current harmonic phases for the two-level interleaved inverter for n=1 (a) and n=2 (b)

1.2.4 Comparison of the different inverter configurations

The assessments are carried out under the assumption of converters connected to a network of infinite
power through their switching reactance. In particular, considering different values of the modulation
index, the voltage and current behaviors in terms of harmonic spectrum and in terms of Total
Harmonic Distortion (THD) are compared. Analysis of “sensitivity” have also been conducted to vary
at first the circuit parameters (for example by varying the output reactance of the two inverters
interleaved) and the characteristics of modulated and carriers waveforms (for example in the case of
error in synchronization during the generation of the two carriers out of phase by 180°).

In regards to the generated voltage, the analysis show that the three-level inverter presents a harmonic
contribution lower than the two-level, since the voltage assumes a shape closer to the sinusoidal
waveform. Considering the currents injected into the network, the interleaved solution presents an
harmonic impact less than in case of a single inverter, both two or three-level one. The detailed
comparisons relating to configurations analyzed are shown in the next.

Comparative impact of harmonic voltage
To operate a comparison in terms of harmonic impact of different inverter configurations the THD_V
(Total Harmonic Distortion) index is calculated, as stated in §1.1:

N

2V

n=2

THD _V =

1

where V is the RMS voltage value at the harmonic n, 7 is the maximum harmonic order considered

and V| is the RMS value of the voltage at fundamental frequency.

Since the solution interleaved doesn’t provide benefit in terms of harmonic voltage impact® with
respect to the other configurations in examination (two and three-level), it has operated only the
comparison in terms of voltage harmonic distortion generated for a single two-level and three-level
three phase inverter, both with PWM modulation.

As already mentioned in §1.2.3, also the THD_V comparison confirms the output voltage of a three-
level inverter has less harmonic contents than a two-level (Figure 1-22, 1-23).

Only for the three-level inverter, the behavior with the modulations APOD and PD has been analyzed,
making sure that for the phase voltage there aren’t any differences in THD while the line to line
THD_V is lower in case of PD modulation (Figure 1-24), as seen in the § 1.2.3.

® This is due to the fact that the two inverters are connected in parallel to the network.
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Figure 1-21: THD_YV line to midpoint (a) and line to line (b) comparison for a two-level and three-level
inverter with APOD modulation
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Figure 1-22: THD_V line to midpoint (a) and line to line (b)comparison for a two-level and three-level
inverter with PD modulation

27



Chapter 1. Distributed Generation and Power Quality
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Figure 1-23: THD_V line to line comparison for a three-level levels inverter with modulation APOD
and PD

Comparative impact of harmonic current

To make the comparison between the different types of inverter (two, three-level and interleaved
converters) it is assumed to have inverters connected to a network of infinite power through the
switching reactance. In the interleaved configuration the inverter are designed to have the total power
generated by the two converters interleaved the same as the single two or three-level inverter.

Three phase two-level Inverter and interleaved inverter

In Figure 1-24 it’s possible to verify that in the spectrum of the overall current generated in the
network by the two interleaved inverter there aren’t the harmonics multiple of the switching frequency
and the related “sidebands”, this means a reduced harmonic impact on network with respect to the
single inverter.

Current Harmonic Spectrum - two-level inverter
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Figure 1-24: Comparison between current harmonic spectrum for two-level and for interleaving
inverter configuration

In addition, with reference to the THD_I index, already expressed in (1.2):

THD [=-"=2
I

Figure 1-25 represents its trend, considering different modulation index values, and the best
performance of the interleaved configuration is confirmed.
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Figure 1-25: THD_I comparison between two-level and interleaved inverter

Comparison between three phase two-level, three-level inverter and interleaved inverters

Operating a comparison between all the three configurations considered, analyzing the current
harmonic spectrum7 there is a lack, for the interleaved inverter, of the bell-shaped distribution centered
on the switching frequency and harmonic multiples of the switching frequency. In addition for the
three-level configuration with APOD modulation (Figure 1-26) there is an harmonic contribution
similar to that of two interleaved inverters even if starting from the bell centered on the switching

frequency.
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Figure 1-26: Current  harmonic  spectrum
comparison for two-level inverter, three-level

inverter with APOD modulation and interleaved
inverter
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Figure 1-27:  Current  harmonic  spectrum
comparison for two-level inverter, three-level
inverter with PD modulation and interleaved

inverter

Finally, by working the comparison with the THD_I it’s verified that the current generated by a three-
level inverter (both with modulation APOD and PD) presents an index of total harmonic distortion
bigger than the interleaved configuration. In Figure 1-28 the trend of the THD_I for different values of
the modulation index is represented, this confirms the lower harmonic impact of the interleaved
configuration which is favored in modular multi inverter architectures.

" In the case of interleaved inverters this is the overall current injected into the network.
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Figure 1-28: THD_I comparison between two-level inverter, three-level inverter with PD and APOD
modulation and interleaved inverter

Even if the two-level interleaved inverters are designed with the same power and parameters, it can be
useful to analyse what happens, in the current harmonic spectrum, in the hypothesis of “unbalance”
between the two interleaved converters, examining the cases with:

e aswitching reactance varies in a range of + 20 %, with respect to the nominal value;
e the angles ¢, and @ from the equation (1.37), which respectively represent the phase shift of

the modulating signal (with respect to the absolute reference) and of the carriers of two
inverters interleaved, are variable®.

Switching reactance variation

In Figure 1-29 the THD_I referred to the fundamental current are shown when the reactance of an
inverter varies between + 20% of the designed value. For the same modulation index, in the range of
variation positive or negative, there is an increase in the harmonic distortion injected into the network,
even if the variation of the THD_I compared to the ideal case ‘“balanced” is less than 2%
(Figure 1-30). From the comparison with the Figure 1-25 it’s possible to confirm better performance
of the interleaved inverter solution, even in the presence of unbalance between the switching
reactance.

These conditions may occur, for example, in the case of synchronization errors in the generation of the waves.
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Figure 1-29: THD_I deviation from the nominal case, when the reactance of the second interleaved
inverter is less (a) or bigger (b)than the first one
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Figure 1-30: THD_I deviation from the ideal case

@, and @. angles variation

At the end, the voltage and current Total Harmonic Distortion are also influenced by the phase shifts
% and ¢.. The angle % is the shift of the reference current from the zero cross and ¢, is an added

shift between the carriers waveform of the interleaved inverters evaluated in case of a synchronization
error during the generation of these signals.
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For instance, the THD_I variation, for all the possible values assumed by these shifts, is less than 10%
for a range of modulation index between 0.6 and 0.8 (Figure 1-31 and 1-32)°.

Regarding the spectrum of the total current injected into the network, it has been reported an influence
of the angle ¢,.: assuming, for example, ¢. =30° and a modulation index m=0.7, the harmonic

spectrum presents the “first bell”, corresponding to the switching frequency, that is not present in the
ideal case, due to the not perfect compensation in phase opposition of the harmonics of the two
inverters. In Figure 1-31b the spectrum of the current in the event of ¢y = 90° is shown: only the
sidebands harmonic components appear in correspondence of the switching frequency, since the
cancellation of the f, is ensured by 180° phase shift between the carriers of two inverters.
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Figure 1-31: THD_I (a) and current harmonic spectrum (b) in case of a % shift of one interleaved

inverter
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Figure 1-32: THD_I (a) and current harmonic spectrum (b) in case of a ¢. shift between the carries

waveform of the interleaved inverter

As presented in the previous results, considering the configuration of two three phase two-level
interleaved inverters, the positive effects to reduce the current harmonic distortion injected into the
network are confirmed in any case.

? These considerations are valid in the hypothesis that the angle @, is different, from the ideal case, only for one

of two inverters interlaced modulating waveform (if the phase shift is identical for both converters, variations in
THD_I aren’t present).
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1.3  Interaction between inverter and network in the presence of variable

generation: the flicker
In general, the phenomenon of the flicker is the result of voltage fluctuation typically caused by the
effect on the network of time variable powers associated with a particular loads (§1.1) or generation
with primary source variable (e.g. photovoltaic or wind). The phenomenon intensity is connected to
the network characteristics of the connection point of the generator: weak networks, characterized by a
reduced short circuit power, can make this phenomenon more evident, especially in the presence of
loads or generators of significant power.
Both photovoltaic generators and wind farms are characterized by variations in the power exchanged
with the network due to the variability respectively of the sun and wind. In general, with the same
network characteristics, the phenomenon may be more critical for wind power plants since those have,
typically, higher power installed and the generators can be directly connected to the network (for
example old designed plants with asynchronous generator and DFIG - Double Fed Induction
Generator plants). Typically for wind power plants the flicker can manifest itself in two different
operation conditions: continuous and “switching”.
In the first case, the flicker is caused by the power fluctuations due to: the wind variability, the tower
effect'® and the mechanical characteristics of the turbine. While in case of “switching” operation, the
disturbance is manifested as a result of start and stop of wind turbines. In particular the voltage
variations caused by wind generator starting can be divided into two fundamental contributions:

e a first contribution due to the reactive power absorption to magnetize the generator, in case of
a voltage drop in the network;
e a second contribution related to the input into the network of power, with a consequent
increase in the voltage.

In presence of systems that allow the turbine speed control and/or equipment connected to the network
through electronic power converters, it’s possible to implement control strategies of the mechanical''
and electronic parts that allow a minimization of the variations in power delivered. In the next session
the case of wind generation with Permanent Magnets Synchronous Generator (PMSG) interfaced to
the network with power electronics in a back-to-back configuration to verify its effectiveness in terms
of disturbance containment and the possible effect on the system behavior in particular on DC
section has been analyzed12[20] +[34].

1.3.1  Flicker impact of the wind generators interfaced to the network with power electronic
devices

Initially, the correlation between the level of flicker (§ 1.1) and the following parameters, varying the

generator power factor, has been analyzed by digital simulations:

e the characteristics of the generation from primary source (§ 1.3.4 and 1.3.5); in particular,
considering the power oscillations amplitude, two possible converters control methods have
been analyzed to minimize these oscillations;

e the network short circuit power at the generator connection point and the impedance line
parameter X/R (§ 1.3.6 and 1.3.7);

¢ the electronic power circuits characteristics (§ 1.3.8).

' The so-called tower shadow is the result of the cyclical passage of each of the blades in front of the tower to
support the turbine: the consequent alteration of the wind speed that affects the blade determines power derating
and also voltage reduction at a frequency related to the blades number and to the frequency of “crossing” in front
of the tower (resulting from the turbine rotation speed).

' Control of the angle of blades attack.

"2 The considerations presented for the wind generator and in particular those relating to the effect of the power
electronics device can also be transferred to the case of photovoltaic generator interfaced with static converters.
The presence of electronic converters in wind power plants, of course, leads to problems in terms of harmonic
injected into the network, as seen before.
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It should be noted that this study has been carried out using a model of wind PMSG, but the method of
survey used and part of the obtained results can be extended to every type of distributed generation
characterized by variability in power fed into the grid.

For this study, models of full converter wind generators, implemented during the course of the
doctoral dissertation and explained in detail in the Chapter 2, have been used. These models allow to
implement a power variability available from primary source and they are connected to a simplified
Medium Voltage distribution network model. In addition, a flickermeter digital model has been
developed for the “off-line” analysis of the data obtained by the digital simulation for the assessment
of the severity of the flicker in different conditions of delivery. Then, two different control strategies
for the electronic power converters have been considered.

In the study, it is assumed that the variations of power available from primary source are caused by
variations “saw tooth” of the wind speed around a constant mean value.

1.3.2 Flicker evaluation

The simulations conducted in environment ATPDraw have been used to assess the correlation between
the flicker level, considering different values of the generator power factor cos(¢), and the following
parameters:

amplitude of the power oscillations [24];

frequency of the power oscillations;

Short Circuit Power of the network (P..) at the connection point of the wind generator [24];
line X/R characteristics [24];

DC-link capacitance.

1.3.3 Flickermeter Model

For the evaluation of the flicker level produced by wind generator, a digital model of measuring
instrument said flickermeter has been developed as reported in IEC 61000-4-15 [32].

The measuring instrument is composed of five stages of signal conditioning of mains voltage, as
shown in Figure 1-33. These stages have the aim to reproduce the variations in the brightness of an
incandescent lamp due to the fluctuations of the mains voltage, as well as typically perceived by the
human eye. A quantitative assessment of the flicker level is carried out by statistical processing of the
data obtained by the measuring instrument.

Instantaneous flidcer

d8 dB dB
~ A~ 1“ A
u® ) u@) |, ; 5 s 1:1 |
. 3 3 5 [T T—w Statistic
u l | "Short term® fi
2 ort term” flicker
Signal conditioning - - - »
and square filter 0.05 * Hz 35 Hz 8,8 THe THz

H : Human eye and ]
h &l i e o sodel
High pass filter Low pass filter gy Human perception mode

s e e e

BLOCK 3: human eye and BLOCK 4: human brain
lamp models perception model

Figure 1-33: Model of flickermeter according to IEC 61000-4-15

BLOCK 1 BLOCK 2: filtering BLOCK 5

The following is a detailed description of the individual blocks which constitute the instrument.

BLOCK 1
In block 1 the voltage signal is squared and then normalized dividing it by its nominal value.
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BLOCK 2

In this block a filtering is operated to eliminate the frequency components that are not of interest for
the calculation of the flicker. The block is composed of two filters: a first order high-pass filter with
cut-off frequency” of 0.05 Hz connected in cascade with a Butterworth low pass sixth-order filter with

cut-off frequency of 35 Hz. Bode plots of amplitude and phase of the two filters are shown
in Figure 1-34.

Bode Diagram Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (Hz) a) Frequency (Hz) b)

Figure 1-34: Bode diagrams of amplitude and phase of high-pass (a) and low-pass (b) filters that
implement the block 2 of the model flickermeter

BLOCK 3

Block 3 consists of a filter weighed that represents the response to voltage variations of an
incandescent lamp, powered with a given voltage with fixed frequency and the human eye sensitivity
to the frequency of the variations in the lamp brightness. The filter transfer function'* is the following:

S
kw 1+;
S
H,(s)= ! * 2
(5 s+ 245+ @ s s (1.38)
1+ e
o, w,

where, for a 60W lamp supplied with a voltage of 230 V,,; at 50 Hz", it has:

K A [rad/s] o [rad/s] ,[ rad/s] o3[ rad/s] o[ rad/s]

1.74802 214.05981 219.15494 212.27979 211.22535 2n21.9

The Bode diagram of amplitude and phase of the resulting transfer function is shown in Figure 1-35.

" The cut-off frequency of a high-pass filter (or low-pass) with a transfer function H(s) is the value of frequency
f. for which occurs that |H(j2nfc)|dB = 2010g10|H(j2ﬂfC )| =-3dB.

oo
" Where > represents the product of convolution defined as: (f * g)(x):= [ f(y)g(x— y)dy.

"> For lamps supplied with voltage 120 V., at frequency 60 Hz, the shape of the filter is the same, but the
numerical value of the coefficients are different.
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Bode Diagram

Magnitude (dB)

450

Phase (deg)

10 10 10‘777 10727 10°
Frequency (Hz)
Figure 1-35: Bode diagrams of amplitude and phase of the transfer function of the filter weighed in

block 3 of the flickermeter

BLOCK 4

This block represents the model of the effect of the delay of perception introduced by the human brain,
this is obtained by the squarer of the output signal of block 3 and a first order low-pass filter with time
constant of 300 ms. The output signal of this block is the level of instantaneous voltage flicker that is
used for statistical evaluations carried out from the next block.

BLOCK 5
The block 5 is used to calculate an index of the severity of the flicker in the short term, i.e. evaluated
over 10 minutes, commonly referred as Py (value short term) and defined as:

P, =[0.0314F,  +0,0525R +0,0657 P,; +0,28y +0,08P (1.39)

where:
e P, denotes the x-th percentile of instantaneous flicker (for example the term Py ;);
e the other terms, indicated by the subscript s, constitute a weighted average of the percentiles in
agreement with the following expressions:

Py =(F,+HA+F5)/3

Py =(P,+P+F,)/3

Pos =B+ K+ P, +h;+hA;)/5
Piys =(Pyy+ Py + By ) /3

According to IEC 61000-4-15 [32] it’s also possible to calculate an index of severity flicker over 120
minutes, averaging suitably indexes Py calculated in 12 intervals of 10 minutes.

The model of flickermeter described above has been implemented in Matlab environment. The tool
allows to acquire in a input voltage signal, coming from a circuit simulation or from an acquisition of
real data, and gives as output the instantaneous values of flicker and the index Py. Therefore, for the
evaluations carried out in this Chapter, it has been first done the circuit simulations of the different
cases in examination and subsequently an offline analysis of the voltages provided by digital simulator
has been carries out.

Due to simulation time constrains, only the short term flicker coefficient Py has been evaluated and it’s
calculated for 1 s. Even though the short term flicker coefficient here calculated is not in accordance to
the Standard, it is useful to assess the influence of some grid and generator parameters on flicker
severity.
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1.3.4 Flicker dependence on the power oscillations amplitude

As anticipated, the type of control adopted for power converters back-to-back to interface the wind
generator to the network allows to inject all the active power made available from primary source.
Using this approach, therefore, the oscillations of wind turbine power, linked to the variability of the
wind speed and repetitive effects such as the tower shadow, can cause power fluctuations fed into the
grid by the inverter and consequently network voltage variations.

In the analysis, periodical power variations available from primary source have been assumed, for
example due to gusts of wind fairly regular, with a given frequency (10 Hz). The short circuit power
(P..) of the MV distribution network at the wind generator connection point is 400 MVA, i.e. 160
times the rated power of the generation plant and the line to which the generator is connected has a
total impedance of 1.015 Q (1.015 p.u.) with a ratio X/R equal to 7 [24]. In this simulation and in all
the other cases, the device is designed to inject all the available power from the primary source, up to
its design limit (2.5 MVA).

The values of the parameter Py, evaluated over 1 s, as a function of the amplitude of the variations of
power, obtained by the model of flickermeter developed in Matlab from the values of simulated
voltage, are reported in Figure 1-36. From the calculated values it’s possible to establish that the index
trend has, with good approximation, a parabolic dependence on the amplitude of the oscillations of
power.

1 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Power oscillations amplitude [p.u.]
Figure 1-36: Flicker severity dependence on the amplitude of the oscillations of power (1 p.u. = 2.5
MVA)

In order to reduce the severity of the flicker generated by the wind power plant it’s possible to adopt
controls that make the reference magnitudes for the rectifier control and/or the inverter less sensitive
from power oscillations of the primary source. To assess the validity of these controls to reduce the
flicker it has been assumed to modify the AC/DC converter control to calculate the current references
of axis d-q from the error between the actual power extracted from the primary source and a reference
value. It should be noted that this type of control is less efficient than the field oriented control, in
terms of Maximum Power Point Tracking (MPPT). In fact, adopting the control in power, the value of
the reference of active power must be modified with a logic of the type “perturb and observe (P&O)”,
or with other logics of MPPT that vary in discrete steps the reference value independent on the
maximum power can be extracted as a function of the speed of the wind. The Figure 1-37:a returns the
comparison, in the same conditions of the primary source, between the index P obtained with the two
control types and the Figure 1-37:b shows the percentage variation of the index assessed with the
method of power control with respect to the method of field oriented control, with the same amplitude
of the power oscillations.
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Flicker severity dependence on power variation of the primary source with different
AC/DC converter control methods: (a) comparison of the calculated values, b) percentage
variation obtained with the method of power control with respect to the method of field

oriented control (1 p.u. =2.5 MVA)

1.3.5 Flicker dependence on the frequency of the power oscillations

In the same conditions of network used for the analysis above, it has been simulated the impact, in
terms of flicker, of a wind generator considering the frequency of the variations in power of the
primary source. The AC/DC power converter control, presented in Chapter 2, is designed in order
to always inject the maximum power available from primary source. This type of control proved to be
more problematic from the point of view of the severity of the flicker generated in network
(Figure 1-37:). In this case it’s assumed: an amplitude of the variations of constant power equal to 400
kW (0.16 p.u.) and the frequency varies between 0 Hz and 20 Hz in discrete steps. The values of
P, calculated by the model of flickermeter are shown in Figure 1-38.

st

10
Frequency [Hz]

Figure 1-38: Flicker severity dependence on the frequency of the power variations

Figure 1-39 shows the trend of Py index as a function of both amplitude and frequency of the power

oscillations, during the network conditions indicated above.
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Figure 1-39: Flicker severity dependence on frequency and amplitude of the variations of power of the
primary source (1 p.u. =2.5 MVA)

1.3.6 Flicker dependence on the short circuit power at the connection point

To assess the link between the intensity of P and the network short circuit power (P..) at the point of
connection of the generator, it is assumed to vary the value of the network impedance, maintaining
constant the X/R ratio of the impedance (equal to 7). The calculation of the values of resistance and
inductance of line, fixed the P, has been done starting from these equations:

V2
Z=+R*+X’ Re_ Vi L=k Vi (1.40)
X _, k+1 P.. Vk+127f - P,
o=

where V| is the line to line voltage network and k is a constant.

The analysis has been carried out setting the amplitude and the frequency of the variations in power,
respectively equal to 400 kW (0.16 p.u.) and 10 Hz. The results obtained (Figure 1-40) have been
compared with those calculated, always with the variation of the P of the network, with a wind
generator that injects constant power on the network, with a value equal to 2.5 MVA. In addition three
different generators power factors have been analyzed, respectively equal to 1, 0.9 inductive (i.e.
reactive power absorbed by the inverter) and 0.9 capacitive (i.e. reactive power delivered by the
inverter).

As expected [24], the value of the index of the severity of the flicker short term has a dependency of
reverse type (1/P..) on network short circuit power. From the analysis it’s shown that also the reactive
power contributes to the flicker generation, since the inverter operation mode with fixed power factor
necessarily implies that a variations of active power match variations that are proportional to reactive
power with a consequent increase of the mains voltage variations and therefore of the flicker severity.
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Flicker severity dependence on the network P . at the wind generator connection point (a)
values calculated by the model of flickermeter under different power factors, (b)
percentage variations with respect to the case benchmark with constant power injection (1

p.u. = 2.5 MVA)

1.3.7 Flicker dependence on the impedance line ratio X/R

For this type of analysis the same primary source output variation of the previous case have been used.
It is analyzed the Py index dependence on the ratio X/R of the impedance of the network line where
the generator is connected. The dependence has been evaluated for different values of short circuit
power from the network. Considering a lower P.. (100 MVA corresponding to 40 p.u.), the case of
delivery only active power and the case with reactive power injection have been analyzed. The results
of the simulations are reported in Figure 1-41: in absolute terms (case a) and in terms of percentage
variation with respect to the case of the absence of power variations introduced into the network (case
b), if used as a benchmark.
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Flicker severity dependence on X/R line characteristics (a) absolute values obtained under
different injection and network conditions, b) percentage variations in respect to the

benchmark case

The analysis shows that, for the same short circuit power, the resistive component of the line
impedance has the main role in the determination of the severity of the flicker.
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1.3.8 Flicker dependence on the value of inverter DC-link capacitance

The capacitor placed in the back-to-back converter DC section, said DC-link, has the purpose of
stabilizing the value of the inverter DC voltage, thus limiting the ripple according to the following
equation:

AV _\/EICA+IDC

= 1.41
dc max 2 fm, CDC ( )

where Ic, is the RMS value of the current delivered by the inverter in the network at rated power,
Ipc direct current, f;,, the inverter switching frequency and Cpc the total capacitance of DC-link.

In this case, the capacitor has been designed to obtain a maximum current ripple of 3% with a rated
voltage of 1100 V; this design has effects on the DC voltage variations in case of unbalances between
the power delivered by primary source and the one injected into the network by the inverter.

From the flicker point of view, an inverter DC voltage stable allows an injection of active power
without oscillations obtaining less flicker level. However, it is necessary to consider the interactions
with the dynamics of the controls of the two electronic power converters and, therefore, it is not
possible to determinate beforehand a simple relation between flicker severity and DC-link capacitance
design. This relationship has therefore been investigated by digital simulation, calculating the index
Py, using the flickermeter Matlab model, from mains voltages obtained by the ATPDraw simulations.
The conditions for the P calculation are the same of the previous paragraphs and in particular:

¢ network P at the connection point: 100 MVA (40 p.u.);

e line ratio X/R: 7;

e amplitude of the variations of power of the primary source: 400 kW (0.16 p.u.);

e frequency of variations of power of the primary source: 10 Hz.

Figure 1-42 shows the results of simulation from which it emerges that the P index is less affected by
the value of capacitance of the DC-link, considering variations of + 40%'® than the value of design
chose to limit the ripple of the DC voltage (100 mF equal to 1 p.u.).

0.5 T T T T
| | |
| | || —®—cos(¢) = 1-pcc =100 MVA
0'457777T77777777: cos(¢) = 0,9 ind. - pcc = 100 MVA ]
04F - ——+ - — 14— __ ] —®cos(¢p) = 0,9 cap. - pcc = 100 MVA ||
| | | ] ] ]
| | | | | |
035~~~ 7~~~ q-~- - T T T T T
, I I . o ;
03F———-4+— bbb
| | | | | |
- | | | | | |
PR -] St il Sl B e A s a7
| | | | | |
02— --+t> -4 - — - L1
| | | L 4 4
* A U T hd T
L L e Bttt Bttt B e i i Ay
| | | | | |
o1+---+-——4 - —— b —— b4+ —d— -
| | | C | | |
| | | rif | | |
0.05F —— =7~ -~-q- -~ """ TS T TT T
| | | | | |
0 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Clp.ul

Figure 1-42: Flicker severity dependence on DC-link capacitance

'® Lower values of capacitance were not taken into consideration because it is known to cause instability of the
control implemented.
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1.4  Final Considerations

The evolution of the distribution grids toward active type networks with Distributed Generation (DG)
leads to analyze which is the impact of DG in terms of Power Quality. In particular, considering DG
connected through power electronic converters, the effects related to harmonics and flicker have been
deeply examined.

This analysis suggests that the harmonic impact varies with the system architectures and is closely
linked to:

type of technology used (three phase inverter two-level or multi-level);

modulation strategy (Pulse Width Modulation - PWM modulation, fixed-band, etc. );
switching frequency;

any harmonic disturbance present in the network.

The activities take into consideration architectures with single inverter (three phase inverter: two or
three-level) and with a modular construction (three phase interleaved inverters), both with PWM
modulation, by focusing on the harmonic analysis of the voltages and currents injected into network
associated with these two architectures. In particular it has been found that:

e in terms of harmonic voltage contribution the three-levels inverter produces a harmonic
pollution lower than the two-levels configuration.

¢ in terms of harmonic current contribution injected into the network, the configuration with two
interleaved inverters is better because it moves the first harmonics bell-shaped distribution
toward high frequencies (n-f;) with small amplitudes.

Then, considering the flicker phenomenon, the short term flicker severity index has been calculated in
case of a wind Permanent Magnets Synchronous Generator interfaced to the network with back-to-
back converter configuration. The results have shown that:

e the Py is greater if, considering the variability of the primary source wind, the wind generator
converter has the field oriented control, used to extract the maximum power available and
injected into the network;

e there is an inverse relationship between network short circuit power at the inverter connection
point and the severity of the flicker; in particular, the possible delivery or absorption of
reactive power has in general a worsening effect on the severity of the flicker due to the
voltage drops on inductive components of the network impedance;

e the Py is more linked to the resistive component of the line impedance in the same short-
circuit power network conditions;

o the Py is less affected by the value of DC-link capacitance, if it is designed to limit, during the
steady-state operation, the DC voltage ripple within a few percentage of the nominal value.

Finally, it should be underlined that the investigation methods and part of the results obtained can be

extended to every type of distributed generators connected to the network through electronic
converters or characterized by variable primary power.
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2 DISTRIBUTED GENERATORS CONNECTED TO DISTRIBUTION
NETWORKS THROUGH INVERTER

The study of the impact of Distributed Generation (DG) on the voltage quality has been conducted
with digital simulation of the behavior of such generators in case of voltage dips and proponing
possible control strategies to overcome them. In particular, the simulations conducted in ATPDraw
environment (Alternative Transient Program) have made it possible to evaluate the Electromagnetic
Transient (generally referred EMT) resulting from the disturbance, highlighting:

e the “natural” response of the DG system, i.e. without any external device or any special
control strategies;

e the system response in presence of auxiliary devices (hardware and software) to satisfy the
new requirements of Fault Ride Through that will be presented in Chapter 3.

Initially the photovoltaic (PV) generation has been taken into consideration, since in Italy this
generation had a greatest increase in terms of installed power. But in the European context, for some
years, wind generators of various types and sizes have found wide use as well. For example,
in Table 2-1 the installed power from wind power plants are reported for all member countries of the
European Union in 2009 and 2010 [35]. Figure 2-1 shows the trend of the installed power from wind
power plants in the EU as a whole from 1995 to 2010 [35].

Table 2-1: Installed wind capacitance in member countries of the European Union in 2009 and 2010
(in MW)

Country 2009 2010 Country 2009 2010

Austria 995 1011 | Latvia 28 31
Belgium 563 911 | Lithuania 91 154
Bulgaria 177 375 | Luxembourg 35 42
Cyprus 0 82 | Malta 0 0
Czech Republic 192 215 | Holland 2215 2237
Denmark 3465 3752 | Poland 725 1107
Estonia 142 149 | Portugal 3535 3898
Finland 147 197 | Romania 14 462
France 4574 5660 | Slovakia 3 3
Germany 25777 | 27214 | Slovenia 0.03 0.03
Greece 1087 1208 | Spain 19160 | 20676
Hungary 201 295 | Sweden 1560 2163
Ireland 1310 | 1428 | United 4245 | 5204

Kingdom
Italy 4849 5797 | Total EU 75090 | 84278

In the recent years, as regards the on-shore plants, which represent the majority of plants currently
installed, it is becoming a trend to install average power plants, up to 2 MW, based on Permanent
Magnets Synchronous Generators (PMSG) instead of the most classic doubly-fed induction
generators [36]. The first, in fact, require the use of full power converters to decouple frequency and
voltage level generated by the wind turbine from the network. Only in recent years, the power
electronics has reached a maturity that allow to make PMSG competitive compared to the traditional
solutions, in terms of costs and payback time. In addition, the possibility to easily vary the control
strategies of power electronic converters allows to manage the generators in a much more versatile
way than the traditional one and, if necessary, to provide also auxiliary services to the network.
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The significant presence of wind farms DG with PMSG connected to the network using electronic
power converters, it has brought with it the need, as for the photovoltaic generation, to reconsider the
management strategies to adopt in the event of disturbances and voltage dips in the network.
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Figure 2-1: Total power from wind plants installed in the EU from 1995 to 2010 [MW]

The study for both types of distributed generators (Photovoltaic and Wind) has been developed by
digital simulation (with environments ATPDraw and DIgSILENT PowerFactory) and through
theoretical analysis with numerical calculation software and the main results will be presented in the
Chapters 3, 4 and 5.

2.1  Electromagnetic transient simulations: network model

For the purposes of the simulations in the environment ATPDraw, a detailed model of a Medium
Voltage (MV) distribution network, typical Italian, has been implemented. This network develops
from a Primary Substation (PS) with a power transformer HV/MV of 40 MVA; the prevalent High
Voltage (HV) network is modeled through a Thevenin equivalent sinusoidal three phase generator
with frequency of 50 Hz, voltage 132 kV and an inductance that gives a value of short circuit power
equal to 2300 MVA. In the PS a MV bus-bar is present from which five feeders of different lengths
start. On each of the lines there are passive loads and at the start of each line a three phase Circuit
Breaker (CB) is installed.

The network faults are simulated connecting in different positions a timed circuit breaker with in
series an impedances inductive or resistive with different value. In this ways, it is possible to simulate
faults with voltage dips of different depth and duration, introducing also possibly voltages phase shift.
In particular, the network implemented in the simulations is shown schematically in Figure 2-2.

The different feeders shown are characterized in this way:

Line 1: cable line, total length 5 km, empty;

Line 2: cable line, overall length 20 km, total load 6 MV A;

Line 3: cable line, total length 1 km, total load 6 MVA;

Line 4: overhead line, overall length 15 km, empty;

Line 5: overhead line, overall length 30 km, total load 5.4 MVA,;

Line 6: cable line, overall length 10 km, at the end of which will be connected the distributed
generator.

Below the characteristics of each component are detailed.
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HV Prevalent Network

The network has been represented by an appropriate equivalent at 132 kV (characterized by a three

phase fault current of 10 kA and a single phase fault current of 8 kA).

Figure 2-2: Diagram of the main network used for simulations

HV/MV transformer

The main data of the HV/MV transformer used are reported in Table 2-2.

Table 2-2: Main data of the HV/MYV transformer

A, 40 MVA
Vi 132 kV
Vo, 20.8 kV
P 0.437 %
Ve 15.5 %

Iy 0.5 %

Py 0.065 %

Overhead lines

The main data relating to the overhead lines considered are reported in Table 2-3. The conductance to
ground have been modeled by resistors connected to earth added at the beginning of each segment of

the line.
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Cable Line

Table 2-3: Main data of the overhead line MV

Conductor Diameter 10.7 mm
Teonductor 0289 Q/Km
Conductances 0.714 uS/Km

The cable lines are MV triple-pole aluminum helix cables, insulated with Cross-linked
polyethylene, shielded under thermoplastic sheath. Their main data are reported in Table 2-4. The
cable line 6, where the DG will be connected, is modeled by a circuit equivalent to I.

Table 2-4: Main Data cable MV

Conductor Diameter 16.5 mm
Insulator Thickness 5.5 mm
Screen Section 16 mm’
Outside Diameter 36 mm
EXLPE 3
€pvc 8
T'conductor 0.164 Q/km
Tshield 1.15 Q/km

Distributed Generators

For the photovoltaic (PV) generators a 580 kW power plant directly connected to the MV network is
considered (§ 2.2). In regards the wind generation a PMSG in a back-to-back configuration of about
2MV A has been modeled (§ 2.3).

2.2  The model of the photovoltaic installation: power and control

The structure of the simulated system is reported in Figure 2-3 and consists of:
e aPV array;
e a DC/DC BOOST converter to extract the Maximum Power Point Tracking (MPPT) from the
PV array and to increase the output voltage to a level suitable for the inverter;
e a two level three phase VSI to connect the DG to the MV network through a MV/LV
transformer.

PV ARRAY DG/DC BOOST CONVERTER

GRID INTERFACE INVERTER

INVERTER

|
||
||
|
;|

Figure 2-3: Simplified diagram of a typical structure of the system of photovoltaic generation

2.2.1 Photovoltaic equivalent model

A PV array consists of solar cells, each generating a certain voltage and current; by connecting these
cells in series and in shunt, the required current and voltage can be generated. The photovoltaic
equivalent system has been represented by the following equivalent model shown in Figure 2-4
[37]+[39].
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Fig;re 2-4: Electrical equivalent of a photovoltaic panel

The simplified electric equivalent model of a solar cell is made by a photovoltaic current source I, a
diode, a shunt resistor (Ry,), that takes into account the current to earth under normal operation
conditions, and a series resistor (R;), that represents the internal resistance to the flow of generated
current and depends on the thick of the junction P-N, on the present impurities and on the contact
resistances. The current-voltage (I-V) characteristic is given by:

va +1Rs
Petpy -2 @1
SH
q[V +IR ]
pv s
Ip =1y|exp T -1 2.2)

where:
e [is the current injected by the PV system;

e [, represent the current generated by the cell that is a constant for a given temperature (T) and
Solar irradiation (G);

e [ the current flowing through the diode that depend from its reverse saturation current Io;

¢ A is the identity factor of the diode and depends on the recombination factors inside the diode
itself (for crystalline silicon is about 2);

e qis the electron charge (1.60217646E-19 C);
e ks the Boltzmann constant (1.3806503E-23 J/K);

e T is the absolute temperature in K degree.

In the usual cells, the leakage current to earth, flowing through Ry, is negligible with respect to the
other two currents. As a consequence, the saturation current of the diode can be experimentally
determined by applying the no-load voltage V. to a not-illuminated cell and measuring the current
flowing inside the cell. In this study the output I(V) and P(V) characteristics has been calculated for
the following PV system features:

Pyt 580 kW
Vvippr 610 V
Lvppr 950 A

T 25°C

G 1000 W/m?
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In particular in Figure 2-5 it’s possible to evaluate the PV behaviour in case of short circuit or no-load.
During these two conditions the electric power produced in the cell is null, whereas starting from the
short-circuit condition, when the voltage increases, the produced power rises too: after reaching the
maximum power point (P,,)), the power suddenly falls near to the no-load voltage value.

PvsV

700

AvsV

1200 ¢
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1000
S0 B ——1000 Wim'2 800 [ 1000 W2
g 400 — 800 Wim2 300 W2
E- 300 AN —500 Wim'2 < 807 | _xz‘:mq
= = \ —250 Wim'2 < e
200 \ \ 400 + T T r k—ZSC Wim'2
100 = 200 § N\
2= \ X
0 100 200 300 400 500 600 700 800 00’ 00 200 20 40 50 60 700 80
a) ' b) M
Figure 2-5:  Characteristics of voltage/power (a) and voltage/current (b) of PV 580 kW generator for

constant Temperature (T) and variable Solar Irradiation (G)

Maximum Power Point Tracking

The trends of the power/voltages characteristics in Figure 2-5a have only one maximum at a given
voltage, Vypp, Which corresponds, from the current/voltage characteristic, a current Iypp. The pair
(Vwmpp, Impp) therefore represents the working point where the panel produces its maximum power
(Maximum Power Point - MPP).

It is therefore necessary to provide a system for the identification of the maximum power point
(Maximum Power Point Tracking - MPPT) so that, in order to obtain the maximum efficiency, the
panel is “brought to work” around values of voltage/current corresponding to the MPP.

Systems of MPPT can be implemented with different algorithmic solutions [37], although usually it’s
used a technique called “perturb and observes” (P&O). In this strategy, the point of maximum power
is tracked by adjusting, with time deadlines defaults, the output voltage of the photovoltaic panel by
following the following steps:

to fix a Vpy voltage;

to measure the power output from the panel P(k);

to disturb the value of the voltage with a known variation;

to measure again the power delivered by the system P(k+1);

If P(k+1) >P(k) to disturb again Vpy with a variation of the same sign of the previous one;
otherwise to apply a disturbance of opposite sign.

NS

In this way the value of the output voltage of the photovoltaic panel tends to oscillate around the value
Vwmpp. Since this dynamic is generally “slow”, compared with the typical dynamics of electronic
systems and the phenomena that affect the variations of MPP, the update of the voltage value can also
be performed with time intervals of the order of seconds. Under this assumption, the MPPT dynamics
can be considered slower than the phenomena subject to analysis (voltage dips) and therefore in the
model the MPPT logic has not been implemented. In other words, the voltage/current working point
has been fixed beforehand at the value (Vypp, Ivpp) and held constant for the entire duration of the
transient [39].

2.2.2 DC/DC Boost Converter

The converter placed between the photovoltaic generator and DC bus is a unidirectional chopper. The
need for raising or lowering converter voltage derives from the relationship between the DC voltage
and PV generator working, considering the variations in relation to different environmental conditions
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(sunlight and temperature). For the photovoltaic generator modeled the MPP voltage value is 610 V.
In particular, assuming an inverter DC bus voltage of 800 V, the chopper implemented in the study is a
DC/DC BOOST converter.

The PV generator interface converter must ensure the operation at the point voltage - current that
corresponds to the maximum output power to ensure the provision of all the available power. A
schematic diagram of the DC/DC converter is shown in Figure 2-6.

Lo, D

Figure 2-6: Circuit Diagram of the DC/DC converter

For reasons of cost, this converter is usually used in plants for greater power, such as the one taken
into account in this study (580 kW). For generators of lower power, connected to the Low Voltage
network, on the contrary, the photovoltaic panel can be connected directly to the inverter. If present,
the DC/DC converter is used also for the MPPT algorithm implementation; on the other hand, in case
of direct interfacing to the inverter, the MPPT is included in the inverter control itself.

With regard to the boost converter design and control modeling, some choices that will ensure a
greater simplicity of the system to simulate have been considered, but verifying a match with more
complex models.

In particular, the chopper is modulated with a fixed band width current modulation instead of a more
common modulation strategy PWM (Pulse Width Modulation). This is because the lack of a proper
algorithm for MPPT reduces the boost converter only at the stage of adaptation of the output voltage
of the panel to optimal levels for the inverter to interface the generator to the network, making
practically indifferent the type of modulation choice for driving. The substantial equivalence between
the two modulation strategies, for the purposes of the simulations in this study, will be discussed in
§224.

Boost converter design

Starting from the chopper equivalent circuit (Figure 2-6) and considering the current trend in the
inductance of the chopper shown in Figure 2-7, it’s possible to write the functioning equations in the
intervals T,, and T, respectively defined as 8T and (1-8)T, where J represents the duty cycle and T
the switching period of the chopper:

Al (2.3)
LI’VE:VPV
Al
L ———=V, -V, 2.4
pv (1_5)7—, dc P ( )
ILA

0 Tson Ts o T t

Figure 2-7: Trend of the current in the inductance of the chopper boost
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Since the chopper is modulated with a fixed band width current modulation, the variation range of
the current, Al, can be fixed beforehand. Therefore, obtaining this parameter from (2.3) and replacing
itin (2.4) it’s possible to obtain the following equations:

\%
Al =—-JT
L,
(2.5)
v,
L, 8=V, (1-8)r-v, (1-8)r
pv
Processing the second expression of the equation (2.5) it is obtained:
V,0=-V, +V 6+V, -V,.0 (2.6)
v, =+V,(1-6) 2.7)

Finally, replacing the expression of the duty cycle in the first equation, the formula for design the
inductance of the chopper is determined:

\%
S=1--2
Vdc

L, =teg(1-Ye|o Yo [ Yn
" N Vdc AI* sw Vdc

where the parameters Vpy, Al and the switching frequency f,= 1/T have been evaluated in the
condition of critical operation, that is in case of low irradiation.

The variation in maximum allowable current has been set equal to 10% of the maximum current that
can be delivered from the panel (Figure 2-5) and the switching frequency has been chosen to use the
same IGBT of the inverter (§ 2.2.3). The main characteristics of the PV system are summarized in the
table below:

(2.8)

Vv | 617V
Ve | 800V
Al | 50A
f,, | SkHz
Ly, | 160 uH

2.2.3 Voltage Source Inverter (VSI)

To connect the PV system to the network a Voltage Source Inverter has been considered, in particular
a two-level three phase inverter configuration (Figure 2-8). Depending on the size of the plant, the
interfacing with the network can provide, in addition, the presence of a transformer to respond to the
Standard requirements for network connection [2][3] (in this case, depending on the device design, the
reactance of switching can be “included” in the transformer itself). For the model implemented, it has
been necessary to represent the coupling transformer with the network (connected with triangle
network side and star to the ground side inverter), the size of which has not provided the opportunity
to “include” in its the switching reactance.
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g88

J J J

Figure 2-8: Simplified circuit diagram of a two-level three phase inverter

Main inverter parameters

The complete interface system considered to connect the PV array to the network is made of:

a three phase two-level inverter with forced switching;

a source of accumulation of energy;

a three phase transformer coupling with the network MV;
passive filters RC connected at LV side.

The inverter valves are designed taking into account the maximum continuous voltage can be reached
by the inverter and their rated current. In general, the choice of the controlled switches must be made
according to the safety operation area in terms of both voltages and currents. Once selected the
components, the limitation of instantaneous current of the inverter must be set to a value less than the
maximum peak current of the selected valve. In this specific case, the characteristic parameters,
adopted in the study, of the valves of the inverter (IGBT) are:

VCE =

L
ICM

1700 V (maximum voltage allowable for the valve that determines the choice of the DC
voltage of the inverter)

2400 A (maximum RMS current switchable permanently)

4800 (Maximum switched current not repetitive - 1 ms)

Given these project constraints it’s possible to proceed to the converter design, for which the
characteristic of the main components are summarized here below:

¢ Rated power

A=

630 kVA

The converter has been overdesigned with respect to the maximum power of the photovoltaic panel
to have a transient capability and to ensure a margin of power injection during transient events.

e Three phase transformer coupling with the network (power, voltage and current ratings,

transformation ratio, short circuit voltage):

A, =
Vin =
Vo, =
K, =
Vee =

Pcc =

630 kVA
20000 V
278V
71

6 %

0.35 %

Connection primary winding: triangle
Connection secondary windings: star to earth with R=0.3 Q.
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e Filter LV side: “RC” filter between the switching inductances and the secondary of the transformer,
used to filter the high frequency harmonics introduced into a network from the converter:
Criter= 662 uF
Riijer= 0.1

e Switching output inductance (Li,,) is dimensioned imposing an inverter output reactance (which
takes into account also of the transformer) equal to 0.16 p.u., referring to the rated power of the
device and the nominal LV voltage for the switching inductance is obtained:

Lin= 0.0396 mH.

e DC-link
The DC capacitors have many functions involving the system, some during the steady-state
operation and others during the transient.
During steady state, the capacitances have the function of containing the high-frequency ripple
voltage on the bus DC due to the switching of the converters valves. These capacitances have to be
positioned as close as possible to the converters, to prevent voltage spikes cause by the inductances
that can damage the valves.
However, there are other functions of the smoothing capacitors during the transient operating, that
involve the entire system and not just the individual converters. For example, the rapid variations
of load and generation must be absorbed by these elements, to give way to the converters regulators
to modify their setting to maintain constant voltage on the bus DC. Therefore, these capacitors can
be added directly to the DC bus once designed all of the system. It is understood that the higher the
installed capacitance, the better is the behavior of the system, but with a greater cost of the system
and a larger overall dimensions. In this specific case, the converter has the function of compensator
therefore it has been chosen to calculate the capacitance C using the criterion of limit the voltage
ripple at the switching frequency in section in DC. The peak-to-peak ripple can be calculated by the
following expression evaluated on half of the switching period (Tsy):

TM/ T
L L 2.9)
A‘/dc = E J.l = _([ cc ac t :

cond =
0 C

Starting from this expression, solving the integral and considering that if the switching frequencies
is more higher than the network frequency the alternative current may be considered constant at
any instant, it’s obtained the following equation:

AV, = % | (1. 21, sin(er it = % 1o~ sin(er ¥] "7 -

(2.10)

1 o
:E{ > —\/_stm( ) [I \/_Iw sin(ar )]

2} 2Cf,,

To assess the maximum ripple, it is considered the maximum of the function (2.10) that occurs for
sin(a)ti )=—1 and therefore:

AV o =%ﬂ[lw 21| 2.11)
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From which it derives the expression of the capacitance:

C — IDC + \/EIAC
2fswAVDCmax

where:

Iac: RMS value of the single phase nominal current;

Ipc: current of the generator connected to the section in DC;
fsw: converter switching frequency = 1/Tsw;

AVpcemax: maximum voltage ripple acceptable.

(2.12)

Considering the case under study, imposing a switching frequency of 1950Hz and a ripple voltage
equal to 1% Vpc, the capacitance is approximately equal to 73 mF. In the simulations, in reference
to a total capacitance of 100 mF, the results have shown the effectiveness of this capacitance in
order to adjust the DC voltage even during transients consequent to voltage dips on the network.

Inverter capability

Below the curves of the inverter theoretical capability are shown, calculated in terms of the maximum
power supplied for different values of the mains voltage. The capability indicated in Figure 2-9 as
“nominal” has been calculated assuming a current that can be flowed through the inverter equal to the
nominal (1310 A), while the other “transient” capability (Figure 2-10) is referred to the maximum
current switchable permanently from the valves (2400 A).

Capability curves Capability Curves

Reactive Power [kvar]
Reactive Power [pu]

|
| |
| |
. L L
-15 -1 -0.5 0 0.5 1 1.5
Active Power [pu]

Active Power [kW]

a b
Figure 2-9: Inverter nominal capability: absolute values (a) and p.u. (b)
Capability curves Capability curves
1500
- 09V n
Vn
1000 — 11V,
= 500 _
g Z
5 5}
g o g
g 2
¢ 500 &
-1000
-1500
-1500
Active power [kW] Active power [pu]
a b

Figure 2-10: Inverter transient capability: absolute values (a) and p.u. (b)
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2.2.4 Converters control Strategies and switching

2.2.4.1 Fixed band width modulation for the DC boost converter

For driving the DC boost converter has been initially adopted a current control strategy with a fixed
band width. By acting on opening and closing of the switch, the inductor current L, is maintained
within a predetermined band centered around a reference value, since the amplitude is constant,
considering the variation of the PV array operation point as a function of the irradiation, the switching
frequency of the chopper varies. Conversely, if a PWM modulation is adopted, the switching
frequency would be fixed.

In particular, when the inductor current becomes less than the lower limit of the current bandwidth the
switch is closed. In this way the inductor current is forced to grow, almost linearly, until, reached the
upper limit of the bandwidth, the switch is open, causing the decrease of the current. The value of the
reference current can be set using a search algorithm for maximum power (§ 2.2.1). This strategy
requires a current reference, equal to Iypp in the cases considered, and to modulate the opening and
closing of the converter to keep the inductor current within a range of fixed width around the reference
value. In Figure 2-12 the trend of the current is represented, together with the reference signals and the
thresholds in the condition of nominal operation of the PV array, according to the CEI EN 60904-

3139].
Lpv D

Figure 2-11: Circuit Diagram of the DC/DC converter

The error signal, obtained as the difference between Iyppr and the actual current generated by PV, is
compared with the thresholds (5% Iyppr) and:
e if the PV current is greater than the superior limit, the valve S (Figure 2-11) is open so that the
current can flow to the network decreasing and returning to the reference band;
e if the current is less than the lower limit, S valve is closed (brown line upper level), the
voltage V,, is applied to the inductor L,, and the current increases energizing the inductor.
The slopes of growth and decrease of the current are influenced by the inductance and the duty cycle,
according to the equations given above (§ 2.2.2).

850 - —— —\/ —

Ampilitude [A/ V]

| | | swi;h status | |

| | (HI=ON - LQW =OFF | |
0.036 0.037 0.038 0.039 0.04 0.041
Time [s]

Figure 2-12: Chopper boost modulation: PV current and switching signal
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2.2.4.2 PWM modulation for the DC boost converter

This modulation strategy plans to compare the magnitude to check, commonly the output voltage of
the converter but it is also possible to current, with a reference value possibly being processed by the
difference with appropriate regulators. The error signal thus generated is compared with a signal “saw
tooth” (or a triangular waveform) at a fixed frequency. When the error signal is greater than the “saw
tooth”, the valve S of Figure 2-11 is closed, while otherwise it is kept open. In Figure 2-13 the
waveforms of: error, signal “saw tooth”, resulting valve control signal and the relative behavior of the
inductor current are represented.

= ! ! ! | Sawtooth I |
o | I | I | I |
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Figure 2-13: Chopper boost PWM modulation signals

2.2.4.3 Equivalence verification between different modulation strategies for the converter

As anticipated at first the substantial equivalence between the use of a fixed band width current
modulation and a more common PWM modulation for the boost converter has been verified for the
purposes of the simulations carried out. Figure 2-14 shows, for the fixed band width modulation (a, c)
and PWM (b, d), the behavior of DC voltage and currents delivered by the inverter at LV side in
response to a voltage dip of depth 70% V, caused by a three phase fault with a resistive impedance
which is extinguished in 120 ms'.

From the simulations results there are not noticed substantial differences between the two modulation
strategies. It should be underlined that this equivalence is not verified in the absolute sense since the
boost converter responds to disturbances in a different way depending on the type of modulation,
however, for the purposes of the study to analyze the behavior of the overall system in presence of
voltage dips, it’s possible to consider these equivalent modulations'®.

For the greater simplicity and simulations execution speed initially the fixed band width hysteresis
modulation has been uses. However, despite the advantage of the simplicity and the precision with
which the current follows the reference, the main drawback of this method is the fact that the valves
switching frequency is not constant but varies within a band in each half cycle of the mains frequency.
This can cause excessive stress to the valves and, especially, makes it more difficult to filter the high-
frequency ripple. From these observations, below the simulation results performed with the PWM
modulation technique are presented.

"The control strategy of the inverter and the solutions used to overcome the voltage dip will be described in the
following sections.

"®During steady state, the system boost converter + panel, or even the only panel, could be represented by an
equivalent current generator. In fact, such modeling is very simple and therefore advantageous in terms of
simulation speed, but it does not allow to effectively capture the behavior of the real system during transients.
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Figure 2-14: Transients of the characteristic values of the inverter in response to a voltage dip: currents

supplied by the inverter side LV with fixed hysteresis band modulation (a, ¢c) and PWM
modulation (b, d)

2.2.4.4 Interface converter control

The control scheme of the VSI, shown in Figure 2-15, consists of two independent branches for the
regulation of active and reactive power delivered by the inverter.
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Figure 2-15: Diagram of the inverter control on axis d-q with PWM modulation

The calculation of the two currents of direct and quadrature axes, said i; and i, is carried out
starting from the reading of the phase currents by means of a first intermediate processing in the fixed
reference of3:

i \Fl -1/2  -1/2 l )13
= |— l .
is| V3l0 372 =+3/2]" (.13)

lC

where i, and iz are the currents expressed in the new reference and i, iy, i. are the phase currents read
at network side of the transformer. Then it’s used this transformation to pass in the rotating frame d-q:
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iy | | cos2aft) sin27f) | i, (2.14)
I, —sin(27f) cos(2Af) || is

where f is the network frequency measured by a device for coupling phase (Phase Locked Loop -

PLL).

In such a scheme, the inverter DC voltage is compared to a reference value and the obtained error
signal is processed by a Proportional Integral (PI) controller to obtain a current reference on the “d”
axis.

In particular, the set-point of the reactive power (i.e. proportional to the current on the “q” axis in the
frame of the Park transformation) is maintained fixed at the zero value, while the active power set-
point (given by the current reference on the “d” axis) aims at maintaining constant the inverter DC
voltage, Vpc.

The recent national and international Standards, in terms of connection to the networks of DGs (CEI
0-21 [2] and CEI 0-16 [3]), however, requires that under certain conditions the inverter should be able
to inject a share of reactive power to provide ancillary services to the network. In order to verify the
feasibility of these requests, in the following simulations the calculation of the value of current
reference axis q has been modified depending on the cases (Chapter 3). The inverter and the MV/LV
network coupling transformer design has been therefore carried out to take into account the additional
current which may be required to support the network.

Both current references are compared with the relevant measured component of the inductor current,
and the current errors are separately sent to two independent regulators Proportional Integral (PI),
whose outputs are summed separately to the voltages expressed on the same rotating axis in order to
provide a compensation feed-forward (FFW of Figure 2-15). The purpose of this further control loop
is to make more rapid the system responses to variations in the mains voltage. In fact, the outputs of
the two regulators are thus directly affected by the variations of the voltage, allowing a first response
of the control without mediation of integral components. These last have, instead, the purpose of
cancelling the errors of current to stationary, i.e. for a long time. The components on the two axis d-q
are decoupled in this stage in this way:

M, =V,=-2#4L,,, (2.15)
M, =V, +2afL,i,

myv
where M, and M,, are the reference voltages on the axis d and q respectively after the decoupling, V,
and V, are the same voltages before the decoupling, f is the network frequency, i, and i, the currents
expressed in rotating reference d-q and L is the total inverter output inductance, sum of the switching

inductance and that of the transformer LV/MV.

The signals thus obtained are reported in a synchronous reference to the voltages generated by the
inverter, and then reported to the LV side of the transformer. Taking into account a suitable rotation to
compensate the windings transformer connection, the controlled voltages can be used for the
calculation of the three modulating signals. The switches are driven according to a sinusoidal Pulse
Width Modulation (PWM), and the driving signals are generated by comparing the modulation signals
with a fixed frequency triangular carrier waveform.

The PI regulators are designed to guarantee a dynamic stability according to the following
specifications:

Table 2-5: Regulators features

Gain bandwidth product | Phase margin
PI control on DC Side 4Hz 36°

PI control on AC Side 20Hz 83°
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In Figure 2-16 the PI regulators step response are shown.
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Figure 2-16: Regulator step response: DC side (a) and side AC (b)

2.2.5 Simulation in the absence of networks disturbances

The operation of the PV plant has been simulated in the steady state and transient condition, in order
to verify the correctness of the design carried out. Figure 2-17 shows the trends during steady state of
some characteristic quantities while Figure 2-18 shows the transient behavior of DC voltages and
inverter currents. The transients have been caused by a step variation of the DC voltage reference.
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Figure 2-17:

Steady state simulation: DC voltage (a), current inverter side (b) and network side (c),
current axis d and q with reference values (d), active and reactive powers (e), phase
voltages at the secondary of the transformer coupling (f)
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Figure 2-18: Transient behavior: DC voltage and reference value ( a), currents through inductances of
switching (b)

2.3  The model of power and control in a wind generator with permanent magnets
and power electronics to interface to the network

Wind Permanent Magnet Synchronous Generator (PMSG) can be connected to a Medium Voltage (f.i.
20 kV) distribution network through two different configuration of power electronic circuits. In both
cases there are:

a wind turbine;

a Permanent Magnet Synchronous Generator;

a three phase grid side Voltage Source Inverter (VSI);
a LV/MV transformer.

The difference between the two power plant topologies is related to the possibility to connect the
generator to the inverter with a diode rectifier or a controlled rectifier.

The diode bridge rectifier generates an unregulated DC voltage from the AC outputs of the PMSG
which supplies a boost DC/DC converter (Figure 2-19). This last is controlled with a current mode
hysteresis band modulation which sets the current extracted from the generator. The DC/DC converter
output voltage is the DC input of the VSI which regulates the voltage across the DC capacitor by
controlling the power injected into the distribution network through the LV/MV transformer.

DIODE RECTIFIER DGDC CONVERTER DCLINK INVERTER and FILTERS MV/LV TRANSFORMER

I 11 o N T T T T -

WIND TURBINE QS i | Lot I/lll T T
A e | (

PITCH CONTROL GENERATOR ACTIVE AND REACTIVE
CONTROL POWER CONTROL
CONTROL
UNITS

Figure 2-19: Schematic model of a wind synchronous generator with diode-rectifier
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In the second plant configuration, the so called full converter', the use of two controlled power
electronic stages (rectifier and inverter) connected through a DC-link (Figure 2-20) allows [40]+[50]:

e acomplete decoupling between grid and generator;
¢ the control of the active power generated by the PMSG, performed through the rectifier;
e the control of the active and reactive power supplied to the grid, performed through the

inverter.
CONTROLLED RECTIFIER DC-LINK INVERTER and FILTERS MV/LV TRANSFORMER
isacgrin gy N .-, s oA e S o r byl s —_
I 1 | | : Il
WIND TURBINE ! I I I 1 1
I I I i r (g | |
(U8
I I | l Linv |
| = ] N
I Co | . L inv H
| —R
[ [ | Ll
/ I RCAilt
i |__| .L(_/_(__l—l_u___.
PITCH CONTROL GENERATOR l ACTIVE AND REACTIVE
CONTROL POWER CONTROL
CONTROL
UNITS

Figure 2-20: Schematic model of a wind synchronous generator full-converter

The choice between the two solutions is related to the overall system performance, depending on
different voltage and current levels. Another important thing to consider is the cost. The different
configurations have instead little impact on the behaviour of the system in case of voltage dips and in
presence of Fault Ride Through requirements as it depends mainly on the behaviour of the grid
converter (Chapter 3).

In the study both solutions have been analyzed, in detail the analysis results of the converter back-to-
back that allows greater flexibility for the control of the converter generator side are given™.

For the studies presented hereafter, a simplified PMSG model with a Thevenin equivalent has been
realized in ATPDraw. The validation of the PMSG model is performed comparing its behaviours with
a complete model developed in the environment Matlab/Simulink.

The complete model is composed of wind PMSG developed in Matlab/Simulink, (which takes into
account the amount of generation, including the mechanical parts, and the AC/DC converter). The
Thevenin equivalent consists of a voltage source connected with the impedances of the stator of the
synchronous generator (made in ATPDraw). The verification of the equivalence has the purpose to
confirm the possibility to perform the study with the generator representation with the simplified
Thevenin model. More details, relating to such equivalence and the conditions postulated for the
demonstration are given below.

2.3.1 Wind Turbine

For the simulations purposes the mechanical part of the system has been not modeled, mainly
represented by wind turbine and the drive shaft that connects it to the generator rotor. The choice of
not represent that section of the system derives from the fact that its dynamics are purely mechanical
and therefore time constants are longer than electrical phenomena investigated by the simulations. In
particular, these mechanical phenomena include:

' This configuration of the connection between the two power converters adopted in these generators is also
called back-to-back.
% For example, it’s possible to adjust the stator currents also setting a null reactive power generator injection.
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e fluctuation in the drive shaft rotation speed, due to the elasticity of the shaft torsion itself;

e variations in the inclination angle of the blades with respect to the wind direction (angle of
pitch), used as a system for the Maximum Power Point Tracking of the generator
(MPPT)'[45].

Therefore, in these simulations, it is considered that the wind turbine has a constant rotation speed
without oscillations, therefore the generator frequency, synchronous to this speed, is also constant.
The power extracted from the wind by the turbine blades is given by:

P= % prr’C (4, B)v) (2.16)

where p is the air density, r is the blade radius, v,, is the wind speed and C, is the power coefficients,
depending on the tip speed ratio A and on the pitch angle B of the blades. A is equal to the ratio of the
blades speed and the wind speed. The dependence of C, on A and [ is shown in the following figure
[47].

Ratio of speed

Power curves dependencies from tip speed ratio at different pitch angles

2.3.2 Permanent Magnet Synchronous Generator

Even though Double Fed Induction Generators (DFIG) are still preferred for large installations,
Permanent Magnet Synchronous Generator (PMSG) are becoming more and more popular due to
higher mechanical reliability and the possibly to avoid the weak point of the gearbox.

The studies of the interactions between the generation system and the grid requires the development of
simulation models of PMSG, power electronic converters and their controls.

Below the implementation of a simplified model of a PMSG interconnected to a distribution grid with
power electronic circuits has been described. The validation of the PMSG model is performed
comparing its behaviors with a complete model developed in the Matlab/Simulink environment.

The simplified model of a wind PMSG system has been developed into the environment Alternative
Transient Program Draw (ATPDraw). The 2 MVA PMSG is here represented through an ideal three
phase voltage generator with leakage inductances and resistances connected in series to the outputs
(Thevenin equivalent) [48]. Such a simplification in the generator representation, that should be

' In the case of PMSG, the search for the maximum power point can be made only by acting on the inclination
of the blades, while, for the common wound-rotor synchronous generators, the algorithm of MPPT may also act
by varying the generator rotor current.
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validated, allows reducing the computational complexity to evaluate the solution of (2.18). In this way,
it is possible to insert the simplified PMSG model within larger system in order to perform study of
Distributed Generators (DG) integration within complex distribution grids. The model validation is
discussed in the next section.

Neglecting the dynamic mechanical and electromagnetic, as earlier mentioned, the frequency of the
synchronous generator is considered to be constant and equal to:

fgen = [(‘,n[)[) (2‘17)
where f,. is the frequency of rotation of the wind turbine and n,, is the number of pairs poles of the
generator.

2.3.2.1 PMSG complete model

The system considered is composed of: a PMSG, a rectifier with IGBT, controlled by a suitable
control system, a capacitor connected to the DC output of the rectifier and a resistor connected in
parallel with this capacitor, with load function. There is no need to introduce models of inverters and
network since the presence of stage of straightening driven decouples the dynamics of the wind
turbine and the synchronous generator from that of the other parts of the system (Figure 2-22).

Rectifier

"DC-ink"
Capacitor
Generator
. —m
—E = ﬁ Load
—
Generator currents A
(Rotational speed) Switches commands
_}
Control

Figure 2-21: Block scheme Simulink model of a PMSG

The resistive load connected in parallel to the output capacitor of the rectifier (Figure 2-21) is designed
to dissipate the power rating of the generator with DC voltage equal to 1100 V*. Therefore, the value
used is:

2 2
= Ye 1100 =0.605 Q (2.18)

R =
P, 2:10

The dynamic equations governing the operations of a PMSG are:

> This voltage is used as the reference voltage for the inverter control and therefore represents the nominal
voltage for the exercise of the DC bus.
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di, @ . .
—4 = [vd —ri, +nquq]
. x,

di

, Oy . _
4 =N —ri — +
dt xq [vq rs lq (xd ld WM )n]

T, :l//Miq +(xd _'xq)idi

@=[T6+Tm—Bn]
dt

where the values are expressed in p.u. and have the following meaning:
® i, i, generator currents over axis d and q;

Vg, V4: voltages over axis d and q;

wy. rated electric angular frequencys;

n: turbine rotational speed;

ry. stator resistance;

B: friction coefficient.

X4, X4: stator reactance over axis d and q;

Wy . rotor permanent magnet flux;
T,, T,: electromagnetic and mechanical torque;

(2.19)

All these quantities are expressed in a d-q rotating frame synchronous to the PMSG rotor flux. In a
round rotor machine for which x4=x,, from the last two equation it emerges that the generator active
power is proportional to the quadrature-axis current (iy) which is the main electrical control parameter.
The inputs of the system are the voltages generated by the controlled rectifier, which has been also
represented as an averaged model in Simulink. The inputs of the PMSG are the voltages generated by
the rectifier, expressed in the rotating d-q frame, and its outputs are the d-axis current, the g-axis
currents and the angular speed of the generator™, which are used as inputs for the rectifier control.

A detailed model of a PMSG has been developed in the environment Matlab/Simulink implementing
the equations (2.18) through Simulink blocks, as represented in Figure 2-22, and the main features are

reported in Table 2-6.

- 8. 4
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<

Figure 2-22: Matlab/Simulink detailed implementation of a PMSG

 Considering the relation between the angular and the rotational speed @ = —— .
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Table 2-6: PMSG main design parameters

Magnitude Value
Rated Power Ay 2 MVA
AC Voltage Vea | 230 Vi
Rotational Speed Oy | 230 rad/s
Stator resistance Ig 0.02 p.u.
Reactance axis d X4 0.5 p.u.
Reactance axis q X4 0.5 p.u.
Magnetic rotor flux Yy | 0.865 p.u.
Moment of Inertia J 4 p.u.
Friction mechanical coefficient | B 0.01 p.u.

2.3.2.2 IGBT rectifier: model and control

The controlled rectifier circuit allows the generation of three voltages as outputs of the PMSG with
wanted amplitudes and angles acting on the open/close status of the six controlled switches. The
currents supplied by the PMSG depends on these voltages and on the leakage inductances of the
generator. Starting from the equations (2.18) it is convenient to express voltages over d-q axes, so that
the regulator can control the direct and quadrature current exchanged by the generator. Even though
different control schemes are applicable, here the so called field oriented control (Field Oriented
Control - FOC) has been implemented. This control aims to maximize the power extracted from the
generator and, therefore, includes an MPPT algorithm.

A field oriented control scheme presents two branches: one of the speed of rotation “outside” and one
of the stator current “inside” in a reference system over axis d-q where the electromagnetic torque (and
therefore, the speed) is controlled by the control of the component over g-axis:

T, =y, (2.20)

The reference of the current iqis obtained from the outer ring of the control. In the case of the
“simplified” representation of the generator, the structure of the current loop has been maintained,
whereas the active power “extracted” from the generator equivalent must be adjusted by varying the d-
axis reference of the stator current. In particular the equivalence between the models has been verified
by imposing a reference current over axis d to extract the active power rating of the generator when it
rotates at the angular speed rating.

The active power delivered by the generator is transferred entirely to the capacitor DC-link, in the
absence of further systems connected to it, the voltage across its terminals would increase. The
modulation of the converter is a Pulse Width Modulation (PWM).

The outputs i; and i, of the model (Figure 2-22) represent respectively the currents supplied by the
generator over the d-q axes, these should then be transformed into phase quantities, i.e. current
physical, and sent to the rectifier control. In the model implemented, in order to further simplify the
simulations, the control of the converter receives as input the current magnitudes already expressed on
rotary axis, even though they are not the physical quantities that would be measured in reality. The
phase currents are calculated “offline” to allow a more simple and intuitive view of the transients. The
same is done for the control output voltages, which are sent as inputs to the model of synchronous
generator described here.

The implemented control acts independently on quantities expressed over the d-axis and the axis g, in
accordance with the logic described by the Matlab/Simulink scheme in Figure 2-23.
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Figure 2-23: Scheme rectifier control (a) and Matlab/Simulink implementation (b): the colors
distinguish the three control sections. Red: control of angular speed; blue : current control
over axis (; green : current control over axis d

In the adopted control scheme, the rotating speed of the PMSG rotor (n) is compared to a reference
value (n,), calculated by a Maximum Power Point Tracking (MPPT) loop, and the speed error is
processed by a Proportional-Integral-Derivative (PID) regulator, in the form:

k.
HPID_](S):kpw(l-‘r%-l_Skdwj (2.21)

where k., kiw and kg, are numerical coefficients, respectively proportional, integral and differential
gain. The output of the PID regulator represents the g-axis current reference for the rectifier, while the
d-axis reference is kept to zero in order to minimize losses. Both current references are compared with
the relevant current values and errors are processed by two Proportional-Integral (PI) regulators, in the
form:

1
HPID?Z(S):kpc 1+; (222)

where k. is the proportional gain and T the integral time constant. The dimensioning of the
magnitudes and the coefficients of the control that is used for the system under test and reported
in Table 2-7.

The control scheme aims to maximize the power extracted from the wind adjusting the speed of the
wind turbine so that it is equal to a value of optimal reference. The optimal value depends on the speed
of the wind and from the angle of blades attack and, usually, varies during the wind generator
operation. For the purposes of the following simulations, since transients in wind speed variations or
in the angle of blades attack are not introduced, a true search algorithm of the maximum power point
is not implemented, but the value of the reference rotational speed is held constant at a calculated
optimum value.
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Table 2-7: Design the rectifier control IGBT

Magnitude | Value [p.u.]
Nyif 1
igrif 0
Kow 1
Kiw 0.8
Kaw 0.01
Ko 2
Tic 0.5

2.3.2.3 Results of simulations for the verification of the equivalence of the models
The validation of the simplified model is made by comparing its dynamic behaviour with that of the
Matlab detailed model. Even through the following differences should be considered:
¢ in the Thevenin equivalent model active power is proportional to the d-axis current, while in the
detailed model it is proportional to the g-axis current;
¢ similarly, the reactive power is proportional to the g-axis current for the simplified and to the d-
axis current for the detailed model;
¢ the simplified model rotational speed is fixed, while in the detailed model it can vary around the
reference value during transients; so in the simplified model there is no need to check the
voltage generator angular speed, which is placed beforehand equal to the rated value; therefore,
it is not necessary the section of the control relative to the adjustment of speed (red blocks in
Figure 2-23);
e the voltage output of the detailed model can vary, while for the Thevenin equivalent it is fixed
at its nominal value.

The simulations of the two systems have been conducted in Matlab/Simulink where a step change of
generated active power has been simulated after 20 s: in particular the available power from the wind
is reduced of 50% as a result of a decrease in the wind velocity. The decrease in power of the primary
source has been simulated in two different ways:

e for the PMSG decreasing appropriately the value of the mechanical moment of the turbine;
e for the ideal voltage generator reducing of 50% the rectifier reference d-axis current.

In a first step, the value of the moment of inertia of the PMSG is chosen in accordance with the
machine design equal to a realistic value considering the physical dimensions of a generator of this
size of power. However with this value transients characterized by very long constant time are
obtained of the order of J/B (in this case corresponding to 400 s), which cannot be replicated during
the simulations involving the ideal voltage generator, without the model of the system mechanical
parts. For a comparison of the two systems therefore, it has been decided to assign a sufficiently small
value at the moment of inertia of the machine, in particular, J = 0.5 p.u.

Dynamic comparisons have been made for a 2 MVA PMSG. Simulation results for both models are
reported in Figure 2-25 where in particular:

a) Angular frequency of the generator and its reference value;
b) Current axis d and its reference value;

c) Current of g-axis and its reference;

d) Phase voltages of the generator;

e) Phase currents of the generator;

f) Active generated power;

g) Measured Voltage DC side of the inverter.
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Synchronous generator

As it can be seen, the dynamics of the simplified model is very close to that of the detailed model, a

part from the unavoidable differences already pointed out. The detailed model seems to shows less
equivalent, also considering that both the DC-link capacitor and the inverter decouple the PMSG from

the distribution grid. For this reason, all the studies reported hereafter have been performed with the

missing interactions with the inverter dynamics. For the purposes of this study the two models are
ATPDraw simplified model only.

dumped dynamics, probably due to the absence of parasitic in the model of the rectifier and to the
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Figure 2-24:

simplified model in case of a step change of the active power. It should be noted that iz and i,

exchange their role in the two models
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Frequency variations of the synchronous generator
In this section the behavior of the generator is analyzed, and in particular its speed of rotation, as a
result of an unbalance between the electrical power consumed from the rectifier and the extracted from
the wind by the wind turbine. The results of such analysis will allow to:
¢ emphasize the possibility of modeling the synchronous generator with a voltage generator;
e evaluate control strategies for the wind power plant to use when during network faults that can
introduce variation in the power absorbed by the IGBT rectifier.

The mechanics equation relevant to the generator angular speed variation is:

_P+P,

.1
o=—(T +T, )= 2.23
,I ( e M ) ,I ( )

where:
e ( angular speed;
e J: moment of inertia of the system (given by the generator, wind turbine and the blades);
e T.: electromagnetic torque of the generator;
e T, mechanical torque of the turbine;
e P.: electric power drawn by power electronic converters across the terminals of the generator;
e P.: mechanical power of the turbine.

In the equation (2.23) the mechanical friction coefficient is neglected, however, it would have the
effect of further reducing the rotation speed variations. It has been adopted the convention for which
the mechanical moment and the mechanical power have a negative sign when the system is working as
a generator, while positive one if it worked as a motor. The dynamic response of the system to a step
of torque coming from the turbine has been simulated in Matlab environment by varying two
parameters and maintaining constant the others, in particular:

o 05pu<J<5pu (for a MVA it’s
to 1-10°%g -m*> < J <1-107kg -m*);

Opu<P <lpu.

power generator 2 equivalent

P, constant=1 p.u.;
constant wind speed = 1 p.u;
blades attack angle constant = 0 degrees.
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The simulation time has been equal to 10 s, time much longer than the typical time constants of the
voltage dips that abut the hundreds of milliseconds. Figure 2-25 shows a complete transient of the
rotational frequency of the generator, expressed in p.u., with P.= 0.8 p.u. and J=0.8 p.u.
In Figure 2-26 the frequency variations is reported measured after 10 s, expressed in percentage points
and obtained by varying these two parameters.
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Figure 2-25: Transient variation of the rotation speed of the wind generator

The frequency variations are very limited, even for times longer than those typical of electrical
disturbances for example the voltage dips. Therefore, the rotation speed of the generator on short
periods can be considered constant, confirming the hypothesis to replace, for the type of phenomena
under investigation, the wind generator complete model with a simplified model.

In addition, the choice of not model in detail the generator is also justified by the fact that, considering
that to the aim of the activity is to study the interactions between wind power generation and
distribution network, the presence of stages of power electronic makes independent the generator from
electrical network, and vice versa. Therefore, disturbances in the operation of the wind generator does
not have consequences on the network behavior, in a first approximation, and thus it’s possible to
simplify the model of the generator.
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2.3.3 Converters and transformers for connection to the network of a wind generator

In the back-to-back configuration, the use of an intermediate section composed of electronic power
circuits, as already said, allows to decouple the generator and the wind turbine from the distribution
network. In particular, the system composed of the wind turbine and the generator can operate with a
frequency different from the network one, allowing to not insert a reducer mechanical gear box
between turbine and generator, which represents a criticality in terms of reliability and efficiency of
the entire system. Furthermore, the presence of the connecting stage with rectification function allows
to make insensitive, within the limits dictated by the control loops of the same circuits, the value of the
inverter DC voltage from the turbine rotation speed, which ultimately depend on the speed of the wind
and the blades pitch angle.

For the study, the same inverter used for the generator of photovoltaic type (§ 2.2.30) has been taken
into consideration and in particular a three phase inverter based on the topology full-bridge controlled
with pulse width modulation (Pulse Width Modulation - PWM) at a fixed frequency [49]. Both the
generator side converter and the network side are designed for a rated power of 2 MVA. There is an
isolation transformer for the connection to the MV network. For the purpose, a 3 MVA MV/LV
transformer has been modeled, overdesigned to allow to manage power peaks during transients. The
main parameters design of the two converters and the transformer are reported in Table 2-8.

Table 2-8: Main specification for the inverter and the transformer

DC Side inverter
Rated Voltage Vy 1100 V
Maximum Voltage Vi | 1400 V Maximum reverse voltage of
the valves

Capacitance Cye 100 mF
Rectifier and Inverter
Rated Power Aniny | 2.5 MVA
Inductance switching Ly 7.64 uH 0.04 p.u.
Filter Resistance Riiny | 10 mQ
Filter Capacitance Chiiny | 5 mF (f, = 814 Hz)
Switching Frequency fow 1950 Hz Fixed Frequency
AC voltage Vean | 400V
Nominal Current (@P,,.,) Ix 3.6 KA For each phase, in LV
Maximum switched current with continuity

Ir 6 kA
from valves
Maximum peak current that can be delivered by

Tkrm 12 kKA
the valves
Transformer
Rated Power An 3MVA
Leakage Inductance Ly 3.5 uH 0.07 p.u. [38]
Short Circuit Resistance Ry 0.16 mQ 0.01 p.u.
Turns Ratio N 20000/220
Winding coupling Dylln

Fixed the design, the inverter capability curves are shown in Figure 2-27 and Figure 2-28 respectively
the nominal and the transient ones for different network voltage condition (0.9, 1 and 1.1 p.u.).
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Figure 2-28: Inverter transient capability: absolute values (a) and p.u. (b)

2.3.4 Control and modulation strategies of the converters

2.3.4.1 Control of the AC/DC generator side converter

In [50], for the AC/DC converter, a field oriented control strategy is presented, which aims to
maximize the power extracted from the generator and, therefore, is actually an extraction of the
MPPT, as already mention in §2.3.2.2. The modulation is a Pulse Width Modulation (PWM). This
type of control is characterized by a ring of current with references over rotating axis d-q and the
adopted scheme is shown in Figure 2-29. The current reference over d-axis is chosen to extract from
the generator its nominal active power, when it rotates at the angular speed rating. Variations in the
speed of the wind turbine cause power variations proportional to the extracted one from the generator.
In the simplified model of generator, represented by Thevenin equivalent, the variations in the speed
of the turbine has been simulated with variations in the amplitude and frequency of the voltage of the
equivalent generator. The active power exchanged by the generator is transferred to the capacitor DC
and the voltage across its terminals would increase, in the absence of further systems connected to it.
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Figure 2-29: Simplified control scheme of the rectifier AC/DC

The PI regulator is designed to guarantee a dynamic stability according to the following specifications:

Table 2-9: Rectifier regulator features

Rectifier Control

Gain bandwidth product

Phase margin

PI regulator

Hpy,(s)

01s+2
s

13kHz

90°

In order to test the effectiveness of the control that is used and validate the design compared to
theoretical predictions, simulations in response to a step variation of the d-current reference have been
carried out: Figure 2-30 shows the regulator step response.
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Figure 2-30: Regulator generator side converter: step response

2.3.4.2 Control of the DC/AC network side converter

The Voltage Source Inverter (VSI) topology employed is a three-legs bridge with IGBT switches. The
control scheme for the VSI is represented in Figure 2-31, and it’s the same used for the photovoltaic

generator (§ 2.2.4.4).
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Figlire 2-31: Block diagram of the control strategy base

Also in this case, the control aims to regulate the inverter currents represented over the rotating d-q
axes. In this case, the rotating frame is synchronous to the grid voltages. In this way it’s possible to
control separately the inverter active power, proportional to the iz current, and the inverter reactive
power, proportional to the i, current. The i4 reference value is calculated by an outer voltage loop
processing with a PI regulator the difference between the DC-link voltage and a reference value. The
DC-link voltage is maintained constant and all the active power coming from the rectifier is injected
into the grid. In fact:

dv,, P 1 ( ) 3

dr =0= ? - cv Praddr By )= Praddr =B (2.24)
dc

where Vpc is the DC-link voltage, ic is the DC-link capacitor current, i...pc 1S the DC current of the

rectifier, i,ypc is the DC current of the inverter, P is the active power of the rectifier and P;,, the

active power of the inverter.

V, =cost =

The g-axis current reference is usually set to zero in order to minimize conduction losses but different
values can be possible in some cases, according to different National Standards. For instance the
Italian Standard [3] requires that the inverter should exchange reactive power in case of grid under-
voltage or over-voltage. For this reason, a suitable outer loop for the calculation of the i, reference has
been added to the control.

The PI regulators are designed to guarantee a dynamic stability according to the following
specifications:

Table 2-10: Inverter regulators features
Inverter Control Gain bandwidth product | Phase margin
0,0289s+1
DC voltage PI regulator | Hpyyiny(S) | ———— 40Hz 50°
' 0,009s
C t PI lat H 0,2769s +1 2kH 25°
urren regulator PLiinv(S) 0.00285 zZ

In Figure 2-32 the inverter regulators step responses are shown.
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Figure 2-32: Step response of converter network side regulator: DC voltage (a) and current regulator

(b)

2.3.5 Simulation in the absence of networks disturbances
The operation of the back-to-back wind generator has been simulated during steady state and transient
condition, in order to verify the validity of the carried out design.
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Figure 2-33: Steady state simulation: DC voltage (a), current inverter side (b) and network side (c),
current axis d and q with reference values (d), active and reactive powers (e), phase
voltages at the secondary of the transformer coupling (f)
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It has been also simulated the behavior of the system in case of a step variation of the reference current
over g-axis. Figure 2-34 shows the system response characterized by the same dynamics evaluated
theoretically in Figure 2-32b.
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Figure 2-34: Transient behavior of the system back-to-back in case of a step of the q-axis reference
current: g-axis current and its reference (a), evolution of active powers (red curve) and
reactive (green curve) (b)

24 Final Considerations

The models developed in the course of the activities provide an adequate basis for a general
methodology to study different control logics to connect Distributed Generators (DG) to the
network. In the next Chapters the study results of the behaviour of these generators connected to the
network through converters based on power electronics in case of voltage dips and unbalanced
network conditions will be presented.
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2.5 Structure simulated model in ATPDraw

Network model and control implemented in ATPDraw for the photovoltaic generator.
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Network model and control implemented in ATPDraw for wind generator in a back-to-back
configuration.
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3 INTERACTION BETWEEN INVERTER AND ACTIVE NETWORKS: THE
FAULT RIDE THROUGH

Once defined and analyzed typical configurations of Distributed Generators (DG) interfaced to the
network through electronic converters (Chapter 2), their behavior in presence of network disturbance
has been simulated.

In particular, the study presented in this Chapter has been focused on the capability of static generators
of providing ancillary services to the network, in particular grid voltage support while remaining
connected to the grid during voltage disturbances, f.i. voltage dips (Fault Ride Through - FRT).

Until today, the Standards had required that the DG, in response to a fault in the network (with the
consequent opening of the line Circuit Breaker - CB), was disconnected from the network itself in the
shortest possible time, as a result of the Interface Protections (IP) tripping, preventing the possible
unwanted island operation. Recently however, at the national level, new Standards for connection of
distributed generators to Low Voltage (CEI 0-21 [2]) and Medium Voltage (CEI 0-16 [3]) network
have been approved together with a new network code® [51].

The recent Annex A. 70 of the Italian grid code [51] defines a series of new requirements for the DG
plants to support the safe operation of the system:

generators response to frequency variations;

voltage dips immunity;

voltage control regulating reactive power;

regulation of the active power generated (under and over-frequency);
automatic loads reconnection;

voltage support during a short circuit.

participation in the defense plans.

Generally, national Grid Codes prescribe that DG remains connected to the network if the
voltage/duration profile of voltage dips are in compliance with given Fault Ride Through (FRT)
requirements [51] + [55].

Some example of FRT curves are reported in Figure 3-1 referred to wind generation plants connected
to the distribution and transmission network. These diagrams define the boundaries between zones
where generation shall remain connected and zones where shall be disconnected, automatically or
selectively.

Grid Codes also define the time schedule to be respected to return to Standard operation after fault
clearing. Similar FRT requirements are defined for PV plant, f.i. as requested in Italy for generators
connect to Low Voltage networks [2].

* More detailed explanations will be provided in the Chapter 7.
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Figure 3-1: Wind generation FRT capabilities as reported in different national Grid Codes

Some grid codes also require that generating plants shall support the grid voltage also with additional
reactive current during voltage dip. For example the German Grid Code [51] prescribes the generation
unit connected to High Voltage (HV) and MV network remains connected during voltage dips and
supplies a reactive current proportional to the network voltage variation in accordance with:

(3.1)

where Al is the variation of g-axis current that the inverter should supply during the voltage dip, Iy is
the inverter rated current, k>2 is a constant, AV is the voltage variation and Vy is the rated grid
voltage. The d-axis current reference value is reduced according to the g-axis reference to respect the
device current capability. The graph in Figure 3-2 shows the specific requests contained in this
network code.

Al /Ty
STANDARD /
OPERATIONS ;
517
VOLTAGE
Vg '; LIMITATION
/157
pd
-50% -40% -30% -20% -1p%6 1p% 20% e
»~
T T 1wy,
VOLTAGE i
SUPPORT
17
Fois|
4
~ 10 %,
Vir
Pl

Figure 3-2: German grid code specification
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3.1  FRT strategies

To study the DG power plant behaviour, different kind of voltage dips (different depth, inductive or
resistive fault impedance) and different system configuration have been considered. The models
presented in Chapter 2 for the photovoltaic/wind generators interfaced to the network through power
electronics have been used.

The results of the study, which reasonably can be extended to any kind of distributed generator
connected to the network through an inverter, have allowed to highlight three different items to be
considered for the inverter design to overcome a network fault and in particular:

¢ limit the growth of the DC voltage using a special braking chopper;
¢ limit the maximum current value that flows through the inverter valves;
e provide control strategies activated only when a voltage dip occurs.

Regarding the last point, different control strategies for the FRT have been analyzed:

the control is “frozen” in the steady state status;

the inverter is forced to supply null active power;

the inverter is switched to the stand-by mode.

the inverter should supply a controlled current over g-axis.

3.2  External devices to overcome the voltage dips

The “natural” response of the modelled PV array (system behaviour without any external device or
any special control strategy) to a voltage dip has been simulated, in order to understand if the
generator can ride through the disturbance without disconnecting from the network.

The simulations have considered different types of network fault: two-phase and three phase, isolated
and ground faults, with resistive or inductive impedances. In all the simulations it’s assumed that the
dynamics of the MPPT is slower than the phenomena subject of analysis, in agreement with Chapter 2.

In particular, the following two configurations have been taken into account:

¢ without any “external” device or control logic;

e with an “external” device or/and control logic acting during the voltage dip.
In the second configuration, the “external” device is a chopper introduced to limit the DC voltage. As
“external” control logic, the voltage dip detection has been developed to regulate the DG active power
flow (§3.4.1).
In these studies, it’s important first to consider the V. reaction to the voltage dip. Every voltage dips
induces an oscillation in the V4. During a voltage dip, the DG injects the same current as before, since
the MPPT dynamic is slower. In this condition the network voltage is less and so there is an excess of
active power injected that can’t flow to the network and it’s absorbed by the inverter capacitor
resulting in an instantaneous increase of the DC voltage. The magnitude of this increase depends on
the dip depth and on the fault impedance type. In the following simulations the “user convention” has
been taken into account.
The analysis show that the “natural” response of the system to a voltage dip is not satisfactory in a
view of FRT: the increase of the DC voltage appears to be excessive and can make the device
protections tripping.
Figure 3-3 reports the inverter DC voltage growth in response to a voltage dip with residual voltage of
30% Vy and duration of 120 ms, caused by a three phase fault with resistive impedance in conditions
of irradiation of the photovoltaic panel of 1000 W/m2. For this type of fault, being the most severe in
terms of FRT among those simulated, the FRT requirements ask to the generator to remain connected
to the network.
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Figure 3-3: “Natural” DC voltage behavior of PV the inverter in case of a voltage dip

In case of network fault “less deep”, the DG could overcome it, if the inverter valves are designed to
support a temporary overcurrent. This is, for example, the case reported in Figure 3-4, in response to a
voltage dip with a residual voltage of 70% V,, caused by a three phase inductive fault. The currents in
Figure 3-4c and Figure 3-4d show an higher value during the voltage dip.

Figure 3-5 shows the DC voltages in case of the two different types of fault: with the same severity, in
terms of residual voltage and duration. The different behavior in case of voltage dip caused by
inductive impedance faults is due to the fact that these do not introduce phase shifts in the mains
voltages, as the faults with resistive impedance that are the most critical in terms of FRT.

As anticipated before, there is the need to provide a system to dissipate the excess of the energy on the
capacitors. A possible circuit solution is to use a “braking chopper” in parallel with the DC capacitors.
Figure 3-6 shows its scheme: the devise is composed by a resistor and a static switch, whose closure is
slaved to the overcoming of a voltage threshold. In order to avoid “continuous oscillations™ at high
frequency in the chopper operation, an appropriate hysteresis band has been provided to define the
opening and closing signals for the device valves.
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Figure 3-4:  “Natural” behavior of the inverter PV in case of an inductive voltage dip: (a) DC voltage,
(b) MV voltages, (c) currents in MV network and (d) inverter currents. In all the figures
the voltage dip identification signal is shown (pink line).
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Figure 3-5: DC voltage magnitude in case of inductive and resistive voltage dips
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Figure 3-6: Braking chopper scheme

Figure 3-7 shows the DC voltage obtained by simulating the inverter response with braking chopper,
in case of resistive three phase fault with residual voltage equal to 30% V,. Comparing it with
the Figure 3-3 it’s possible to underline the effectiveness of the braking component in limiting the V.
growth. The protection systems is simulated with the following characteristics:

e voltage threshold: 920 V (1.15 V4cn);
e  hysteresis bandwidth: 70 V (7.5 % of the threshold).
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Figure 3-7: PV inverter DC voltage magnitude in the presence of braking chopper during a voltage
dip
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33 Inverter current limitation

The simulations showed that the inverter DC voltage limitation may not be enough to overcome the
voltage disturbance. As can be seen from Figure 3-8, where the inverter currents in response to the
voltage dip of the previous simulation are shown, even in presence of the braking chopper the currents
supplied by the inverter reach “instantly” higher values than the valves capability. Generally the
inverter valves would tend to “protect themselves” by passing to a block condition. In addition, as can
be seen in Figure 3-8, the same situation can appear also during the transient at the end of the voltage
dip.
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Figure 3-8: PV inverter currents waveform with braking chopper in case of a voltage dip

A limitation of the inverter currents should be implemented, in order to avoid damages to the valves
allowing the transient operation of the device. This limitation acts directly and instantaneously on the
ON/OFF commands of the IGBT whose status is changed when the current reaches the maximum
instantaneous allowable value. In this way the peak value of the inverter output current is limited but
the current limitation occurrence has also the side effect to worsen the harmonic distortion of the
current waveforms supplied to the MV network™ (in §3.4.3 some simulations show the effect of the
instantaneous current inverter limitation).

Since the current limitation is transient, it has been necessary also to implement a slower current
limitation that will reduce the direct axis current set-point, if the inverter current overcomes the
maximum current value that can flow thought the switches with continuity.

The current value (Ijesnola) at which this “slow” limitation starts is defined by the maximum current
that can flow with continuity through the valves. This limitation has been implemented comparing the
value of the current delivered to the network, over d-q axes, with the threshold value and then the ratio
is calculated:

o= Ithreshold O,ZSa <1 (32)
meas
where I, 1s the inverter output current appropriately filtered. In the control scheme over d-q axes this
coefficient multiplies the current references.

Figure 3-9 shows the currents waveforms of the PV plant in case of a permanent three phase resistive
fault with a voltage reduction of 60% V, occurred at t = 0.4 s. The peak values reached by the device
currents are not such as to justify the instantaneous current limitation intervention, but their RMS
value is transitory greater than the current that can be delivered with continuity from the valves. The
intervention of the “slow” limitation brings the currents within the maximum current that can be
delivered with continuity from valves (whose expression over axis d-q represents the Liesnoia). The

 This transient should be roughly of the order of a few hundred milliseconds, compatibly with the valves
characteristics and with the overall duration of a voltage dip and the transient consequent to the restoration of the
mains voltage.
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transient that characterizes the action of the current “slow” limitation is linked to the dynamics of the
filter used for the measurement of the inverter currents®. In this figure is also shown the behaviour of
the corrective factor .
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Figure 3-9: PV inverter currents waveform in presence of “slow” current limitation and corrective
factor of the current reference (pink curve)

3.4  Control logics implementation

Special control strategy of the VSI, activated only during a voltage dip, should be implemented in
order to guarantee the FRT requirements for the DG plants.

Each control strategy requires the voltage dip to be detected as fast as possible by a suitable voltage
measurement apparatus and a logic signal has to be sent to the controller when the inverter the dip
condition is detected. The upper limit for the dip detection time is 20 ms (equivalent to one period of
the 50 Hz MV sinusoidal voltage). Then, the measuring device should be calibrated to send the voltage
dip signal to the inverter only if the residual voltage is below a given threshold, since less severe
disturbances can be overcome without special strategies.

The voltage dips detection system can be implemented internally in the converter control or as stand-
alone system. In the second hypothesis it’s necessary to provide a communication channel between the
measuring device and the inverter.

Below the voltage dip detection method and the simulation results for different control strategies
implemented are presented.

3.4.1 The voltage dip detection system

In general, the speed for the disturbance detection is an important issue to be considered and must be
carried out in accordance with the device function. With reference to voltage dips and voltage
interruption, between the possible detection criteria of the disturbances the following have been
chosen [56] + [58]:

¢ measurement of the RMS value on a quarter of a period of three line to line network
voltages™: the criterion, unlike those based on the processing of the components o or d-q
(Park vector) for the measurement of the RMS value, allows to treat separately and
independently the three line to line voltages overcoming also the problem related to the
presence of a possible unbalance in mains voltages that generates a 100 Hz component in the
voltage signal over coordinates d-q;

e rectifier line to line network voltages: this criterion provides the comparison of the rectified
voltages with an appropriate threshold and is faster than the previous one.

% The filter implemented is a first order filter (1/ (14+sT)) with T = 100 ms.

*To have more visibility on the scale of the graph, the corrective factor is represented with a width of
2800* and an offset of 1000.

*® The networks under study are MV primary distribution network and the monitored voltages for the dips
interruption detection are the line to line ones.
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The detection disturbance logic is exclusive type (logical OR), that is to say, it’s sufficient that only
one of the two criteria has being violated because it is detected the disturbance: in particular, therefore,
it is sufficient that one of the RMS values of network line to line voltages or their rectified are less
than the limit established because it is detected the fault. For the determination of the conditions of
absence of disturbance is necessary that all the three RMS values of network line to line voltages and
their rectified are above the limits. Below the two criteria are briefly illustrated.

Criterion based on the RMS value measurement on a quarter of a period

The criterion is based on the calculation of the RMS value on a quarter of period (1/4T, where T is the
network period). This calculation is carried out starting from the sampling of the mains voltage, which
is appropriately filtered to remove high frequency disturbance, and it’s based on the identification,
each half period, of the voltage zero-crossing.

With reference to Figure 3-10, at the first voltage zero-crossing (point A) the RMS value of the
previous 1/4T (waves indicated in blue) is calculated. For the next 1/4T, between the zero-crossing
and the minimum (the same applies to the 1/4T between the zero-crossing and maximum), the
calculation is made when a number of samples equal to those used in the previous quarter of period are
acquired (point B, RMS value relative to the waveform shown in green). The synchronization with the
voltage is performed once again at the next zero-crossing (point C), when the calculation of the RMS
value of the waveform shown in pink is done. In this way, the synchronization with the voltage is
performed every half period, while the calculation of the RMS value is carried out every 1/4T and is
always referred to the previous quarter of period; the value obtained is kept constant until the
calculation of the next.

v(t)

Veir

T
|
)

%

|

t

Figure 3-10: Schematic representation of the RMS value calculation

The zero-crossing point is determined by opposite sign of two successive samples: in the example
(Figure 3-11) 5 samples for a quarter of period are considered and the voltage zero-crossing is
identified from samples 6 and 7. The collected samples (1+7 in the example) are then used to build
another set of samples with the last takes the zero value. The method used is to determine from the last
two samples (Figure 3-11b) the entity of the translation that allows to the new sample P6 to be zero.

ERRT = AT - 11 (3.3)
Y6

where ERRT is the entity of the translation, AT is the sampling period (time between two successive
samples), Y and Y7 are the last two samples values.

This translation is then applied to each of the other pairs of samples, to determine the new sample set
P1+P6. From these last samples the RMS value calculation is done.
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For the quarters for the period that do not provide the zero-crossing identification (those that go from
zero to maximum and from zero to minimum) the same samples translation procedure is followed
using the same ERRT value used in the previous quarter of period.

a) b)
Figure 3-11: Acquisition of the samples for the calculation of the RMS value

The RMS value is then updated every quarter of period and is always relative to the voltage samples
acquired in the quarter of previous period.

As an example, Figure 3-12 shows the filtered line to line V. voltage (red curve) measured by the
secondary winding of the voltage transformers, connected phase to phase, and its RMS value
calculated according to the method described (green line). It may be noted that, at the first zero-
crossing (t~ 0.102 s), the RMS is calculated: the result obtained is lower than the previous one since in
the previous quarter of period an under-voltage occurred due to the fault. During the next quarter of
period, where all the samples are related to the reduced voltage, the RMS presents a further lower

value.
150.

100

50. T

W
]

-150.
0.09 0.10 0.11 0.12 0.13 [s] 0.14

Figure 3-12: Line to line voltage V. at the secondary of the transformer connected between phase and
phase: filtered (red) and RMS value (green)

A voltage dip is detected if at least one of the three RMS values falls below a limit, usually 90% of V,.
The disturbance detection rate with this criterion, according to the type of voltage dip and of its depth,
can be considered in the order of a few milliseconds.

Criterion of the “rectified” voltage

Since the calculation of the voltages RMS value, as illustrated before, involves a certain amount of
delay, due to the fact that the calculation is performed every quarter of period and refers to the
previous quarter of period, another criterion has been implemented. This second logic is faster and is
based on the processing of the line to line voltages, properly filtered to eliminate any high frequency
disturbance, to obtain a signal equal to the voltages “rectified”.

Also in this case the presence of the disturbance is detected if the voltages are lower than a limit. For
the definition of the limit it’s to be considered that the average value of the rectified value is linked to
the voltages RMS value through this relationship:
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where q, indicates the number of pulses per period (in the case under examination is 6).

In this case, therefore, the ratio between the mean value of the rectified and the RMS value of the
“reference” voltage is 1.35; the rectified has a variation around the mean value between a maximum
and minimum, respectively 1.05 and 0.9 p.u. (such extremes expressed in p.u. of the voltage RMS
value are approximately 1.35-1.05 =1.414 and 1.35-0.9 =1.22). Taking into account this variation, a
threshold equal to 0,7 p.u. of the average value of the rectified has been chosen to detect the
disturbance.

To avoid that the adoption of this very fast detection method would entail the identification of a
disturbance even in the presence of network normal transient, a minimum permanence time of the
rectified under the limit has been introduced. In this way it will degrade the performance from the
point of view of speed but it avoids untimely interventions; the permanence time should then be
suitably selected, and must not be lower than the typical delay of the criterion based on the RMS
value. In the analysis conducted it has been set equal to 1 ms. The minimum permanence time
required, in addition, influencing directly the voltage dip detection method speed, might be one of the
elements to be modified for the coordination of more compensation devices connected in cascade.

As an example, Figure 3-13 shows the line to line measured by the secondary windings of the voltage
transformers connected between phase and phase (red, green and blue curves), the same voltages
filtered (pink, brown and grey curves) and the trends of the rectified voltage (light blue curve).
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-100.
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-200.
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Figure 3-13: Line to line voltages at the secondary of the transformers connected between phase and
phase (red, green and blue curves); same voltages filtered (pink, brown and grey curves);
rectified voltage (light blue curve); voltage dip identification signal (brown line).

3.4.2 FRT control logics

In this section the simulation results of the behavior of the distributed generation, first photovoltaic
and then wind, in presence of voltage dips are presented. Some logic for overcoming the voltage dip,
activated by the signal of the disturbance detection, are taken into account, in particular the following
will be presented:

the control is “frozen” in the steady state status;

the inverter is forced to supply null active power;

the inverter is switched to the stand-by mode.

the inverter should supply a controlled current over g-axis.

NS

3.4.3 Simulation results for the implementation of control logics for PV generators
3.4.3.1 Control “freezing” in the steady state status

Thus strategy requires that, after the receiving of the fault detection signal, the regulators control state
variables are forced to the values that they had before the abnormal situation (obtained averaging the
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variables values for a time of 100ms before the occurrence of the voltage dip). It’s therefor necessary
to keep memory for a time long enough to ensure that the voltage dips detection system recognizes the
event and communicate it to the controller of the inverter. The values of the variables are held constant
for the entire duration of the event, and then they are released to proper mains voltage after the voltage
restoration.

Below the simulation results of the system behavior in presence of phase to phase resistive ground
fault (Figure 3-14 with voltage reduction of 70% V, on the voltage more affected by the fault) and
three phase resistive fault (Figure 3-16)*. Figure 3-15 and Figure 3-17 show the DC voltage, LV
phase voltages, MV currents and inverter currents for these simulated events.

The simulations show that the inverter control “freezing” in the steady state status is useful to avoid
that the control regulators reach the saturation condition, situation that can cause problems during the
voltage dip extinction but it’s not enough to satisfy the FRT requirements. This strategy doesn’t
present advantages in terms of inverter currents and voltages, since, during the voltage dip, the
currents reach the limitation threshold limit (Figure 3-15d and Figure 3-17d) and the braking chopper
is working to limit the DC voltages (Figure 3-15a and Figure 3-17a).

Phase to phase resistive ground fault with a voltage reduction of 70 %V,

50,0
*1038

g WWVWWWM

%/"“\“"‘\N“
i
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03 04 05 0,6 0,7 [s] 08
Figure 3-14: MV bus bar line to line voltages and voltage dip detection signal
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*In regards single phase ground faults, since in a MV distribution network does not cause any voltage dips on
line to line voltages, have not be considered.
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Figure 3-15: Response of the PV inverter: (a) DC voltage, (b) LV phase voltages, (c) MV currents, (d)
inverter currents. In all the figures the voltage dip identification signal is shown (pink line).

Three phase resistive fault with a voltage reduction of 70 %V,
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Figure 3-16: MV bus bar line to line voltages and voltage dip detection signal
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urrents of inverter. In all the figures the voltage dip identification signal is shown (pink
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3.4.3.2  Supply null active power

The control strategy has been implemented setting both the “d-axis” and “q-axis” current references
(i.e. proportional to active and reactive powers) to zero values during the voltage dip. In addition all
the control variables are fixed at the values necessary to inject null active power during the
disturbance.

Figure 3-18, Figure 3-19 and Figure 20 show the system response to a three phase resistive fault that
cause a voltage reduction of 30% V, (Figure 3-14). In particular the results obtained using three
different values of solar irradiation are reported. In each figure also the logic signal that identifies the
voltage dip is shown.

Figure 3-18a, Figure 3-19a and Figure 20a show that the braking chopper is always necessary and the
simulations with reduced solar irradiation have highlighted that the braking chopper, in these
conditions, switches less frequently.

In terms of inverter current Figure 3-18d, Figure 3-19d and Figure 20d show that, with this control
strategy, the current limitation is not active during the voltage dip.
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Figure 3-18: Response of the PV inverter with irradiation 1000Wm-2; (a) DC voltage, (b) active (red
curve) and reactive (green curve) powers, (c) inverter currents, (d) MV currents.
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Response of the PV inverter with solar radiation 800 Wm-2: (a) DC voltage, (b) active (red
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3.4.3.3

“Stand-by” mode

[s] 08

Response of the PV inverter with solar radiation 500 Wm-2: (a) DC voltage, (b) active (red

This strategy is characterized by the stand-by mode that could be activated in three different ways and
each of them requires a careful evaluation in the design of the device:

e  opening all the valves of the inverter; possible over-voltages across the IGBT should be taken
into account during the design of the converter, f.i. including snubbers for limiting the spikes;

* maintaining in ON state all of the upper or the lower valves for each inverter leg, while the
others are left in OFF state; in this case, over-currents through the short-circuited devices
should be considered;

e adopt auxiliary static switches, turned on during the voltage dip in order to short-circuit the

inductances by-passing the inverter switches.
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Figure 3-21 shows the currents waveforms, with the lower valves of each inverter leg short-circuited,
in case of a three phase resistive fault that causes a voltage dip with residual voltage of 30% V. The
currents that flow through the inverter valves present, in correspondence with the restoration of the
mains voltage with the inverter still in stand-by, a spike of 3.8 times the maximum switched current
from the valves.
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Figure 3-21: Stand-by condition: (a) inverter currents waveforms (b) detail. In all the figures the voltage
dip identification signal is shown (pink line).

3.4.3.4 Supply a controlled reactive current

To implement the control strategy that allows reactive current injection in the network during the
voltage dip, it’s necessary to modify the PV plant design presented in § 1.2.4.3.

The request to supply an additional current than the designed one has requested to modify the inverter
capability, so it can supply an higher power approximately 25% more than the one reported in Chapter
2. The new device design has also requested an adaptation of the transformer for the network
connection equal to 900 kVA. The main new design parameters are summarized in Table 3-1 and the
new capability curves are shown in Figure 3-22.

Table 3-1: Main design inverter and transformer parameters for the new PV plant

Inverter

Rated Power 800 kW
Capacitor DC 100 mF
Inductance switching 18.68 uH
MaX}mqm current that can be delivered with 48 A RMS value referred to MV
continuity

Maximum instantaneous current 3800 A
Switching Frequency 1950 Hz
LV Voltage 162V
DC Voltage 800 V
Transformer

Rated Power 900 kVA
Inductance 14.75 pH
Turns Ratio 20000/162
Winding coupling Dynl1
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Figure 3-22: Inverter nominal capability for kW PV inverter: absolute values (a) and p.u. (b)

The inverter is designed with the external device (braking chopper § 3.2) and the current limitations (§
3.3) to overcome the voltage dip, as presented before.

To allow the inverter operating out of the current limitation during the injection of both active and
reactive current, the current reference value over d-axis has to be modified if it is verified that:

I;_rlf+13 rif >IN (35)

where I ¢ is the reference current over d-axis, I, ¢ over g-axis and Iy is the inverter rated current.

In this case, the d-axis reference current is modified according to the law:

I} -1 (3.6)

q_rif

/7
Iy =

The response of the system has been simulated in case of different types of fault on the network. The
simulation results are reported in Figure 3-23 and Figure 3-24, respectively for:

¢ three phase resistive fault at t=0.4 s with a duration equal to At=0.2 s and residual voltage of

30 %Vy;

e three phase inductive fault at t=0.4 s with a duration equal to At=0.2 s and residual voltage of
70 %Vy.

Huummmmo - clulm um Hlmmt nm : \
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Figure 3-23:

Main waveforms (a) MV bus bar line to line voltages, (b) DC voltage, ¢) LV inverter
currents, d) MV network currents, e) inverter currents over axis d (red) and ¢ (green) and
their references, f) active (red) and reactive (green) power. In all the figures the voltage dip
identification signal is shown (pink line).
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Figure 3-24: Main waveforms (a) MV bus bar line to line voltages, (b) DC voltage, ¢) LV inverter
currents, d) MV network currents, e) inverter currents over axis d (red) and q (green) and
their references, f) active (red) and reactive (green) power. In all the figures the voltage dip
identification signal is shown (pink line).

The results have allowed to highlight that the control strategy to exchange a controlled reactive current
allows to overcome voltage dips using the same methods already emerged for the other control
strategies for the FRT (braking chopper, instantaneous and slow current limitation). However, the
photovoltaic generator, being of limited power, does not provide any significant contribution to the
sustenance of the mains voltage during the voltage dip. In the next this issue will be analyzed in
presence of wind generators of greater power.

Oversizing [%]

Reactive current [pu]

Figure 3-25: Percentage of overdesign of the inverter PV as a function of the share of reactive current
that you are going to deliver, maintaining a constant delivery of active current

As said before, to allow the DG to supply an added reactive current it’s necessary design power
electronic stages and any connection network transformers for power ratings greater than those
provided by primary source of energy. In this way, the system can supply a significant amount of
active power even in case of voltage dip of a certain depth. Figure 3-25 shows the curve that describes
the relationship between the overdesign percentage, in terms of currents that can be dispensed with
continuity from the valves, and the reactive current that can be supplied without changing the d-axis
reference (fixed to 1 p.u.).
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3.4.4 Simulation results for the implementation of control logics for wind generators

From the study of the behavior of the wind generators in presence of voltage dips, the same results, as
for the PV plants, have been obtained™. Figure 3-26 shows the DC voltage and the inverter currents in
case of a three phase resistive fault that cause a voltage dip of duration At=500 ms, with residual
voltage equal to 20% VY, in presence of braking chopper and instantaneous current limitation.

The adoption of the methods described above allows the overcoming of voltage dips complying with
the inverter capability. Despite this, the inverter operation during the voltage dip is still problematic.
The frequency spectra of the inverter current during the steady-state operation and during the voltage
dip are shown in Figure 3-26¢.d. It’s shown how the instantaneous current limitation causes low order
harmonic components (5°, 7°, 11° and 13° mainly), that represent a disturbance for the network. This
phenomenon can be considered acceptable in the hypothesis that remains only for the duration of the
voltage dip (few hundreds of ms) and that it’s the result of a necessary measure for the achievement of
the FRT requirements. In addition, the braking chopper is subjected to a considerable heat stress. The
resistance of the braking chopper must therefore be designed to withstand the thermal stress which can
be costly both in design and economic terms.
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Figure 3-26: Natural response to a voltage dip of the wind generator with instant current limitation and
braking chopper (a) DC voltage, (b) inverter currents (c) harmonic spectrum of the
inverter current, d) harmonic spectrum of the inverter current with the current limitation
active. The spectra are expressed in p.u. of component a 50 Hz

Also for wind generators FRT control strategies, seen before, have been analyzed. For simplicity only
the most relevant results of the wind generator behavior for different control strategies will be
presented. The simulated fault is a resistive three phase that occurs at t=0.4 s and causes a voltage dip
with a residual voltage equal to 40% V.

**In case of real application of wind generators, the phenomenon of growth of the DC voltage can be restricted
by the action of the pitch control that slows down the turbine rotation.
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Figure 3-27: MV bus bar line to line voltages and voltage dip detection signal

Considering the control logic to supply null active power during the voltage dip, the digital
simulations allow to conclude that in this case the inverter is able to overcome the voltage dip without
current limitation. Only during the input and output transient from the disturbance, there is the current
limitation (Figure 3-28).

1500 8

1400

1300

N IS
; 3

1200

1100

4
1l
1000 \
6
900 8
03 04 05 06 07 08 09 sl 10Q) 03 04 05 06 0.7 08 09 51 10b)
400
300 [
200
nm ‘ ‘ ‘ \ 100
Ilml\;uw U Tt T A .
i 'i'J Iy } |{‘ | | \Hlm‘j.im,i, T AT (R AR
- [ ‘ ‘ -100
-200
-300
-20 | -400
03 04 05 06 0.7 08 09 [s] 10¢) 03 04 05 06 07 08 oo & 10d)

Figure 3-28: Response of the inverter with control P=0: (a) DC voltage, (b) active (red curve) and
reactive (green curve) powers, (c) inverter currents, (d) MV currents.

Regarding the stand-by mode of the inverter, during the voltage dip, forcing the opening of all of its
valves®', the simulations show that it's necessary to pay special attention in the valves design for the
inverter and snubber, since the forced opening of both valves of the same leg can cause surges
potentially dangerous for the components. In addition, the stand-by condition implies that the inverter
may not be used to provide any auxiliary services to the network (Figure 3-29).

*! During this condition, the regulators are “frozen” to the steady state status to allow a faster restarting of the
device when the mains voltage is within the nominal parameters.
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Figure 3-29: Stand-by condition: (a) active (red curve) and reactive (green curve) powers, (b) MV
currents.

Finally, in the case of supplying controlled reactive current, proportional to the depth of the voltage
dip, also for the wind generators there are problems with the inverter design, as already highlighted in
case of PV generators. The need to over-design the device to allow the exchange of reactive power,
which in some cases is added to the active power, has been already considered in the dimensioning of
the wind generator reported in Chapter 2. The simulations show that, with an adequate inverter design
and with the methods to limit voltages and currents described above, it’s possible to exchange a
controlled reactive current during voltage dips (Figure 3-30).
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Figure 3-30: Inverter injecting reactive current: (a) active (red curve) and reactive (green curve)
powers, (b) MV currents.

System response to a phase to phase voltage dip

It has been finally simulated the inverter behavior in case of voltage dips unbalanced. In particular has
been simulated , initially, the response of the device to a two-phase fault with inductive impedance
that causes a voltage dip with duration 1 s and residual voltage 50% Vy, referring to the phase voltage
of lower amplitude.

The network voltages waveforms are shown in Figure 3-31, while the simulation results of the natural
system response and the effect of the FRT strategies already analyzed are reported in Figure 3-32 +
Figure 3-35. In particular, only in case of reactive current supply the instantaneous current limitation is
active during the voltage dips (Figure 3-34c). In the other simulations, this limitation is present only
during the transient at the end of the voltage dip.

In all the simulations, except the stand-by operation mode, 100 Hz oscillations appear in powers and
the inverter currents’>. These phenomena, caused essentially by the voltages unbalance, may be,
depending on the network short circuit power, further disturbing for the mains voltages, causing an
impact in terms of Power Quality. The solution of forcing the inverter in stand-by operation condition
avoids the generation of these disturbances and could therefore be the preferred in case of unbalanced

% For a detailed explanation of the causes of the phenomenon, see Chapter 5.
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voltage dips. A possible alternative is adopt inverter control schemes specific to mitigate the effects of

the unbalances of voltage network (Chapter 5).
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3.5

In this Chapter possible control strategies and circuit countermeasures to meet the new Fault Ride
Through (FRT) requirements have been analyzed using digital simulation for photovoltaic (PV) and
wind distributed generators.

Final Considerations

In particular different control strategies, activated only during voltage dips, have been considered:

the control is “frozen” in the steady state status;

the inverter is forced to supply null active power;

the inverter is switched to the stand-by mode.

the inverter should supply a controlled g-axis current.
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In general, the simulations showed that for all kind of control strategies, it’s necessary to provide:

a braking chopper to limit the voltage swell in the inverter DC link, due to an unbalance
between the active power coming from the generator, practically constant, and the injected
power, which decreases due to the decrease of the mains voltage;

an instantaneous inverter current limitation.

The main results can be summarized in this way:

the stand-by mode operating condition for the inverter, together with a “freezing” of the
control variables to the pre-dip steady state condition, has the less impact on the network,
however during the device design it must be considered that the currents can assume high
transient values;

the possibility for the inverter to exchange both active and controlled reactive power, implies
an oversize of the system and, in case of faults with critical characteristics, can cause the
instantaneous inverter current limitation, with consequent distortion of the output current and
voltage waveforms.

The methodology applied for the study of the behaviour of PV and wind plants in case of voltage dips
can be extended to any type of Distributed Generators connected to the distribution network through
power electronic converters.
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4 ANALYSIS OF THE IMPACT ON THE NETWORK OF MORE
DISTRIBUTED GENERATORS: DIGSILENT SIMULATIONS

In this Chapter the model of a network for analysis of interactions between more distributed generators
connected to the network through electronic converters in case of network disturbance is presented. In
this case, the simulations have been carried out in environment DIgSILENT. Since the final aim is to
analyze transiently the interactions of more devices to each other and with the network itself, in
DIgSILENT a model has been developed, similar to that realized in ATPDraw, whose
evaluation/validation has been conducted by comparing the simulation results (in DIgSILENT the
transient simulations are defined EMV, Electromagnetics Transient). This step has been necessary due
to the DIgSILENT characteristics, mostly oriented toward calculations of Load Flow, short circuit and
simulations of electromechanical transients.

The advantage of carrying out simulations in DIgSILENT environment lies essentially in greater
flexibility to analyse extended electrical systems that, especially for the detail used in the
representation of the power electronic components, is not possible in the ATPDraw environment.

Initially, the model of the photovoltaic generator in DIgSILENT has been developed to assess the
equivalence with the with the one modelled in ATPDraw and the capability of these generators to
sustain the MV and LV network voltage has been evaluated.

Then the network has been expanded with the introduction of a portion of transmission network
representative of the typical Italian configuration including traditional and wind generators (PMSG as
those presented in Chapter 2). In the study the Distributed Generation effect on the network voltage
support has been investigated.

4.1 Equivalence ATPDraw - DIgSILENT

In DIgSILENT the model of the photovoltaic system, presented in the Chapter 2, has been developed.
Its validation has been carried out comparing its transient behavior, in case of a voltage dip, with the
results obtained in ATPDraw environment.

The model of photovoltaic generator implemented in DIgSILENT has the same hardware and software
structure: the component ElmGenStat which represents a controlled current generator capable of
supplying active and reactive current setting two reference values has been used. In particular, several
simulations of electromagnetic transient “EMT” have been done.

Figure 4-1 show some characteristic measures and control waveform of the “natural” behavior of the
PV plant (in absence of Fault Ride Through logic) in case of a three phase inductive fault that cause a
voltage dip with depth equal to 30% V,. The differences in the behavior of the two systems are more
attributable to the difficulty in DIgSILENT environment, to manage freely all the parameters relating
to the three phase inverter.

The purpose of the simulations developed in DIgSILENT environment is to highlight the influence
that a strong penetration of the DG would have on the voltage quality and to analyze the interactions
between different distributed generators connected to the network. Therefore the differences between
the two models are not considered significant, thus allowing the validation of the model of the
photovoltaic generators connected to the network by using devices of power electronic developed in
DIgSILENT.
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Figure 4-1:

4.2 MY and LV network model

The network simulated in DIgSILENT, as done in ATPDraw, develops from a MV bus-bus of a
Primary Substation (PS) supplied by the HV network (132 kV), represented with an equivalent
impedance. In particular five MV feeders of different lengths, including both cable and overhead line
sections have been considered, along which loads of different types are directly connected (passive
loads and, in addition than the ATPDraw model, rotation and disturbing loads); some Secondary
Substations (SS) and LV networks with installed the same kind loads as in MV are also detailed.

The PV plants are connected directly to MV and LV network; in particular 3 “sizes” with the
following ratings have been considered:

e 630 kW - MV connection with coupling transformer;

e 60 kW - LV connection with a dedicated coupling transformer;
e 19 kW -direct LV connection without transformer.
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4.2.1 Simulation results of LV and MV network voltage support from PV generation

The preliminary simulations have been developed starting with a base case with DG penetration equal
to 10% of the total power consumption of the MV network (under the irradiation conditions
1000W/m2 and temperature 25C) and with a total load, representative of industrial utilities and
residential, equal to 70% of the rated power of the PS transformer.

Since the first objective of the study is to check the network steady state condition (Load Flow) and
the voltage profiles along the feeder using the phasor mode, some model simplifications have been
done, for example in this case the switching of the valves are not represented™.

Simulations in case of a transient and permanent network fault, simulating also the fast and slow logic
of reclosing of the line Circuit Breaker (CB), have been done and different voltage dips have been
considered (phase to phase, three phase, isolated or ground, resistive or inductive fault). These
preliminary simulations have also been carried out for different network scenarios, such as:

e absence of the whole DG (to assess the behavior of the network completely passive);
e condition of passive load reduced and presence of the whole DG connected (to assess the impact
of the DG on voltage profiles in the case of network “partially discharged”).

Finally the configurations considered have been simulated in case of compensated network and
isolated network.

For example, for a MV feeder (with a percentage of distributed generation of 7% of the passive load
derived from feeder itself), Figure 4-4 shows the voltage profile in the case base, while Figure 4-5
highlights what happens without DG.
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Figure 4-4: Voltage profile of a MV feeder base Figure 4-5: Voltage profile of a MV feeder without
case DG

In particular in Figure 4-6 the detail diagram of a LV feeder is reported with highlighted the nodes at
which it is examined the voltage profile with the distributed generators connected (Figure 4-7): the
generators (two 19 kW plants) are connected to the nodes C and D at the bottom of two different LV
lines (“base case”). It is possible to verify that the presence of DG gives rise to an increase in the
voltage in the connection node up to a value equal to about 2% of the LV bus-bar voltage in the SS
(node A).

3 While in the EMT validation simulation reported in § 4.1, this operation has been modeled.
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Figure 4-7: Voltages profile (in p.u.) LV feeder in the ‘“base case”

Figure 4-8 and Figure 4-9 show the voltage profiles for the same feeder, respectively, without DG and
with reduced load. The last case is the one that determines, as expected, the rise of higher voltages in
the connection DG node; the voltage variation between the conditions “with DG” and “without DG” is
about 3% for the node D and approximately 5% for the node C.
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Then in the presence of network faults, two different situations have been analyzed:

¢ transient fault with a typical sequence of fast reclosing;
e permanent fault with a typical sequence of fast + slow reclosing and subsequent permanent
opening of the line circuit breaker.

The simulation results report the RMS values of the voltages at the connection node of two 19 kW
generators (node C in Figure 4-6) in case of a three phase voltage dip, with a depth such that inverter
valves current limitations aren’t activated both in the “base case” and without DG.

In particular Figure 4-10 shows that during steady state condition the voltage in the “base case” is
higher and in case of fault the voltage is supported by the DG causing an increase in the residual
voltage equal about 10% compared with the case without DG. In each simulation the natural response
of the distributed generation is considered (without FRT logic).

It should be noted that the RMS voltage value trend during and immediately after the disturbance is
linked to the behavior of rotating loads, as confirmed by Figure 4-11, that shows the results of the
same simulations in the presence of an “equivalent” static load.

Finally, from the analysis of the Figure 4-12, comparing the RMS values in p.u. of the MV bus-bar
where the fault is located and the PV plant connection node in LV (node C in Figure 4-6), in case of a
voltage dip with a depth of 40% V,, the presence of the DG reduces the depth in its node of 5%, that is
the depth of voltage dip becomes about 35% V.
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Figure 4-11: Voltage RMS (in p.u.) at two 19 kW PV generators connection point: ‘“base case” (blue
curve) and without DG (curve pink), with only static load
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Figure 4-12: Voltage RMS (in p.u.) at two 19 kW PV generators connection point: “base case” (blue
curve), without DG (curve pink) and to the MV bus- bar (green curve), with only static
load

In general, these simulations have allowed to characterize the modeled network; below an extension of
the network is presented with different placement of the DG to evaluate the mutual interactions of
distributed generators, also wind generators, in presence of network disturbances considering the Fault
Ride Through strategies presented in Chapter 3.

4.3 Network extension (HV)

The model of a portion of the HV network representative of the typical Italian configuration of
transmission and sub-transmission including traditional and wind generators is presented in
Figure 4-13.

The HV network model has been completed by implementing the models of typical protection used in
the meshed transmission networks. These protections are essentially distance relays. The HV network
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feds, in a PS, a bus-bar MV through a 40 MVA transformer with short circuit power equal to 11 %.
The transformer has a tap changer. From this bus-bar, 5 feeder have been defined:

Feeder 1: cable line with an overall length of 18 km. The modelled line is divided into 8
sections and on each section loads and power factor correction capacitors are connected: on
this feeder is supposed to be installed the DG;

Feeder 2: passive cable line with an overall length of 6 km, on the bottom there is installed a
800 kVA transformer for the supply of industrial loads at 690 V. Along the line loads and
power factor correction capacitors are connected;

Feeder 3: cable line of length equal to 10 km, with a load equivalent to 23.5 MVA and power
factor of 0.85;

Feeder 4: empty cable line with a length of 10 km, used to simulate network faults;

Feeder 5: short line connected to a SS, to which 2 LV networks at 400V are connected. Each
LV network is powered by a 630 kVA transformer and includes several residential loads,
represented by an equivalent.

The DIgSILENT network model is represented in Figure 4-13. In general, in this network model, the
faults can be simulated at every voltage level to evaluate different voltage dip conditions.

@ggﬁ-@gs@s‘ 1? %% %%%f |
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Figure 4-13: Network model developed in DIgSILENT. (a) section HV, (b) section MV, (c) sections LV
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4.3.1 HY network protection model

Distance relay have been modeled as lines protections of the HV network. To reduce the simulation
complexity, the protections are included only in certain sections of the network and in particular at the
ends of the lines on which the faults are simulated. It’s used a model of distance relay already
available in the simulator libraries, referring to a commercial distance relay protection™, calibrated
according to the given indications summarized in Table 4-1.

Table 4-1: Typical settings for HV distance relay

Tripping impedance Intentional Delay
1* zone 0.8-7Z Basic Time
2" zone 0.8 - (Z,+0,8Z1¢) 03s
3" zone 1.2 - (Zi+71y) 0.8 s

Startine impedance 1.4s+1.6sat132kV and 150 kV
4™ zone 95 Lo 225at220 kV

25 1.2 (2A20) 3.5 s at 380 kV

5" zone (if present) As 4" As 4"
where:

e 7Z;:impedance of the line to protect;
e Zic: value of the line impedance with lower impedance subsequent to that to protect;
e  7Z;: value of the line impedance with higher impedance subsequent to that to protect.

The tripping impedance must be chosen in such a way that meets the criteria:

e greater than or equal to 125% of the value of the impedance of the 3" zone;
e less than or equal to 50% of the load impedance, in the most critical exercise condition;
e smaller than the minimum impedance seen on healthy phases in case of a single phase fault.

As an example, Figure 4-14 shows the areas of intervention of the relay place at the beginning of the
feeder that feds the primary substation from which the MV network where the faults are simulated is
derived. This PS is also fed by a second sub-transmission HV line that is healthy for the purposes of
the simulations.

[pri.Ohm] [pri.Ohm]

N
E

T
20 800400 JI T8-8J0
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T T T ——7 T
-440 -400 35,0 320 280 -240 200 -160 120 800 400 ]
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T T T T
160 200 240 280 [pri.Ohrp]

\7-16‘0

a) b)
Figure 4-14: HV distance relay intervention areas, diagram R-X a) settings for measurement of
quantities between phase and phase, (b) settings for measurement between phase and earth

* The settings have been defined in accordance with the indications contained in the Italian Technical Guide
GRTN “Criteri generali per la taratura delle protezioni delle reti a tensione uguale o superiore a 120kV”’, 2000.
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The two graphs are shown on the plan R/X, where R is the resistive and X the reactive component of
the impedance measured by the distance relay protection. The two graphs refer respectively to the
impedance measured between phase and phase, which is used to recognize two-phase and three phase
faults, and between phase and earth, used for the single phase to ground fault detection. If the
impedance value measured by the protection, along the direction of the protected feeder, is included
into one of the highlighted areas, the protection trips and causes the opening of the circuit breaker
associated, after the intentional delay as reported in Table 4-1.

Figure 4-15 shows a simplified diagram of an HV line, placed between two HV bus-bars, at the ends
of which are installed two distance relay protections R1 and R2, each is set according to the typical
parameters. For each of the protections the intervention areas are shown in terms of line length and
intentional delay (t1 for the first area of intervention and t2 for the second zone). If a direct fault to
ground occurs at one of the two ends of the line, for example near R1, R1 starts in the first step and
trips after t1, while R2 starts in the second step, tripping after t2 >t1.

t2
| t1
' = :

,y

Figure 4-15: Typical intervention scheme of distance relays placed at the opposite side of the same line

Figure 4-16 shows an example of a three phase direct to ground fault in the HV network, in a location
similar to that described in the previous example. This figure presents the comparison, for the purpose
of validation of the model, between the result of the simulation (a) and a recording (b) of an event
whose origin is found in a fault occurred in the HV network, provided by the Italian QUEEN® system
for monitoring the voltage quality in MV network.
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Figure 4-16: MYV bus-bar RMS voltages in case of a fault in the HV network: a) simulation result, b)
values measured by the voltage quality monitoring system QuEEN
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4.4  Wind generators model

The model of wind generator connected to the Medium Voltage distribution network, implemented in
DIgSILENT™, has a rated power equal to 2 MV A, designed to exchange with the network the 110% of
its power (according to the requirements included in the CEI 0-16 for voltage dips overcoming,
Chapter3).

The Permanent Magnet Synchronous Generator (PMSG) is modeled using the native DIgSILENT
component static generator (“ElmGenstat”). The block diagram which describes the functional parts
of the generator and the connections between them is shown in Figure 4-17, where there are the
electrical measurement stages, the control section and the power components of the generator.
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Figure 4-17: Block diagram of the wind PMSG

This model is essentially a controlled current source, it’s possible to set independently the current
references over direct and quadrature axes. The output current regulation is made with two Integral
Proportional regulators. The models implemented allow to set the maximum current that can be
exchanged by the generator, calculated on the basis of its maximum power and output voltage. The
diagram of the control is similar to that developed in ATPDraw. The only difference, as a result of the
reduced inverter model (the valves of the inverter are not modeled), is in the calculation of the direct-
axis reference current, which in this case is fixed to allow the generator to inject its rated active power,
while in the ATPDraw model the d-axis current reference is calculated to keep the inverter DC voltage
at a constant value. A detailed diagram of the control is shown in Figure 4-18 and Figure 4-19.
The distributed generator is equipped with a control system that is able to meet the FRT requirements
and their impact on the voltage support has been evaluated.

3 It has all the same features as the model implemented in ATPDraw.
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The design parameters of the wind generator are the same used in ATPDraw except the parts relating
to the control that are reported in Table 4-2°7.

Table 4-2: Wind generator design parameters

Inverter

Rated Power

2 MW

Rated output voltage

400 V

Line Voltage in LV

Current rating

29kA

For each phase, in LV

Inductance switching

25.3 uH

10% V.

Table 4-3: Wind generator regulator parameters

Gain bandwidth product

Phase margin

H(s)

1+0,002s
0,002s

90 Hz

50
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Figure 4-18: DIgSILENT Diagram of the control of the wind PMSG: current references calculation

*7 In any case, the performance in terms of step response are comparable to those calculated in Chapter 2.
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4.5 Simulation results of LV and MV network voltage support from wind

generator

In the simulation model, five wind turbines each equal to 1 MV A are introduced and connected to the
MYV network, in different locations of the same feeder as shown in Figure 4-20. For simplicity in the
scheme the loads, those are connected to all the MV and LV network nodes, and other MV feeder are
not shown.

GD4
GD1
TR AT/MT 2km _|1km]| akm | 5km
AT MT3 T MTS
MT1 2
MT2 GD3 GD2
’ 400 m
TR MT/BT IB”'?
400 m
GD5 BT1 400 m
gr21| By

Figure 4-20: Schematic representation of the MV and LV network with wind generators

In order to evaluate the DG effect in terms of voltage support, the simulations have been carried out
with the “EMT” of the environment DIgSILENT and different types of fault have been simulated, in
particular:

e three phase fault direct to ground on the HV line close to the PS (residual voltage at the MV
bus-bar:33 % Vy);

e resistive three phase fault with impedance (5 ) on the HV line close to the PS (residual
voltage at the MV bus-bar: 82% Vy);

e three phase fault direct to ground on a line with a distance from PS of about 20 km (residual

voltage at the MV bus-bar: 83% Vy);
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three phase fault direct to ground on one MV feeder (without DG installed), at a distance of
2.75 km from the MV bus-bar (residual voltage at the MV bus-bar: 53% Vy).

Figure 4-21 shows the simulation results concerning the DG behavior in case of three phase direct to
ground fault away from the Primary Substation.
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Figure 4-21: Simulation results in p.u.: a) HV (graphs above) and MV (lower graphs) voltages; b) direct

(red) and quadrature (green) GD1 current, c¢) inverter currents of inverter.

In order to analyze the capability of distributed generators to support the network voltage during the
voltage dip, for each type of fault, in any node of the MV or LV network, the response of the entire
system without DG and the responses obtained by connecting the wind generators one by one,
following the numbering order given in Figure 4-20, have been simulated. For each case, it has been
detected the residual voltage during fault and at the end of the transient. The results are shown in
Figure 4-22 + Figure 4-25. The graphs show both the residual voltages at different network nodes
(MV and LV) for different powers of DG installed along the MV line and the percentage variations of
the network residual voltage with respect to the case of feeder purely passive. These percentages are:

in the MV network in all cases below 6%;
at LV network level under 3%;
in the HV network there aren’t significant voltage variations neither for the effect of the MV
network faults nor for the effect of the DG.
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Direct ground fault in MV

T —
1 | | | || —e— NOGD
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AT MT1 MT2 MT3 MT4 MT5 BT1 BT2-1  BT2-2 BT3
a) Grid node

Figure 4-25: For different DG powers installed: a) residual voltages at each node during voltage dip, b)
residual voltage percentage variation respect to the case of passive feeder.

4.6 FRT logic

Also for the generator modeled in DIgSILENT the following FRT strategies have been taken into
account:

e the inverter is forced to supply null active power;

e the inverter should supply a controlled current over g-axis.
The two FRT strategies analyzed have been implemented by modifying the current references over the
d-q axes, in accordance with the type of control adopted and verified by simulating a three phase fault
direct to ground at a distance of about 26 km from the generator connection point. In particular, it has
been simulated a fault that causes a voltage dip of residual voltage and duration, measured at the point
of connection of the DG, equal to 25% of the rated voltage (150 kV) and a duration of 120 ms.

.

-1anyi I
0. 007 <10 0.2 0.0 04 [El 050

Figure 4-26: PMSG bus bar line to line voltages and voltage dip detection signal

FRT strategy to supply null active power

The strategy to supply null active power during the voltage dip has been implemented putting to zero
the reference value of the current direct-axis, as already done in ATPDraw. The main waveforms
obtained in simulation are shown in Figure 4-27. The simulation results show that there is no problem
for the generator to implement this control strategy but obviously the generator cannot be used in any
way to provide services to the network.
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—————————————————————————————————————————————————————————

} Figure 4-28: Response of the wind PMSG with
W" e control to supply controlled reactive current during
voltage dip:
********************* 1 a) generator output voltages;
! b) LV side current;
********************* J ¢) current d-axis (pink) and g-axis (blue) with their
i references

4.7  Simulation results of HV network voltage support from wind generator

Using the wind PMSG presented in § 4.4 two wind farms, each having a power of 200 MVA, are
modeled in the HV network. Figure 4-29 shows the portion of the network characterized by the
connection of these wind farms, whose position is highlighted by boxes with red area. In red the bars
on which is evaluated the residual voltage variation due to DG in case of voltage dip are also shown. A
permanent three phase fault direct to ground has been simulated without the network protections
tripping and the blue color shows the line on which fault is simulated. The same figure, part b), shows
a schematic representation of the network portion under examination with indicated the HV lines
lengths.

Wind
fam 1

AT1

12,25 km 14 km
ATZ
11,5 km
AT3
3,5 km
=] 6,7 km
_ - e AT4 ATS
— . ﬁ - Wind
g : 1,5 km 23 km farm 2
: i
= AT ATE AT7 b)

[
{
e

. ok )
Figure 4-29: Portion of the HV network (highlighted in red) to evaluate the DG voltage support

The study has been carried out varying independently the power generated by the two wind farms,

during steady state and during the voltage dip, from zero up to 100% of their capability, according to
the scheme shown in Figure 4-30.
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Figure 4-30: Grid of the powers pairs of generated by two wind farms

The residual voltage during the voltage dip has been evaluated after 250 ms from the fault occurrence,
that is when all the transients related to voltage dip have been finished. The steady-state pre-dip
voltage of the bars in the portion of the network under consideration has also been evaluated, always
considering different power values generated by the two wind farms. The results of the simulations are
shown in the graphs from Figure 4-31 to Figure 4-37.

The graphs show that:
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during the steady-state condition the amount of wind generation considered doesn’t have a big
effect on the network voltage: the variations are between 1.1% and 2.6 %;

during the voltage dips the residual voltage rises with variations between 6% and 17%,
depending on the node, thanks to the reactive current injected by the generators; these
percentages highlight the contribution that these generators can provide to the support of the
mains voltage during the voltage dips.
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Figure 4-31: Steady state network voltages and residual values during the voltage dip
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Figure 4-32: Steady state network voltages and residual values during the voltage dip
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Figure 4-33: Steady state network voltages and residual values during the voltage dip
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Figure 4-34: Steady state network voltages and residual values during the voltage dip
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Figure 4-35: Steady state network voltages and residual values during the voltage dip
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Figure 4-36: Steady state network voltages and residual values during the voltage dip
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Figure 4-37: Steady state network voltages and residual values during the voltage dip
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4.8 Final Considerations

After the validation of the model developed in DIgSILENT of an extended network (HV, MV and LV
levels) with photovoltaic and wind Distributed Generators (DG) able to satisfy the Fault Ride Through
requirements, with regard to the capability of the DG to support the voltage, it is possible to state that:

e the distributed generators connected to MV and LV distribution networks can support the
voltage depending on the type of fault and on their rated power; in general, the percentage of
voltage variation, during a voltage dip, is maintained below the 6% for the MV nodes and
does not exceed 3% in case of LV nodes;

e the presence of wind generators connected to the HV network (and in general generators
designed with higher rated power), during the steady-state condition does not give support to
the various HV bars considered (the variations are between 1.1 % and 2.6 %). During the
voltage dips, on the other hand, the residual voltage rises between 6% and 17% depending on
the node considered and thanks to the reactive power injected by the plants, highlighting their
contribution to the sustenance of the mains voltage during the voltage dips.
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S THE INVERTER BEHAVIUOR IN PRESENCE OF UNBALANCED
NETWORKS AND VOLTAGE DIPS

The wind generator inverter control described in Chapter 2 represent one of the most frequently
solutions adopted [36]. This type of control is based on the possibility to express the three phase
voltages and currents in the d-q rotating frame using the transformation expressed in (5.1). In such a
reference system, the sinusoidal balanced waveforms are transformed into continuous quantities. In
this way, the inverter control becomes the control of two DC equivalent, one over the direct-axis and
one over the quadrature-axis, making easier the regulators design.

However, the possible presence of unbalances and asymmetries in the network voltage after the
transformation in the rotating frame introduce harmonic components with specific frequencies, usually
multiple of the mains frequency. Such components are undesired since they downgrade the Power
Quality and can affect other systems connected to the distribution network. The reasons of this
behavior are explained in detail in the next paragraph.

One of the typical situations, which occurs in case of voltages unbalances, consists in the injection of
active and reactive power affected by oscillating components with frequency double than the grid one.
Depending on the network configuration, the network short circuit power at the generator connection
point and the overall power delivered, this condition can lead to a deterioration in the voltage quality
due to harmonics and unbalanced currents.

In this context, a study has been performed to evaluate different inverter control strategies which allow
to mitigate power oscillating components injected into an unbalanced network, with digital simulation
in ATPDraw and with the help of calculation programs (Matlab).

The discussion is related to the control of the inverters to interface distributed generators to the
network and can be applied to every kind of system (for example wind generator connected to the
network through rectifier + chopper boost elevator and inverter or back-to-back configuration or
photovoltaic generator connected with chopper boost and inverter).

5.1 Inverter behavior with classical control over axis d-q in case of unbalanced
network

Each three phase system can be composed into direct, reverse™ and zero sequences, as shown in the
vector diagram in Figure 5-1, where the three phasors (X,, Xs, Xc) can be obtained by summing the
phasors of the same color of three balanced phasor system.

X, .
Xda Xia §
Xia
T Xoa Hda
- Xob -
= + + =
N T ey "
. Xip X de o s
Xd Kb *, % A "
X X, p Ji Sem— & > b
oo Yo

Figure 5-1: Three phase system represented as phasors: direct, reverse and zero sequence

Since the three phasor systems are balanced, i.e. |Xdal | = | Xdb | = | Xde | = | Xq | , |Xia | = | Xib | = | Xic | = | X; | ,
| Xoa | = | Xob | = | Xoc | = | Xo | , the original quantities can be written in the form:

x, = x, cos(at) + x, cos(at) + x, cos(at)
x, = x, cos(ax—27/3)+ x, cos(ax +27/3)+ x, cos(ar) (5.1)
x, = x, cos(ax +27/3)+x,cos(ax —27/3)+ x, cos(ar)

38 . .
This reverse sequence can be called also negative sequence or quadrature sequence.
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Expressing the magnitudes (x,, Xp, Xc) in the rotating d-q frame, in case of voltage unbalance, it can be
obtained that:

e the direct sequence is represented by continuous quantities;

¢ the reverse sequence presents oscillating magnitudes with angular frequency of 2®;

e the zero sequence has null values.

Such transformations are shown in Figure 5-2 and Figure 5-3, that present respectively: the
decomposition of an unbalanced sinusoidal system (a) into three balanced phasorial systems (b)
(direct, reverse and zero sequence), and the transformation over d-q axes. The fact that the
transformation over d-q axes of reverse sequences produces two sinusoidal signals with double
frequency than the network one is an intuitive result. In fact, the reverse sequence can be viewed as a
system that rotates with angular speed opposite to the network (@,,,,,, = —=@,..... )- BY projecting

evers

such sequence on two axes rotating at the same network frequency, the magnitude obtained oscillates

with anglﬂar frequency: a)a’q,revers = a)nel‘work - a)revers = 2a)network'
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Figure 5-2:  Decomposition of an unbalanced system (a) into the phasorial balanced system: direct,
reverse and zero sequences (b)
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Figure 5-3: Sinusoidal system over d-q-axis (a) and related transformations into direct, reverse and
zero sequences (b)

As already pointed out in § 2.3.2.1, the inverter control of the wind PMSG is based on the
transformation of the sinusoidal voltages and currents on rotating frame d-q, since this approach has
the advantage of making continuous quantities processed by regulators. As already mentioned, in the
presence of an unbalanced mains voltage, the voltages expressed over d-q-axis are characterized by
100 Hz component. Transforming the network voltages and currents over d-g-axis, it’s possible to
distinguish four different components:
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Vg =V, FV,,

v, =v,_+V

o (5.2)
Iy =1, 1,

lq = lqp + lqn

where the v are voltages, i are currents, the first subscript indicates the rotating axis over which the
magnitude is expressed (d direct-axis, ¢ quadrature-axis) and the second subscript indicates if the
amount is direct or reverse sequence (p direct sequence, 1 reverse sequence)’ .

In the example shown in Figure 5-4, the mains voltages, initially balanced, are unbalanced by the
insertion at time t = 0.6 s of a 20 MVA load between two phases. As a result, there is a reverse
sequence component of amplitude equal to 0.04 p.u., whereas it is not present the zero sequence.
These oscillating components are processed by the control obtaining three modulating signals, which
are used by PWM modulator. In general, the 100 Hz oscillations are propagated to all the control
parameters, including the current references*’ and the output voltages of the regulators. This figure
show the network voltages before and after the unbalance, their transformation over d-q axes, the
inverter currents and their transformations over d-q axes, the modulation index and the calculated
phase and the resulting powers injected into the grid. The unbalance of the PWM modulating
waveforms results in an unbalance of the currents exchanged. It may be noted that after the occurrence
of the disturbance in the network, the active and reactive power are affected by a 100 Hz oscillation
(Figure 5-4g).
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% p and n indicate respectively the direct and reverse sequence components and these are used to indicate in the
English language positive sequence and negative sequence.

“ The case where the current quadrature reference is fixed at the value zero does not have, obviously,
oscillations on this reference value.
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' on axis d(red) and q (green);
g) ok o5 o5 o%2 o @ o @) active (red) and reactive power (green).

In general, the powers injected into the network by the converter are expressed as:

A=P+jO=vi

P=vi,+v,i, (5.3)
Q=v,i,—v,i,

In case of voltage unbalance it’s necessary to consider the d-q axes components and therefore the
power (5.16) can be rewritten as:

_in . . _i2
A=V, Ve ") * gy T igue ™) (5.4)

where @ is the angular frequency of the network.

Considering the definition of the active and reactive powers (5.16) and introducing the direct and
reverse sequence components of voltages and currents (5.2) the following expressions is obtained [60]:

P=F,+ P, cosQart)+ P,sin(2at)

. (5.5)
0=0,+0,cosCax)+Q, sin(2ax)

Therefore, the active power injected into network is given by P, constant and two oscillating 100 Hz
components. The expressions (5.5), can also be written as:

PE) Vap Vap Van Von
P1 qu - Vdp an “Van idp
Bl Ve Ve Ve Ve ||l (5.6)
Qo Van “Va TV Vap id"
Ql Van “Va Vo “Vap i‘l"
10, | | " Var "V Vap Vor |
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Chapter 5. The inverter behaviour in presence of unbalanced networks and voltage dips

As anticipated, the generation of unbalanced currents and, as a reflection, of oscillating power, can
impact the voltage quality depending on the network short circuit power at the inverter connection
point. These effects can be mitigated by using control schemes modified than the classical one over
axis d-q, to take into account the presence of reverse sequences to mitigate the power oscillations and
the currents unbalance, including in the control the regulation of the reverse sequence components of
the inverter currents expressed over d-g-axis.

In particular, to cancel the 100Hz oscillations in the power is necessary to eliminate the power reverse
components of the (5.6). The current references of negative sequence to use for the control of the
converter are expressed according to the formula:

. _ (vdnldp + anlqp )
L _ref T
Vdp

_ (vqnldp - vdnlqp )

qn_ref

(5.7)
i

Vdp

If the converter is synchronized with the mains voltage the following condition is verified v =0,
therefore the active power in (5.3) can be rewritten as follows:

Fy=v,, (5.8)
During network unbalance power exchanged is expressed as:

1% Vd
T p
P=v,i,=v,i,—~=F,

d Vq

5.9)

from which it follows that in case of asymmetric network as a result of a single phase fault, of an
unbalanced load or unbalanced network, the power injected by the converter decreases according to
the ratio between the voltage positive sequence component and the nominal voltage [62].

Below, two special inverter control strategies, devoted to the management of grid voltage unbalances
are proposed, analyzed, and compared.

5.2  Dq-axes control with negative sequence compensation

This control is similar to the previous one, with the main difference that also the currents and voltages
negative sequence components, calculated on the dg-axes, are taken into account. The positive
sequences components of each quantity (x4 and x,, where X represents current or voltage) are
calculated with the usual Park transformation, the zero component indicated by “0” is neglected and
the magnitudes on axes o and B, indicated as x, and xg, can be expressed in the two references rotating
dq, and dq,, by the following formulas:

X, | [ cos2aft) sin(Zﬂft)] X,

X, | [—sin27aft) cos2aft)| | x4
5] T 5.10
Xin cos(=27ft) sin(—27gct)} k2 |:COS(27;ft) _sin(2 W)} T, (5.10)

Xon | | —sin(—27t) cos(—27t) B sin(27ft)  cos(2xft)

Xp Xp
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Since the only amount of interest are the voltages and currents continuous components expressed over
d-q axes, the oscillating components can be eliminated by an ideal integrator filter. Therefore, for the
purposes the main value of each quantity is given by*":

< Xdp >= ;J;) Xdpdt

1 ¢t
< qu >= ;J;) qudt

(5.1
<x >——1 J.Tx dt
dn 7~ 7% dn

1
<an >:; X andt

where 7is the current time, then used in the control for noise filtering.

Once calculated the d-axis and g-axis components of the grid voltages and of the inverter currents, it’s
possible to apply the equations (5.7) for the calculation of reverse current references, while the direct
sequence current references are obtained according to the scheme of classic control described in
§ 2.2.4.4. The total references current are obtained by adding together, separately on the two axis, the
direct sequence and reverse sequence references, and then compared with the inverter currents.

Since voltage and current unbalances are represented as components with double frequency in the dg-
axes decomposition of the respective quantities, current PI regulators should be modified into
Proportional-Integral-Resonant (PIR) regulators with resonant frequency equal to 2f [60] [61]:

k. s
Hpp(s)=k +—+k
()=, 0 st +2as+ (2274 )

where k, and k; have the usual meaning, k. is the resonant gain and ¢ is a damping factor used to widen
the resonant zone across 2f and to maintain the controller gain at a finite value.

(5.12)

These PIR regulators have an high gain in the neighborhood of the resonance frequency and eliminate
the error between the measured signal and the reference.

In absence of grid voltages unbalances, however, the control here described, at least during steady
state, has a behavior similar to the classic one, since the reverse sequence components have zero
amplitude, and, therefore, also their transformations on d-q axes are null [62].

For the simulations, the following values of the parameters: f/= 50 Hz, a=27, k,=104 are used to
mitigate the 100Hz components, while the other parts of the regulators are the same presented in §
2.2.4.4. The block diagram of the control described here (Modified Park control) is shown in
Figure 5-5, where in red the additional parts than the “classic” approach are highlighted.

*! For simplicity of notation, in the following to indicate the medium components of direct and inverse sequence
it will be used the notation without the “angle brackets” < >.
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Figure 5-5: Scheme of a dq-axes control with compensation of negative sequences components with modified Park
transformation

5.3 Second Order Generalized Integral (SOGI) control

A second method for the calculation of the components over dg-axes of the reverse sequence
components is proposed in [63] and is applied to the static compensator current control. The main
difference than the dg-axes control with negative sequences compensation consists in the calculation
of the positive and negative sequences of the currents and voltages dgq-axes components, which are
calculated starting from the o components:

X, :%(xa—xﬂej%)
| (5.13)
Xg zg(xae—j% +Xﬂ)

The block diagram of the algorithm on the Second Order Generalized Integrator filter - SOGI is
represented in Figure 5-6, where f(t), d(t) and q(t) are time signals and h and ®' are two gains.

y -

ﬁ)é; [: EB D |Z| dit)

L

qit) ﬂ IZI

Figure 5-6: Block diagram of a filter SOGI

The major filter transfer functions are the following:

H(s)= D(s) _ ha's
¢ F(s) s’+ho's+”? 5.14)
12 .
H,(s)= O(s) _ ha

F(s) s’+ho's+o”
where D(s), Q(s) and F(s) are the Laplace transform of the signals d(t), q(t) and f(t).
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If £(t) is a signal with fundamental component at a frequency equal to the one around which the SOGI
filter is centered (®'/2m), the signal d(t) presents the fundamental component at the same frequency
and in phase with the fundamental component of f(t) (but with different harmonic components because
of the filter); q(t) is, instead, a signal perpendicular to d(t). The situation is shown in the Bode
diagrams of the two transfer functions Hy(s) and Hy(s), reported in Figure 5-7, and referred to a SOGI
filter centered around 50 Hz, then ®' =21t50 and for example h=2*.

The graphs show in red that at 50 Hz the two transfer functions have gain equal to O dB, while they
have lower gains at higher frequencies (the two phases, evaluated at the fundamental frequency, are
respectively 0° and 90°). The two signals d(t) and q(t), essentially sinusoidal, mutually orthogonal and
synchronized with the 50 Hz component of the signal f(t). The result of applying the SOGI filter to a
sinusoidal 50 Hz signal is shown in Figure 5-8.

Magnitude (dB)
Magnitude (dB)

Phase (deg)
Phase (deg)

B Y

10°

a) o o Frequency (Hz) ‘ b) ’ ‘ Frequency (Hz)
Figure 5-7:  Bode diagrams of the SOGI filter transfer functions: (a) amplitude and phase related to Hy,
b) diagrams relating to H,
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Figure 5-8:  Example of calculation of d(t) and q(t) signals with SOGI filter, starting from a 50 Hz
signal f(t)
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Exploiting the SOGI filter characteristic to synchronize with the component of the signal at a
frequency equal to the one around which the filter is centered and combining suitably the two output
signals d(t) and q(t), it’s possible to generate two pairs of signals, which are the o components of
direct and reverse sequences of the electrical quantities involved in the inverter control. Starting with
the oy components of a generic three phase system (5.13), the SOGI filtering stage is adopted for
extracting the positive and negative sequences in this way:

*> The h value regulates the damping factor of the filter poles and, therefore, with a value decrease the filter
module is described by a bell-shaped curve more closely and the phase transitions are speeder.
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1 xkas - xf,jka)2
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where k =\/E is a parameter to ensure the filter unity-gain at the frequency w/2m, and p and n
indicates the direct and reverse sequences.

The values expressed in the fixed frame of are then transformed over rotating frame d-q. In particular,

the positive sequences are processed with an angular frequency equal to that of the mains voltage (@)
while for the negative sequences an opposite angular frequency is used:

Xy || cos(ax) sin(ax) | Xep
x, | |—sin(@) cos(@)| |x,

(5.16)
Xgn | _|cos(@r) —sin(ax) | | X,
[xqj B [sin(at) cos(ar) } Lﬁj

Once obtained the magnitudes over dg-axes, they are compared with the references calculated as
described in §5.2 and processed by PIR controllers, whose outputs are added independently on the two
axes. The control scheme requires the usual decoupling stages and the setting of the signals for the
calculation of PWM modulating waveforms. Figure 5-9 shows a block control diagram with the
additional parts and/or modified than the version presented in Chapter 2 highlighted in red. The
parameters of PIR regulators have the same values used for the control described in the previous
section.
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Figure 5-9: Block scheme of the SOGI control

5.4  Simulation results in presence of unbalanced network

These control schemes are implemented in the ATPDraw model of the wind PMSG (Chapter 2) and
simulation results have been compared in two different situations:

e unbalanced network (due to the insertion of an unbalanced load);

e transient two-phase to ground grid fault.
The faults simulated are the same presented in Chapter 3 for the analysis of the FRT strategies.
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5.4.1 Unbalanced Network during steady state

The network unbalance has been simulated, as for the case described in §5.1, generating an unbalance
of 4% due to the connection of a load between two phases of the MV line where the wind generator is
connected at time t= 0.6s. The generator behavior is reported in Figure 5-10 = Figure 5-13. For the
results comparison, it’s used the convention that, in each figure in this section:

e Jetter (a) - indicates the results with the classic control;

e Jetter (b) - indicates the results with the dq-axes control with negative sequence compensation
(modified Park);

e Jetter (c) - indicates the results with control filter-based SOGI.

From the simulations it’s possible to underline that, while the network voltages are balanced, the three
controls have the same behavior, while, in case of unbalance, the two modified controls offer higher
performance than the classic one in the reduction of the active and reactive power 100 Hz oscillations
(in terms of amplitude as can be seen in Figure 5-10a, b, c) and of the currents unbalance
(Figure 5-11 and Figure 5-12 a, b, ¢). Figure 5-13 shows the unbalanced modulating waveforms.
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Figure 5-10: Active (red) and reactive power (green) Figure 5-11: MV side filtered inverter currents
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Figure 5-13: Inverter modulating waveforms

Figure 5-14 shows the active power and the d-axis current obtained with the different types of control.
The reduction of the amplitudes of the 100 Hz oscillations is evident especially comparing the powers.
Analytically, a comparison can be done calculating the spectrum of the active power and d-axis
current for the three types of control and then expressing the relative amplitude of the 100 Hz
component than the direct component for each magnitude. The obtained values are summarized in
Table 5-1. The results of Table 5-1 show, in addition, a behavior substantially of the two modified
methods similar in terms of reduction of the disturbance.
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Table 5-1: Comparison between the performance of the three different control strategies
Classic Control Negative sequence compensation SOGI filter
1002,7 /IS, | 432 % 1.60 % 1.57 %
1000, /|S,| 8.88 % 3.68 % 3.50 %
1001,/1, 3.33% 1.9 % 1.97 %
a) b)
o 10° 125 ; | Classical d-q control
Classical d-q control ol L | Modified 4—c1 comr()! with negative sequence
28— — — Modified d-q control with negative sequence -- - | | Control with SOGI filter
Control with SOGI filter [ | L _____ [
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Figure 5-14: Active power (a) and d-axis current (b) applying the different control strategies

5.4.2 Phase to phase inductive fault

The responses to an unbalanced voltage dip of the three control approaches in the dg-axes frame have
been also simulated in order to compare their performances. The voltage disturbance is caused by a
two-phase to ground fault occurring at +=0,6 s and the network voltages at the inverter connection
point are shown in Figure 5-15. The voltage dip presents a residual voltage of 70% V,, (referred to the
lowest voltage) and finishes after 120 ms by the opening of the faulty line circuit breaker, as a
consequence of the tripping of the over-current relays.
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Figure 5-15: Line to line network voltages during two-phase inductive fault

The responses of the three control schemes are reported in Figure 5-16 + Figure 5-19. In these
simulations, in order to evaluate only the behavior of the controls, the FRT strategies are not
implemented and then the generator remains connected to the network, in accordance with its

capability.
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A significant reduction of the 100 Hz oscillating components of the power is achieved with the
improved versions of the control. In this case, also a reduction of the current distortion and unbalance
are visible in Figures 17b,c in respect to Figures 17a. For instance, the current unbalances, calculated
as the ratio between the amplitudes of the negative sequence and of the positive sequence of the
currents injected into the grid, are: 9,6% for the basic control and about 3,2% for both the improved
versions (Table 5-2).

Table 5-2:  Comparison between the performance of the three different control strategies in case of two-

phase fault
Classic Control Negative sequence compensation SOGI filter
1002, /|S,| 13.28 % 6.04 % 5.65 %
1000, /IS, | 27.58 % 11.64 % 11.95 %
1001, /1, 9.6 % 32% 32 %
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5.4.3 Three phase inductive fault
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In this case the fault simulated is a three phase inductive one, such that the residual voltage at inverter
connection point is the 70% of the nominal value. The fault occurs at t= 0.4s, and is terminated after
200 ms, thanks to the opening of the line circuit breaker. In Figure 5-20 the mains voltage are shown.
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Figure 5-21 shows the behavior of active and reactive power and of the currents injected into the MV
network from wind generator in case of classical control and filter-based SOGI control. The results
obtained with the negative sequence compensation control are not reported because similar to those
obtained with the SOGI filter.

As anticipated, the modified controls have a response quite similar to the classic control, when
voltages are balanced.

The presence of the second-order generalized integrator filters or of the calculation of the mean values
in case of control with modified Park transformation, instead, has an effect during the input and output
transient of the voltage disturbance, these transients are characterized by the greatest number of
oscillations in active and reactive power (Figure 5-21a, c).
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Figure 5-21: Inverter response to a balanced voltage dip: active (red) and reactive (green) power and
inverter current with classic control (“a”’, ¢“b”’) and with control SOGI (“c”, “d”’)

5.4.4 Three phase resistive fault and FRT strategies

The control strategies described in this Chapter ensure the reduction of the network unbalances effects
only if there aren’t limitations for the inverter current or the DC voltage, introduced to safeguard the
components in case of voltage dip. If these limitations are activated independently from the general
control logic, the control operation can be modified, as already illustrated in § 3.4.3.

Now the FRT strategies, necessary for the overcoming of the network disturbance without the DG
disconnection are implemented in the modified control schemes. The control schemes here analyzed
have the feature, as well as the original one from which they derive, of being able to implement in a
very simple way the control strategies to overcome voltage dips. As for the classic control all the
possible control strategies for the FRT, have been implemented, in particular here only these will be
presented:

¢ the inverter is forced to supply null active power;
e the inverter should supply a controlled current over g-axis.
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The behavior of the inverter controlled with the different control schemes and with the different FRT
strategies has been simulated in case of a voltage dip with residual voltage 20% Vy, generated by a
three phase network fault with duration of 500 ms. Figure 5-22 shows the active and reactive power
exchanged by the inverter for the different combinations control scheme-FRT strategy The results
related to stand-by operation condition are not reported, because in that state the device behavior does
not depend on the type of control selected. In addition to the FRT strategies, in all the simulations, the
DC voltage braking chopper and the fast and slow current limitation are implemented (§ 3.4).

Since the network voltages remain balanced during the disturbance, there aren’t, as expected, any
substantial differences in the inverter responses with the different control solutions. Therefore the
capability to apply FRT strategies to the inverter remains valid, even using the modified control

schemes, including the possibility of providing support to network voltages by the injection of reactive
power.
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Figure 5-22: Active (red) and reactive power (green) during voltage dip, inverter controlled with
different control schemes and FRT strategies
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5.4.5 Phase to phase resistive fault with current limitations

A special inverter operation condition is when a two-phase fault occurs in the network. In this case,
the inverter control variables over dg-axes present oscillating components at 100 Hz and the current
waveforms injected into network and DC voltage are distorted for the limitation action.

Figure 5-23 reports active and reactive powers generated by the inverter in case of classic control and
in case of control based on SOGI filter, obtained by applying the FRT strategy to supply zero active
power during the voltage dip. The simulated fault is a phase to phase resistive fault, resulting in an
unbalanced voltage dip with residual voltage 20% Vy (referred to the phase voltage with smaller
value) and duration of 500 ms.
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Figure 5-23: Inverter response to an unbalanced voltage dip (a) line to line network voltages at the
inverter connection point, (b) active (red) and reactive (green) with classic control, c)
powers with control filter-based SOGI

As shown by the figures, using specific control schemes to improve the inverter responses in the event
of unbalanced voltages allows to reduce the 100 Hz oscillations in the power generated in the event of
both two-phase voltage dip and intervention of some limitations. In particular, the powers oscillating
components show a significant degradation of the performance of the modified control, mainly due to
the intervention of the limitations.

The presence of a SOGI filter control is clearly visible in the active power behavior when the network
returns to the pre-dip operating condition: the steady state condition is reached after 100ms, a time
longer than the case of control d-q (20 ms) but more stable (less oscillation). As already described for
the classic control, also in this case the device stand-by condition could be the best solution in
presence of an unbalanced voltage dip and with inverter current limitation active, to avoid the possible
voltage quality deterioration dependent on the network short circuit power at the DG connection point.
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5.5 Final Considerations

In this Chapter two inverter control strategies optimized for operation with unbalanced voltages have
been analyzed and verified by digital simulations.

These control schemes have been already proposed in the literature and substantially are based on a
control of all components (direct and reverse sequence) of the current. Thanks to the simulations, these
methods have established their positive effect on reducing the 100 Hz oscillations in power output and
the unbalances of the inverter currents in case of an unbalanced network or two-phase voltage dip.
This positive effect is present if the inverter current limitations aren’t active.

Instead, in case of balanced voltages, the “modified” control schemes present performance similar to
the “classic” control even during the input and output transient of the voltage dips.

For these two modified control schemes the possibility of implementing FRT strategies has been
analyzed. The results show the same positive aspects and the same issues already highlighted in the
previous Chapters, in terms of need to limit the inverter currents and the DC voltage. In general an
optimum FRT strategy can be to impose the stand-by condition to the inverter during the voltage dip,
so it can be ready to resume the standard operation at the end of the network disturbance as soon as
possible.
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6 LABORATORY TESTS OF INNOVATIVE INVERTER CAPABILITIES

The recent, and already cited, Standard in terms of energy sources interfaced through inverter to the
distribution networks establishes that the distributed generators have not only to inject the maximum
active power extracted from primary source to the network but they should be able to provide auxiliary
services or implement additional functionality on the basis of a remote control or local conditions.
Examples of these requests, which are contained in CEI 0-21 [2] and CEI 0-16 [3], related respectively
to the LV and MV connections, are:

operation at an arbitrary power factor, within a certain capability;

overcoming voltage dips;

sustenance/limitation network voltage;

supply a controlled reactive power to support (or limit) the mains voltage, both in steady state
and in transient condition;

e reduction of the active power exchanged if the mains frequency increases or due to an external
control.

Main objectives of the laboratory activities, focused on the requirements of CEI 0-21, carried out in
the RSE spa Laboratory in Piacenza, have been both the verification of feasibility of such new
functionalities and to make the tests on commercial inverters to gain a better understanding of the
issues and solutions adopted to implement the functionalities.

This Chapter is focused on the illustration of the types of tests performed in the laboratory and the
conclusions that can be drawn from it.

6.1  Test bed description

The system represented in Figure 6-1 (picture) and Figure 6-2 (block diagram) has been implemented
at the RSE laboratory in Piacenza (Italy). It consists of:

® a single/three phase connection to the public LV grid (alternatively, a 12 kVA grid simulator
is available); in particular the linear programmable network simulator has the possibility to fed
single-, two- or three -phase systems (Figure 6-3);

e a DC source with PV array VI characteristic emulation feature (P=20 kW, V.,,,=500 V)
(Figure 6-4);

e an adjustable parallel RLC load (single or three phase) with overall power capability up to 18
kW and £18 kVAr (inductive and capacitive);

e a data acquisition system which monitors AC and DC measurements and allows on-line
calculations of active, reactive power and RMS values; the Supervision system offers some
visual tool to easily check the magnitudes; an example of the Man to Machine visual Interface
(MMI) of the data acquisition system is shown in Figure 6-5.
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Figure 6-1: Picture of the laboratory filed and instrumentation
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Figure 6-2: Schematic diagram of the test circuit

6.1.1 Linear programmable network simulator

A linear programmable network simulator is essential for the implementation of the functional tests on
inverter, because it is necessary to modify voltage and frequency level of the AC network and to
program network transients. The simulator, programmable through a graphical remote interface shown
in Figure 6-3, works on four quadrants and has a maximum power of 12kVA in feeding and about 4
kVA in absorption, with the possibility of a 10% overload for limited periods of time. The simulator
allows to realize single-, two- or three-phase connections with an independent voltage control of each
phase, to be able to simulate voltage unbalances.
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Figure 6-3: User Interface for programming the network simulator
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6.1.2 DC source with PV characteristic curves emulation

The 20 kW DC power supply consists of two equal 10 kW modules which can be connected, in
“master-slave mode”, in series to increase the maximum voltage level supplied or in parallel to double
the maximum current that can be generated. The source can be remotely programmed via a graphical
user interface (Figure 6-4).
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Figure 6-4: Graphical User Interface for remote control of the DC power supply

6.1.3 RLC variables loads

The available loads allow to reach a maximum active power of 18 kW and 18 kV Ar reactive power,
both inductive and capacitive. Each component is divided into three modules of the same maximum
power and each module is configurable to achieve single- or three-phase loads.

6.1.4 The inverter under test

The experimental activities have focused on two different inverter for interfacing of photovoltaic
generators.

The first inverter is a single-phase device with a DC power of 6 kW (INVERTER 1), while the second
is a three phase device with DC power of 10 kW (INVERTER 2). This second device is equipped with
some of the advanced features that can be set remotely, such as provision of reactive power and a
limitation of active power according to various criteria (‘“advanced features”). Since the INVERTER 1
has been designed before the new Standard publication in the following it’s considered as an “old
conception” device.

The choice of these two types of inverter has been carried out to highlight the different design/control
characteristics between the devices.

In addition, the tests carried out on the INVERTER 1 also had the purpose to establish how and if the
“old conception” inverters could provide advanced features and services to the network, even if they
are not designed for this purpose.
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6.1.5 Data acquisition system
The AC and DC voltages and currents are directly acquired. The system allows the visualization of the
quantities measured and some quantities “calculated” by a visual interface as shown in Figure 6-5:

e oscilloscope: view of the waveforms in time and their RMS values;

e fopological: view of the powers, RMS voltages and currents of the network simulator, of the
inverter and loads separated;

e vector V/I :view of the phasors of the voltage and current of inverter, loads and network
simulator;

e vector P/Q: vector view of active, reactive and apparent powers of the different sub-
components of the system.
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Figure 6-5: Data acquisition system visual user interface

6.2 Innovative capabilities required to the inverter

The new Standards impose to the generators, in particular those interfaced by an inverter, a series of
new functional requirements. These requirements are focused, on one hand, to the improvement of the
voltage quality and, on the other hand, to increase the number of DG connected to the network. The
specific Standard requirements may vary for the different voltage level, LV or MV, but, in general, the
required functions can be divided into the following macro-areas:

1. overcoming network disturbances;
2. supply controlled reactive power;
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3. active power regulation.

The laboratory activity has been addressed to functional tests relating to the requirements included in
CEI 0-21, the following is a brief overview of the requirements in relation to the earlier macro-areas.

6.2.1 Overcoming network disturbances
Voltage Dips - Low Voltage Fault Ride Through (LVFRT)
The CEI 0-21 establishes that the distributed generators have to remain connected to the network when

there are voltage dips with characteristics of time/residual voltage within a given mask, shown in
Figure 6-6.
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Figure 6-6: LVFRT according to CEI 0-21

It’s not required to the inverter a particular behavior during the voltage dip, but it has to remain
electrically connected to the network and to restart the injection of active power, at least 90% of the
value pre-dip, within 200 ms after the RMS voltage return between 85% Vy and 110% Vy. For voltage
dips that are under the LVFRT curve, the inverter is disconnected from the network by the interface
protection tripping; the protection settings have been modified in accordance with the requests of
overcoming the voltage dips.

The Standard also requires the types of proof to verify this requirement. The inverter behavior should
be tested in case of symmetrical and unbalanced voltage dips.

During the experimental activities different voltage dips have been analyzed, not only the which ones
included in the Standard, since the tests aim is not only to check the voltage dips overcoming indicated
in CEI 0-21 but also to explore the real inverter capability to stay connected during the event, beyond
what is required by the Standard.

6.2.2 Supply controlled reactive power

The requests for the supply of controlled reactive power included in CEI 0-21 foresee different modes
of power exchange:

with fixed power factor;

according to a Q=Q(V) characteristic curve;

on external remote control;

according to a cos(¢) =f(P) characteristic curve.
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Supply reactive power with fixed power factor

It’s required that the generator is able to deliver power with a given power factor cos(¢) according to
one of the two capability curves reported in Figure 6-7, respectively white area and grey area.

During the nominal operation (generation of active power Py) can be requested to the inverter to
provide a controlled reactive power (capacitive or reactive) with a power factor included in the range

0,9 14g4ing < €08(9) 0,9
This implies that the device should be over-sized to supply at least a nominal power Sy =1.11 Py.

leading*

P
k.

P 1,11 Py

»Q

Qi =-0,4843 P, | Qma=0,4843 Py

Figure 6-7: DG capability curves (white and grey areas) connected to LV networks, according to CEI 0-21

Supply reactive power according to a Q=Q(V) characteristic curve

The Standard requires that, in order to support the mains voltage (or to limit its growth), the inverter
should supply reactive power as a function of the mains voltage, according to one of the two
characteristics curves shown in Figure 6-8. These characteristic curves are in accordance with the
limits defined by both the capability of Figure 6-7.
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Supply reactive power on external control

The Standard requires that the generation system should be able to exchange reactive power according
to a value assigned by an external remote control. Also in this case, the reactive power supplied must
be in accordance with the inverter capability, and so the maximum reactive power available is equal to
0.4843 Pn. The Standard requires also that the achievement of the reactive power value, assigned by
the external remote control, which takes place in less than 10 s.
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Supply reactive power according to a cos(¢) =f(P) characteristic curve

Again, in accordance with the inverter capabilities shown in Figure 6-7, it’s required to the inverter to
inject reactive power with a power factor that depends on the active power. The characteristic
reference curve is shown in Figure 6-9.
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Figure 6-9: Power factor characteristic curve depending on active power

6.2.3 Active power regulation

The Standard requires the active power limitation in two different ways described in the following:
e on external remote control;
® in case of transients on the transmission grid.

Active power limitation on external control

It’s expected the possibility to limit the active power delivered by the inverter with an external
command. The power set-point can be set in the range 100% Py + 0% Pn. The power value requested
must be reached with an accuracy of £2.5 % Px.

Active power limitation in case of transients on transmission network
The use of double frequency threshold for the generators interface protection, as required by CEI 0-21,
CEI 0-16 and the national Grid Code, has the aim of keeping connected the distributed generators in
case of network frequency variation as a result of a fault occurred in the transmission grid. In
particular, there may be two situations:

1. frequency decreasing: when the power generated is less than that absorbed by the loads;

2. frequency increasing: when the power generated is greater than that absorbed from the loads.
In the first case, the Standards require that the distributed generators must remain connected to the
network continuing to supply their full power, in accordance with the primary source availability, in
order to avoid further unbalance between generation and load.
In the second case, however, the Standards require a gradual reduction of the DG power generated, to
obtain gradually a rebalance between generation and power consumption. In this situation, the CEI O-
21 provides a P=P(f) curve of the active power supply decrease as reported in Figure 6-10.
The power delivered during the transient network is kept constant until the return of the mains
frequency to the nominal value.
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Figure 6-10: P=P(f) characteristic curve
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6.3 Test Procedure

The first part of the activity has provided the identification of test procedures that would allow the
implementation of the functional tests. In spite of the individual tests have specific topics in their
execution, it has been possible to identify a series of general operations necessary to be performed for
all types of test. In particular three main steps have been identified:

1. start of the test bed and of the inverter;
2. test execution;
3. results analysis.

The following table shows the specific procedure adopted for the test relating to overcoming voltage
dips capability. It’s not described the phase of start of the test bed, since it does not have specific
issues related to the function under test.

Inverter 1: “old conception” Inverter 2: “advanced features”

Test execution

Set the desired pre-dip active and reactive power

supplied.
There aren’t any inverter configurations to be | [’s pecessary to modify the PWM modulator
modified. block setting for under-voltage, decreasing the

threshold value to the minimum allowed by the
settings of the device.

The Interface Protection (IP) can’t be disabled
and it’s not possible to change the default
settings, that define the minimum voltage

‘.[rippir.lg if the voltage is less than 80% Vy with | The IP can’t be disabled, but it’s possible to
intentional delay 50 ms. change the trigger thresholds at the following

Therefor the tests have been carried out changing | hew values:

the nominal voltage setting at 200 V for which Viip = 0.2 Vy
the IP would be triggered for a value
Vuip=0,8%200V=160V corresponding to 70% of Taeray >2's
the voltage referred to 230V. With this setting,
it’s excluded the maximum voltage tripping,
which has a threshold of intervention of 1.2 Vy.

The network simulator is programmed to generate the desired transient, setting for each voltage step
the residual voltage, the duration of the voltage dip and the voltage restore conditions. An example of
the graphical interface for controlling the network simulator used to generate a symmetrical three
phase voltage dip with residual voltage equal to 60% Vyand duration 500 ms is shown
in Figure 6-11.

The data acquisition system is set to be able to record data for a time window enough to measure the
whole transient; typically, for the evidence of overcoming voltage dip a window of 7 s is enough.

The voltage transient runs in the network simulator.

Results analysis

It is verified that the steady state inverter operation before and after the transient, corresponds to the
settled inverter configuration.

It’ verified that the network simulator has reproduced the desired voltage dip and that the inverter has
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remained connected to the network; this last operation may be carried out by displaying the current of
the inverter measured at the network side. In particular:
e if the inverter keeps the power delivery, the current increase of amplitude, possibly up to a
limit value;
e if, on the contrary, there is a passage in stand-by mode, the currents are reduced to those
absorbed by the inverter output filters.

The data acquired (AC and DC voltages and currents) are saved in a data file.

The saved data are processed with a numerical software to obtain useful information, such as:
e the active and reactive power waveforms and the DC power during all the transient state.
e any distortions and unbalances of network or inverter currents and voltages during the
voltage dip or at the normal network conditions restoration;
e the recovery time for the rated power exchange of the inverter;
e the inverter current limitation values.
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- Figure 6-11: Graphical Interface for controlling the network simulator in case of voltage dip

6.4  Experimental activities results

During the experimental activities on the two mentioned inverters both the functionality of operation
in the range of frequency/voltage extended and the LVRT capabilities have been tested.

Initially the continuous device operation during steady state is verified in the following voltage and
frequency ranges required by the CEI 0-21:

85% V<V <110% Vy

47.5Hz<f<51.5Hz
where Vy is the nominal voltage.
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6.4.1 6 kW single phase inverter

For the INVERTER 1 “old conception”, since it’s not possible to disable the Interface Protection (IP),
it’s not possible to test its continuous operation during steady state in the frequency range required by
the Standard. The IP, set according to the Standard before the CEI 0-21 new edition, requires the
inverter disconnection for network frequency values outside the range 49.7 Hz + 50.3 Hz.

The validation of the proper inverter operation has been conducted by measuring the active power
delivered toward the linear network simulator in different frequency conditions in the range of
allowable variation imposed by the internal IP. It has been possible to check that before the IP tripping
there are no significant alterations of the inverter behavior, as shown in Figure 6-12. The IP trip occurs
at 49.71 Hz (under-frequency) and 50.31 Hz (over-frequency): the trip is visible in Figure 6-12 when
the measured power becomes zero. The accuracy of the intervention threshold (10 mHz) is compatible
with the CEI 0-21 requirements (+20 mHz). A similar result has been obtained measuring the power
supplied when the voltage varies in the range 85% Vn< V < 110% Vy, where Vy is the nominal
voltage.

For the check of the operation under the 90% Vy, not being able to change the IP setting, the inverter
nominal voltage value has been reduced up to a value equal to 77% Vy, through the machine user
interface. In this way, the interface protection does not trip even for network voltages up to 70% Vy.
The same approach has been used to test the device in case of voltage dips. All the tests have been
carried out by starting the inverter at the frequency/voltage rated values, varying then the parameters
to the desired values and measuring the waveforms after the achievement of new stable condition.

3500

3000 —W‘W

2500

2000

P [kW]

1500

1000

500

o4

496 49,7 49,8 499 50 50,1 50,2 503 504
Frequency [Hz]

Figure 6-12: Measurement of the power generated by INVERTER 1 for different frequency values

Overcoming voltage dips

The inverter has showed a capability to overcome voltage dips of arbitrary duration, even greater than
that required by the Standard, within the limit of residual voltage equal to 70% Vy (threshold for the
interface protection tripping). Figure 6-13a shows the current injected by the inverter during a voltage
dip with residual voltage 75% Vy and duration 1 s (Figure 6-13b).

The device has not shown any capability to provide network services, such as delivery/absorption of
reactive or active power in particular network conditions. These features must be obtained both with
the device and control design.
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Figure 6-13: Inverter response to a voltage dip: a) current injected, b) mains voltage

6.4.2 10 kW three phase inverter

Also for the INVERTER 2 “advanced features”, the first test is the evaluation of the continuous
operation during steady state in the frequency and voltages ranges defined by CEI 0-21. In this case
it’s possible to change the Interface Protection (IP) tripping thresholds to implement the required tests
(essentially the IP is disabled in the voltage/frequency ranges under test).

Figure 6-14 shows the active power delivered for different network frequency values, with the active
power reduction over 50.3 Hz.
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Figure 6-14: Inverter behavior for different network frequency values

Overcoming voltage dips

The inverter behavior has also been tested in case of voltage dips. It has been possible to verify the
capability of overcoming the events of any duration and characterized by any residual voltage. This
capability, for mains voltages below a certain value, occurs with the inverter stand-by operation. The
recovery time to have the power exchange as during the pre-dip conditions depends on the voltage dip
characteristics and for this inverter it’s not in accordance with the Standard requirements.

Figure 6-15b shows the inverter current in response to a symmetrical three phase voltage dip with
residual voltage 30% Vyn and duration 400 ms (Figure 6-15a). During this test, the inverter is
configured to inject only active power.
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Figure 6-15: Waves recorded from data acquisition system for a symmetrical three phase voltage dip (a)
AC output network simulator voltage; b) inverter currents; c) active, reactive and
apparent power; d) DC power absorbed by the inverter

The response to an asymmetric voltage dip has shown more critical behavior, since both during and
after the event the inverter injects three phases unbalanced currents. The inverter response in case of a
phase to phase voltage dip (with residual voltages equal to 45%Vy, 45%Vy and 100 %VYy) of duration
500 ms is shown in Figure 6-16. Although the inverter is able to remain connected during the network
disturbance, the restoration of symmetrical current occurs only after several seconds from the end of
the event. In this case, the possibility to put the device in stand-by mode during the voltage dip, by
suitably adjusting the thresholds for intervention of this functionality, it is preferable because it allows
a restoration of normal operating condition without unbalanced currents.
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Active and reactive power exchanges
It has been also verified the possibility to exchange reactive power, according to the CEI 0-21
requirements.

This inverter is not able to satisfy, for size reasons, the active/reactive power capability prescribed in
the Standard, but the tests show that is able to supply reactive power if there is a reduction in the
delivered active power. The inverter P/Q capability measured during the laboratory tests and compared
with the Standard requirements is shown in Figure 6-17.
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Figure 6-17: Tested P/Q capability of the three phase inverter

Figure 6-18 shows the active and reactive power generated in presence of network voltage variation,
for a Q=Q(V) reactive power delivering.
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Figure 6-18: Voltage transient network (a), inverter active and reactive power (b). A reactive power of
positive sign corrisponds to the absorption by the device, this convention is used only for
this figure
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Finally Figure 6-19 shows the different reactive power (blue curve) measured for different values of
the mains voltage during steady state conditions, compared with the Standard required operating curve
(red curve).
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Figure 6-19: Q=Q(V) curve “dead band” measured for INVERTER 2 compared with the CEI 0-21
required

6.5 Final Considerations

The experimental activities, supported by theoretical analysis/modeling, have been oriented to the
analysis of the functional tests for the photovoltaic interface inverter, included in the recent national
Standards. The tests have been focused on three types of functionality required to LV inverter by the
CEI 0-21:

® voltage dips overcoming;
e supply controlled reactive power;
® active power regulation.

The main purpose of the laboratory tests has been the deepening of issues that may arise in the
implementation of these new inverters capabilities, through a critical analysis of the test results
performed on both “old conception” inverter (designed according to the previous Standard) and on
“advanced” inverter (designed to provide the required functionalities even if not completely compliant
with the new Standard). Analysis of the two types of devices has allowed to highlight what is the
evolution, in terms of design and control, requested to the inverters to meet the Standard requirements.

The aim of the activity has not been to perform the tests exactly as prescribed by the Standard, but to
analyze which are the fundamental aspects to take into account when it’s necessary to test the
capabilities listed above.

In detail the experimental activities have provided the following results.

Voltage dips overcoming: the device is required to limit the maximum current delivered to a value less
than or equal to the maximum switched current with continuity from the valves. This feature is already
implemented, as a protective measure, even in the inverters of old conception, that offer in principle a
“natural” Fault Ride Through (FRT) capability. The presence of an Interface Protection integrated in
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the device that can’t be disabled, or which is not possible to change the settings, may hide this
capability.

A PWM modulator for under-voltage block, if required, represents a real obstacle for the overcoming
of voltage dips. The recovery time to reach the pre-dip conditions depends mainly on the inverter
control. The most critical situation is in case of unbalanced voltage dips. In these cases, in fact, the
inverter currents are unbalanced and distorted, making impossible the regulation of the devices
(Chapter 5). It has also been verified that the inverter offers capability to overcome heavier events in
terms of durations than the ones required by Standard CEI 0-21.

Supply controlled reactive power: this function, required by the Standard CEI 0-21 with different
execution modes, essentially foresees a redesign of the inverter control, which must include the
provision of a quadrature current reference in accordance with the voltages transient. This additional
current must be taken into consideration during the design of the device so that it can be able to
exchange an apparent power of at least 1.11 Py.

Active power regulation: the implementation of this functionality is mainly to limit, through the
inverter control, the power absorbed by primary source and, in consequence, injected into the network.

In general, it can be concluded that the implementation of new features is, in the majority of cases, a
problem related to the inverter control, as long as it is designed to supply a reactive power in addition
to the active one, without incurring in its capability limits. Also the “old conception” inverter can
satisfy the latest Standards with a firmware update and a revision of the capability curves.
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7 ANALYSIS OF THE INTERACTION BEETWEEN INVERTERS WITH FRT
STRATEGIES AND NETWORK PROTECTIONS

In this Chapter the main Medium Voltage (MV from 1 kV to 60 kV) and Low Voltage (LV less than 1
kV) distribution networks characteristics and the possible types of network faults management are
described presenting the structural measures and the different network exercise choices implemented
to improve the quality of electrical service.

In particular, to improve the continuity, in regards to actions for the network operation, it’s
highlighted, from the experience of the exercise of the MV network in two possible configurations:
isolated and compensated, a significant reduction in case of compensated neutral of the number of
interruptions, a lower stress for the insulation of the network components and a decreasing of the
single phase fault to ground currents.

In terms of structural measures, a further contribution to the reduction of both the number of long
interruptions and their duration, is related to the remote control and, as evolution, to the network
automation.

Further reductions in the cumulative interruption duration are obtained thanks to the automatic
procedures for the faulty line section selection. This measure, which is an evolution of the “simple
remote control”, allows the identification of the line segment affected by the fault and the restoration
of the “healthy” line sections without the operator intervention, having a clear advantage in cases of
faults that occur simultaneously in multiple network locations.

In the next these measures and the network evolution toward an active network will be shortly
presented.

7.1 Distribution networks description

In general, the structure and the extension of MV and LV distribution networks are rather
heterogeneous, even if the main difference is between urban networks (typically short and
underground cable) and rural networks (typically long but not necessarily overhead type).

From a structural point of view the distribution networks are predominantly radial, so that each
network node is fed from a single source of supply.

The electric energy distribution in the MV distribution networks takes place through lines that depart
from HV/MV Primary Substations and which fed MV users and MV/LV Secondary Substations, from
which the low voltage distribution develops.

Primary substations (PS)

The HV/MV PS are equipped with a number of transformers that can generally vary from 1 to 4
(typically 2 transformers) and a number of MV lines which can vary from 4 to 20 (with a typical value
of 10). The trend, as regards the number of primary stations, is very different depending on the
network and/or Distributor System Operator (DSO) needs in the different European countries.

Medium voltage feeders

The Medium Voltage (MV) lines are different in rural or urban areas, with a prevalence of cable lines
in urban areas. In regard to the MV lines length, the average values of 10-35 km in rural areas and 3-
10 km in urban areas. About the loads there isn’t any difference between urban areas and rural areas;
in Europe the situation is so much various, that some DSO are designing the rural lines to connect
more loads than in the urban areas, others operate in the opposite way and others tend to load the MV
network regardless of the type of area that supply. However, typical values of load installed in “rural”
MYV lines can be 1 +8 MVA, while in MV “urban” lines 1 + 10 MVA.

In case of need, as a result of the occurrence of a fault in the network, the greater part of the MV
distribution lines can be fed from other adjacent lines, through the closing of circuit breakers operating
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normally open. Almost all MV networks in Europe are three phase systems, two-phase are used in
France to supply rural areas with low energy consumption.

Secondary Substations (SS) and LV network
The average number of secondary substations (MV/LV) fed by MV lines depends on the type of area:
e from 5 to 15 SS for each urban areas MV line;
e from 15 to 50 SS for each rural areas MV lines.
In regards the typology of LV lines, these are mainly underground cable for an average number of LV
users that varies from 40 to 100 for each secondary substation.
Unlike MV lines, the probability to have LV lines fed by adjacent lines is much lower with a
percentage that varies between 0% and 30%.

MYV networks neutral connection type
Relatively to the distribution networks neutral management, with particular reference to MV, it’s
possible to have different solutions:

e Isolated Network without any point connected to earth (in this definition the connections to
ground through high impedance for the purpose of measures or security are not included).
This management is used in Italy, Finland and some distribution networks in Switzerland,
Austria and Belgium.

o Compensated Network with a Petersen coil connected between the star point of the
transformer and earth with reactance or impedance (resistance and reactance). This type of
system management is widespread in Austria, Germany, Switzerland, Finland. Relatively to
Italy, historically the MV network has been neutral isolated and now is partially converted to
compensated system.

e Network connected directly to earth via negligible impedance. In case of single phase fault to
ground, the fault currents have a magnitude such that activating for sure the automatic tripping
of the maximum current protection relays. This type of management is widespread in
Belgium, France, Portugal and Spain.

7.2  The Italian protection philosophy

In the distribution network the fault is defined as an abnormal operating condition resulting from a
malfunction of a circuit, a plant, of an apparatus or from a contact at low impedance between network
parts with different voltage, which causes an abnormal current (fault current).

This current may occur between two or more phases (said poly-phase fault or short circuit fault) or
between a phase and earth (single phase fault or ground fault).

Under fault conditions, the feeder “segment” affected by the fault should be immediately disconnected
from the network in order to eliminate the fault current, to ensure safety to people and facilities, to
maintaining the network stability and to preventing the deterioration of the network components.

To obtain the detection of the faulty network section, it is necessary to adopt protection devices able to
recognize an abnormal operating condition (fault condition) by comparing one or more signals at their
inputs, for example the currents, with preset threshold values that represent short circuit and ground
fault currents.

The protection device operates in a very short time if the fault condition is detected and it controls the
circuit breaker opening. In general, higher values of fault currents correspond to a shorter tripping
time. Typically two or more tripping thresholds associated with different response times are set: for
example “no delay” for high levels current and “time delayed” for below current values. For a correct
operation of the protection devices, they should operate mutually coordinated to turn off the minimum
possible network portion.

For this purpose it’s frequent the presence of protection devices installed in ‘“cascade” whose
coordinated operation, in order to be effective, must be such that those near to the fault point trip in
shorter time than the devices installed in farther points, whose intervention is exclusively for backup.
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A not coordinated operation would cause the disconnection of network sections (and therefore of users
connected to itself) does not directly affected by the fault.

An example of protections in “cascade” is that of MV protection relay installed on the primary
substation HV/MV transformer (upstream protection) and the line protections installed on the same
MYV bus-bar of the transformer (downstream protections). In case of not-coordinated operation
between the downstream and upstream protection relays, any fault with origin in a MV line would
cause the transformer protection tripping and the consequent opening of all MV feeders (also the
healthy ones) and all users connected.

Normally, selectivity criteria are based on current selectivity (based on the fault current values) or
chronometric selectivity (by setting, for the same fault current, response times shorter in the
downstream equipment than those upstream).

7.3  Actions on MV distribution networks to improve quality of service

The actions on MV networks to improve the quality of service can be distinguished into two main
categories:

e improvement in terms of structure, components, remote control and network automation;

e operation and maintenance activities (on inspection and programmed).
The first category actions have to be considered useful for the purposes of strengthening the network
capacitance to limit the disturbance effect to a limited number of users and to reduce the interruption
time, while the measures included in the second category are methodologies and procedures designed
to optimize operation and maintenance of the plants through prevention. A reduction of the fault
probability is possible in many cases by operating network maintenance through preventive scheduled
measures or with frequent inspections.

The structural actions to improve the continuity of the service are primarily oriented to a reduction of
the times of power outage. Below the main structural solutions are analysed. In particular the first is
the installation at the head of the MV lines of a circuit breaker with protection and automatic reclosing
device, that lead to an evolution represented by the installation along the line of devices called
reclosers and development of remote control and MV network automation for the faulty line segment
selection.

MYV network operation: from isolated to compensated

The neutral isolated networks ensure a certain simplicity of network operation and limit the fault to
ground currents, proportional to the extension of the network itself, within relatively low values of the
order of hundreds of amps, but there are some issues, such as the greater insulation stress and the
phenomenon of the intermittent earth arc to be considered [64] = [66].

The compensated system is implemented installing an iron-cored reactor connected between the star
point of the substation transformer and earth, the so-called Petersen coil, and a resistor connected in
parallel (Figure 7-1a). The impedance connection to the “neutral conductor”, in this case, is made
through a motorized isolator, which can be operated only with the HV and MV transformer circuit
breakers in the open position.

The passage to a compensated network gives several advantages:
¢ limitation of the single phase to ground fault current, due to the compensation of the feeders
capacitance to earth thanks to the “coil”, allowing to maintain in service line during the fault
research;
e the Petersen coil may be considered an Arc Suppression Coil (Reducing the intermittent arc
risk);
e the probability of self-extinguishing single phase faults increases.
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Figure 7-1:  Petersen coil insertion scheme: connection between the HV/MV transformer star and the
primary substation earth system

Some advantages in terms of improvement of the continuity of service are:
e avoided opening of the line circuit breaker in case of single phase faults, with a reduction in
the number of outages and consequently of the cumulative total of interruption for LV user;
® less stress on network components insulation with reduction of their fault probability and
consequent reduction of permanent fault rates and of the number of long interruptions (> 180
S).
The ground fault current limitation (theoretically up to the cancellation, on the assumption of full
compensation by Petersen coil) also allows to keep in service the faulty line during the fault research
(not otherwise applicable in an isolated network) [65]. In addition, it should be noted that these
automatic procedures, based on the chronometric coordination of the circuit breakers installed along
the lines, are also feasible thanks to the current earth limitation, that stresses less the earth systems in
relation to the safety requirements associated with the values of the step and contact voltages.

Installation at the MV line head of circuit breaker and automatic reclosing device
Referring mainly to the MV distribution network, but in general to every radial network, in the
hypothesis of passive network, a fault on a distribution line causes a fault current only in the line
section upstream the faulty point.
Consequently, each MV line at its beginning is equipped with a circuit breaker controlled by a
protection device able to:

e detect the short circuit and poly-phase ground fault currents caused by events originated in the

under part of the network;

¢ climinate the fault currents controlling the circuit breaker opening.
In some cases, in order to “eliminate” transient faults to allow better continuity of service, the MV line
circuit breaker is associated with an automatic reclosing device, able to perform a sequence of fast and
slow reclosing of the circuit breaker.
In order to better understand the automatic reclosing device importance for the continuity, it is
necessary to consider the type of faults that can occur in a MV line: semi-permanent transients and
permanent. In fact, apart from the faults that spontaneously are extinguished for natural arc extinction
before the protections operation, the operating cycles of MV line circuit breaker allow:

¢ the transient faults extinction during the fast reclosing waiting time;

¢ the semi-permanent faults extinction during the slow reclosing waiting time.
In this way, only the permanent faults cause long interruptions in the power supply with the
intervention of the operating personnel.
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In detail, the logic of a reclosing cycle, shown schematically in Figure 7-2, requires:
® when a fault occurs along the MV line (single phase to ground or short circuit between the
phases), the protection relays associated with the circuit breaker of the MV line detect the fault
and controls the circuit breaker opening;
e after a certain time interval, which usually ranges from 0.3 s to 1 s (in Italy is generally 0.4
s)* there is the first reclosing, said fast reclosing. After that it’s possible to verify that:
® in case of self-extinguished fault, the MV line is resupplied, and there is a transient
interruption;
® in case of the fault permanence in the network, the line circuit breaker reopens for a
period of time between 20 s and 3 min (in Italy 30 s) causing a short interruption;
e after the slow reclosing waiting time, the automatic reclosing device controls the line circuit
breaker closing; this closure can be permanent or followed by a permanent opening in case of
fault permanence.

Close

CIRCUIT
BREAKER
/.l
Open [N

0.3 - 1 seconds : T X
seconds 20 seconds - 3 minutes TIME

Figure 7-2: PS circuit breakers automatic reclosing in presence of a permanent fault

Remote control and MV network automation

In order to reduce both the number of long interruptions and the duration of them, other possible
actions are those related to MV network remote control and its “automation”. This means the adoption
of procedures for the faulty line segment selection with the disconnection line segment affected by
fault. After that the service restoration of the “healthy” line portions occur automatically, without
operator intervention.

7.4  Protection issues for active networks exercise

The growing trend of installed power from Distributed Generators (DG) in distribution networks is
giving rise to new issues to be considered for grid operations. In particular, the interaction between
DG and network protection relays can cause:

® nuisance trips;
unwanted island operations [64];
worsening of Power Quality (Chapter 1);
new interaction between distribution and transmission networks;
DG interface protection settings revision to be in accordance with the Fault Ride Through
requirements (Chapter 3).

The first phenomenon consists in nuisance network protection relays tripping in case of fault, and is
due to the fact that the presence of DG can cause reversal power flow along the power lines*. The
classic distribution networks protection system has been realized in the hypothesis of radial and
passive distribution network, i.e. without generating units present or, if any, without any significant
power level. An high level of DG penetration could cause problems with the selectivity causing
nuisance tripping and therefore lead the need of a protection system revision. In particular, this issue is

* In some cases MV network with substantial DG presence this time has been brought to 0.6 s + 0.8 s.
*1In a radial passive network distribution the power flows from primary substation to the loads and to the
secondary cabins along the line.
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relevant for the over- current protection relays placed at the MV lines departures. In fact, these
protections are not able to distinguish the measured current direction: the protections selectivity is
obtained by adjusting the starting time as a function of the setting current values. If there are DG units
near faulty lines, these can fed the fault, with reference to Figure 7-3. The contribution to the fault
current from the local generation, if the protection setting value I; is exceeded, could cause the
nuisance protection relay trip with consequent disconnection of the healthy line. This problem is more
critical in presence of DG with rotating machines (synchronous/asynchronous), which can give an
important contribution to the short circuit current. The case is different for DG interfaced to the
network by electronic converters, whose contribution to short circuit current is limited, and it may
cause problems only if the power of the plant is relevant.

HV/MV TRANSFORMER

Figure 7-3: Nuisance MV lines maximum current protections tripping in presence of DG

The second possible phenomenon due to DG presence in the network is that these local generators can
sustain voltage in a feeder disconnected from the main grid (f.i. for maintenance or after a fault) giving
rise to an island network condition, if there is an equivalence between the active and reactive powers
produced by generators and those absorbed from the loads. Unwanted island, whose voltage and
frequency are not under the control of the main grid, could, in fact, represent a major harm for loads
and people (§ 7.7.5).

The last issue linked to the massive presence of DG comes from the interactions between the HV
transmission and MV distribution network. In particular, the transmission network frequency may vary
for the occurrence of an unbalance between generation and loads: for example, if the power absorbed
by the loads is greater than that delivered to the network by the generators, the network frequency
decreases involving all the voltage levels (HV, MV and LV). If the frequency falls under the DG
Interface Protection (IP) tripping threshold (§ 7.5.1 and 7.5.2), the generation would see a further
power reduction due to the DG disconnection. This phenomenon would further affect the network
frequency decreasing making necessary measures such as the loads disconnection. The opportunity to
extend the IP settings for the frequency range could decrease the risk of such event, the importance is
to maintain the protection relays themselves selective to avoid undesired island network operation.

Then, considering the new Fault Ride Through (FRT) requirements (Chapter 3), it’s necessary a
redefinition of the interface protections settings also in terms of voltage thresholds. Figure 7-4b, for
example, shows the simulation results of the DG inverter behavior, equipped with an IP with default
settings®, in case of a three phase voltage dip with residual voltage equal to 45% Vy and duration 120

* In this case the settings are not redefined to ensure the voltage dips overcoming according to the CEI 0-16 ed.
2012.
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ms. Even if the inverter is controlled with a FRT strategies (supply null active power during the event)
and it’s equipped with all the necessary devices (§ 3.2), the interface protection trips*® and the relative
circuit breaker opens, so the DG is disconnected from the network preventing the new Standard
requirements fulfillment.

Y
B

Figure 7-4:  Simulation of the inverter response with “standard” IP settings: a) line to line voltages at
the connection point (b) inverter current MV side, active (red) and reactive (green) power,
(d) frequency measured by the IP relay (red) and tripping signal (green)

The problems described, in a scenario of gradual increase of the DG connected to distribution
network, therefore leads to consider new settings for the relays and new protection schemes for active
networks that include, for example, protection along the line able to communicate among them to
coordinate the operations and the circuit breakers opening (logic selectivity). In this regard in § 7.8 a
proposal for a protection network coordination based on logic selectivity will be presented.

7.5 Italian Standards: brief description

Relatively to the Italian system, the Standards that define the technical rules for the generators
connection to the network are:
e CEI 0-16, “Regola tecnica di riferimento per la connessione di Utenti attivi e passivi alle reti
AT e MT delle imprese distributrici di energia elettrica”, Ed. 3, V1, December 2013, Italian
language;
e CEI 0-21, “ Regola tecnica di riferimento per la connessione di Utenti attivi e passivi alle reti
BT delle imprese distributrici di energia elettrica “, Ed. 2, V2, December 2013, Italian
language.

In these documents it’s indicated the general active user plant configuration connected to the network,
characterized by the following components according to the diagram of Figure 7-5:

*In particular, in this case the relay minimum frequency trips at first, then also the minimum voltage relay trips
in accordance with the time delay setting, presented in Table 7-1.
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® General device: protection, maneuvering and disconnection device which opening is
controlled by a dedicated protection relay system that ensures the user line separation from the
rest of the network;

e [Interface Protection (IP): one or more switching equipment whose opening (controlled by a
special protection system) ensures the separation of the facility from the network, allowing
island operation for privileged loads;

e Generator protection: it has the purpose to disconnect an active user from the network in case
of a fault within its system. In particular the tripping thresholds must be selective with those of
the interface protection to avoid early generators disconnection with respect to the active plant
separation from the network.

MV DISTRIBUTION NETWORK

/ CONNECTION POINT
ACTIVE USER PLANT i

GENERAL DEVICE
ACTIVE USER PLANT
(ISLAND OPERATION NOT ALLOWED) INTERFACE PROTECTION
ACTIVE USER PLANT
(ISLAND OPERATION ALLOWED)
GENERATOR PROTECTION

Q@

Figure 7-5: General configuration of the active user plant
Below, the main Interface Protection characteristics will be described.

7.5.1 Interface Protection for generators connected to MV and HV networks
The main function of the Interface Protection System is to disconnect the DG if network voltage
and/or frequency are out of the thresholds, in order to avoid unwanted islands operation. The CEI 0-16
requires that the interface protection is made by:

e over/under frequency relay with two thresholds: wide band and narrow band;

e over/under voltage relay with two thresholds.
If the distributed generator is connected to the MV distribution network, Table 7-1 shows the interface
protections settings as defined in CEI 0-16.

Table 7-1: IP settings in MV network

Protection Abbreviation | Threshold | Intentional Delay
Maximum voltage (10 min) 59.S1 1.1 Vy 3s
Maximum voltage 59.52 1.15 Vy 02s
Minimum voltage 27.51 0.85 Vy 04s
Minimum voltage 27.52 0.4 Vy 02s
Maximum frequency 81> .51 50.3 Hz 0.1s
Maximum frequency 81> .52 51.5Hz 0.1s+5s
Minimum frequency 81 <.S1 49.7 Hz 0.1s
Minimum frequency 81<.S2 47.5 Hz 0.1 s+5s+
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Over/under frequency relay with two thresholds

As seen in Table 7-1, for the frequency relays, two intervals of intervention are required, in
accordance with Annex A70 of the Terna Grid Code*’. The wider range (S2) represents the standard
setting while the activation of the narrow threshold (S1) occurs in case of a fault in MV network.

The need to distinguish a frequency variation caused by a phenomenon occurred in the HV network
due to a fault in the distribution network where the DG is installed, derives from the opportunity, for
events with origin in HV network, to maintain the distributed generators connected. In this way it’s
avoided a “sudden” reduction of the power generated in the network, that causes a further system
frequency variation with the consequent possibility of making impossible to recovery the frequency by
the dedicated systems for this purpose (for example by the programmed load disconnection).

On the other hand, in case of event with origin in MV the activation of the narrow thresholds allows a
more rapid detection of fault conditions in order to prevent unwanted islands operation, favoring the
DG disconnection. To achieve these target, the Standards prescribe that the interface protection could
be tripped also through an external signal (remote control).

Over/under voltage relay with two thresholds

An important aspect to consider during the definition of the interface protection settings, in particular
with regard to the minimum voltage relay, is the Fault Ride Through requirement (FRT) presented in
Chapter 3. In fact, the DG has to be able to overcome, without disconnection, voltage dips with
residual voltages even lower than 0.8 p.u. and durations greater than 200 ms; apparently these data
aren’t in accordance with the settings of the interface protection relay as can be seen graphically
in Figure 7-6. In this context, it should be noted that the FRT Standard requires that the device has to
be able to remain connected to the network in given conditions, even if the protections settings don’t
allow it.

residual voltage [pu]

Generator can discconnect

" Feodamue e

v 38 I | | - =

Generator can discoannect

time [5] ) .
Figure 7-6:  Overlap between the FRT curve and IP voltage relay intervention lines (red curve
threshold S1 and green curve threshold S2 of Table 7-1)

7.5.2 Interface Protection for generators connected to LV networks
Relatively to the connection of static generators to LV network, the Standard CEI 0-21 provides the
possibility that the interface protection is integrated in the inverter control for plants up to 6 kVA; vice
versa, for power plants greater than or equal to 6 kVA the interface protection is expected to be
realized by a dedicated device, external to the inverter. This Standard indicates as mandatory the
following relays:

e over/under voltage;

e over/under frequency.

T A. A. V. V., “Codice di trasmissione, dispacciamento, sviluppo e sicurezza della rete”, available on the web
site: http://www.terna.it/, Italian language.
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In addition, it must be provided the possibility to trip the interface device by an external signal,
coming from the network controller or by other protection relays. The settings and tripping time of the
interface protections are summarized in Table 7-2.

Table 7-2: IP settings in LV network

Protection Abbreviation | Threshold Intentional Delay
Maximum voltage (10 min) 59.51 1.1 Vy 3s
Maximum voltage 59.52 1.15 Vy 0.2s
Minimum voltage** 27.51 0.85 Vy 04s
Minimum voltage*** 27.51 0.4 Vy 0.2s
Maximum frequency*¢ 81 >.S1 50.5 Hz 0.1s
Maximum frequency 81>.52 51.5Hz 0.1s+5s
Minimum frequency*0 81 <.S1 49.5 Hz 0.1s
Minimum frequency¢ 81<.S2 47.5 Hz 0.1s+5s
Notes:

* Enabled threshold in the absence of communication;

** In the case of traditional generators, the value specified for the tripping time must
be adopted when the overall power is greater than 6 kW, while for less powers,
optionally, an intervention time without intentional delay can be used;

*#* Threshold compulsory only for static generators with total installed power more
than 6 kW;

OFor voltage values below 0.2 Vy, the maximum/minimum frequency protection
must be inhibited.

7.6 Simulation Models

In order to investigate possible coordination strategies for network protection, the MV distribution
network model in ATPDraw, shown in the previous Chapters, has been upgraded enriched with the
models of some protection relays and of the relevant instrument transformers (Voltage Transformers
or VTs and Current Transformers or CTs). For these instrument transformers, the saturation
phenomena that have an impact on the behavior of protection relays during fault conditions have been
modeled.

Below are presented in detail the characteristics of the instrument transformers and the relevant
models that have been implemented; moreover, the results of the fault simulations are shown.

7.6.1 The instrument transformers

Usually the protection relays in use in the AC electricity networks are not directly supplied from
voltages and currents of the primary system but from signals having magnitudes proportional to the
primary ones, by means of current and voltage transformers. For the detection of zero sequence
current is often used a toroidal CT that embraces the three phases of the system.

Each of these components complies with the requirements of the relevant Standards**; moreover, the
revision of CEI 0-16 requires the verification of the characteristics of each single component, in order

* The current transformers to step and zero sequence must conform to the following Standards of product:
e CEI EN 60044-1: Instrument Transformers, Part 1:Current Transformers, valid until 2015-10-23 and
substituted by CEI EN 61869-2:2012;
e CEI EN 60044-6: Instrument Transformers, Part 6: Requirements for protective current transformers for
transient performance;
e CEI EN 60044-8: Instrument Transformers, Part 8: Electronic current transformers.
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to ensure the functionality of the system protection as a whole. The specification of the characteristics
and the test procedure, if any, are considered as compulsory, due to the significant need of reliability
and intervention speed of the protection system.

In the following, inductive instrument transformers have been modeled with ratings and behavior
typical of those used in MV distribution networks, and considered in CEI0-16. In addition, the
transformer models include the saturation phenomena, due to their impact on the measures provided
by protection under fault conditions. Below the procedures used for the characterization of the
transducers are detailed.

Current instrument transformers
The Current Transformer (CT) characteristics are:

rated transformation ratio: 300/5
accuracy class: 5P

accuracy limit factor: 30

rated burden: 10 VA®

Figure 7-7 shows the CT circuit diagram for the model implemented in ATPDraw: the magnetic core
saturation is represented by a non-linear inductor connected to the secondary of the transformer. Here
a resistive load equal to the rated burden for the measurement of the rms value of the current is also
connected (this measure is assessed over a period of 20 ms and is updated every 10 ms™).

E};J{.’:s 1

I+
i = 0 DL
P | 5 5 2]
pd

Figure 7-7: Current transformer scheme

The magnetization curve of the CT, shown in Figure 7-8, is specified for pairs of peak values of
current and flux of the magnetic field, both in p.u. and in actual values, and is calculated as follows:

e the RMS voltage is calculated as the ratio of the rated burden of the CT to the rated secondary

¢V 10VA
current: =—-=
rms SA

AT

The VT must conform to the following Standards of product:
e CEI EN 60044-2: Instrument Transformers, Part 2: Inductive voltage transformers, valid until 2014-08-
17 and substituted by Norma CEI EN 61869-3.
e CEI EN 60044-5: Instrument Transformers, Part 5: Capacitive voltage transformers, valid until 2014-
08-17 and substituted by CEI EN 61869-5.
e CEI EN 60044-7: Instrument Transformers, Part 7: Electronic voltage transformers.
It must be noted that CEI EN 61869-2, -3 and -5 have to be read jointly with CEI EN 61869-1 which gives the
general requirements for the whole product family.
* From the ratings it is possible to calculate the resistance (Ry) that represents the rated burden through the
relations: Vy=An/In=10 VA/5 A=2 V; Ry=V/In=2 V/ 5A=0.4 Q. This resistance is represented in the model.
%% The sampling period of the measuring instrument is 1 ms.
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e the saturation knee point is linked to the voltage peak value V ok = \/EVrmS , and the flux value

Vpk * accuracyfactor B \5 %0 %30
21f 27 *50

is therefore calculated as ¢= =0,26Wb (Point A in
Figure 7-8b);

® to calculate the current value at which saturation knee point occurs it’s used the composite
error (5P) which is due to the current flowing in the saturation branch:

error

5
——J . =——— *5=0,25A (Point A in Figure 7-8b);
100 sec = 100 ( g )

¢ to find the curve slope after the saturation knee, a ratio equal to 1/1000 in relation to the slope
of the linear segment is assumed; moreover, also the air and the iron permeabilities are taken
into account.

Peak flux [pu]
°
@

Peak flux [Wb]

°

—

0 02 04 06 08 1

) Peak current [pu] b) Peak current [A]

Figure 7-8:  Line current transformer characteristic curve: a) currents and peak flux expressed in p.u.,
b) expressed in Weber and Ampere

In order to ensure an “homogeneous” response of the transformers installed in different plants, the CEI
0-16 standard prescribes a series of tests for the transducers, to verify their suitability for application in
protection systems and to characterize their behavior. In a preliminary stage, some simulations in
accordance with the Standard have been performed’’ in order to verify the conformity of the
implemented model to a typical CT protection. Such simulations are also aimed at pointing out the
situations where the saturation of the transformer has visible effects on the current measurement and,
in this case, which is the behavior of the CT.

By following the CEI 0-16, the CT behavior has been verified, by supplying the primary terminals
with a sinusoidal current at power frequency, having an amplitude equal to the rated current of the
device:

i(t) = 300- /2 - sin(2750¢) (7.1)

The results of the simulation are shown in Figure 7-9: the device is not affected by any saturation
phenomenon and it measures correctly the RMS value of the secondary current.

>'In fact, the Standard specifies what should be the behavior of the whole protection system, composed by
protection relay and transformer, when the last one works in saturation conditions. In this case, the Standard
requires that the protection recognizes the fault and trips within a limited time interval, according to given
amplitudes of the measured current.
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Figure 7-9:  CT stationary test simulation results (a) primary current, (b) secondary current and its

RMS value
Subsequently, the transformer behaviour is simulated in response to a power frequency current signal
affected by unidirectional components (Figure 7-10):

i(t) = 600-v2¢7" +600- /2 sin(2750¢) (7.2)

Despite the presence in the current of an unidirectional component having non-negligible width, the
CT is not affected by saturation phenomena, as shown in Figure 7-11.

[A]

0,0 0.2 04 0:6 08 ' [s] 1,0
Figure 7-10: Current signal with unidirectional component for test of the CT
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Figure 7-11: Line CT simulation test results a) secondary current, (b) primary current, (¢) CT
magnetizing current, (d) secondary current RMS value

Another test required by CEI 0-16 is performed in order to verify the transformer behavior in the event
of a solid three phase to ground short circuit of duration 400 ms that occurs in the feeder where the CT
is connected. For the simulation, a simplified network model composed by an equivalent prevalent HV
network (150 kV) and a 40 MVA primary substation transformer 150 kV/20 kV with v..= 16% has
been used. From the MV bus-bar a single feeder is provided having length 1 km; the short circuit has
been simulated at the end of that feeder (Figure 7-12). The CT has been connected at the beginning of
the feeder. Figure 7-13 shows the simulation results.

ES
L TV di sbarra
ot

U 132kV

Figure 7-12: Network simplified model to verify CT

The simulation results show that the CT saturation causes a distortion of the secondary currents and
this causes a time delay of the instant when the RMS meter measures the achievement of the steady-
state values. Nevertheless, if the transducer is used just to measure the thresholds current, the presence
of at least one phase correctly measured allows a quick enough measurement of the short-circuit
current. Once the short circuit is terminated, the CT current value measured should return to zero
because the line is in no-load conditions: nevertheless, the simulations show a different behavior: this
is due to the particular implementation of the algorithm for calculating the effective values that is
activated by the zero crossing of the voltages read on the load of the CT (§3.4.1). Since the CT current
after the fault extinction decreases exponentially without zero crossing, as shown in Figure 7-14, there
isn’t the right RMS calculation. In this figure, the secondary currents development is due to discharge
through the CT load resistance, branch that includes the saturation characteristic.
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Figure 7-13:  CT short circuit test simulation results a) short circuit currents (b) CT secondary current,
(c) RMS secondary currents, (d) detail of b)
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Figure 7-14: CT secondary currents during the fault extinction

Zero sequence current transformer
The electrical model of the zero sequence current transformer’” is shown in Figure 7-15, where the
different parameters have the same meaning as in the line CT model>.

The implemented model provides three ideal transformers, with unitary transformation ratio, which
measure the current on each phase and report them to the secondary circuits connected in parallel
giving in this way their sum. A zero sequence current transformer is usually based on a toroidal

32 In general, it’s possible the use of three CT for the measurement of the zero sequence current, however the use
as a single toroid simplifies the configuration.

>3 The transformer primary and secondary resistances have negligible values and are inserted in the model only
to prevent an error message given back by the simulation program for the direct connection of transformers in
parallel.
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ferromagnetic core, where the primary circuit is made by the three line conductors inserted through its
window. The transformer secondary winding is wound around the toroidal core. In this way (according
to Ampere's law’") the magnetic field flux produced by the single line currents that pass through the
toroid, induces a secondary current proportional to the sum of the primary currents.

In the simulations the sum of the currents is performed by three ideal transformers and then transferred
to the secondary circuit by a saturable transformer. These two methods are equivalent and give the
same results.

- n . lnd @@
-\/V\/‘-:r§ g—s'-\/\/\/‘ §| 2 = o

I

I

Figure 7-15: Electrical model of the zero sequence transducer

The following ratings of the toroidal CT are identified in Annex C of the CEI 0-16 Standard as those
that automatically make suitable these devices for the protection system application:

e rated transformation ratio 100/1;

e rated burden 2 VA (corresponding to a 2 Q load);

e current error equal to 5% for I/, = 20.
The magnetic field curve flux/current is shown in Figure 7-16 and it has been calculated using the
same methods used for the line current transformer.

Peak flux (Wb]

Peakflux [pu]

2 2 Peak current W
Peak current [pu]

a) b)
Figure 7-16: Zero-sequence current transformer characteristic curve: currents and peak flux expressed
in p.u. a), expressed in Weber and Ampere b)

The secondary current given by the toroidal CT is equal to the sum of the three line currents
Ig=1g5+1, +1I., considering the transformation ratio, and is proportional to the zero sequence

current.

Also in this case, the transformer operation has been verified by performing a simulation of some tests
included in CEI 0-16. Figure 7-17 shows the simulation results without saturation phenomenon, at
rated voltage, and, as required by the Standard, at a current equal to:

i(1) = 100- /2 sin(2750¢) (7.3)

>* The Ampere's law says that the magnetic field B along a closed line C is equal to the sum of the currents that
pass through the surface defined within this closed line, multiplied by the vacuum magnetic permeability:

§E'd§=ﬂozlconc :
C

174



Chapter 7. Analysis of the interaction between inverters with FRT strategies and network protections

150 15

AT THHATATATE LT TR TATAA T
i
|
|

e |

S

L |1

005 0,09 0,13 017 021 s 025Q) "0 0,09 0,13 0,17 021 1 02sb)
Figure 7-17: Zero-sequence current transformer steady-state test simulation (a) primary current (b)
secondary current and its RMS value
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In compliance with the Standard, the transducer has also been tested with a current signal
characterized by a power frequency component and an unidirectional one, as in (7.2) but with different
values:

i(f) =500+ /27" +50-4/2 sin(2750¢) (7.4)
and the simulation results are shown in Figure 7-18.

In this case, the zero sequence transducer saturation effect is not negligible. Nevertheless, the function
of detection of a current exceeding the threshold can be carried out in a time interval compatible with

the Standard requirements, that prescribe a maximum tripping time for the directional protection relay
equal to 530 ms.
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Figure 7-18: Zero sequence current transformer test simulation results (a) test signal, (b) secondary

current and its RMS value, ¢) magnetizing current, d) comparison between test signal and
secondary current, reported on the primary current scale
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The model has been validated also in the simplified network described above (Figure 7-12), by adding
a second feeder and the relevant capacitance to earth, simulating a single phase to ground fault (phase
"A"). The test was carried out both for isolated and compensated network (in this last configuration
compensation it’s assumed 100%). The Petersen coil simulated is shown in Figure 7-20, it consists of
a inductance designed in accordance with the network capacitance (in this case of 281.47 mH) with a
resistor in parallel of the value of 460 Q and a resistance to earth of 1.8 Q™.

MV transformer star point

Figure 7-19: Petersen coil scheme modeled in ATPDraw

E
R +TV di sbarra «/ TV di sbarra
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a) ; b)
Figure 7-20: Simplified network model for zero sequence current transformer verification in case of
isolated (a) and compensated network (b)

Figure 7-21 shows the simulation results for the verification of the model of the transducer and
Figure 7-22 show the simulation results obtained for compensated network.

> This resistance has the task to circulate in the ground circuit a "resistive” component of the fault current to
allow the identification of the faulty line by the directional protections. The typical value of this resistance is
included between 400 Q and 500 Q and complies with to the requirement to have a fault current limited enough
to encourage the self-extinguishing of the fault (principle at the base of the compensated system) but with a
value able to guarantee the protection selectivity.

%% The value of this resistor is typically chosen so that the damping of the unidirectional component of the zero
sequence current due to the faulty line (when the fault starts) lasts no more than a given time interval (up to 150
ms) to limit saturation phenomenon of the toroidal transformers, allowing the protections operation.
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Figure 7-21: Zero sequence current transformer test during single phase fault (a) phase currents of the
feeder fault, b) the sum of capacitive currents on the healthy phases compared with the

secondary current and its RMS value
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Figure 7-22: Zero sequence current transformer test during single phase fault with compensated
network (a) Petersen impedance inductive current, (b) resistive component, c¢) total
capacitive current healthy feeder, d) secondary current and its RMS value compared with
the Petersen coil resistive current rescaled by a factor 1/100

Instrument Voltage Transformer (VT)

The Voltage Transformers (VT) electric models are shown in Figure 7-23: VT phase-to-ground
connection (a), for the phase voltage measurement, and phase-to-phase (b) for the line to line voltage
have been implemented. The main features are respectively reported in Table 7-3 and Table 7-4.
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a)
Figure 7-23: Circuit diagram for connecting the VT phase-to-ground (a) and phase-to-phase (b)

Table 7-3: VT phase-to-ground main characteristics

Rated burned 50 VA
Vin 20000 v Magnetization characteristic
3
V2n 100 v
NG Imax [A] Doy | WH]
RI 2667 Q 0 0
L1 12,758 H 0.297547 0.486011
R2 0.067 Q 0.408954 0.543189
L2 0.3189 MH 0.554584 0.557483
Rated Load 66.67 Q 0.878593 0.566060
1.279403 0.571778
36.742346 0.580056

Table 7-4: VT phase-to-phase main characteristics

Rateilltl);llrned 2%% (}Z)AV Magnetization characteristic
V2n 100 V Imax [A] Doy (WH]
Rl 8000 Q 0 0
L1 38,274 H 0.171685 0.601224
R2 0.2 Q 0.235966 0.730303
L2 0.9568 MH 0.319995 0.819329
Rated Load 200 Q 0.506948 0.905267
0.738215 0.947036
1.115109 0.990433
21.213203 1.004507

Since the main problems for the voltage measurement with inductive voltage transformers are
essentially linked to the saturation phenomenon, particular attention is paid to this aspect. Different
magnetization characteristics are, therefore, considered, with reference to the slope of the various
sections (initial segment, linear portion corresponding to the saturation operation) and to the knee
voltage values. The transformer behavior has been examined, both supplied with voltages higher than
the rated ones or in presence of unidirectional components; these conditions may occur in case of
fault. The saturation curves implemented are shown in Figure 7-24 and Figure 7-25.
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Figure 7-24: VT phase-to-ground characteristic curve: currents and peak flux expressed in p.u.
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Figure 7-25: VT phase-to-phase characteristic curve: currents and peak flux expressed in p.u.

In the following analysis, the VT phase-to-phase connection for measuring the line to line voltage will

be considered, since this magnitude is the input for both the over/under voltage and for the over/under
frequency protection relays.

Zero sequence voltage instrument transformer

The scheme of the zero sequence voltage transformer model developed in ATPDraw environment is
reported in Figure 7-26. The model includes three single-phase transformers with primary windings
phase-to-ground connected and secondary windings open delta connected .

i maoetecz]
=14

;

Figure 7-26: Zero sequence VT scheme
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The ratings are:

rated ratio’’ (20000/5 ) V/(100/3)V;
accuracy class 0.5 3P .

rated burden 50 VA;

rated burden (resistive) 22 Q;

The circuit elements used have the same meaning as in the models shown above. The RMS meter
measures in this case the VT burden voltage drop. The resistance that connects the secondary circuit to
earth is included for reasons of simulations convergence; it’s a high value resistance (1 GQ) in which
flows a negligible current. The VT magnetic characteristics curves are shown in Figure 7-27.
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Figure 7-27: VT characteristic curves: peak currents and flux expressed in p.u. (a) and expressed in
Weber and Ampere (b)

The device has been tested in the both isolated and compensated simplified network previously used;
the case of a 400 ms single phase to ground fault has been simulated, according to what is described in
CEI 0-16. The results of the two simulations are shown respectively in Figure 7-28 for the isolated
network and in Figure 7-29 for the compensated one. The small differences in the zero sequence
voltage measurement are due to the different fault current values, influenced by the presence of the
Petersen compensation coil. In this case, there aren’t saturation phenomena, since the zero sequence
VT is designed to operate in the linear range at the voltage value obtained during the fault and allows
the right zero sequence voltages identification both in case of isolated and compensated network.
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°7 Such a relation between the voltages is defined to have in case of a single phase direct to ground fault, the line
to line MV voltage measured across the open triangle is equal to 100 V, as required by CEI 0-16.
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Figure 7-28: Zero sequence VT single phase fault test with isolated network (a) MV bus-bar line to line
voltages, (b) MV bus-bar phase voltages, c) zero sequence VT load voltage, (d) RMS value
of the zero sequence voltage calculated at the output of the VT
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Figure 7-29: Zero sequence VT single phase fault test with compensated network (a) MV bus-bar line to

line voltages, (b) MV bus-bar phase voltages, c¢) zero sequence VT load voltage, (d) RMS
value of the zero sequence voltage calculated at the output of the VT
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7.6.2 Protection relays: models and settings

Once the transducers have been modeled, the “basic” protection models, described below, have been
developed; in the next section (§ 7.7) these devices will be modified with functionalities to allow the
logic selectivity protection coordination.

For all the relay models it’s provided the automatic reclosing control of the associated circuit breaker,
subject to receipt of a logic signal as an input of the model’® that implements the relay itself. This
signal is generated by a further functional block, said reclosers, which, received as input the relay
output signals, waits a given time before controlling the circuit breaker reclosing. After the reclosing,
if the fault has been extinguished, the system resumes its normal operation. If protection is associated

%% The model in ATPDraw is an algorithm that processes, in accordance with the equations written inside, input
that can come from the network or from other model thus obtaining the signals/quantities required.
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with a distributed generator its automatic restarting has been provided in case of successful reclosing™.
After the reclosing if the fault isn’t extinguished the protection may trip again. The events sequence
that occur from the fault occurrence until the first circuit breaker reclosing are shown in Figure 7-30.

Reclosure time

£ >
Mechanical opening time
Elaboration Intentional +
time delay Zero passage »
| I I Time
RMS calaulation Open signal sent Fault current Reclosure
+ + egtinction
Fault Relais starting Start timer for
reclosure

Figure 7-30: Protections intervention events sequence

The modeled protections are:

over-current (51);

directional maximum zero sequence current (67N);
over/under frequency (81);

over/under voltage (27).

7.6.2.1 Over-current protection relay (51)

This protection has been implemented by an ATPDraw model which detects if at least one of the three
RMS network current measured by the CT secondary side are upper than the threshold values. The
model produces an output signal, after an intentional delay time, dependent on the detected current
value, used to control the circuit breaker opening. In the implemented model, it’s possible to set the
three current threshold values and three intentional intentional delays. The protection is not
directional, i.e. it trips regardless the voltage and current phase relationships

The effective circuit breaker opening takes place after a delay of at least 70 ms once the command
signal is sent by the relay. This delay is used to model the mechanical circuit breaker opening times,
the current through the circuit breaker stops only at its passage to the zero value.

Time [s]

1
o 500 1000 1500 2000 2500
Current [A]

Figure 7-31: Over-current protection settings, with the respective intentional delays

% The automatic distributed generators restart is not provided in the models, because not of primary interest for
simulations of the protection coordination.
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7.6.2.2  Maximum zero sequence directional current protection relay (67N)

In order to detect the ground faults this protection has been implemented so that it’s based on the
processing (both module and phase) of the magnitudes present due to the earth involvement as a
circuit fault current return.

For example, Figure 7-32 shows a schematic representation of compensated network with included the
feeders capacitance to earth. The faulty line is highlighted in red, and the “healthy” lines have been
combined into a single three phase equivalent line. For simplicity single phase direct to ground fault is
considered®.

N

i
-
i

beta

Figure 7-32: Network scheme in case of single phase fault to ground

The vector diagram of the electrical quantities involved is shown in Figure 7-33.

b
Figure 7-33: Voltages and currents vector representation in case of single phase fault to ground with
compensated network

In particular, for the single phase to ground fault the following conditions occur®":

e the zero sequence currents measured in the faulty line have, with respect to the zero sequence
voltage, a phase difference of:
o 90° in delay in case of isolated network;
o adelay angle between 90° and 180°if the network is compensated with a resistance;
o adelay angle between 90° and 270° in case of compensated network.

% The series resistance with the Petersen coil has been neglected since its values is very less compared to the
other parameters of the impedance to earth (§ 7.6.1).

®! For the double single phase fault to ground, the zero sequence current measurable on the two faulty lines are
practically in phase opposition between them, regardless the neutral network management and a precise phase
relationship does not exist with the zero sequence voltage, it depends more on fault resistance and on the relative
cyclic direction of the two faulty phases.
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e the zero sequence currents measured in healthy lines are offset by 90° leading with respect to
the zero sequence voltage regardless the neutral network management.

Furthermore it’s shown that these phase relationships are independent from the fault resistance, since
the presence of this resistance determines a zero sequence voltage vector rotation with respect to the
reference axis (Figure 7-33) but does not vary the relative phase shifts with the zero sequence current.

From these considerations the concept of directional protections intervention sector is defined, i.e. a
particular angular relationship between the zero sequence voltage and current phasors, which makes it
possible to discriminate the fault location (upstream or downstream) from the measurement point (that
1s the protection controlled circuit breaker installation point).

Therefore the protection relay measures the zero sequence voltage and the zero sequence current
values and evaluates the phase angle® between them, considering the zero sequence voltage as a
reference. The protection relay starts if the following conditions are met:

¢ the zero sequence current exceeds a threshold value;
¢ the zero sequence voltage exceeds a threshold value;
¢ the angle between them is contained in a given angular sector.

With regard to the setting of the zero sequence voltage and current thresholds, it should be noted that
these values are function of the fault resistance and this linear dependence generally is linked to the
network design and the network compensation degree.

With regard to the sector of intervention, the phase angle between the zero sequence voltage and
current does not depend on the fault impedance but, for a given network, on the following parameters:
e compensation degree (for networks compensated network);
® resistive current component value in the Petersen coil (I in Figure 7-33);
e faulty line contribution to the total network capacitance.
The protections settings and the definition of the phase angle (8) between voltage and current depend
on the conventions adopted to define the reference and the measurement positive direction.

Below the fault currents calculation is presented, in case of single phase fault to ground, for
compensated and isolated networks, and then definition of the thresholds and of the angular sectors of
intervention for the maximum zero sequence current directional protections are defined.

Single phase fault current calculation for compensated networks
The currents sum at the neutral node (Figure 7-33) requires that:

if+ia+iﬁ+iL+7R=0 (7.5)

where:

e [ fault current;
Iy faulty line capacitive current;
Ig: healthy line capacitive current;
I;.: Petersen coil current;
Ir: parallel resistance current.

% In the model, this angle is assessed by measuring the time that elapses between the zero-crossing of the
voltage in a given direction, and the zero-crossing, in the same direction, of the current.
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The healthy line capacitive current is:

N LY Pay: 2T (7.6)

Is \E]wcvph_ph 3joCE

The Petersen impedance is crossed by the currents:

. Vo E

fp=-"2=-= (7.7)
R R

SR 7 E JE
0 J

Iy =—=-—""7—="— (7.8)

XL joL oL

The total current measured by zero sequence toroidal CT installed at the start of the faulty line is
therefore the sum of the (7.6), (7.7) and (7.8):

- .~ - .. (_ _) Sl jo 1 ' o1 .—30)2LC+1
Iror =1y +1g=-Ug+ip+1g) =Ny +15)=-E Z+;—3jwc =-E ;ﬂ T (7.9

where Up+1Ip)=1Icpy-

By the expression of the total current (7.9), it’s possible to obtain the angle delta:

2 I, =3I
-3w"LCR+R
w + ] a tan[— L aO,healthy j (7.10)

8 =2L(Iyg)=atan| —
TOT ( 7

wL R

With the 100 % compensation degree, from the expression (7.5) it is possible to define the coil current
with the following expression whose value must be equal to that of the fault current that would be
obtained without coil:

[, =1,+I, 92X,=X_ -)a)Lzé (7.11)

In case of over-compensated network, the (7.11) becomes:

I, >1,+I, & X <X, (7.12)

while, if the network is under-compensated this formula can be applied:

I,<I;+I, & X, >X, (7.13)

The vector diagrams that describe the currents behavior in case of over-compensated and under-
compensated networks are shown in Figure 7-34.
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Figure 7-34: Fault currents dependence on the neutral compensation degree

Single phase fault current calculation for isolated networks

In this case there aren’t the components I} and Iz of the fault current, as shown in Figure 7-35, so the
total fault current (I,,) has a value greater than in case of compensated network, considering the same
network capacitive parameters, and is always “orthogonal” with respect to the mains voltage.

Itot -
Ibeta

A

Rl

b a
Figure 7-35: Voltages and currents phasor representation in case of single phase fault to ground with
isolated network

Zero sequence sector of intervention definition

Once calculated the single phase to ground fault currents, the intervention area must be defined; for
this definition it’s important to know the vector conventions used. In particular, in the protections
simulated, the angle § between voltage and current is measured by placing as a reference point the Iy,
axis in the positive direction. The angles measurement is assumed positive “counterclockwise”, as
shown in Figure 7-36.

A

itot

delta

Y

Ibata

Figure 7-36: Implemented directional protection angles measurement convention
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The directional relay sectors of intervention definition in the model must consider this convention.
Therefore, using these conventions and considering the behavior of the current I, it’s defined that:

e for Network Isolated (NI), the theoretical sector of intervention should be 180° (which
represents the phase shift of 90° in delay of the zero sequence current with respect to the zero
sequence voltage), however, in order to take account of the transducers measurement errors in
the angles calculation, the angular sector of intervention has been defined with safety margins
(Figure 7-37a):

NI: 150° <6 <210°

e for Network Compensated (NC), the theoretical sector of intervention should be between 90°
and 270°, otherwise to avoid nuisance trip of the healthy line protections, due to the
instrument transformer measure errors (the shift angle between I, and V, can be measured
bigger than the 90° theoretical one), it’s necessary to introduce a safety margin of 15°®. At the
end for simulations need the sector of intervention is symmetric around 90° (Figure 7-37b):

NC: 15°<6<165°

r s A
Ml NC
|beta 4 e |beta 4 e
o o
a) b)
Figure 7-37: Intervention sectors definition in blue, a) for isolated network (NI) and (b) for compensated
network (NC)

In practice, it is often preferred to use a multifunction protection™, i.e. able to operate properly in
compensated and isolated networks. Such protection is programmable with two areas, totally
independent, that allow to recognize ground faults in both the network configurations. Figure 7-38
shows the modeled intervention areas. If the angle falls in the overlapping area, the protection trips
with the less delay (always the isolated network one).

A

Figure 7-38: Multifunction directional protection intervention sectors definition

% This value has been chosen by the main Italian Distributor System Operator (DSO) as the results of the
calculation of the instrument transducer measure errors, considering also the saturation effect.

 The need of this type for the earth protection derives from the DSO needing to be able to manage, in a
compensated network, the network neutral status in accordance with operating or maintenance requirements (the
protection default setting is for compensated network).
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The simulated directional protection relay setting values are reported in Table 7-5. As for the other
protection relays implemented, it’s possible, if necessary, to set an intentional delay between the
protection start and the tripping.

In some simulations, the intentional delay has been modified to obtain a huge reduction of the
simulation times and the results file size. This operation has been carried out only in cases where the
intentional delay duration has no influence on the simulation results.

Table 7-5: Maximum zero sequence current directional protection settings (values reported to the VT
and CT secondary)
Isolated network | Compensated network
Voltage Threshold 18V 6V
Current Threshold 33 mA 33 mA
Angular Sector 150 +210° 15 +165°
Intentional Delay 0.4s 1s

7.6.2.3 Over/under frequency and voltage protection relays

The setting parameters for these protection relays are defined by Standard CEI 0-16 and are adopted in
the implemented models (§ 1.2.1).

As input both of these protections have the line to line voltages measured through inductive voltage
transducer with phase-to-phase primary winding connection (§ 7.6.1). The model circuit diagrams are
shown in Figure 7-48.

The over/under voltage relays starting is verified after a comparison between the measured transducers
voltage and the threshold values. For the frequency relays the frequency calculation is implemented in
a model through a Phased Locked Loop (PLL). In particular, the voltage phase calculation, from
which the frequency derives, is carried out according to the PLL operation logic. This device is based
on the fact that network voltages Park space vector g-axis component is correlated with the voltages
phases.

In fact, considering a three phase system, the Park transformation over rotation axes is expressed as
follows:

-1 -1 Va
Vaz\ﬁ.l iz A.V (7.14)
1% ,3 3 0 \/g / _ \/g / b ’
2 2 1|v,
where a and P are the Park space vector projections on fixed axis, that coincide with the real and
imaginary axes of the complex plane where the input voltages phasors are defined (Figure 7-39).

By applying a rotation matrix to the previous conversion it’s possible to define the Park transformation

over dg-axes:
v 2 | cos?* sind| |V
== | (7.15)
Vy 3 |-sind cos?| |vg

where the d and q components are the rotating Park vector projections on the axis d and q, which

constitute the reference orthogonal frame rotating with respect to the fixed axis o and offset with an
angle U, variable in time according to the rotation law.

The Figure 7-39 illustrates intuitively the PLL logic: the vector V is the Park space vector, rotating
with respect to the fixed reference o with angular speed @; ® is its phase with respect to this
reference. The reference d-q is also rotating with respect to the reference oy and its position is defined
by the angle ¥, that appears in the transformation matrix. If the v, component isn’t zero, the reference
frame d-q is not rotating in accordance with the vector itself and so it does not provide any information
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on the phase (Figure 7-39a). On the contrary, if the angle 0 has a value able to cancel the v, the
angles ® and ¥ are equal and so the angle ¥, known as imposed, provides information about the vector
space phase (Figure 7-39b).

a) b)
Figure 7-39: PLL principle operation diagram

Analytically, this can be demonstrated as follows. For small angles, the difference between the vector
space phase and the d-q frame angle can be approximated by the following expression:

® — 9 = sin(® — oY) (7.16)
developing:
sin(® — 15‘) =sin®-cos?—sin ¢} cosP® = cosP - (M —sin 19) (7.17)
cosd
recalling that, as v, and vy are defined in (7.14), it’s possible to calculate:
b= arctan[v—ﬁ] - sin® _ Vg (7.18)
Vg cos® v,
By replacing the (7.18) in (7.17) it’s obtained:
sin(® —19) = cosdD-Lv—ﬁ- cosﬁ—sinﬁj _cos® -(v/; -cos—v, ~sinz9): cos® Wy (7.19)
vO( VO( va
and, remembering that:
V.cosd=v, (7.20)
the expression (7.16) becomes the following:
9=t (7.21)
=5 .

If the Park vector g-component is cancelled the phase is equal to the rotation angle % imposed to the
reference d-q and so it’s possible to know the voltage vector phase. This procedure is included in the
simulation model according to the block scheme shown in Figure 7-40.
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Figure 7-40: Network voltages phase calculation scheme

The vq component is divided by the amplitude of the Park vector space to provide the error signal. This
is sent to a Proportional-Integral controller which provides at its output the angular frequency variation
from the nominal one; the d-q reference frame must rotate in accordance to this to cancel the voltage
g-component. The rated angular frequency is added with this angular variation to calculate the
frequency and this signal is integrated to obtain the angle ¥, used by the Park transformation block.
The angle ¥, thus obtained, represents the instantaneous value of the angle between the d-q rotating
reference frame and the off fixed reference frame, and is continuously increasing in time (with
reference to the example of Figure 7-41, i.e. ¥, at the instant t; and 9, at the time t,) and is scarcely
significant to identify the voltage phase. To provide more clear information it has been used a different
angle, called U, defined as the difference between ¥ and the nominal angular frequency time integral
(corresponding to a 50 Hz frequency). From the “physical” point of view, this corresponds to use a
reference vector (V¢ in Figure 7-41) with zero phase and 50 Hz frequency to measure the three phase
input voltages (represented by the Park vector V in Figure 7-41). If the voltage has a phase different
from zero and a constant frequency of 50 Hz, . takes a constant value equal to the voltage phase;
even if the voltage frequency differs from the nominal value, ¥, hasn’t constant behaviour, increasing
or decreasing depending on frequency higher or lower than the nominal, correspondingly to the sliding
between the reference vector and the three voltages.

p
A
Vrif
\"
5 (O]
) 4
B
O 2 9.
\% o,
0, N o
/ Vrif

Figure 7-41: Identification of the variable 9,

As an example some results concerning the voltage phase shift calculation during a three phase
voltage dip are presented. Figure 7-42 shows the line to line voltages measured by the secondary
winding of the phase to phase VT. These waveforms represent the input of the phase measurement
system and are transformed to obtain the off and d-q components (Figure 7-43). The v, divided by the
Park vector magnitude represents the error signal that allows to calculate the angle U and,
consequently, the angle ¥, shown in Figure 7-44. The other variable in green is an auxiliary one used
to “freeze” the measure. Figure 7-44 shows that, at the moment in which the disturbance is detected,
the phase measurement is inhibited and the angle ¥, is forced to assume, and to maintain through the
fault duration, the pre-dip value represented by this auxiliary variable. This value is obtained filtering
the signal ¥, with a second order filter obtaining a delay of about 12 ms®. After the fault and after a
safety interval time of disturbance absence (in this case is equal to 10 ms), the phase measurement is

% The filter transfer function is 1 with Tg; = 1 ms and Ty, = 10 ms.
(1 + 5Ty, )(1 + STFZ)
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reactivated and the regulator resynchronizes the d-q rotating reference frame with the network
voltages Park vector (v4=0). Finally in Figure 7-45 the measured frequency is represented.
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Figure 7-42: Line to line voltages of secondary VT Figure 7-43: Components off and d-q line to line
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Figure 7-44: Phase ¥, measurement system output Figure 7-45: PLL frequency measured

angle (red); internal variable for ‘“freezing” the
measure (green); fault detection output signal

In order to verify the regulator dynamic characteristics, the following figures show the transient step-
response to perform the synchronization of the d-q rotating reference frame with the networks Park
vector (coupling to the network transition). In particular, Figure 7-46 shows the angle ., output of the
phase measurement system, while Figure 7-47 shows the v, network voltages component. The
transient and the time of “coupling” are equal to 300 ms and are in line with the proportional integral
regulator characteristics: phase bandwidth 70° and angular frequency 5 rad/s®.
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Figure 7-46: PLL Output Angle (9.) Figure 7-47: v, network voltage

%K, =0.67 rad/s, K; = 986.73 rad/s’.
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The method above described allows to measure the network voltages using the Park transformation.
This procedure is defined for any type of steady state, not only sinusoidal, and can also be applied
during the network disturbances (for example voltage dips or interruptions). However, if the system is
sinusoidal the Park magnitudes take a constant values and the information about the phase is
significant, while in a transient or unbalanced system these quantities assume variable values
depending on the corresponding instantaneous values and so information about the phase may not be
significant.

7.7  Operation protections simulations

The models of the different protection relay implemented have been verified by digital simulations to
evaluate, preliminarily, the correct protection tripping in case of different types of fault without any
kind of coordination between the devices, the only one is the chronometric selectivity obtained setting
the relays with intentional delays.

In the modeled isolated network a 2MV A wind DG interfaced with electronic devices (as presented in
Chapter 2) has been considered.
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Figure 7-48: Network model simulated in environment ATPDraw

7.7.1 Three phase direct ground fault
A three phase fault on the DG connection line is simulated. The fault occurs at 0.4 s and is interrupted
by the faulty line over-current protection relay (tripping without intentional delay I>>>, Figure 7-31).
The MV bus-bar line to line voltages are shown in Figure 7-49, while the currents measured by the
line protection are reported in Figure 7-50.

In this case, the fault characteristics does not determine the CT saturation. The time between sending
the opening signal from the relay to the Circuit Breaker (CB) and the actual fault currents extinction
depends on the mechanical opening time of the CB and on the time necessary for the currents to reach
the null value.
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The interface protection commands the DG disconnection from the network for the minimum
frequency threshold tripping, as shown in Figure 7-51. During this simulation, the inverter
characteristic measures, such asthe frequency measured by relays after the interface protection
tripping, are conditioned by the fact that the inverter isn’t stopped by the relay itself but it’s only
disconnected from the network.

40 16
*10 | | *10
30 |

A |

n il
i

.30 |[ 12 i

~ 1

-40 H 16
0.30 0.35 0.40 0.45 0.50 0.55 0.60 065 [s] 0.70 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 [s] 0.70

Figure 7-49: MV bus-bar line to line voltages and Figure 7-50: Fault current, CB control signal
voltage dip detection signal (pink), the real extinction currents time logic
signals (brown, gray and cyan)
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Figure 7-51: Frequency (red) with minimum frequency relay start signals (blue) and real currents
extinction signals (a signal for each phase, curves green, pink and brown)

7.7.2  Three phase resistive fault

The simulated event is a three phase fault with fault resistance of 0,5 Q, which occurs at t = 0.4 s and
generates a voltage dip with residual voltage equal to 30% V. The protection tripping takes place
after the over-current relay start (without intentional delay I>>>). The DG is disconnected from the
network by the minimum frequency relay of the interface protection. The simulation has been carried
out for a time sufficient to display the fast circuit breaker reclosing, which has been set up after a time
of 400 ms by the protection tripping. The fault is not extinct, and after the reclosing, the protection
relay trips for a second time as provided in the model.

Figure 7-52 represents the MV bus-bar line to line voltages during the transient voltage dip.
In Figure 7-53 the faulty line currents are shown together with the over-current relay output signals,
that drives the circuit breaker opening, and with the opening/closing effective states of each phase of
the CB. Also in this case, the fault does not determine the CT saturation.

The interface protection causes the circuit breaker opening (and the DG disconnection) for the
minimum frequency threshold tripping, as shown in Figure 7-54.
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Figure 7-54: Frequency (red) with minimum frequency relay start signals (blue) and real currents
extinction signals (a signal for each phase, curves green, pink and brown)

7.7.3 Three phase resistive fault with high impedance

A three phase fault with resistive fault impedance equal to 28 Q occurs at 0.4 s without generating any
voltage dip, as shown in Figure 7-55. The fault occurs in a line different from the DG installed one.
The fault resistance is so big that the currents measured from the over- current relay are not sufficient
to make it tripping without intentional delay. The relay trips instead for second threshold (I>>) with an
intentional delay of 250 ms. The simulation results are shown in Figure 7-55 and Figure 7-56, where
respectively the line to line network voltages and currents are shown. The simulation is sufficient to
see the fast reclosing effect, but not a second protection trip.

The mains voltage increases due to the faulty line circuit breaker opening for the loads disconnection
in this portion of the network.
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Figure 7-55: MV bus-bar line to line voltage with Figure 7-56: Fault current and over-current relay
fault detection signal second threshold tripping signal (pink)

In contrast to the previous cases, the DG is not disconnected from the network since it’s not installed
on the faulty line, there is no risk of unwanted island. Correctly, the interface protection does not trip
and the generator continues its normal operation. Since a voltage dip doesn’t occurs, inverters FRT
control logic aren’t activated. Figure 7-57 shows the active and reactive power generated by the
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inverter that remains connected to the network during the network disturbance, in particular the
reactive power has a variable behaviour as a function of the voltage variations.

700

*103

A
500 /

300 P

100

Q\
Y r

-100 \y/ N

-300.
0,30 0,64 0,98 1,32 1,66 [s] 2,00

Figure 7-57: Active (red) and reactive (green) power delivered into the network

7.7.4  Single phase to ground fault

A single phase direct ground fault has been simulated on a line without DG installed, in this case a
compensated network has been considered. The fault occurs at t = 0.4 s. In this case, the distributed
generation doesn’t see the voltage dip as shown in Figure 7-58.

The maximum current zero sequence directional protection is set according to the data reported in
§ 7.6.2 and correctly it detects the fault; Figure 7-58b shows the RMS zero sequence values of voltage
and current detected by the relay and the angle between these two magnitudes (on the “secondary”
ordinates axis on the right there is the scale for the reading of the zero sequence current RMS value,
green curve).

As said, the inverter does not detect any voltage disturbance and continues to supply current without
special control logic and limitation, as shown in Figure 7-58c.

For the isolated network, with a similar simulation, the directional protection selectivity has been
tested in case of single phase ground fault. Also in this case, the network protection and the DG
interface protection present the expected behavior.
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7.7.5 Unwanted island
Using the simulation models developed the problem of unwanted network island has been analyzed. In
general the DG inverter islanding operation may occur as a result of the following conditions:
e a fault is detected and a feeder disconnecting device is opened but the disturbance is not
detected by the DG protection devices;
e accidental opening of the line circuit breaker;
e intentional disconnection;
® human error or an act of nature.
There are many reasons for which islanding should be prevented with distributed generation. Safety,
liability and maintaining the quality of power delivered to customers ranks high on the list of reasons:
e the utility cannot control voltage and frequency in the island, creating the possibility of
damage to customer equipment that results from voltage or frequency excursions outside of
the acceptable ranges;
¢ islanding may create a hazard for utility line-workers or the public by causing a line to remain
energized that may be assumed to be disconnected from all energy sources;
¢ reclosing into an island may result in re-tripping the line or damaging the distributed resource
equipment, or other connected equipment, because of out of phase closure;
¢ islanding may interfere with the manual or automatic restoration of normal service by the
utility.
In order to avoid unwanted islands, it’s mandatory equipping each grid-connected generating unit with
an Interface Protection (IP) whose purpose is to detect the occurrence of a network disturbance and, in
this case, to disconnect the generator from the public grid. Several methods for islanding detection
have been proposed and developed [67] = [75]. They can be classified into three main categories:

® passive methods, which are based only on the monitor of the local measurements at the DG’s
Point of Common Coupling PCC (such as voltage, frequency, phase and/or their rate of
variation); in this case the island condition is detected when parameters run out of the required
thresholds;

® active methods, which introduce deliberate changes or disturbances to the connected circuit
and then monitor the response to determine if the grid with its stable frequency, voltage and
impedance is still connected;

® communication-based methods: recent Standards have introduced the possibility of a forced
trip of the IP, that is driven by an external signal under the control of distribution system
operators.

Even though passive methods are easier and less expensive to implement with respect to the active
ones, they show some difficulties about the proper setting of the admissible parameter ranges. Narrow
ranges may lead to IP unwanted trips and unnecessary DG disconnections, while wide ranges may fail
the island detection. The main drawback of this methods is the so called Non-Detection Zone (NDZ).
In other words, passive methods are unable to detect islanding if the mismatch between the DG
generated power and loads consumption in the island is small.

Such limitation is partially overcome by active island detection methods, which introduce
perturbations in the current injected purposely by the inverter to unbalance the power generation and
absorption. Even though more effective than passive methods, also active detection methods can have
some limitations and drawbacks depending on the implementation method, for example:

NDZ can still exists for some specific load impedances;

unwanted trips can be caused by other disturbance signals coming from the grid;

the perturbing signals injected into the grid may be disturbing for other grid connected
systems.

In general, the reason why voltage and frequency of the island network portion present a displacement

from the nominal values can be explained by taking into consideration the system simplified model
shown in Figure 7-59.
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PV generator Grid

Figure 7-59: Generic circuit for the study of the unwanted island protections

In this model the network is represented as a an ideal voltage generator connected to the portion that
can be operated in island by a three phase circuit breaker. The distributed generator, for example a
photovoltaic generator, is represented as a current driven generator that injects constant power. This
generator can be used as an equivalent model of all the generators connected to the part of the network
that could operate in island. The loads are represented by RLC parallel equivalent circuits. This model
represents a simplification compared to real situations, where rotating loads and non-linear ones are
frequently connected, but it is still an explanatory of the phenomena under analysis®’.

7.7.5.1 Interface Protection Non-Detection Zone (NDZ)

Considering the passive methods, one problem is the interface protection Non-Detection Zone (NDZ),
below the analytical calculation of this area is presented.

For the load in Figure 7-59 it’s possible to define the quantities:

1
T o
0, =R, % = —Q;QC (7.23)
R
where:

¢ fy=nominal resonance frequency;

Q= quality factor;

Qc= capacitive reactive power;

Q.= inductive reactive power;

Pr= active power;

R¢= resistance value (in presence of the prevalent network with V=V, gives AP= 0);

Cy, Lo= capacitance and inductance loads values that in presence of the prevalent network
ensure AQ=0.

The parameters Ry, Ly and C, will differ from those physical shown in Figure 7-59 (R, L, and C) of
about AR, AL and AC. Considering the possibility to open the network circuit breaker by
disconnecting the system generator + load from the network it’s necessary to check the balance
between generated power and absorbed one.

7 This loads and network modeling can also be found in IEC62116 “Test procedure of islanding prevention
measure for utility — interconnected photovoltaic inverters” Ed.1.0, 09 2008, that provides the requirement
concerning the test procedures for the photovoltaic inverter anti-islanding protection.
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Indicating AP and AQ the active and reactive powers supplied by the network to the load, while with
Pi,v and Qy,, the active and reactive powers injected by the inverter®™, therefore, the load powers are:

Ql(}ad = Qinv + AQ (724)
Boud = PR =F,, +AP (725)

iny

It’s possible to verify different conditions varying the power factor of the inverter, in particular
cos(@)=1 and cos(¢)#1. Below it is assumed that the generation system connected to the network
works with unity power factor, i.e. Q;,,=0.

Inverter operation with unity power factor
The island voltage is given by:

V.=./P, (R, +AR) (7.26)

1

The resonance frequency of the load (with experimental values) can be expressed as:

1
Ji= 271 (L, + AL)(C, +AC) (7.27)
The load reactive power unbalance when is connected to the network can be written as:
1
AQ=0Q, -0 = Vf[m— 27, (C, +Ac)j =
_ 2 147 f (L, + AL)(C, + AC) (7.28)
0
27f,(L, +AL)
From
(7.28) it’s possible to obtain the following expression:
AQ 2 +AL 1
(L +ALXC, +AC) =22 Ty £ AL) (7.29)

Ve o Arfy Az’ fy

replacing the (7.29) in the resonance frequency expression (7.27) and considering the following
relationships:

V2
Q=" " (7.30)
27f,(Ly +AL)
0-=0,-AQ (7.31)
the (7.29) can be rewritten in the following formula:
(L, +AL)(C, +AC) = 1 3 & (7.32)
4’ fy O,

68 Very often the photovoltaic inverter operates at unity power factor (cos(¢) = 1) (AQ=0 var).
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Substituting the expression (7.32) in the island resonance frequencys, it’s possible to obtain:

1 0,
fi= = fo,| =
2 J L o Vo (1.3
4z fy O,

It should be noted that the island frequency doesn’t depend on the voltage and so it is independent on
the inverter active power.

Not unitary power factor inverter operation
The island voltage calculation it’s the same than in the previous case (7.26):

V.=.JP, (R, +AR) (7.34)

The inverter supplies a reactive power Qy,y, and during the island operating condition must be valid the
following power balance:

0,-0--0,, =0 (7.35)
2 2
L o s e (736
27f.L 27f,.L
where:
e [=L,+AL
e (C=Cy+AC

From (7.36) the island resonance frequency expression can be calculated in case of inverter working
with cos(Q)#1:

2
f; — 1 _ Qinv + Qinv + 1

=— T — 7.37
27| 2C0V? \4CV'  LC (737

The frequency expressed as a function of the reactive components of the load is quite complex.
However, in this case, it can be seen that the island frequency depends on the island voltage, on the
inverter power supplied and the load resistance. Substituting the island voltage expression (7.34) in
(7.37) it’s possible to obtain:

= + | = . (7.38)
2z| 2CP,R \4C°P.R* LC| 2x| 2CR V4CR* LC

iny inv

PN +\/ 0, 1 |_1| tn@, [tn’(p) 1

Assuming the generator operation with power factor between 0.9 leading and 0.9 lagging, i.e. with an
angle -0,451 rad < ¢ < 0.451 rad, Figure 7-60 presents the island frequency as a function of the power

1
factor, where f.. ., = —— represents the frequency at which the system could be if the
N> Ni7e

generator works with unity power factor.
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T T T T T

Supplied reactive power (¢ > 0)
Absorbed reactive power ( ¢ < 0)

1

eost

Figure 7-60: Representation of the islanding non-intervention area depending on the inverter power
factor

Representation of the islanding non-intervention area

After the disconnection, the load is resonant with the frequency correlated to its components L and C
values, thus causing a frequency variation. If due to this variation, the frequency reaches a value over a
defined bandwidth around the nominal value, the anti-islanding protection relay trips. Otherwise the
island operation is not detected and the system operates isolated from the rest of the network. This
frequency range is the over/under-frequency protection Non-Detection Zone.

Considering the minimum and maximum frequency thresholds, the over/under frequency protection
relay intervention area, considering the inverter operating condition at cos@=1, is defined by]1.

1 1
f—f, 2@ +AL)(C,+AC) 27 L,C, LC, )
fi ! - JL, +AL)(C, +AC)

27, L,C,

where f; indicates the island frequency.

(7.39)

In accordance with the anti-islanding protection procedure adopted to disconnect the generator if the
mains frequency deviates with a positive or negative variation from the nominal one over the two
thresholds, the following condition has to be verified to avoid the protection tripping:

an_ﬁ) < VLOCO 1< fmax_‘f() (7 40)
fo Uy +ALXC, +AC) fo
where f,;; and f,,x are the protection relay thresholds.
Rewriting suitably the (7.40) it’s obtained:
2 c 2
fmin < l‘f) 0 < fmax (741)

fy ) LC,+LAC+ALC,+ALAC | f,

Considering only small variations of the parameters (ALAC~ 0), the relation (7.41) can be written as:
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(fmin j < L,C, < [fmax J (7.42)
fo L,C,+L,AC+ALC, fo

that is equivalent to:

(Aj _1S£+£S(AJ O (7.43)
Sinax Co Ly Ui

The relation (7.43) represents the analytical relationship between the limits of the non-intervention
area and the load variations with respect to the value that it should have to be equal to DG injection.

To find the relationship between this non-intervention area and the reactive power variations (since it’s
not linked to the active power because the load resistance is not involved in the non-intervention area
definition), it must be taken into account that, in presence of prevalent network and in case of
operation with unity power factor, the following expression for the reactive power exchanged with the
network can be written:

1 0 AC
AQ=V} ] —— 2 C +AC) |=—=L_— 1+—
Dividing the (7.44) by the load active power (Pr), it’s obtained:
AC AL AC AL
0 e, e
ﬂ_(QL/PR) £ _ S £ _ 0 0 00 (7.45)
T A (QC/PR)1+C =— 9 1+C =0 v -

R 1+— 0/ 1+— 0 1+—
Ly Ly Ly

AL
Neglecting the variable terms with an order higher than the first, assuming that 1 +— =1, the
0
relation (7.45) can be rewritten as:

AQ AC AL
-0 ( +_j (7.46)
1 O A

Replacing the (7.46) in the formula which expresses the non-intervention area relationship with the
load parameters (7.43), the analytical relationship between the over/under frequency protection relay
non-intervention area limits and powers is obtained®:

(Va0 | (£
Qf : [fmax] : PR SQf : [fminj (747)

Similarly the over/under voltage protection relay non-intervention area can be defined. In fact, the
load voltage before (V) and after (V;) the island operation can be expressed as:

% 1f AP=0 then Pg=P,,,
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Vi V2 (7.48)
R, R,+AR ‘

from which it’s derived:

2
MzzA_V{A_VJ (.49

0 0
where AV=V;-V,.

It has:

AP VP V] AR/ R,

AL Yo __ (7.50)

P, R,+AR R, AR/R, +1
where expressing AR according to the (7.49) it’s obtained:

AP 1

B (a7

7.51
i [AV .\ lj (7.51)
0

Considering the minimum and maximum voltage thresholds, the over/under voltage protection relay
intervention area is defined by:

2 2
o | 1<AP [ Y% ) 4 (7.52)
v P, vV,

max min

The non-intervention area of these two protections (7.47) and (7.52) can be represented on the AP, AQ
plane, as shown in Figure 7-61. If the inverter supplies a not null reactive power, the NDZ is translated
over the AQ axis as a function of the generator behavior (for example if it supplies capacitive Q the
NDZ moves upwards).
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Figure 7-61: NDZ representation for frequency and voltage protection relays in the plane of active and
reactive power variations
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The unwanted island operation supported by DG in a real network situation, even if it may appear as a
low probability event, it is actually verified in the Spanish network in 2009. In this case, a portion of
MYV network was disconnected from the main network for maintenance. In the isolated network, two
2.5 MW photovoltaic installations had supplied the island without the interface protections tripping to
disconnect the DG, for a substantial balance between generation and loads. During the network circuit
breaker closing for maintenance procedures, a pre-closing arc had been verified damaging the circuit
breaker itself. The DSO involved, as a result of this incident, had carried out studies and simulations
on island operation condition and the conclusions have been that this phenomenon may occur for
power unbalance between load and generation up to 10% and can persist for several minutes [74][75].

As seen, the island voltage and frequency depend on the balance between the active and reactive
powers delivered by the generators (P,, Q,) and those absorbed by the load (P;, Q)). Clearly, if the
power balances are such that voltage and/or frequency deviate too much from the nominal values, i.e.
beyond the interface protections tripping thresholds, the DG is disconnected from the network and the
island is no longer supplied. It should be noted that, if the IP is inhibited, the inverters could supplying
the island also for considerable voltage and frequency deviations from the nominal values, as a
function of the design device, as shown by the simulation results shown in Figure 7-62 and
Figure 7-63.

Using the network and DG models presented in Chapter 2, two different situation have been
considered: in the first the power balance causes an increase in voltage and frequency (Figure 7-62)
and in the second the network parameters decrease (Figure 7-63), always with DG interface protection
disabled. In both cases, the inverters supplies the island, created at t = 0.6 s due to the healthy line
circuit breaker opening.
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Figure 7-63: Network island voltage (a) and frequency (b) in case of under-voltage and under-frequency
condition

It’s also been simulated the case of unwanted island due to a single phase fault to ground, which
occurs at time t= 0.4s on the distribution network feeder with a wind PMSG connected. This is 2 MW
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DG and works with power factor equal to 0.93. In the network there is a RL load, working with a
power factor equal to 0.7, able to balance the active power supplied by the DG. Thanks to the factor
correction capacitors, the load works with power factor of about 0.9, but considering the feeder
capacitance to earth a balance between the DG reactive power delivered and the load absorbed one is
reached. Theoretically in this case, neither island voltage or frequency present variations from the
nominal values after the line circuit breaker opening; simulations confirm this behavior (Figure 7-64).
The transient due to the line circuit breaker opening is too short to make the interface protection
tripping and isn’t sufficient to prevent the unwanted island so the DG remains connected. The zero
sequence voltage, on the other hand, remains over the interface protection triggering threshold for the
entire fault duration. The IP intentional delay, however, is greater than the line directional protection
relay one, which trips as first.
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Figure 7-64: Unwanted island a) fault current, (b) network island line to line voltages and
maximum/minimum voltage relay IP output signal (pink) with a scale factor of 35000, c)
island frequency (red) and maximum/minimum frequency relay signal (green) with a scale
factor of 30, d) zero sequence voltage (red) and output of the corresponding relay (green)
with scale factor 120

7.7.6  Reclosing on island network
The unwanted island operation represents a risk factor for users and for those who work on the
network and a problem for the network automation procedures, in particular for the reclosing. Since, in
general, the island voltage and the frequency are not related to those of the rest of the network, despite
of having similar values, it may happen that the automatic circuit breaker reclosing takes place with
the voltages out of phase from the main network. This phenomenon can cause a damage of:
® line circuit breakers, as a result of the possible arc phenomena during the reclosing, especially
if out of phase (the voltages across the circuit breaker terminals can be double than in case of
reclosing in phase);
¢ loads since the voltage presents rapid variation;
® inverter, a step voltage variation causes the injection of high currents.
In the following, the last issue is analyzed, starting from the wind generators inverters models
(Chapter 2), to simulate the inverter behavior during the circuit breaker closing.
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Out of phase reclosing

It has been simulated a single phase resistive fault to ground, self-extinguished after a sufficient time
to make the zero sequence line directional protection tripping, with the relative circuit breaker
opening’’. The inverter and the DG are connected to the faulty line. Since the inverter does not detect
any voltage dip, continues to supply power allowing, under the generated and absorbed powers
balance condition, the island operation. At time t=1 s the line circuit breaker automatic reclosing
occurs, with the mains voltage out of phase than the island voltage. The simulation results are shown
in Figure 7-65. In this case. it should be noted that the interface protection system has been
bypassed’' in order to run the inverter also for voltage and frequency levels over the protection
tripping thresholds.
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' In simulation, since this does not affect the results obtained and to shorten the simulation time, the intentional

directional protections delays are decreased to 100 ms.

I The bypass of the IP has been simulated leaving the protection active without opening DG circuit breaker.
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This figure shows that the reclosing in phase opposition cause a rapid transient of the network voltages
and, consequently, their d-q components, sent to the inverter control through the PLL, show a step
decrease over direct-axis. Due to this step (interpreted a short circuit in the network) the inverter:

® increases the injected currents (Figure 7-65b, c).;
e absorbs active power from the network (Figure 7-65d).

As a result of the active power absorption there is a DC voltage increase that cannot be limited by the
braking chopper, designed to dissipate the only power from the primary source of the DG. The voltage
increase is dangerous for the inverter components and has, as a further consequence, the instantaneous
current limitation failure and the currents can reach values much higher than those switchable from the
valves. The inverter can be damaged in case of circuit breaker reclosing in opposite phase, if there
aren’t specially safety systems.

In these considerations it has not been taken into account the possible “pitch” angle control effect to
reduce the active power generated (which must be dissipated from the chopper, together with that one
absorbed by the network). The time for power reduction implementation for devices similar as the one
simulated are higher than the transients considered, supporting the assumptions made’.

Reclosing in phase

The simulated system is the same as before but in this case the prevalent network voltage is in phase
with the island one during the reclosing, as shown in Figure 7-66a. The inverter, in this case, is not
subject to any type of significant transient during the reclosing, as demonstrated by the DC voltage
and the currents, reported respectively in Figure 7-66b and in Figure 7-66c¢.
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Figure 7-66: Island reclosing on the main network
with voltages in phase:

a) mains voltage (red) and island voltage (green);

b) inverter DC voltage;

¢) LV side inverter current.
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7% In case of machines with power equal to some kW, the pitch angle control response time is about 500ms.
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Reclosing with a phase shift of 90°

In this case, the island voltage is shifted of 90° from the prevalent network when the circuit breaker
recloses. The simulation results are shown in Figure 7-67. As seen in the reclosing out of phase
simulation, the sudden phase shift of the voltage applied to the DG causes active power reversal flow
and thus an increase in the DC voltage. The simultaneous braking chopper action and the current
limitations bound the voltage rise within acceptable limits and the inverter resumes its normal
operation after less than 60 ms. Under these conditions, the inverter components and valves, even if
operating transiently in abnormal conditions, can overcome favorably the disturbance without
damages.

50,0 1400

[kv]
A 1300

LI
ANARAR
RVANRY

ool
\

——
—
_—
——
—
T

-125

——
25,0 \ \ - T
RRVE AT VL SR TE BV B 00 L~
-375 ¥ 1 J’
-50,0 900
0,90 0,94 0,98 1,02 1,08 5] 110 q) 0,90 094 098 1,02 1,06 sl 110 b)

1 s
[kA] *106:

12 6

. . W
4 ) \\\.
v\ﬁh. Iy

,o..,.uu,yy'yyql.- ¥ L 4 '

12 -6

o0 04 0% 10 106 s 1i0C) oe0 094 098 1,02 106 &1 110d)
Figure 7-67: Island reclosing on the main network with phase shift of 90°: a) mains voltage (red) and
island voltage (green), (b) inverter DC voltage, (c) LV side inverter current, d) active (red)
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7.8 A protection coordination scheme

As anticipated, the typical network protection scheme requires, in case of fault, the faulty line circuit
breaker opening. The Distributed Generation (DG) along the line is disconnected by the interface
protection system and the following reclosing maneuvers involve all the feeder. Finally, in case of
permanent fault, the faulty line segment selection procedures are carried out. From the perspective of
an increase of DG connected to the network and of a Power Quality improvement, with a smaller
number of users affected by interruptions, such protection scheme has some limitations:

e the whole feeder is affected by the circuit breaker opening, the DG cannot remaining
connected to the network as for the Fault Ride Through requirements (Chapter 3);

e the whole DG connected along the feeder must be disconnected before the reclosing;

e the faulty line segment selection occurs with the circuit breakers opening and closing,
affecting the whole feeder.
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To overcome these limitations, it’s necessary to introduce new protection schemes [76] + [78]: in the
following a network protection coordination proposal, based on logic selectivity, is presented. This
proposal is characterized by:

installation along the line of directional over-current and directional earth relays;
communication channel to coordinate the protections;

faulty line segment selection logic;

coordinated interface protections management in order to reduce the unwanted island risk and
to maintain as much as possible DG connected to the network.

7.8.1 Network protections coordination: the logic selectivity

The proposed protection scheme, as reported in the previous section, makes use of directional over-
current relays which can exchange messages and commands between themselves and which can be
coordinated with DG protection relays. The distribution feeder is subdivided in line segments, f.i. on
the base of the number of connected users and generators, or with geographical or economic criteria.
Protections are installed at the beginning and at the end of each line segment. These protections can
exchange messages, and, in particular, two different logic commands can be sent/received:

e BLOCK: the receiving protection is disabled, so that it cannot trip;
e TRIP: the receiving protection is forced to trip, independently on its settings.

Also DG interface protections should be modified to be adapted. In particular, they should accept
TRIP command and they should provide two different dead bands around the frequency nominal
value.

In this scheme, the communication takes place only between adjacent network protection relays. The
block signal is sent from a relay to the “previous” one along the direction of the protection
intervention, while the tripping signal is sent to the one following”. The implemented protection
model introduces a time lag in communications. In the model, all Circuit Breakers (CB) can interrupt
fault currents and a delay of 70 ms between the receipt of the opening signal and the actual opening of
the breaker has been inserted to simulate mechanical delays. Finally, currents are extinguished at the
first zero crossing after the CB opening.

It’s also necessary to provide a protection tripping back-up logic active in case of a communication
failure or if the maximum times provided for the messages exchange is bigger than the allowed one.
One possible solution could be to manage the fault detection according with the procedure already
implemented in the passive networks, which requires the opening of the circuit breaker at the
beginning of the faulty line.

In particular, when a fault occurs in a given line segment, the following actions take place:

1. each relay placed upstream the fault detects the fault current, following the direction from the
MYV bus-bar to the faulty point;

2. relays placed downstream the fault can detect a possible fault current coming from DG
connected along the feeder beyond the faulty point. If the installed DG power is large enough,
the fault current, which flows in the opposite direction in respect to current from the MV bus-
bar, can start the protection relays;

3. each protection sensing a fault current, being from main grid or from DG, sends a BLOCK
signal to the upstream relay, in the opposite direction of the measured current. In such a way,
only the protection relays directly upstream and downstream of the fault are not blocked by any
signal and the faulty line segment is identified;

" In this approach, the coordination between the protections is realized according to a distributed control logic,
but the same can also be implemented by a central controller that supervises the operations.
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4. the first non-blocked protection relay which trips sends a TRIP signal to the other one, in order
to avoid non-synchronous trips of the two devices to different current levels;

5. a TRIP signal is sent to interface protections of the DG connected to the faulty line segment and
downstream of it, while DG connected upstream should activate FRT strategy for handling the
possible voltage dip resulting from the fault without disconnecting.

In such a way, the faulty line segment is disconnected from the grid, and all the DG located
downstream of the fault is disconnected, avoiding island operations.

If the communication system is nonfunctional, or information exchange shows large time lags,
protection functionalities are assured by the traditional protection scheme, which serves as back-up of
the new scheme. In this case, faulty segment detection cannot be guaranteed, and all the feeder must
be disconnected. Moreover, in this case, unwanted island operations are possible for some load
conditions.

The block scheme of Figure 7-68 shows an example of protections coordination, according to the
proposed logic, for a fault located in the second line segment.

¥ IND)
GEN BLOCK
PRIMARY [:II:] P I'[I l‘
R1 R3 R4 P
SUBSTATION 1 | WIND
BUSBAR S < GEN
FALLTY CLIRREN FALLTY CURRENT
DIRECTION DIRECTION
BLOCK FORCE TRIP

Figure 7-68: Example of fault detection with logic selectivity in an active network

It should be noted that the communication channel between the protection relays introduces inevitably
intentional delays in the tripping time, according to the times required for communication. These
delays would become negligible if the time for the information exchanges between the protection
relays were extremely low (on the order of a few milliseconds). In fact, the messages between the
protection devices, with the purpose of inhibiting the tripping of some of them, need a physical time
AT om to be received by the recipient74. During this time interval, the network protection relays, even if
they have measured a sufficient current to trip without intentional delays, should bring in a state of
waiting for a possible block signal that it would inhibit the action. Accordingly, there is a need to
introduce an intentional delay AT i also for the over-current “instant” threshold relay. This delay may
not be less than the time needed for the block signal exchange between two relays, i.e. ATy i >ATcom.
It is noted that the intentional delay introduction in the instantaneous over-current protection relay
tripping involves an extension of the fault currents permanence in the network and, consequently, a
longer duration of voltage dips (§ 7.9).

Then, the faulty line segment disconnection requires circuit breakers to be installed along the feeder,
while, in common protection schemes, switch-disconnectors are employed along the distribution lines.
The possibility to have two circuit breakers for each line segment, one upstream and one downstream,
allows to select the faulty line segment without turning off the loads connected on the feeder itself, as
reported in Figure 7-69.

™ This time includes a time of sending and signal propagation, which depends on the communication type which
is established between the relay and the physical component used for the transmission, and a time to receive and
translate the signal.
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CP1

DG1

PO P

Figure 7-69: Installation of a single circuit breaker and faulty line disconnected

The coordination logic adopted in the example above can also be applied in case of feeder supplied by
two distinct primary substations (Figure 7-70), with the exception that each network protection relay
can communicate only with the DG interface protections connected in the two adjacent sections,
always according to the logic of sending the forced tripping signal in the same direction as the fault
current detected. In fact, in this case, only the generation included in the faulty line segment must be
disconnected, while the remaining DG remains powered and connected.

CP2

--------

% Line segment in which PO ; % Line segment in which P2

i can force DG to trip ¥ # can force DG to trip

" i
Line segment in which P1 Line segment in which P3
! can force DG to trip . 2 can force DG to trip

Figure 7-70: Example MYV line fed by two different primary substations

7.8.2 Coordination logic verification

The proposed protection scheme has been tested for different fault cases with digital simulations
performed in the ATPDraw environment. In the reported examples, the protection relays are named
respectively R1, R2, R3 and R4 following the feeder direction; the communication time lag is
supposed to be 20 ms. In addition, the DG model, already presented in the Chapter 2 has been
modified to receive the signals from the line protection devices. These DG are controlled according to
the FRT strategy to supply null active power during the voltage dip. It has been taken as reference the
network showed in Figure 7-68.
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Three phase fault with low impedance

In this example a three-phase fault occurring at t = 0.4 s in the second line segment is assumed. A total
amount of power of 20 MVA?” from DG is connected along the feeder, downstream the fault, so that
the fault current from DG overcomes the I>>> current threshold of line over-current protection relays.
Other wind generators are connected upstream of the faulty point, as well. Protection devices actions
and the signals exchanged, for this example, are reported in Figure 7-71, while some simulation results
are shown in Figure 7-72. This last shows that only relays R2 and R3 actually trips and only DGs
connected downstream of the fault are forcedly disconnected, while generators located upstream
perform FRT without disconnecting.

[rR1] E [ R2] [ R3] | ra ] [r2]
FaLI|t B P ————
occurrence Fault
Protection u u u u
start Y start Start  start  start 7
Block A | | }
signals — e Rt
R2tnps
and forces R3 oo e
totrip TRIP
DG is | +
d‘!SEOHnECiBH". [T TRIP o
¥ Tirme

Figure 7-71: Events succession during a poly-phase fault along line

The simulation shows that the fault is detected properly by the protection relays and the faulty line
segment is selected. The DG installed downstream the fault point is properly disconnected by a
tripping signal sent from the protection “2” to the DG interface protection (Figure 7-72d). The DG
connected upstream the fault, on the other hand, correctly implements the FRT strategy, leading to
zero the power fed into the grid and then restarts after the mains voltage restoring (Figure 7-72e).
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> This power amount is not related to the limit of power that can be installed on the MV feeder. This value has
been used to simulate a big DG current that fed the fault.
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400

Figure 7-72: Example of logic selectivity in active
networks with directional over-current relays.

a) voltage at the primary substation bus-bar,

b) fault currents,

¢) output of relays (upper = close breaker, lower =
open breaker),

d) AC output currents of the DG connected
upstream of the fault,

e) AC output currents of the DG connected

400 downstream of the fault.
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Three phase fault with high impedance

The simulated case is similar to the previous one, but in this case the impedance fault isn’t negligible
(10 Q). The fault current is not sufficient, in this case, to make the over-current protection relays
tripping with threshold I>>>, while the second step threshold (I>>) is involved, with intentional delay
equal to 100 ms. Also in this case, the logic selectivity scheme implemented recognizes and isolates
the faulty line segment, minimizing the number of users disconnected from the network. It is also
noted that a similar fault does not cause a voltage drop below 90% Vyand so any voltage dip
condition is not detected by the DG. For this reason, it is not carried out any FRT strategies, but the
generator, if it’s not blocked by the signal sent to the interface protection, overcomes the disturbance
continuing to supply the active power as before the fault. In addition, since the voltage and frequency
parameters during fault differ only slightly from the nominal values, the interface protection is not
started. The simulation results are reported in Figure 7-73.
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400

Figure 7-73: Simulation results obtained in the case
of three phase fault with high impedance:

a) MYV bus-bar line to line;

b) fault currents;

¢) opening signals of the three CB along line (R1
red, R2 green and the R3 blue);

d) currents injected by the DG downstream the
fault with the IP tripping signal;

e) currents supplied by the DG upstream the fault
with the IP tripping signal.
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Single phase to ground fault

The proposed protection scheme is suitable also in case of single phase faults. In the example reported,
a single-phase fault to ground occurs at t = 0.2 s in the second line segment on the phase “a”. The earth
over-current directional relay plays the same role of the line over-current relays in the previous
example. The grid is operated with the neutral connected to ground in the primary substation through
an impedance, with a compensation degree of 90%. In this case, DG does not feel any voltage dip, so,
the FRT strategies are not strictly necessary. In any case, the DGs connected downstream of the fault
must be disconnected from the grid, in order to avoid island operations. Simulation results are shown

in Figure 7-74.

Again, only the line protection relays close to the faulty point actually trip, while the others are
blocked by the appropriate signals. The faulty line segment is detected and disconnected correctly and
all the DGs located downstream of the fault are disconnected by the interface protections tripping.
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12 Rl
. . : : : ] Figure 7-74: Simulation results obtained in the case
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R2 | 5 5 5 : : of a single-phase fault to ground:
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Cross country fault

The response of the proposed protection scheme to a cross country fault (i.e. a single phase to ground
fault on a feeder followed by a second single phase to ground fault on another feeder) has been
simulated. In this case, protection relays models have been added to the second feeder of the simulated
grid (protections are named R'x where x=1..3). The first fault occurs at t = 0,2 s on the phase “a” of the
first feeder (in the second line segment), while the second fault appears at t = 0,23 s on the phase “b”
of the other distribution line (in the first line segment). Both earth over-current directional relay and
the line over-current directional relay of feeder 1 start, but, due to chronometric selectivity, only this
last trips, for both feeders. Simulated responses are shown in Figure 7-75. In both feeders, the faulty
line segment is correctly selected and disconnected from the grid.
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Automatic reclosing in presence of logic selectivity

The simulation has been carried out using the network configuration adopted in the previous example,
and the automatic reclosing of the circuit breakers along the line is added. In this case, the three phase
fault in the second line segment is self-extinguishing, and so the reclosing has good result and the line
is re-fed. The distributed generators, installed upstream to the fault point, operate with the FRT logic
to overcome the voltage dip, while those installed downstream receive a block signal from line
protection relays to be disconnected from the network. In this simulation, any automatic generators
restart have not implemented, and, therefore, the DGs located downstream the fault remain
disconnected even after the mains voltage has been restored. Figure 7-76 shows the simulation results.
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Figure 7-76: Simulation results in case of automatic reclosing (a) MV bus-bar line to line voltages, b)
voltages at the bottom of the healthy line, (c) currents of the DG connected downstream the
fault with the IP tripping signal, (d) currents of the DG connected upstream the fault with
the IP tripping signal
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Communication system failure

The same type of poly-phase fault considered before has been simulated supposing a failure in the
communication system. Each protection is programmed to use standard settings if it does not receive
BLOCK or TRIP signals after a given time it has detected fault currents.

The first protection installed along the line remains active, while the others are disabled, and it trips
disconnecting all the feeder, independently on the fault location. All the DGs installed in the feeder are
disconnected by their interface protections, not driven by external signals. Simulation results are
shown in Figure 7-77; in particular, Figure 7-77a should be compared with Figure 7-72a, while Figure
7-77b with Figure 7-72b.
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Figure 7-77: Intervention of grid protection in case of communications failure: a) line to line voltages in
the first line segment, b) line protection relays output.

7.8.3 Faulty line segment selection and reverse feeding

The proposed protections coordination scheme allows, with few modifications, to properly manage the
network, maintaining the logic selectivity, even if line portions are reverse fed, due to the circuit
breakers opening.

The network topology under exam is shown in Figure 7-78, where all the controlled circuit breakers
and protection relays in the network are highlighted; the communication channels are not reported. For
simplicity only the RELAY object is represented, even if in reality it’s composed by two different
functional blocks: the first is the over-current directional protection relay and the second one the
directional earth relay.

The study takes into account four different conditions:

steady state initial condition (Figure 7-78);

first fault (Figure 7-79);

reverse feeding from an alternative primary substation (Figure 7-80);
second fault (Figure 7-81).
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Fig—ure 7-78: Network Diagram: initial condition

During the initial condition, line 1 and line 2 are fed by two different primary substations, and the
distributed generator injects into the network an active power of about 2 MW.

The three phase resistive fault occurrence, as shown in Figure 7-79, starts the procedure described in
the previous paragraph for the faulty line segment selection and the near circuit breaker opens, due to
the logic selectivity implemented between the protection relays. A forced tripping signal is sent to the
DG interface protection which, therefore, is disconnected from the network.

In this case, once isolated the faulty line segment, the circuit breaker recloses to allow the reverse
feeding of line 1, as shown in Figure 7-797°.
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—Figure 7-79: Network Diagram: first fault

"% It should be noted that this procedure normally takes place after a cycle of automatic reclosing without
positive results, while to make possible the second digital simulation it has been necessary to close the circuit
breakers for reverse feeding, not implementing the reclosing.
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During the first fault, it is necessary that the RELAY 3, the last of the line 1, is put in communication
with the RELAY 5, placed at the bottom of the line 2, allowing to preserve the implemented logic
selectivity functionality. In condition of reverse current feeding, however, the current in the line 1 has
opposite direction than the normal supply condition: so it’s necessary to reverse the intervention
sectors angle of the over-current directional protection of the RELAY 3”7 (Figure 7-80). Substantially
the RELAY 3 should be considered placed downstream the RELAY 5: the control signals exchange
must be done according to the logic usually implemented.
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Figure 7-80: Over-current protection sectors of intervention

The Figure 7-81 shows the network scheme after the reverse feeding that allows to supply the last
segment of the line 1, in favor of loads and DG connected; the distributed generators could restart to
inject into the network the power produced from the primary energy source.
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Figure 7-81: Network Diagram, condition of reverse feeding

" The reconfiguration of the directionality of the two protections is required to maintain the power supply to the
load from Secondary Substation with the RELAY 3 during reverse feeding, in case of a fault downstream.
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When the second fault occurs, as shown in Figure 7-82 (assumed resistive phase to phase fault) the
over-current directional protections of the RELAY 4 and RELAY 5 will start: this last sends the block
signal to the first, inhibiting its tripping. The fault current is also measured by over-current directional
protection of the RELAY 3 which sends a stop signal to RELAY 5: in this way the only protection that
trips is the one closer to the fault, allowing an effective faulty line segment selection.

The load at the bottom of the line 2 remains in fact fed upon the second fault; on the contrary, in the
event of a lack of communication between the RELAY 3 and the RELAY 5, the second one would be
tripped disconnecting the loads downstream.
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Figure 7-82: Network Diagram: second fault

The situation described above has been simulated in ATPDraw, introducing in the protection relay
models the capability to reconfigure their own intervention areas as a function of the network
configuration. Figure 7-83 represents the state of the different protection relays along the feeder during
the simulation. Each Circuit Breaker (CB) refers to a RELAY, with the same number: the CB1
opening is due to the current measured during the first fault by the RELAY 1, while the CB2 opening
has been forced by the tripping signal sent from the RELAY 1 to the RELAY 2. Upon the occurrence
of the second fault, the only circuit breaker that is opened is the CB3 for the RELAY 3 tripping, which
inhibits the RELAY 5 that sends block signal to the RELAY 4.
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Figure 7-83: Circuit breakers states of the long line RELAY: 1 =closed, 0 =open
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Figure 7-84a shows the MV line to line voltages at the DG connection point: both fault events are
clearly visible, the first three phase resistive and the second two-phase resistive one; the reverse
feeding starts at the time t = 1 s. In Figure 7-84b the DG currents supplied before and during the first
fault are reported: after the RELAY 1 starting, a tripping signal is sent to the DG interface protection,
causing the disconnection from the network. In this simulation a sequence to reconnect the DG to the
network is not provided.
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Figure 7-84: a) MYV line to line voltages at the DG connecting point, b) MV inverter currents

The line lo line voltages in Figure 7-85a are measured at the load connection point at the bottom of the
line 2. It’s possible to see a slight perturbation of the voltage at the time t = 1 s due to the reverse
feeding circuit breaker closing, while at the time t=1.3 s a phase to phase fault occurs with duration of
130 ms. Similar considerations can be made with respect to the measured currents, shown
in Figure 7-85b: at the time of reverse feeding currents grow due to the load increase.
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Figure 7-85: a) Bottom line 2 MV line to line voltages in, b) bottom line 2 RELAY 5 currents

7.9 Communication delays effects

The introduction of communication between the network protection relays makes it necessary to delay
the tripping threshold of the over-current directional protection relays that usually don’t present any
intentional delay. This delay introduces:

¢ alonger permanence of the fault currents along the feeder;
¢ a longer duration of the voltage dips caused by faults that start the “instantaneous” tripping

threshold of the over-current protection relay.

The fault currents permanence in the feeder for longer times produces an higher thermal stress for the
line itself, identified by the index I’t. This index, proportional to the line energy dissipated for the
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Joule effect’”®, grows linearly with the fault current permanence time. It is also possible to underline
that the faults for which the protection relay trips instantaneously are those with the greatest
magnitudes and, therefore, the most critical for the lines from a thermal point of view. Therefore it
may be necessary to verify the design of lines where the protection devices with logic selectivity will
be installed.

The elongation in the voltage dips duration is instead a phenomenon to be investigated in relation to
the possible deterioration of the voltage quality. The voltage dips, as indicated in the Standard CEI EN
50160 [1], are classified according to duration and residual voltage, as shown in Figure 7-86, where
the immunity curves of the class 2 and 3 equipment are highlighted, according to the CEI EN 61000-4-
11 [79] and CEI EN 61000-4-34 [80]. The device of a given immunity class must be immune to
voltage dips characterized by durations and residual voltages above the curve.
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Figure 7-86: Voltage dips characterization in terms of residual voltage and duration and immunity
curves of class 2 and 3

A first classification of the performance of a given network, or of a group of networks in a certain area
and in a certain time period can be carried out by the voltage dips count in relation to the immunity
curves, identifying indices for the networks performance characterization in terms of voltage dips,
such as:

e N2a: the average number of voltage dips per measuring point that lie below the immunity
curves class 2 (white + green cells in Figure 7-86);

e N3b: the average number of voltage dips per measuring point that lie below the immunity
curves class 3 (white cells in Figure 7-86);

e R-DFI (Regulated Dip Frequency Index): index obtained by counting with weight 1 the
voltage dips that fall below the immunity curve class 3, with weight O those that fall above the
immunity curve class 2 and with a weight 0.5 events located between the two immunity
curves.

An increase in the voltage dips duration would affect the events distribution in the classification table
and, consequently, the network performance indices values.

The impact of the protection logic based on communication signals has been analysed considering the
voltage dips statistics during the year 2011, recorded at national level by the QUEEN monitoring
system of voltage quality”’, within its 400 primary substations, statistically representative of the Italian
MYV distribution network. In the following the detailed results are shown.

"8 It should be remembered that to avoid the cable damaging the I’t must be less than the parameter k°S?, where k
is a characteristic constant of the line type and of its insulation and S is the cable section in mm”.
" http://queen.rse-web.it.
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It’s possible to see that not every voltage dip is influenced by the protection system proposed, so for
the communication delay impact evaluation the following events will not be considered:

e voltage dips caused by faults in the HV transmission network that don’t cause MV protection
relays tripping, then the statistics reported below refer only to voltage dips with origin in the
MYV network;

e voltage dips with duration longer than 200 ms, times achieved nowadays with the network
protection relays, which are not due to the “instantaneous” over-current protection tripping
and are not affected by communication delays.

Therefore, in this analysis the duration of the only voltage dips classified in the first column
of Figure 7-86 has been modified. In the next the voltage dips classifications obtained assuming
different communication delays (AT communication) b€tween 20 ms and 100 ms® are presented.

National Network, year 2011

Queen System Data
20-200 ms | 200-500 ms | 500-1000 ms | 1000-5000 ms | 5000-60000 ms
80 <U <90 | 4668 2419 31
70 <U <80 | 2480 1202 105 49 0
=<0 [HESE 107 |75 29 0
5<U <40 1786 501 45 10 0
1SU<S 18 4 0 0 0

ATcommunication=20 ms

20-200 ms | 200-500 ms | 500-1000 ms | 1000-5000 ms | 5000-60000 ms
80<U <90 | 4458 2629 31

70<U<80 | 2321 1361 105 49 0
o<U< AT 5|7 2 o
5<U <40 1728 559 45 10 0
1I<U<5 18 4 0 0 0

ATcommunication =40 ms

20-200 ms | 200-500 ms | 500-1000 ms | 1000-5000 ms | 5000-60000 ms
80<U<90 | 4162 2925 31

70<U<80 | 2141 1541 105 49 0
0=U<0 IS 2155 |75 29 o
5<U <40 1622 665 45 10 0
1I<U<5 17 5 0 0 0

ATcommunication =60 ms

20-200ms | 200-500 ms | 500-1000 ms | 1000-5000 ms | 5000-60000 ms
80<U<90 | 3789 3298 31

70<U<80 | 1817 1865 105 49 0
0<U<0 [ 25 |7 29 o
55U <40 1301 986 45 10 0
1IfU<S 14 8 0 0 0

% In practice, it is proceeded to the events reclassification after having added the communication delay to the
duration recorded by the monitoring system, maintaining the same residual voltage.
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AT ¢ommunication =80 ms
20-200 ms [ 200-500 ms | 500-1000 ms | 1000-5000 ms | 5000-60000 ms
80 <U <90 [3287 3800 —“ 31
70 <U <80 | 965 2717 105 49 0
40<U <70 4607 75 29 0
5SU<40 | 479 1808 45 10 0
1ISU<5 |13 9 0 0 0
AT communication =100 ms
20-200 ms | 200-500 ms | 500-1000 ms [ 1000-5000 ms | 5000-60000 ms
80 <U <90 |2652 4435 —“ 31
70<U <80 [417 3265 105 49 0
0=U<0 SO 570 |75 2 0
5<U<40 |78 2209 45 10 0
ISU<S |6 16 0 0 0

Figure 7-87 shows the percentage increases of the Power Quality indices N3b considering an increase
in the voltage dips duration. The analysis results are certainly bad than a real situation, because the
study considers that all the voltage dips that originally have a duration of between 20 ms and 200 ms
are prolonged. Since probably not every traditional network protection relay will be replaced with an
“innovative” one, only the events occurred in lines with logic selectivity will be affected by an
increase in the duration and it’s therefore reasonable to expect that the Power Quality indices
worsening is less pronounced.

In any case, the indices deterioration is a factor to be taken into account in the new network protection
system evaluation. Finally, it should be pointed out that the voltage dips duration increasing is
connected to the communication delays between the protection relays and therefore, in the final
analysis, it depends on the technology used to implement this communication.

100
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Figure 7-87: Power Quality indices of the network performance N3b and R-DFI considering different

communication delays - national data 2011
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7.10 Final Considerations

In this Chapter, after a brief description of the Italian protection system and of the reference Standards,
a possible protection coordination scheme suited for mixed passive and active distribution networks
has been presented. The protection coordination is made possible by introducing a communication
channel to exchange the commands between the relays themselves and toward the Distributed
Generators connected to the network. Central point of this approach is the use of directional over-
current protection relays (to ensure the system selectivity in case of both poly-phase and single phase
faults to ground) installed along the feeder in a radial distribution network. The main advantages of
this protection scheme, than the traditional one, are:

e the faulty line segment selection, reducing the number of users disconnected;
the possibility to accept reverse feeding;
e the reduction of the unwanted island operation probability.

The aim of the study is to assess the validity of this coordination scheme for different types of fault
and different network configurations. The simulation results underline that the proposed protections
coordination scheme allows to manage correctly passive networks and networks with distributed
generators and to guarantee the logic selectivity also in presence of reverse feeding. The system is able
to operate also in case of malfunction of the communications, even though with reduced performances
similar to those obtained with the typical protection scheme for passive networks.

On the other hand, the proposed solution has some drawbacks due to the need of redundancy and
communication time lags. This last issue introduces a thermal stress for the lines during the fault,
quantifiable by the index I°t, and a general voltage dips duration increasing, with negative effects on
the network voltage quality performance. In particular, considering voltage dips recorded at national
level by the QUEEN monitoring system during the year 2011, it is possible to verify that if the
protection relays tripping delays are about tens of milliseconds (20 ms to 60 ms) the Power Quality
indices vary in order of few percentage points. More significant worsening (up to 120 %) can be
obtained in case of longer delay.
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CONCLUSIONS

The network evolution toward an active network, with the increasing in the Distributed Generation
(DG) installations, leads to analyse what impact the DG has both on the voltage quality in terms of
Power Quality and on the distribution network operation and automation, even considering the
Standards evolution about the requirements for the connection to the network.

In particular, the impact of the generation interfaced to the distribution network through power
electronic devices (inverter) has been analysed in terms of:

harmonics, flicker and operation with mains voltage unbalance;

ability to overcome the voltage dips (Fault Ride Through - FRT) and mains voltage support;
active and reactive power exchanges management;

DG integration management in the most general network automation system proposing a
protection coordination scheme based on the logic selectivity.

The analysis has been conducted through digital simulation in ATPDraw and DIgSILENT
environments after the modeling of distribution network and distributed generation, with particular
attention to the typologies and controls of the inverters (Chapter 2).

In detail the activity has been focused on photovoltaic and wind generation but the survey method
used and the results can be extended to every type of distributed generators connected to the network
through power electronic converters.

A laboratory experimental activity has also been carried out, supported by theoretical
analysis/modeling, oriented to the functional tests for photovoltaic interface inverters, considering new
requirements imposed by the recent national Standard (CEI 0-21). The tests have been performed both
on an “old conception” inverter, i.e. designed according to the previous Standard, and on an
“advanced” inverter, that is designed to provide the required functionalities even if not in full
accordance with the Standard.

In general, all the activities have highlighted that the impact in terms of Power Quality (Chapter 1) and
the capability to provide ancillary services to the network (Chapters 3 and 4) depend on the electronic
network interface characteristics:

e design/capability, power configuration and modulation strategies (multi-level structures,
interleaved solutions);
* management control strategy:

o FRT (a condition of stand-by during the voltage dip is preferable to avoid the inverter
current limitation operation and so the device is ready to exchange the pre-dip power
with the network after the normal network conditions restoring);

o the operation in presence of unbalanced steady state networks (control techniques
optimized for these conditions are in fact not very effective to overcome the voltage
dips for example those originated from two-phase faults, Chapter 5).

The main laboratory tests purpose is the deepening of issues to implement these new inverters
capabilities, in particular it’s resulted that “old conception” devices can satisfy the new Standard
requirements with a firmware update and a capability curves revision (Chapter 6).

Finally, the connection to the network of distributed generators implies a critical revision of the
network protection scheme even considering a greater level of network automation itself (Chapter 7).
It has been proposed and analyzed a possible protections coordination scheme based on logic
selectivity that can be applied with success both in passive and active distribution networks using
directional over-current protections installed along the line and introducing a communication channel
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to exchange the commands between the relays and toward the distributed generation connected to the
network.

From the simulations, which took into account different types of network faults, it is clear that:

e the proposed protections coordination scheme allows to manage correctly passive and active
networks:

o thereby reducing the possibility of unwanted island operation;

o allowing the line fault segment selection keeping the DG upstream the fault
connected to the network, thanks to FRT logics, and reducing the number of users
affected by the interruption;

o confirming the possibility of reverse feeding the line keeping the logic selectivity
even in this condition;

e the presence of the communication channels introduces delays that increase protection relay
tripping time and this implies:

o a greater thermal stress for the lines during failure, quantifiable by the index I’t;

o a general voltage dips duration increasing, with negative effects on the network
performance in terms of voltage quality.

In conclusion the activity offers a general methodology for classification and analysis of the issues
related to the DG connection through power electronic converters, regardless of the type of primary
source, pointing out possible actions to be taken for their resolution. The results, especially in relation
to the evolution of the protection systems in distribution networks, may represent a starting point for
their laboratory and/or field activities to test the technological limits of the current products and
evaluate their possible development to be effectively used in the future networks.
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