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Abstract:

Renewable energy-based generation like wind and solar farms present a different response to short
circuit than conventional synchronous generators due to their coupling trough power electronics-
based inverters. Those so called Inverted Based Resources (IBR) behave like current sources as
opposed to voltage sources and their short circuit current is highly determined by their control system.
This fault current is generally limited to around 1.2 p.u. and is characterized by the lack of an expected
negative sequence current (12) due to most current control philosophies only taking in account positive
sequence even in the presence of unbalanced faults. Protection Units that are based on 12 for fault
recognition like Directional Sequence Overcurrent or Faulted Phase Selectors (FID) are foreseen to
particularly suffer the lack of 12 expected from traditional Synchronous Generation. Modern Grid
Codes specify advanced Low Voltage Ride Through (LVRT) requirements, including 12 control.
Besides sequence components, Faulted Phase Selector algorithms makes use of incremental
quantities concept to successfully identify faulted phase. Incremental quantities theory is based on
the superposition principle, which is also expected to suffer in presence of IBRs. Present work goal
is to provide a good understanding of the IBR phenomena that impacts protection engineering and to
put to test different protection functions under IBR presence.

Keywords: Wind energy, inverter control, protection relays, negative sequence, incremental quantities, faulted phase
selector

Resumen:

La generacion basada en energia renovable, como parques edlicos o solares presentan una respuesta
ante cortocircuito diferente a los generadores sincronos convencionales debido a su acoplamiento a
la red mediante inversores basados en electronica de potencia. Estas llamadas fuentes de generacion
basados en inversores (IBR) se comportan como fuentes de intensidad, no como fuentes de tensién
y su intensidad de cortocircuito esta determinada en gran medida por su sistema de control. Esta
intensidad esta generalmente limitada alrededor de 1.2 p.u. y esta caracterizada por una falta de
componente de secuencia inversa (12) debido a que la mayoria de filosofias de control actuales toman
en cuenta solo la secuencia positiva aun en presencia de faltas desbalanceadas. Debido a esto se
prevé que funciones de proteccion que estan basadas en |2 para reconocer faltas como Sobre-
Intensidad Direccional de Secuencia o Selectores de Fase en Falta (FID) sufran la falta de este
componente que se esperaria de generadores convencionales. Los codigos de red modernos
requieren una capacidad para soportar huecos de tensiéon que incluyen control de 12. Ademas de
utilizar componentes de secuencia, los selectores de fase en falta hacen uso del concepto de
cantidades incrementales para operar. La teoria de cantidades incrementales esta basada en el
principio de superposicion, que también se espera que sea impactado en presencia de IBRs. El
objetivo del presente trabajo es proveer una descripcion del impacto de las IBRs en la ingenieria de
protecciones y poner a prueba diferentes funciones de proteccion en presencia de IBRs.

Palabras Clave: Generacién edlica, control de inversores, relevadores de proteccion, secuencia inversa, cantidades
incremental, selector de fase.
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1. Introduction

Governments around the globe are striving to comply with their goals of renewable energy share in
their energy mix. Protection engineers and relay manufacturers are in need to review the impact
that a grid with increased introduction of Inverter Based Resources (IBRs) will have on the
performance of their protection algorithms. [1] Reviews the potential impact on Line Differential
Protection (ANSI code 87L), on Distance Protection (21) and on Directional Ground Overcurrent
Protection (67N), being the lack of a currently observed 12 the main driver for malfunction of
protection units. This Final Master Work aims to describe basic inverter control theory and verify
the impact of inverter control philosophy on Incremental Quantities based Faulted Phase
Identification using MATLAB Simulink®.

2. Context

IBRs current contribution is heavily dependent on control strategy used [2]. Previous work has been
done on modelling Wind Turbines (WT), but mostly focusing on active and reactive power grid code
compliance for symmetrical voltage dips like in [3], [4], [5] or asymmetrical dips but complying to
older grid codes like [6] in which no treatment is given to negative sequence components and often
no mention of the control system used is done like in [7]. Given the benefits for both WT and the
power grid of negative/positive sequence current injection during LVRT, grid codes have recently
added this requirement, but most EMT models available in commercial software have fallen behind
to include according strategies in their simulation blocks, as even stated on CIGRE 2018 release:
“Most of the commercial software provides only positive-sequence current injection function” or
“In the future a TSO may require that IBRs provides a negative sequence current in case of
unsymmetrical faults mainly to ensure sufficient voltage recovery for all three phases” [8]. As
reviewed in [9], [10], [11] and [12] a model whose control includes sequence decomposition is
indispensable for asymmetrical short circuit response studies.

3. Objectives and Benefits

The benefit of the present work is that it presents a clear description of the control systems of IBRs
for the two main kind of wind turbines, focusing on the characteristics that impact the behavior of
those during fault, and therefore protection functions. Besides, the focus of the analysis is on the
fault response during asymmetrical faults, while most of the currently available work focuses on
symmetrical faults. In order to conduct a correct analysis of asymmetrical faults, standard models
available on simulation software were modified to include LVRT characteristics required by latest
grid codes. In the development of this work, three different simulation software packages were
tested to achieve a reliable simulation of the two types of wind turbines, however none of them
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offered a model with control modes updated to latest grid code requirements or commonly used
protection methods. MATLAB Simulink® was finally selected due to the friendly environment
offered to add features to the control scheme, which as stated is crucial to achieve simulations
results that can actually compare to reality.

4. Inverted Based Resources

Independently of the primary source of energy, the impact of renewable energy on the electrical
system is determined by the type of interface the generator has with the grid. Wind turbines (WTs)
are usually classified in four types, according to the technology they use to interface to the grid and
export generated power:

e Type | are squirrel-cage asynchronous generators (AG) directly connected to grid with a

step-up transformer.
\.\Le Grid

Fig. 1 Type | Wind Turbine [13]

Capacitor Bank

e Type ll are wound rotor asynchronous generators, which control rotor speed with a variable
resistor.

Grid

Capacitor Bank

Fig. 2 Type Il Wind Turbine [13]

e Type lll turbines are double feed induction generators (DFIG), whose stator is directly
connected to the grid and rotor is connected with a back to back power electronic based
converter, with rating of around 25%-30% of the turbine rated power. Gearbox is still
needed on this configuration.
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Grid

i3

Rotor Side Grid Side
Converter Converter

Fig. 3 Type Ill Wind Turbine [13]

e Type IV The full-scale WT mainly consists of a variable speed-controlled generator,
connected to the grid through a full-scale back-to-back power converter, as it is shown in
Fig. 4. The generator can be an asynchronous generator (AG), an electrically excited
synchronous generator (EESG) or a Permanent Magnet Synchronous Generator (PMSG). The
gearbox is not necessary in this case since the usually used generators can operate at lower
speeds due to their high number of poles.

\-\4@ g T |

Rectifier Inverter

Grid

Fig. 4 Type IV Wind Turbine [13]

Type | is considered “fixed speed” since its synchronous speed is given by the machine number of
poles and the grid frequency, which makes them inflexible and caused them to be replaced by the
Type Il [13]. The problem with type two is that adding resistors on the rotor side brings efficiency
down as the extra energy form wind speed changes id dissipated on those resistors. Due to this
reason, these two designs have been abandoned by the industry and Type Il and VI currently
dominate the market. Type lll and IV can be classified as IBRs and in which this work will be focused
on. A further division of the Type IV classification is made on [14] since recent developments already
available on the market include full converter machines equipped with gearbox but this work will
take all full converter equipped machines as one single Type IV category.

4.1.1BR Control
Before jumping into the electrical portion of the Type Ill and Type IV WTs an introduction of the
basic aspects of commonly used control strategies for mechanical portion will be done:

e Turbine yawing.
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This control consists on the rotation of the turbine along its vertical axis, in order to align its “face”
or turbine’s plane of rotation to the wind flow for maximum energy extraction. Modern turbines
employ electric or hydraulic azimuth drives consisting of a motor and gearbox, a ring gear and a yaw
controller [9].

* Pitch control.

The fraction of power converted from wind power P,;,- to mechanical power P, is determined by
the air density p, wind speed v and power coefficient C, (1).

1
Pp = Cp* Py = ECppv3 (1)

Where C, is a function of pitch angle 8, and tip-speed ratio A.

Pitch control acts on 8 to regulate power extraction, it is important to mention that the relationship
between f and C, is non-linear and control most take it into account.

Early introduced WTs like Type |, made use of the above-mentioned control strategies to control
turbine speed at a given operation point, but allowable deviation couldn’t go further than 1 %.
However, maintaining constant speed under diverse wind conditions causes huge stresses on
mechanical components. Variable-speed turbines (with rotor speed variation of up to 30% of rated
rotor speed) have since been introduced and have captured the majority of the market. These
variable-speed turbines employ a number of different methods to achieve their goals, while both
mechanical (changing of gear ratios) and electrical methods (frequency converters) are feasible for
speed changing, in practice electrical methods are preferred since they offer faster and more
reliable methods of speed control. Variable-speed turbines have reduced dynamic loading on the
mechanical as well as electrical systems, and also increase the time spent operating at optimal
performance levels [15].

4.2. Power Converter

As previously stated, currently most used WTs are Type lll and IV which make partial or full use of
electronic based power converters. Power converters can be classified per their topology in Current
Source Converters or Voltage Source Converters (VSC); per their commutation method, phase-
controlled, (typically using thyristors and natural commutation synchronized with the grid voltage)
or Pulse Width Modulation (PWM) using forced commutated devices; and per their number of
conversion cells, like single cell converters (like neutral point clamped multilevel converters) or a
multicell converter (like cascaded H-bridge or interleaved converters) [9]. Among this classification,
the standard solution is the PWM-commutated multilevel VSC, which allows better control of the
injected power and harmonics and employ standard power devices.

10
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4.3. Voltage Source Converter Control
In order to review the control strategies of the before mentioned power VSC, one basic concept for
Space Vector Control is needed. For an easier analysis and control of a three sinusoidal phases
system, two mathematical transformations are used to treat it as a two-phase time-invariant
orthogonal one, by changing the reference frames in which the system is represented. This
reference frame change is achieved with the use of the Clarke and Park transformations.

Clarke Transformation: Also called a,B transformation. It allows to change between two different
reference frames, the abc coordinate reference frame to the af0 reference frame. Both reference
frames are shown in Fig. 5, where the af plane holds all the symmetrical vectors, this means, vectors
with no zero sequence, or those vectors in which v, + v, + v, = 0. On three-wire systems with no
ground connection, as it is usually used for WTs, no component is expected on the 0-axis of the a0
frame, which is aligned with the space diagonal of the abc reference frame.

i ‘a,"l'll = ‘.:h

a— 3 plane

Fig. 5 Graphical representation of the aB0 reference frame [15]

If the a-axis is aligned to the a-axis, and disregarding the zero component we have the conversion
matrix shown in (2), in which the amplitude of the transformed components, either voltage or
current is maintained.

1 ! ! i

W _2|t T2 [l
Gl=3| v H @)

7 "zl

Park Transformation: Also called d,q transformation. It allows to change between two orthogonal
axis reference frames which are displaced from each other by an 8 angle. In this case, it is used to
change from the af0 reference frame to a synchronous or dq0 reference frame, which is based on

11
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two orthogonal dq axis rotating at frequency w, which are placed at the 8 = wt angular position on
the af plane. Fig. 6 adds the mentioned dq0 reference frame to the previously seen graphical
representation of the abc and af0 reference frames.

I “
Vi
o, V= Vg = Vogon = Ve
LA
v |
T v p
W
v, g 9 ’J,,-'
Rt
D’/ v o
d

a— f plane ﬂ.l,./

Fig. 6 Graphical representation of the dqO reference frame [15].

If the d-axis is at an angle O (rotation angle) to the a axis, and disregarding the cero axis, we have
the following conversion matrix.

[id] _ [cos (@) sin(6) [ia] (3)

igl — [—sin(@) cos (8)]lig

As a result of the above-mentioned reference frame shift. The signals represented on an static (af0)
reference frame, which were time variant (sinusoidal), now appear as time invariant since the new
reference frame (dq0) is also rotating at synchronous speed.

A graphical two-dimensional representation of applying both Clarke and Park transformations is
shown on Fig. 7 for a more practical understanding of this concepts.

Three-phase reference frame  Two-phase reference frame Rotating reference frame

1s ‘\Iq

\ _-
. e
_____ | e \_4F
o axis
I
"w\ T Iq
" N -
\ ’ T
N 5 o / |
AY L I
~ A -

Fig. 7 Reference Frames Transformation [16]

12
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By applying this transformation, three phase AC currents and voltages can be controlled as two DC
currents independently by classical Proportional Integral (Pl) controllers as will be shown for each
WT Type in the following section. Since the d axis is aligned with the measured ac grid voltage phasor
and this results in a zero value of the g axis component of the measured voltage as illustrated in Fig.
7. this strategy enables independent control of active and reactive power, and dc and ac voltages
[17]. However, classical Pl controllers have two main disadvantages. The PI controller is unable to
track a sinusoidal reference current without an appreciable steady-state error and has a poor
disturbance rejection capability. The reason for this is the inadequate performance of the integrator
when the disturbance varies periodically[17]. Proportional-resonant controllers need only Clark
Transformation to operate at static two-phase reference frame and bring different advantages and
disadvantages but are not the mainly adopted solution by the industry so were left out of the scope
of this analysis. A good insight on resonant controllers can be found on [18]. Present work is focus
on Pl controller’s strategy.

Fig. 8 shows the connection of a Voltage Source Converter to the grid through a coupling reactance
(Rand L).

G R L
—( ) AN—TT g,
= —

£ .
B i k. A W Y o 28
B

Le

il .—I

L
B VP,
L

Fig. 8 VSC Coupling Inductor Scheme

Relations among phase voltage and phase currents in the coupling reactance represented in the abc
reference frame, are given by the following equations:

_ di
ea—l/;1=R-la+Ld—: 4)

di,
—V,=R-iy+L—2 5
€p b lp + dt ()

di
eC—chR-ic+Ld—: (6)

Which can be transformed in the dq reference frame and written as follows:

di
eq—Vi=Rig+1L d—:‘— wsLig (7)
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di
eq = Vg = Rig + L —1+ wsLig (8)

Where wg is the grid angular frequency. These two equations are the principle of the VSC control to
be used for Type Ill and IV WTs. They also show that the d and q axes voltages are interdependent
due to the frequency voltage cross coupling terms w;Li, and wsLi,. Being equations (7) and (8) the
basis for the current control or inner loop shown in Fig. 9. 888

Based on instantaneous power theory, active (P) and reactive power (Q) can also be given in dq axes
as follows:

P = (edid + eqiq) (9)
Q = (_ediq + eqid) (10)
By aligning e, or grid voltage to the phase a axis, or making angle 8 shown in Fig. 6 equal to zero, no

egcomponent is present, and the reference for active and reactive power can be derived from
equations (9) and (10) [17].

Pref

icljef = Z (1 1)
. QT‘E
lqrer =5 (12)

q

Which are used for the outer control loop shown in Fig. 9.

Based on previously described model, the control philosophy for a voltage source inverter is shown
in Fig. 9. Where through monitoring voltage across the coupling inductance, the control system can
generate current references to manipulate power levels. This control strategy is applicable for both
Type lll and IV WTs and needs to be kept in mind in the following paragraphs.

Power and Reference
voltage Curn{m modulation
set points Sl pomts signal
MPPT and l Out. l Inner l PWM
; uter s
orid level current switching —
i controller ke
control controller logic

Fig. 9 Overall cascaded control structure of a voltage-source inverter [17]

MPPT stands for Maximum power point tracking for wind turbine generators and can be extended
to solar PV generators.

In order to get the O angle needed for the reference frame transformation different grid
synchronizing techniques can be used, which can be classified into two main groups, namely the
frequency-domain and the time-domain detection methods. Among the frequency-domain ones are
the, the Discrete Fourier Transform (DFT) and the Recursive Discrete Fourier Transform (RDFT).
Among the time-domain detection methods, the most common one is by the use of a Phase Lock
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Loop (PLL). APLL is a closed-loop system in which an internal oscillator is controlled to keep the time
of some external periodical signal by using the feedback loop. A deeper insight on a PLL structure
can be found in [15]. On this work, PLL will be used in the models which will be described lately.

As seen in Fig. 9, the output of the control loop is the modulation voltages, which the PWM
translates in a switching sequence for the converter power electronics, a deeper review of the PWM
technology can be seen in [19]. The aim of a PWM in power generation is to shape the output of an
inverter by controlling the width and frequency of the switching devices. The scope of this work will
reach the input signals for the PWM leaving the conversion to AC inside the converter as a black
box.

4.4, Full Scale Converter Wind Turbine (Type V) Control
As it was previously mentioned, the full-scale converter of a Type 4 WT consists of a Grid Side
Converter (GSC) and a Stator Side Converter (SSC) as shown in Fig. 10. Control strategy shown is
based on the model of a PMSG based WT, in which when the g-axis is aligned to the rotor magnet
flux (¥), the dynamic model in dg-reference frame can be described per the following equations:

di
Usqg = _Rsiscl - Ls d_id - strisq (13)
. disq . 14
Usq = ~Rslsg = Ls — = + Lswrisg + 0¥ (14)

Where ugq, Usq, i5q, Isq are stator voltage and currents in dq reference frames, R; is the stator
resistance and L is the stator inductance, and W is the magnet flux.

The electromagnetic torque is given by (11).

3 i
T = Eplplsq (15)

where p is the pole pairs, from which can be concluded from that the torque of the generator, as
well as the output active power, can be controlled by controlling the g-axis stator current.
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Fig. 10 Type IV WT Control Scheme [20]

Control Scheme shown in Fig. 10 follows the logic seen in Fig. 9 for both SSC and GSC. Where *
indicates a reference signal.

The purpose of the SSC is to control Torque to match P requirements and to keep Q at a minimum.
wy. is derived from the P*input sent by the Park Controller to the WT. wy is translated to ig, by the
speed controller (outer loop), which is compared with the measured iz, and gives a reference
voltage usq, for the PWM to control de SSC output (inner loop).

The purpose of the GSC is to control the voltage at the V. bus and the Q interchange with the grid
(outer loop). Since the d s is aligned with the Grid voltage vector, V. is controlled trough is; and
Q trough i, (inner loop).

4.4.1. Outer and Inner Loop

Fig. 11 shows a deeper insight of the actual loops inside of the Power or Speed Controller Blocks
(Outer Loops) and the Current Controller Blocks (Inner Loops) shown in Fig. 10. As previously stated,
the outer loop takes reference of P or V., Q or V., and creates the reference on iy, terms for the
inner loop to operate. DC Bus Capacitor shown in Fig. 10 acts as an energy storage, rising V;. when
more P is being generated by the PMSG than injected to the grid by the VSC and vice versa, therefore
V4c can be taken as a measure of P as seen in the GSC control i; loop in Fig. 10. Q and V.,
references are created in the outer loop depending on the park controller operation mode, Voltage
Control or Power Factor control.
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Fig. 11 VSC Outer and Inner Current Control Loops [17].

f

After the outer control loop has created the reference i;ef and ige , inner control loops operates

according to equations (7) and (8) to generate vgef and v;efby comparing to measured vy and v,
and adding coupling component —w;Li, and vw,Li4, as seen in Fig. 11 PI controller gains are
calculated based on the coupling reactance R and L values.

4.4.2. Type IV WT control in Double Synchronous Reference Frame
Control configuration shown in previous section is design to operate on a balanced grid condition.
However, in presence of asymmetrical faults, negative-, positive- and zero- (if grounded) sequence
voltage components appear at the terminals of the inverter. Under this conditions, accurate current
regulation requires control, of both positive sequence current (I11) and negative sequence current
(12), therefore is typically a Double Synchronous Reference Frame (DSRF) required, where currents
are first transformed to the af reference frame and then sequence components are extracted by
either notch filters or delayed phase shift transformation, with the disadvantage of increasing
computational complexity [21]. Once the components are extracted, in grid codes where negative-
sequence reactive current injection requirement is not explicitly made, inverter manufacturers
usually suppress the negative-sequence component and inject a positive-sequence current
component only. Control philosophies were 12 is suppress are called Coupled Sequence Control
(CSC) and when 12 is taken in account are called Decoupled Sequence Control (DSC) in [22],
terminology that will be used along this work. Under CSC inner control loop, double frequency
power oscillations arise, which degrades the system performance and reduces the system reliability
[23]. An explanation of the origin of this double frequency oscillations can be found in [24], [25]
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and [23]. In order to eliminate these oscillations, a DSC is needed, which treats sequence
components on separate loops and injects a negative sequence current whose amplitude is
proportional to the negative sequence terminal voltage [26]. When grid codes require negative
sequence current injection, a dual-sequence control scheme with a negative-sequence dqz2 rotating
reference frame is required as shown in Fig. 12, where the inner control loop Pl controllers are
duplicated to act on the negative and positive sequence components of the dqg currents and voltage
and the AC reference voltage for the converters is comprised of both components. This negative
sequence component control is required since when a grid fault appears, the objectives of VSC
interface are, besides delivering average active and reactive power to the grid as specified in the
Grid Code, also to minimize instant active and reactive power ripple, to deliver balanced grid
currents, to control maximum grid current value, and to minimize dc-link voltage ripple [12] . These
objectives are pursuit by control strategy by injecting currents that attempt to minimize negative
sequence voltage while maximizing positive sequence voltage, tending to restore the voltage profile
as if no sag has occurred, to the extent of the inverter physical limitations [11]. From the power grid
point of view a pure positive sequence current injection in the presence of unbalanced voltage leads
to higher phase over voltages, which should be avoided [10]. A good comparison of WT fault current
behavior under CSC or DSC is done in [27] and [10]. It is important to mention that for the correct
operation of a grid-connected inverter under unbalanced conditions a more complicated phase
extraction method than the classical PLL is required for extracting positive and negative sequence.
Such more complicated PLL schemes like the Decoupled Double Synchronous Reference Frame
(DDSRF), Dual Second Order Generalized Integrator (DSOGI), Cascaded Delayed Signal Cancellation
Phase Locked Loop PLL, etc. add complexity to the design and implementation of the control scheme
[28], [29]. A good explanation of the DSOGI is given in [15] and [29].
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Fig. 12 Voltage-source inverter positive- and negative-sequence inner current control [1 7]

4.5. DFIG Wind Turbine (Type Ill)
As previously stated, DFIG machines evolved from the idea of controlling an Asynchronous Machine
speed, which was not possible with the first Type | WTs, since the rotor on a squirrel cage machine
is not accessible. This was firstly achieved by interfering rotor winding with resistors and later by the
DFIG machine. In order to explain the principle of how a DFIG machine achieves this flexibility in
operation the basics for induction machine needs to be reviewed:

For an Induction Machine, the difference between being a motor or functioning as a generator lies
in the speed of the rotor. In general, if the rotor speed is higher than the synchronous speed then it
behaves as a generator (stator rotating magnetic field follows rotor magnetic field), and if the rotor
speed is less than the synchronous speed (rotor magnetic field follows the stator one) it becomes a
motor. The synchronous speed is determined by the line frequency and the number of poles of the
stator winding (16).

Ng =— (16)
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Previously mentioned behavior can be seen in Fig. 13, from which many interesting characteristics

of the induction machine can be deduced but for our purpose we will focus on the fact that at
synchronous speed no torque is delivered as a motor or used as a generator.

Torque

Range of possible \
speed variation ||
as a motor

= &pead

Fig. 13 Torque-speed characteristic of a Three Phase Induction Machine [19].

The difference between the speed of the rotating magnetic field (synchronous speed, Ng) and the

rotor speed (N) is called the slip speed, and the ratio of this difference to the synchronous speed is
called slip (S), as shown in following formula:

s NN _, N (17)
Ny Ny

When an induction generator works, a low-frequency AC current, proportional to the machine slip
flows through the rotor windings. With fundamental frequency varying from a few Hz to a few tens
of Hz [30].

foun == o= 5 (1-2) =51, (18)

where f; is the synchronous frequency (50 or 60 Hz) and f,. is the rotor rotational frequency

proportional to the rotor speed. This concept of rotor current at slip frequency is the base for
understanding the functioning of the DFIG machine.
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DFIG based WTs (Type lll) present two main advantage over Squirrel Cage (Type |) and Resistor
Controlled (Type Il) Induction Machines. First, it is capable of controlling P and Q output, while the
previous ones need to consume Q. Second, a DFIG WT can work at a wider range of wind speeds.
For example, typical wind speed range of Type | and Il WTs goes from 4 m/s (9 mph) to 20 m/s. In
comparison, a DFIG can work in the range of 3 to 24 m/s wind speeds. With the lower end extra 3
m/s range not being significant but the upper extra range being pretty important [19]. An additional
advantage of the Type lll over the Type Il WT is the reduction in losses since instead of adding
resistances to the rotor circuit, power can be injected back to the grid.

As seen in Fig. 14, on a DFIG, stator is connected directly to the step-up transformer that connects
the wind turbine to the grid, while the stator is connected through a bidirectional back-to-back AC-
DC-AC converter. This converter is composed of a Rotor Side Converter (RSC), a DC Bus and a Grid
Side Converter (GSC).

Iy
I DF!G
| | Transformer Grid

/““ 55}

“ A \:f
RSC GEC \
|| AC }—+—IbC |
o —"F”
// } / j/ T
< =y 2o Filter
e >

Fig. 14 Type Il WT (DFIG Based) Basic Scheme [20].

As it was mentioned, the most important advantage is related to the DFIG ability to operate below
its synchronous speed and at up to 30 to 40% higher than its synchronous speed. Speeds below the
synchronous speed are called sub-synchronous, and those above the synchronous speed are called
super-synchronous speed.

As long as the generator speed is higher than the synchronous speed, the DFIG could behave as a
common induction machine, but in order to increase its range of operation to higher winds speed,
at this called super-synchronous operation, the alternating current in the rotor winding is rectified
to DC and inverted to feed the grid. This current removal reduces generated torque and allows to
keep generating energy at a wider range of wind speeds. In this operation mode, power is
transmitted to the grid trough both the stator and the rotor as shown in Fig. 14 in green power flow.

Beyond increasing the wind speed operation range at super-synchronous speed, as it was
mentioned, the DFIG can even work at speed below the synchronous one, at which a common
induction generator would behave as a motor. If the rotor of a common induction generator speed
drops down to the synchronous speed, slips goes to zero, no current is induced and power
generation goes to cero, if speed keeps going down, negative slip is produced and the generator
becomes a motor drawing current from the grid. On a DFIG, if slip goes down to cero or below, the
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back-to-back converter draws current from the grid and injects it into the rotor to keep the stator
generating. This current is injected at an opposite polarity to the current that the stator field would
induce in the rotor to work as a motor, canceling it out and forcing the opposite polarity to keep the
stator rotating magnetic field following the rotor magnetic field and generating, this is equivalent to
adding mechanical energy to the generator. In this operation mode, power transmitted to the grid
is the one produced by the stator minus the one drawn by the rotor but still positive as shown in
blue in Fig. 14

A comparison of the extended range of operation reached is shown in Fig. 15. Where dashed purple
line shows usual behavior of an induction machine like the one shown in Fig. 13. Blue lines show
lighter manipulation of current and red one drawing or injecting more current. Lines in the upper
part of the picture show how for super-synchronous speed, torque can be maintained constant at
different speeds by extracting more or less current from the rotor. Lines on the lower section show
how the zero-torque point at which the machine would turn into a generator is shifted to the left as
much current is injected into the rotor, allowing for a wider range of operation.

Tt rque P
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the rotor winding
Fig. 15 Extension in the range of operational speeds in a DFIG [19].

Above comparison of the DFIG machine to an asynchronous machine is valuable to understand why
can the Type lll WT have an extended range of operation with a low loss, taking into account the
frequency of the injected current into the rotor circuit to match slip speed. However, since the RSC
allows for complete control of the current, phase shift can also be achieved. A detailed explanation
of the comparison of a DFIG to a Synchronous machine is done in Chapter 7 of [31], where the
following conclusions can be extracted to complete the analysis of a Type lll WT capabilities.
Controlling the magnitude of the rotor current component in phase with the stator voltage, controls
the real power, while controlling the magnitude of the rotor current component out of phase with
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the stator voltage, controls the reactive power. Being this capability to control reactive power the
second advantage of the DFIG machine.

Vector control of a Type Ill WT is similar to the one of a Type IV on the already seen outer control
loop, in which the active power reference (Pys;4) is given by the MPP and the DFIG positive
sequence terminal voltage reference (Vf;4) by the park controller, it is in the inner loop where the
difference between a Type IV and a Type lll can be seen.

RSC controls P and Q flow from the stator of the DFIG to the grid. This is achieved by controlling the
magnitude, frequency, and phase angle of the three-phase currents injected into the rotor by the
duty ratio (PWM) control of the VSC. GSC regulates the DC link voltage by providing a path for the
active power transfer (positive or negative) between the rotor side converter and the grid, besides
providing additional reactive power support to the grid [30].

Now, applying reference frame conversion seen previously, DFIG control can be seen in Fig. 16,
where i, and iy, are the g- and d-axis currents of the RSC, ;4 and iy, are the g- and d-axis currents
of the GSC. RSC operates in the stator flux reference frame and the GSC operates in the stator
voltage reference frame. Therefore in Fig. 16 scheme:

® i, isusedto control Pysig.

® gy isusedto control Vysig.

® igg isused to control V.

® 44 isused to control additional Q during faults.

These currents references, indicated by a (") in Fig. 16 are used by the inner control loop to generate
the modulated switching signals for the PWM controlled converters.

Inner
Control
1

maximum power (Wgen
tracking point ¢

Fig. 16 DFIG Control Scheme [32]
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5. Fault response of IBRs

5.1. DFIG Wind Turbine (Type Ill)

On a DFIG, stator terminals are directly connected to the grid. As a result, the initial transient
response following a sudden voltage drop (as a result of grid fault) is dominated by the
demagnetization of the induction machine which may result in high stator peak currents [27]. This
stator overcurrent is transmitted, due to the magnetic coupling, and the laws of flux conservation,
to the rotor windings [33]. These overcurrents, which can be up to three times the nominal value
of the current, can damage the rotor and stator windings, but can be especially critical for the
semiconductors of the RSC, that can reach a thermal breakdown [34]. A good vectorial explanation
of this phenomena is given in [35]. Furthermore, the surge following the fault includes a “rush” of
power from the rotor terminals towards the converter. As the grid voltage drops in the fault
moment, SGC is not able to transfer the power from the RSC to the grid and therefore the additional
energy goes into charging the DC bus capacitor, dangerously rising its voltage.

As analyzed in [13], on steady state, voltage on the stator creates a rotating magnetic flux
proportional to the magnitude of this voltage, called direct flux. During faults, since voltage changes
rapidly on the stator, a transient component of the flux arises to compensate for this change, which
is fixed in respect to the stator and decays with time, varying with the current present in the rotor,
this flux is called free flux.

Based on this interpretation, it can be stated that the voltage on the rotor is dependent on the own
rotor currents and also the voltage induced by the stator fluxes ¥}, as described in following
equation on stator reference:

OI =V +R, T+ L. —1" (19)

Where ] is the rotor voltage on rotor reference frame, 7. is the rotor current on rotor reference
frame and R, and L, are the machine resistance and inductance. v} is produced by three different
components, namely direct, inverse and free voltage.

Uy =v4+ V] + ﬁfr (20)
Direct component is caused by the direct component of the stator voltage through the direct flux

and is proportional to the slip in magnitude and since this flux rotates with the stator, its frequency
seen by the rotor is that of the slip (s), a few hertz.

yrd:L_.ﬁd.s.ejswst (21)
S

Where L,, and Lg are mutual and stator inductances.
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In case of an asymmetric fault, the inverse component of the stator voltage will also induce a
rotating flux in opposite direction, which is called inverse flux, which rotates at almost twice the
synchronous speed and therefore creates a higher voltage component:

~

v = L_m B - (2—s) e J@ st (22)
S

The component of the voltage induced by the free flux is proportional to the magnitude of the
voltage sag on the stator and its frequency is that of the electrical speed of the rotor.
R Ly -
Ury = L—m]a) sf (23)
S
Where Wsrf is the free flux produced by the discontinuity on the stator flux caused by the fault,

referenced to the rotor.

In order to protect RSC the most extended solution is based on the use of a protective circuit known
as crowbar, as shown in Fig. 17. This device consists of a three-phase diode bridge for AC/DC
conversion, and a switching device such as a GTO in series with a small resistance on the DC side.
When an over-current condition is detected, the GTO is switched from the off to the on state and
shorts the rotor windings, therefore bypassing and protecting the RSC [15], making most of the
voltage drop to happen across the resistance and not on the RSC terminals, but also incapacitating
Q and P control, leaving the DFIG working as a common induction machine, withdrawing reactive
current from the grid, which is totally opposed to what fault support requires.

During asymmetrical faults [36], the higher risk faced by the DFIG is not the mentioned current
peaks, but the torque pulsations that cause wear on the gearbox and the DC ripple that impact DC-
link capacitor life cycle. This both effects are caused by the inverse flux.

Two main solutions are used to avoid crowbar activation and its subsequent loss of control.
Demagnetizing control and DC Chopper. First solution consists on bypassing steady state control of
the RSC during under voltage events to orientate RSC current injection towards reducing transient
rotor currents and minimize occurrence of crowbar interruptions. Second solution consists on the
addition of a DC Chopper connected on the DC Bus as shown in Fig. 17. This Chopper consists on a
set of resistances installed in parallel to the DC converter capacitor, which in case of severe grid fault
will limit over voltages in DC link, and these resistances will dissipate the energy that cannot be
delivered to the grid due to the short circuit. Both overcurrent on the RSC and overvoltage on the
DC bus which the Crowbar and DC Chopper try to avoid can be attributed to the excessive energy
generated that cannot be transmitted into the grid during the faults, due to the voltage drop they
generate.
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Fig. 17 Type Ill WT Protections Scheme [37]

A third solution for the usual loss of control during crowbar activation has been lately implemented.
An active crowbar circuit, which is similar to the usual (passive) crowbar shown in Fig. 17, but
interfered with IGBT switches instead of GTOs and therefore controllable. It bypasses the fault
currents from RSC while still providing limited control during grid fault conditions. Providing reactive
power support through the GSC to partially offset the Q consumed by the WT. This modern scheme
is left outside of the scope of this study.

A study on the impact of crowbar activation is presented in Fig. 18 for a three-phase fault, where is
worth noticing that with crowbar protection the fault current significantly drops down to a negligible
value in two electrical frequency cycles, changing considerably the behavior.

Impact of crowbar on fault current

1.8
| lerow= 1.6 (pu)

14
‘; £ With Out Crowbar Protection
a 08
=
=

0.4 «—— With Crowbar Protection

0.1 :

0.18 0.21 0.23 0.25 0.27 0.29 0.31 0.33 0.35

Time (s)
Fig. 18 Impact of crowbar on fault current [38].

Per the previously described behavior, in absence of the crowbar activation, it is expected than
collective response as the initial current magnitude is large enough to get distance relays operated.
Differential protection schemes should also be capable of detecting initial current. However, an
overcurrent protection scheme may face issues due to protection coordination delays and the
decaying response of such WTs.
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5.2. Full Converter Wind Turbine (Type IV)

On a Full Converter interfaced WT, response to faults is totally dependent on the control structure.
Generally, in case of Type-4 WTG, the initial short-circuit current is around 25 % of the rated current
and this builds up in 2-4 cycle to reach a rated value of constant current [30]. If such WTs are not
supported through some additional advanced control features then distance, differential, and
overcurrent protection schemes are most likely to have functional problems. Therefore, control
response to low voltage is strictly regulated by Grid Code as shown in Fig. 32. Since current is
dependent on the control strategy, Type-IV WT might be represented as a current source almost
right after fault inception. Due to these reasons, a higher focus on the control will be done for this
WT type.

6. Line Protection Principles

Given the afore mentioned differences between a SG and IBR’s, being those mainly on 12 behavior,
following protection principles were tested.

6.1. Negative Sequence Overcurrent (50Q)
This protection principle is based on the detection of |12 to detect asymmetrical faults and compares
the module of 12 with a certain set point to declare a fault.

6.2. Negative Sequence Directional Overcurrent (67Q)
This principle makes use of the relative angular difference between 12 and V2 on the fault, since as
seen in Fig. 19, 12 polarity changes depending on the fault location. In other words, it measures
impedance seen on its line end and determines current direction from impedance having either a
positive or negative value.

IF IF
2 12
| = .
} { } { } [ — ]
ZA2 I pufl? {1-p)x L2 ZB2 ZAZ ZL2 ZB2
W2 W2

Fig. 19 Negative Sequence Network for a Forward or Backward Fault

6.3. Faulted Phase Identification Algorithm

6.3.1. Negative and positive Sequence Current Angle Comparison.
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Distance Protection Relays incorporate a Faulted Phases Detector as part of the supervision units.
This function follows two basic principles to identify fault type.

1. Low negative-sequence current component.
2. Low zero-sequence current component.

e If both conditions are fulfilled, fault is classified as a three-phase fault.

¢ [f only condition 2. is fulfilled it means no connection to ground was established and fault is
classified as a two-phase fault.

e If only condition 1. is fulfilled it means connection to ground was established and fault is
classified as a single-phase or two-phase to ground fault.

In order to determine which phases are faulted, @ angle is analyzed:

® = arg(la;) — arg(Bla) (24)

Where:
I, is the negative-sequence current component referred to phase A.
Al 4 is the pure-fault positive-sequence current component referred to phase A.

Relation between positive and negative-sequence components provides fault classification
according to following criteria Fig. 20.

BCG

Fig. 20 Angular diagram for fault classification [39].
6.3.2. Negative and Zero Sequence Current Angle Comparison.
The principle behind such criteria, as explained in [40], is that the angle by which 10 leads 12 during

a fault (@), is given by sequence network representing at a fault.

@ =arg(a) — arg(ao) (25)
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As an example, Fig. 21 and Fig. 22 show a AG and BCG fault respectably, where Z; is the fault
impedance.

>
:; 3Z

Fig. 21 Sequence Network for an AG Fault

Z, I3 3Z¢

Fig. 22 Sequence Network for a BCG Fault

In Fig. 21, it can be seen that 10 and 12 at fault location have practically the same angle, taking in
account that negative sequence (Z2) and zero sequence impedances (Z0) are fairly similar along the
system. In Fig. 22 it is also shown how 10 and 12 are practically in phase, except for a case with high
values of Z¢. Due to this reason the location of ¢ can be set to an area of -30° to 30° for AG or BCG
faults and +30° to +90° for high impedance BCG faults. Extending this analysis to the rest of fault
types and taking phase A angle as the reference for angle calculation following distribution of ¢
location can be deducted.

BCG

BG

L AG
or BCG

CAG
(Rg>>)

7
ABG
(Rg=>)

cG
or ABG

Fig. 23 ¢ location for ground faults.
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6.3.3. Negative and Zero Sequence Voltage Angle Comparison.

Under weak infeed conditions, as usually happens with wind turbines, 12 level might not be enough
to undergone areliable phase angle comparison to other current sequence components. Under such
circumstances voltage sequence components can be used. According to [41] and as shown in Fig.
21, for an AG fault, U1 and U2 have opposite phase angles, and according to Fig. 22, for a BCG fault
they have same phase angle. As described in [42] , assuming same phase angle for all impedances
across the system, which is fairly accurate, this characteristic can be used to differentiate a Phase
to Ground (Ph-G) from a Phase to Phase to Ground (Ph-Ph-G) Fault. Furthermore, under Ph-G faults,
U0 vector will be in line with the failed phase or with the healthy phase for Ph-Ph-G faults, therefore
criteria shown in can be used to detect fault type.

Arg( U2/U0) Arg( AU1/ U2)

G
AB-G

AB-G
AC-G
BC-G

Fig. 24 Voltage sequence comparison

6.3.4. Negative and Positive Sequence Voltage Angle Comparison.

As shown in [43], in case weak source is connected through a Yg-A transformer, as is usually the
case with wind turbines, ground current will be mainly cero sequence, making phase current look
similar among them even for asymmetrical ground faults, which is known as the Bauch’s Paradox.
In this case, current base methods for faulted phase selection might not be reliable and voltages can
be used. As it was mentioned, and shown in Fig. 22, for a BCG fault, U1 and U2 have same phase
angle. Given that the symmetrical components are referenced to a particular phase, if the angular
difference between Ul and U2 is 0° (BCG), 120° (ACG) o -120°(ABG), this implies a Ph-Ph-G fault, if
this is not the case, then a Ph-G fault is being seen and the corresponding phase is selected by the
lower voltage.

6.4. Incremental, Superimposed or Delta Quantities
Faulted phase algorithm previously presented makes use of the so called Incremental,
Superimposed or Delta Quantities theory to determine the Al,; component, which allows to
eliminate deviations due to pre-fault load conditions by splitting the fault network into a pre-fault
and a pure-fault one. Subtracting a value of the signal, before a change (due to a disturbance or
fault) from its corresponding value after the change will produce a signal that represents the change
[44]. Following example illustrates the concept.
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Considering the single-line diagram of Fig. 25, where a fault is applied through a resistance Rf at a

distance m per-unit line length from the relay at the left bus.

Z81 ZL1 ZR1
SN =YY SV

-

@Ea é‘uEb

Fig. 25 Example System Single Line Diagram

Following the superposition principle, Faulted state Fig. 26 can be decomposed into a Pre-Faut Fig.

27 and a Pure-Fault Fig. 28 one.

zSl m*ZL1 (1-m)*ZL1 ZR1
S S A T YA S
i RE
Eea

Fig. 26 Faulted Network

Ef

-

Fig. 27 Pre-Fault Network

zZs81 m*ZL1 (l-m)*ZL1 ZR1
YA Y 2T AL
Al l’ -
%: Rf
f.'l
Eope

-

Fig. 28 Pure-Fault Network

Where the pure-fault network has the following characteristics:
a) Voltage sources must be short-circuited.
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b) A voltage source, Ef, must be applied at the fault point, whose magnitude is equal to the voltage
level existing at the fault location before application of the fault and its phase angle is opposite to
that of the pre-fault voltage phase angle at the fault point.

The pure-fault network currents and voltages are zero before the fault. Therefore, any value they
have due to a fault condition represents a change or delta quantity. For this reason, they are

called incremental or superimposed quantities and are represented with a prefix A to indicate the
change with respect to the pre-fault circuit values [45].

V =Vpre-faurt + AV (26)
I'=Ipre—faut + Al (27)

As previously stated, relays usually make use of both Sequence Components and Incremental
Quantities Theories for its faulted phase selection algorithm. With the current increase of
Renewable Energy contribution in generation it is important to make sure that the second principle
is still valid on an IBR abundant grid.

7. Study Case

In order to test previously presented theory, the following power system has been taken from the
detailed models in Matlab Simulink®, as shown in Fig. 29. The model consists of a voltage source
behind an impedance representing the grid at 120 kV. A 30 km line has been split in two 15 km
sections to represent a fault right in the middle of the line. A YgD1 power transformer is used to
connect a5 km cable at the MV side of the system, which is grounded through a zig zag transformer.
A D11Yg power transformer is used to connect the low voltage side of the system in which an
aggregated model of a Wind Park is masked inside the blue block on Fig. 29. This is the typical
configuration of a Wind Park. Three fault locations were chosen for testing, at wind park terminals,
at grid side of the line and middle of the line. System components ratings and details are given in
Appendix A.

A A A
E\ B\ \E
—1cC cCp—y Wind Turbine
End Line Fault Internal Line Fault WP Terminals Fault Type 4
Ap—d A U= A a A a A a A a A a ,J
N—@B p—a 5~ B % é b BTt b E% %n
l Cp—ac M« c c c ¢ cYs Dt c cifvgp—d
+ Tizowv 2500 MVA Grid End 30 km Iner2 0kminer2 WP End 120 wvi2s kv l 5 km cable MVBUS  25kwi 578V
X0iX1=3 (120kv) (120 kV) A7 MVA o< m U (25 kV) 52.5 MVA

10 MW Wind Farm
(52 MW)

J—HN\§7

AW -a——a

3.3chms

Fig. 29 Wind Turbine Test Power System
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The difference between the Type Ill and Type IV models lies on the Wind Farm block shown in Fig.
29. Each of the models for the two WT types will be described more in detail in following sections.

7.1. MATLAB SIMULINK Type IV WT Detailed Model

The so-called Synchronous Generator and Full Scale Converter (Type 4) Detailed Model was used as
a base to test Type IV WT response. Wind Farm block shown in Power System (Fig. 29) contains the
model of the WT in Fig. 30. This model includes a) Induction Generator, b) SSC, ¢) GSC, d) Coupling
Inductance and e) Filter. Rating have been adapted to match the aggregated model of a 5x 2 MW
Wind Park. It is worth noticing that the SSC on this model is represented by a non-controllable simple
diode rectifier since the interface to the grid is mainly the purpose of the GSC and therefore it is this
converter the one of interest.

DC-DC Boost Converter

Fig. 30 Type IV Model Fully Interfaced Synchrnous Generator

In the case of the Type IV model the control block which is of interest for short circuit simulation is
the GSC control shown in Fig. 31, which can be compared to previously presented Fig. 11 since a)
Vdc regulator, represents the part of the outer loop in charge of creating the d current component
reference in order to keep Vdc stable, b) is in charge of creating q current component reference to
follow either a Q or V reference usually provided by park control, c) limits q output to avoid
exceeding maximum rectifier current limit by given priority to d component (active power) and
leaving the available rest to the g component (reactive power), d) represents the inner current
control loop, whose purpose is to follow current references provided by the outer loop by applying
(13) and (14) as previously reviewed, in order to compare to measured current and provide the
voltage reference to the PWM generator that controls the GSC.
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Fig. 31 Grid Side Converter Control of Type IV WT Model

7.2.Grid Code Requirements
Once the structure of the controllers has been introduced, the impact of the latest regulations on
the design will be explained. Since present work is focused on protection principles, reactive current
injection requirements on grid codes will be of main interest, leaving aside frequency or active
power control.

As reviewed in [46], system operators in some countries (i.e., Germany, Denmark, England, Ireland,
and Spain) impose reactive current injection requirements for the large IBRs interconnections to
support the grid reliability under grid faults. This reactive current is the positive sequence current,
which is essential to keep loads, especially induction machines and other generation units, running
during the fault by adding to voltage level and rotor angle stability of conventional synchronous
generators connected nearby the wind power plant [10]. The primary grid codes on LVRT mainly
focused on the interconnection requirements under balanced grid faults. However, the most recent
grid code, published in 2015 in Germany (VDE-AR-N 4120), as well as Spanish Grid Code have even
considered the negative-sequence current injection during unbalanced faults. Negative sequence
current injection as seen in previous sections bring the benefits of increasing individual phase
voltages and reducing negative sequence voltage therefore, lowering grid voltage unbalance [47],
not to mention the benefit provided for current protection algorithms by emulating more precisely
the behavior of a Synchronous Generator under fault. Therefore, the need of present work to
investigate the impact of both coupled and decoupled sequence control in protection algorithms.
Latest draft of the Spanish Grid Code requires following structure for current injection under LVRT
conditions.
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Fig. 32 Reactive and Negative Sequence Injection requirements per PO12.2 [48]

a) Additional required positive-sequence reactive current injection Al; as a function of positive-
sequence voltage increase AU;. b) Total reactive current I injection limits. C) Additional required
negative-sequence current injection Al, as a function of positive-sequence voltage increase AU,.

All magnitudes are in per unit.

Where:
K, : Positive-sequence current control gain. K,: Negative-sequence current control gain.
AU, : Positive-sequence voltage deviation. AU,: Negative-sequence voltage deviation.
Uy;: Positive-sequence voltage before perturbation. U,;: Negative-sequence voltage before perturbation.
U, : Positive-sequence voltage. U,: Negative-sequence voltage.
Al;: Positive-sequence current (reactive) deviation. Al,: Negative-sequence current deviation.
1,;: Positive-sequence current (reactive) before perturbation. I,;: Negative-sequence current before perturbation.
I,: Positive-sequence current (reactive). I,: Negative-sequence current.

Al; and Al injection is not required if generated power before perturbation is lower than 5% of the
maximum capacity.

If RMS Voltage U at generator terminals is lower than 0,2 p.u. the blocking of power electronics is
allowed, but must be reestablished after a maximum of 100ms after U comes back above 0,2 p.u.

Generation park must inject above required current according to following time limits see Fig. 33:

e Injection delay time (t;) maximum 20ms.

e Responsetime (t,) frominjection start to 90% of required current corresponding to voltage
deviation step of maximum 30m:s.

e Establishment time (¢t,.) from injection start to reach a +5% deviation band from set point
of maximum 60ms.

e TSO Authority can agree to (tr) of up to 300ms on 30ms steps and (te) of up to 600ms in
60ms steps.
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Fig. 33 Required time limits for LVRT Current Injection [48]

Regarding the post fault ramping up of the active power, Spanish Grid codes requires the following:

e If undervoltage level was no lower than 0,2 pu, active power must be ramped up to 95% of
previous power in less than 1 second, and once U reaches 0,85 pu must reach 100% in
maximum 2 additional seconds.

e If undervoltage level was lower than 0,2 pu, active power must be ramped up to 95% of
previous power in less than 3 seconds, and once U reaches 0,85 pu must reach 100% in
maximum 2 additional seconds.

7.3. Double Synchronous Reference Frame Control on Type IV Model
As stated before, in order to have a model that represents more accurately the behavior of WTs
during fault, two main additions needed to be made to the standard model:

e Sequence Time Domain Decomposition (Fig. 34)
e LVRT (Fig.37)

Sequence Decomposition is required for the Pl based control to work under asymmetrical faults as
previously explained. Control Scheme presented on latest section was modified to include negative
sequence reactive current injection as per latest grid codes as shown in section 7.2. Two different
methods of approaching negative sequence control are described in [12], namely the Vector
Current Controller with Feedforward of negative sequence grid voltage in which the current
controller is implemented in the positive reference frame, while the negative-sequence grid voltage
is fed-forward and added to the reference voltage given by the controller. And the Dual Vector
Current Control in which grid currents and voltage are separated in positive and negative sequence
components, i; and i, references are calculated for both sequences and current controllers also
duplicated for both sequences. This latest Dual Vector Current Control has been adopted.
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Fig. 34 DSOGI Based Time Domain Sequence Decomposition

As explained in [15], time domain d/q decomposition can be achieved with the use of a DSOGI. Fig.
34 shows the grid three-phase current set of signals entering the DSOGI Block to be split in positive
and negative sequence alpha/beta reference system set, after this transformation, both positive
and negative set can be transformed in their respective d/q system using the PLL calculated theta.

DSOGI block is shown in Fig. 35. This block is based on the Lyon method, which is a version of the
Fortescue symmetrical components method adapted to the time domain which dictates that a
alpha/beta system can be decomposed on its positive and negative sequence by the use of [Ta[g+]

and [Taﬁ_] transformation matrixes as shown in (28) and (29):

111 -
U;B = [Taﬁ+]vaﬁi [Taﬁ+] = E[q 1q] (28)

_ 111
Vap = [Tap-]vap; [Taﬁ—]=§[_q 1 (29)

! E PNSC 'Q :
— a 1 | E P 1 g | @
S0GHOSG3 : X - | Jalp_bets
T INERGS
alzﬁ:‘-:-oe-m ‘ ] = I I | | | :
R 1 i :
SOGHISG4 : ‘ :
eq I - I
F | .
1
1
1

Fig. 35 DSOGI Block

The g component in (28) and (29) is actually a ¢ = e /™2 lagging phase-shifting operator applied
on the time domain. This g is obtained by the use of a Second Order Generalized Integrator (SOGI)
Quadrature Signal Generator for each of the alpha and beta signal, therefore the name of the DSOGI
(Double SOGI).
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On this scheme each SOGI outputs a set of two in-quadrature signals from their given alpha and
beta sinusoidal, which are feed into the positive/negative sequence calculation net shown in Fig. 35,
which applies (28) and (29). The benefits of using a DSOGI instead of a DDSRF is that no Decoupling
Network is needed [15].

This decomposition scheme is duplicated for the current before entering the control loops, the
result of this method is illustrated in Fig. 36, where the positive and negative alpha/beta
components of the current and voltage during an asymmetrical fault are shown. On the first line on
the figure, corresponding to the positive sequence current it can be seen how after fault inception

at 0.03 sec only d component decreases while g component remains cero. On the second line both
current negative components are non-existent before fault inception. On third and fourth line,
corresponding to the voltage, it is shown how the d component of the positive sequence drops
during fault and negative components arise due to the unbalanced.

Fig. 36 Sequence Decomposition of Voltage and Current

Regarding the LVRT feature added to the control, it is designed to comply with the LVRT
requirements shown in Fig. 32 and therefore takes in account both positive and negative sequence
components. LVRT Mode current references are calculated as shown in Fig. 37
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Fig. 37 LVRT Current References Calculation

Current references are taking from the steady state outer loop until a fault according to P.0. 12.2
criteria is declared, then current references are taken from the LVRT calculation.

Current references are calculated according to the Positive (V1) and Negative (V2) Sequence Voltage
variation. Total current is limited to 1.1 (typical overcurrent limit for an inverter) and priority is
assigned to reactive current injection (g component) on both sequences, assigning the available
current before reaching the limit to active current (p component).

As stated in [49] it is not only the K current control gain factor asked for on Gird Codes that impacts
a WT behavior under fault, it is also the inverter limits and how the d and g components are
prioritized once this limit has been reached. Fig. 38 shows the Type IV fault response to an AG fault
for a K=2 chosen. Regarding factor K impact, for a low K value, response might be totally reactive
and no active power evacuation is done, which rises Vdc voltage to dangerous levels for the
capacitor, a high K value on the other hand might not support voltage with reactive current as
required.

Fig. 38 Type IV response to AG. Reference a) calculations b) limiting and c) output
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Left column shows |V1| and |V2] variations and their corresponding references 11_ref and 12_ref
calculated accordingly. I11_ref (0.4) is double the | V1| variation (0.2), while 12_ref (0.8) is also double
the | V2| variation (0.4). Center column shows reference split in d and g component, where iql_ref
is maintained at (0.4) and the rest is assigned to id1_ref component, (-1.025), likewise, iq2_ref is
maintained at (0.8) and the left is assigned to id1l_ref component, (-0.8). The impact of such
calculation is seen on the power output where Q increases to 4 MVAr and P decreases to around 8
MW. Q injection change impacts voltage by supporting it from falling to 0.73 pu as it does if no
voltage support LVRT strategy is used, but P reduction needed to accommodate extra reactive
injection causes Vdc to raise up to 1.2 p.u.

A different LVRT control philosophy was developed aiming to mimic a SG response by injecting each
Id+, Ig+, Id-, lg- component according to their corresponding voltage component observed at
generator terminals, inspired on the work done in [49] but no successful results were obtained for
FID functions in different faults. As explained in [50], modern inverter’s LVRT control aim to comply
with positive and negative reactive current required by grid codes, and are those requirements the
ones who determine the angular position of 11 and 12, and not the voltage components angular
positions as expected from a SG and reviewed on chapter 6. In other words, the impedance
represented by the WT is modified by the grid codes requirements. In order for this impedance to
emulate that of a SG, the WT control would need to detect the fault type and adjust 11 and 12 angular
relation to 10 if traditional current based IFD schemes need to be used.

7.4. MATLAB SIMULINK Type Il WT Model
The so-called Wind Farm - DFIG Detailed Model in MATLAB Simulink® has been used for this work
simulations. Same power system shown in Fig. 29 and same modifications like the ones used for the
Type IV WT were used, ratings are shown in Appendix A. Default model of the DFIG in Fig. 39 includes
an a) Induction Generator, b)RSC, c) GSC, d) Coupling Inductance and e) Filter.

Wound-Rofor
a } Induction Generator

[vabe_B1] m m

81

0
Ab—

AMLE
VI

Gt

AC-DC-AC Converter
Average Model

Filter
Q=50

e)

Choke

HH e
T

B Gid tonv b R S vsy—
C Z=0%

Fig. 39 DFIG MATLAB Simulink Detailed Model
Control System is divided in the following blocks:
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e Turbine Speed & Pitch Control. Which due to its slower reaction time is not in the scope of
this work due to its limited impact on short circuit response.

e GSC Control. Which includes the Vdc Regulation or Outer Loop and Current Regulator or
Inner Loop.

e RSC Control. Which includes the Electromagnetic Torque Controller and Voltage regulator,
which, as seen before, constitute the Outer Loop that provides the current reference d and
g components respectively and the Current Regulator or Inner Loop.

7.5. Modified Protection Scheme Type Ill WT Model
As mentioned in Chapter Fault response of IBRs5, on a DFIG Machine, the main impact on fault
response is due to the protection method use for the RSC, being it Crowbar or DC Chopper.
Modification shown in Fig. 40 were done to the model:

Wound-Rotor
Induction Generator

[ >—fim -

o}

Choke

T

AC-DC-AC Convertear  — — — — — — — = = — — — —
Average Model

Fig. 40 DFIG Detailed Model with RSC Protection

a) Crowbar system is built by a Diode Bridge an Ideal Switch controlling a resistor. Resistor
value has been chosen to 20 times stator resistance as recommended in [51]. Ideal switch
receives the command signal from a hysteresis type control which takes in account both
rotor phase currents and DC voltage as described in [52], if any of both goes over 1.2 p.u.
crowbar is activated and not deactivated until both go under 1.1 p.u. [17], [37].

b) RSCswitches are blocked following the same criteria as the crowbar in order to be protected
against overcurrent and overvoltage.

c¢) DC Chopper consists of an ideal switch-controlled resistor in parallel with the DC-link
capacitor. DC Chopper resistor was sized according to (29) from [53] taking the power to be
dissipated as half of the nominal power of the turbine.
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2
Vdc

Rbreak

(30)

Pypreak =

Different novel control methods have been published aimed to act against the direct flux @;f
described on Chapter 5 as the ones listed in [54], including demagnetizing control described in [52]
which was implemented but not included on the results of this work since no beneficial results were
achieved.

Fig. 41 Impact on DFIG by a ABCG Line Fault without (Left), with protection (Right).Fig. 41 shows the
impact on the DFIG by a ABCG Line Fault without any protection technique on the left, and with
both Crowbar and DC Chopper protection added. It can be seen how rotor current peak at fault
inception are reduced from over 2 p.u. to a lower level under 2 p.u. Vdc is reduced from 1.4 to 1.1
p.u by the draining of the crowbar resistor. Electromagnetic peak is reduced from -2 p.u. to -1.5 p.u.
and not allowed to go over cero on the second peak. On the last two graphics, voltage and current
along the RSC switches is shown, where it can be seen how voltage is reduced from over 1500V to
under 1500V and current peak from 10 kA to 5 kA.

Fig. 41 Impact on DFIG by a ABCG Line Fault without (Left), with protection (Right).
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Fig. 42 Impact on DFIG by a AG Fault on Wind Park Terminals without (Left), with protection (Right).

Fig. 42 show impact on the DFIG, but by an asymmetrical AG Fault. In this case the fault had to be
simulated right at the Wind Park terminals for the voltage sag to be deep enough for the protections
to be activated. The impact of Crowbar and DC Chopper can be seen on the rotor current not
reaching the 2 p.u. reaches without protections, which leads to a similar reduction on the RSC
switches currents. As mentioned on Chapter 5, the main concern here are the DC Voltage and
Torque pulsations. Since both effects are created by the inverse flux and as mentioned in [13],
neither crowbar, nor DC Chopper act against this flux, which does not decay with time and remains
along the fault. Complex control schemes have been proposed to solve these problems, like tracking
inverse flux to inject opposite currents [35] or aiming to either eliminate oscillations of reactive or
active power [55].

8. Impact of Wind Turbines on Protection Algorithms

Different faults were simulated at half of the 120 kV line and measurements were done on the end
called (WP End), at the Wind Park side of the line.

Results of simulations for different generators and different faults were organized per protection
principle for a more understandable presentation. Faults were simulated on a Synchronous
Generator for comparison, Type Il WT with and without protections (Crowbar and DC Chopper) and
Type IV with |12 suppression LVRT mode and 12 injection LVRT mode with different K factors. Results
which would hinder protection functions are colored in red, while results that agree with reviewed
theory are colored in green.

For the 50Q protection, the magnitude of the negative sequence current is the main parameter to
take in account. Results are shown in following table.
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Fault Synchronous Type lll no Type llI TypelV (12 | TypelV (12 TypelV (12
Generator RSC with RSC SUPRESSION) ' INJECTION) INJECTION)
Protections Protections K=5 K=2
AG 0,8 0,6 0,6 0,3 1,2 1,2
BC 1,6 1,1 1,08 0,5 1,13 1,0
ACG 1,2 0,9 0,8 0,5 1,13 1,13

Table 1 Negative sequence current magnitude ([12])

As expected, DFIG shows a similar behavior to synchronous generator since it is directly connected
to the stator. For the Type IV WT it is the control systems that dictates 12 behavior, if 12 is suppressed,

less than a 0.5 pu of fault current is registered, if 12 injection is taken in account then its level goes
over 1p.u.

Regarding 67Q protection, as previously explained, this function measures impedance on one line
end and decides directionality of the current, in the specific case of the 67Q function it takes in
account the negative sequence of the current. Following results were obtained for this simulation:

Fault  Grid

Expected = Synchronous | Type lll no Type llI Type IV (12 Type IV (12 | TypelV (12

Side WT Side Generator RSC with RSC SUPRESSION)  INJECTION) = INJECTION)
2.22° 2.22° Protections = Protections K=5 K=2
AG -90° 90° 78° 80° 85° 10° -150° 246°
BC -90 90° 78° 85° 80° 8° 38° 70°
ACG -90 90° 78° 90° 85° 8° 160° 186°

Table 2 Negative sequence impedance measured at Wind Turbine end of line.

As expected, synchronous generator and Type Ill WT represents highly inductive impedance near
90°, while Type IV impedance varies among different control methods and K values. This is actually
a source of uncertainty for other function calculations as it will be seen forward.

For the Negative and zero sequence current angle comparison FID, the value of ¢ angle as calculated
in (25).

Fault

¢ Expected Synch Type lll no Type lll Type IV (12 Type IV (12 = TypelV (12
Gen RSC with RSC SUPRESSION) = INJECTION) ' INJECTION)
Protections | Protections K=5 K=2
AG -30 to +30° -7° 0° 6° 71° -125° -161°
BCG +30° to +90° 41° 50° 36° 33° 0° -42°
(Rg=100hm)
BG +90 to +150° 109° 115° 122° -53° -3° -70°
ACG +90 to +150 110° 110° 116° -43° -196° -223°
CG -90° to -150° -130° -125° -118° 190° 83° 53°

Table 3 Negative and zero sequence current angle .

As previously stated, expectation is for the Type Il WT to fall under the right angular section for the
simulated faults, with similar values to the SG. On the other hand, since current component angular
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behavior depends on the impedance represented by the WT to correctly reflect fault voltage
behavior, and as previously seen, impedance is variant on the Type IV generator, no reliable results

are seen on the Type IV for current FID methods.

For the second current based FID method analyzed, the Negative and positive sequence current
angle comparison. The value of calculated ® angle, per (25) for different fault types is given below:

Fault @ Expected Synch Type lll no Type IIl with Type IV (12 Type IV (12 | TypelV (12
Gen RSC RSC SUPRESSION) INJECTION) ' INJECTION)
Protections Protections K=5 K=2
AG -30 to +30° 52° 100° 109° -176° 11° -45°
CG -90 to -150° -60° -10° -340° 64° -37° -78°
BG +90 to +150 -190° -130° -136° -40° 0° -80°
ACG -90° to -30° -30° -310° 60° 160° 22° -15°
BC -120° to +120° -150° -80° -67° 26° 37° -42°

Table 4 Negative and positive sequence current angle ®

In the case of this specific current based FID method, obtained results did not match the expected
values dictated by the reviewed theory. It is interesting to mention that measured values for Synch
Generator and Type Ill WT showed an angular difference of 120° for each variant of fault type. The
values did not correspond to the theory and we different for the SG and the DFIG generator but
showed the right angular dispersion as shown in Fig. 43. AG, BG and CG Faults are 120° apart, just
as ABG, BCG and ACG faults and AB, AC and BC faults for both cases. Further investigation needs to
be done on how to match expected values for this FID function like the modified LVRT control for

WTs previously mentioned.

5G ¢ Values

Type Il WT ¢ Values

AG

AB
ABG

Fig. 43 Angular dispersion for ¢ values.

As mentioned in [42], due to expected issues with current based FID methods, voltage-based FID
functions are of interest. Table 5 Negative and zero sequence voltage method angles © and &
Table 5 shows the results obtained for the Negative and zero sequence voltage angle comparison

function presented before.
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Fault Expected Synch Gen Type lll no Type llI Type IV (12 Type IV (I2  TypelV (12

0/8 RSC with RSC SUPRESSION) ' INJECTION) INJECTION)
Protections = Protections K=5 K=2

AG -90° a +30° / 0°/-180° 0°/180° 356°/173° -7°/176° 0°/-174° 354°/174°
|6 ] <90

BG -90° a-210°/ -120°/-60 -120°/61° -126°/-65° -125°/-67° -130/-65° -130°/-95°
|6 <90

ACG -90° a -210°/ 240°/118° 243°/120° 240°/113° 235°/114° 235°/112° 539°/114°
|6 ]>90

CG -210a+30/ 115°/60° 115°/60° 113°/54° 114°/54° 116°/56° 116°/55°
|6 ] <90

Table 5 Negative and zero sequence voltage method angles © and 6

Results matched previously presented theory, except for the 6 angle for AG fault which was
consistently showing a value of around 180° when it should have a near 0° value. The most
important outcome of this test it that using voltage angle values the measurement is not impacted
by the WT type or control characteristics since angular relation between voltage components are
dictated by the fault characteristics and not the source.

Finally, Table 6 shows the results for the Negative and Positive Sequence Voltage Angle Comparison
method proposed as a way to avoid the effect of the Bauch’s Paradox mentioned in [43]. In this
method the angular difference between positive and negative voltage is used to detect fault type
and the phase which records an actual low voltage is declared as the faulted one. Simulation showed
successful results for the investigated fault types, proving the efficiency of voltage angle-based FIDs.

Fault Synch Gen Type lll no RSC Type lll with Type IV (12 Type IV (12 Type IV (12
Protections RSC Protections = SUPRESSION) INJECTION) INJECTION) K=2
K=5

°U1-°U2 Ph  °U1-U2 Ph °U1-U2 Ph °U1-U2 Ph °U1-U2 Ph °U1-U2 Ph
AG 180° A 180° A 180° A 180° A -174° A 180° A
CG -60 C -60° C -59° C 60° C -62° C -62°
BG 60° B 60° B 60° B 60° B 63° B 63° B
ACG -120° AC | -120° AC -114 AC -120° AC -121° AC -121° AC

Table 6 Negative and positive sequence voltage angle comparison

9. Conclusion

Protection studies have historically been done over the basis that the fault response from the
system is known and predictable since it depends on physical characteristics of synchronous
generators. As it has been shown in this work, fault response of IBRs is dependent on the type of
sources present (Type Il Vs Type IV Wind Turbines), the control philosophy (CSC Vs DSC), LVRT
protection methods (Crowbar Vs DC Chopper), compliance to the latest grid codes and even PLL
technique used. This might bring a higher degree of uncertainty to protection studies.

Regarding the impact of the transformer’s connection along the path from fault point to WT, as
mentioned in [13], the only effect will be the phase shift for both sequences components, of -30°
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and 30° for the positive and negative current sequence for each transformer in the case of our
system.

Since, as previously mentioned, the fault response on this new energy sources is heavily determined
by their control system, which is usually proprietary and dependent on the inverter manufacturer.
Transmission System Operators (TSO) around the globe to stablish a common ground for LVRT
requirements on Grid Codes so certainty can be provided to relay manufacturers.

Relay manufacturers also have to adequately invest in understanding IBRs new developments and
their impact on protection algorithms used for which stablishing a good communication with
inverters and wind turbine manufacturers is highly beneficial.
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Annex A

Grid MV Cable Type IVWT
Frequency 60 Hz R1 0,1153 Q/km Wind Turbines 5
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Low
Voltage 0,575 kv
Medium
Voltage 25 kv
High
Voltage 120 kv
MV/LV Transformer
Connection = D11/Yg
Nominal
Power 1,75*%6 MVA
R 0,00083 pu
L 0,025 pu
Rm 500 pu
HV/MV Transformer
Connection Yg/D1
Nominal
Power 4,70E+01 MVA
R 0,0027 pu
L 0,08 pu
Rm 500 pu

Grounding Transformer
Nominal

Power 100 MW
RO 0,0265 pu
X0 0,75 pu
Rm 500 pu
Xm 500 pu

RO 0,413
L1 1,05E-03
LO 3,32E-03
C1 1,13E-08
co 5,01E-09
Length 5
HV Line

R1 0,176
RO 0,42
L1 1,57E-03
LO 3,82E-03
C1 1,13E-08
co 5,01E-09
Lenght 30

Type Il WT
Wind Turbines 6
Nominal Power 1,5
Frequency 60
Vstator 575
Vrotor 1975
R stator 0,023
L stator 0,18
R rotor 0,016
L rotor 0,16
L magnetizing 2,9
Inertia constant (H) 0,685
Friction Factor (F) 0,01
Pole pair (p) 3

Q/km
H/Km

H/Km
F/Km
F/Km

km

Q/km
Q/km
H/Km
H/Km
F/Km

F/Km
km

MW

Hz

pu
pu
pu
pu
pu

pu

Nominal Power
Frequency

Vstator
Xd

Xd’
Xd”

Xq

Xq

Xl

Tdo’

Tdo™’

Tar

R stator

Inertia constant
(H)

Friction Factor (F)
Pole pair (p)

BILBOKO
INGENIARITZA ESKOLA

ESCUELA
DE INGENIERIA DE BILBAO

2 MW
60 Hz
730 \Y
1,305 pu
0,296 pu
0,252 pu
0,474 pu
0,243 pu
0,18 pu
4,49 pu
0,0618 pu
0,0513 pu
0,006 pu
0,62 S
0,01 pu
1
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