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Abstract

Renewable energy sources (RES) and high-voltage direct current (HVDC) links
are interfaced to the grid using power electronic converters (PECs). Unlike tra-
ditional synchronous generators, PECs fault behaviour is fully controlled and
needs to satisfy grid code requirements. This regulated fault current behaviour
presents significant challenges to protection schemes. Incremental Quantities
(IQ) line protections are a type of time domain protections. These protections
are advantageous because they can respond to faults more quickly than tradi-
tional phasor-based distance protections. Faster fault clearing enhances system
stability and reliability and improves power quality. An example of such a pro-
tection scheme is the TD21 distance protection element, implemented in the
commercial SEL-T400L relay.

The objective of this thesis is to analyse the impact of fault current injection
by voltage source converters (VSCs) on the TD21 distance protection element.
To achieve this, several tasks were undertaken: a literature review on the fault
behaviour of PECs, the implementation of a VSC model in MATLAB/Simulink,
a review of incremental quantities-based protections, and the implementation

of the TD21 element in MATLAB/Simulink.

Simulation results reveal that the VSC’s fault current affects the performance
of the TD21 distance protection element. The reduced fault current provided
by the VSC can hinder the protection element’s ability to detect in-zone faults
effectively. Additionally, the irregular fault current during the VSC’s transient
response can lead to incorrect operation of the protection element for faults
outside the protected zone.
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1 Introduction

1.1 Background

Power systems are undergoing significant transformations due to the increased
integration of renewable energy sources (RES) and high-voltage direct current
(HVDC) links, which are gradually replacing synchronous generators [27]. RES
and HVDC links employ power electronic converters (PECs) to deliver power to
the grid. Among these converters, voltage source converters (VSCs) are the pre-
dominant technology used in HVDC applications and for interfacing RES. Un-
like synchronous generators that inherently inject fault currents during faults,
PECs regulate their fault current injection based on grid code requirements,
fault type, and operating conditions. This behaviour of PECs poses challenges
to distance protection schemes.

The impact of fault currents from PECs on traditional distance protection
schemes has been already studied in the literature [I0] [26] [II]. This thesis
aims to analyse the impact on time-domain distance protections, specifically
those based on incremental quantities (IQ). Incremental quantities based pro-
tections operate by detecting sudden changes in voltage and current that occur
during a fault. These protections are advantageous because they can respond
to faults more quickly than traditional methods, which rely on fundamental
frequency components (phasors) [19]. By analysing the immediate transient re-
sponse of the system to a fault, incremental quantities based protections can
reduce fault detection and clearance times significantly. Faster fault clearing
not only enhances system stability and reliability but also minimizes damage to
equipment and improves power quality.

1.2 Objective and limitations

This thesis aimes to analyze the impact of fault current injection by power
electronic converters (PECs), specifically VSCs, on incremental quantities based
protection, specifically the TD21 distance protection. To achieve this, several
key tasks were undertaken:

e Literature review on fault behavior of PECs: The purpose was to
compare the behavior of PECs with traditional generators to highlight
potential repercussions on protection systems; and to analyze grid codes
to understand the requirements imposed on PECs.

¢ Implementation of a VSC converter in MATLAB/Simulink: A
model capable of operating under both normal and fault conditions, fol-
lowing the requirements of grid codes.

e Literature review on Incremental Quantities based protection:
To understand the techniques and operating principles behind this type



of protection, particularly for the TD21.

¢ Implementation of the TD21 Distance Protection Element in
MATLAB/Simulink: A model based on scientific articles, subsequently
tested and validated.

These tasks were necessary to achieve the final objective: evaluate the influ-
ence of the fault behaviour of the implemented VSC on the implemented TD21
element, through a simulation in MATLAB/Simulink.

Limitations of this work include:

e Incomplete parameters and settings: Potential gaps exist in specific pa-
rameters and settings of the TD21 model due to incomplete information
in the literature and manuals. Despite these limitations, the implemented
model performed as expected, confirming the validity of the obtained re-
sults.

e Simplified VSC model: The VSC model is not very detailed, also some
simplifications have been adopted (constant DC voltage source). These are
permissible since the focus of this thesis concerns fault behaviour, which
is minimally influenced by these simplifications and lack of details.

e Simplified element models: The transmission line was modelled as a simple
RL impedance, omitting more complex network configurations and effects
such as capacitance and mutual coupling.

e Three-phase fault simulation: The study focused exclusively on symmetric
three-phase faults. Real-world scenarios involving asymmetrical faults and
other complex fault types were not considered in this analysis.

These simplifications allowed for an initial assessment. More detailed sce-
narios could be explored in future work, using this study as a foundational
reference.

1.3 Outline

This thesis is structured in six chapters. In Chapter 2, the behavior of Power
Electronic Converters (PECs) during faults is described and compared to that of
traditional generators. Additionally, the requirements imposed by grid codes on
PECs are discussed. In Chapter 3, the implemented VSC model is explained, de-
tailing its control structure and components. Simulations performed under both
normal operating conditions and fault conditions are also described. Chapter 4
is dedicated to the TD21. The concept of incremental quantities is explained,
the operation of the TD21 is described, and the criteria used for testing along
with the simulations performed to validate the model are presented. In Chapter
5, the combined simulations of the implemented TD21 and VSC and the results
obtained are described. In Chapter 6, conclusions and recommendations for
future work are presented.
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2 Fault Behaviour of Power
Electronic Converters

Power electronic converters (PECs) exhibit distinct behaviour during faults com-
pared to traditional synchronous generators. Unlike synchronous generators,
which inherently generate fault currents, converters can control their output
current, providing a predefined fault current injection. This characteristic is
critical for grid stability and protection schemes.

The fault behaviour of synchronous generators is well defined: when a fault
occurs they will respond as an ideal voltage source behind an impedance (classi-
fied according to the fault period: sub-transient, transient or steady state) and
inject fault currents up to 5-10 pu [6]. Their short circuit current can be di-
vided into two components: a transient component (decaying exponential) and
a sinusoidal steady state component.

By contrast, the fault response of PECs is determined by their control sys-
tem. Moreover, their fault current contribution is limited. That is because the
semiconductor switches of the converters cannot withstand high overload cur-
rents. To protect these switches from thermal overload and hence destruction,
the control system must actively limit the fault current. From the literature,
it can be concluded that the steady state fault current contribution of PECs
is limited to 1-1,2 pu [6]. Designing the switches for higher currents results in
significantly higher costs.

In conclusion, power electronic converters behave as a controlled current
source under fault conditions, and their specific fault behaviour is dictated by
grid codes.

2.1 Grid Code Requirements

In 2016, the EU Commission released two network codes: the Network Code
on Requirements for Generators (NC RfG) [2] and the Network Code on High
Voltage Direct Current Connections (NC HVDC) [I]. These regulations define
network codes specifying the criteria for connecting power-generating facilities
(in the case of NC RfG) and high-voltage direct current (HVDC) systems and
DC-connected power park modules (in the case of NC HVDC) to the grid.

These network codes provide two key definitions regarding the fault be-
haviour of PECs: Fault ride through (FRT) and Fast fault current injection
(FFCT).

“Fault ride through means the capability of electrical devices to be able to
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remain connected to the network and operate through periods of low voltage at
the connection point caused by secured faults” [2].

“Fast fault current means a current injected by a power park module or
HVDC system during and after a voltage deviation caused by an electrical fault
with the aim of identifying a fault by network protection systems at the initial
stage of the fault, supporting system voltage retention at a later stage of the fault
and system voltage restoration after fault clearance” [2].

FRT implies that a device should have the capability to remain connected
to the grid during temporarily low voltages at the connection point. The FRT
capability is specified with a voltage-time curve. The curve shows when the
PEC is allowed to disconnect.

In practice, the concept of FFCI means injecting current, predominantly
reactive according to most grid codes, based on the voltage drop across the PEC.
For this reason, it is often referred to as Reactive Current Injection (RCI). Some
grid codes define a no-injection zone (deadband): if the voltage is within this
band, the PEC should not inject current. Figure [I] shows the characteristics of
the FFCI, where the factor £ determines how quickly the maximum injectable
current %,,q, 1S reached.

»Av

Figure 1: FFCI according to grid codes

In the NC RfG and NC HVDC much freedom has been given at national
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level to specify the requirements related to FFCI and FRT. Consequently, there
is variation in the existing FFCI and FRT requirements among European coun-
tries. A comparison of national implementation of requirements on FFCI is
reported in [I3] (one of the deliverables produced by the MIGRATE project
).

The adopted approach is the same; the few differences are found in the defini-
tions of the involved quantities and the parameters used. These limited dispar-
ities allow overlapping of the adopted strategies. Therefore, the choice to follow
the guidelines of one network code over another does not impact the analysis
conducted in this thesis.

The decision was made to follow the directives of the German network code,
as it was one of the first to provide specific indications regarding FFCI require-
ments (dating back to at least 2007 [g]).

2.1.1 German Implementation of the FFCI Requirements

In Table [I] the main features of the German implementation of the FFCI re-
quirements are listed.

Activation requirement of the fault Vi >11-V,, or V., <09-V,
current’s injection mode
Al V-V,
Additional reactive current during Tq =k L v i
balanced faults " V3
Adjustment range for k 2<k<6
Default value for k k=5
Rise time and Settling time of the fault T. <30 T,<60
current contribution [ms]
Priority between active and reactive Reactive current
current during faults

Table 1: German Implementation of the FFCI Requirements [13]

The variables used in Table [I] are also listed below:

e V1 line to line voltage

13



V,: rated voltage

Al,: additional reactive current during balanced faults

1,,: rated current

Vy: voltage during fault

Vps: pre-fault voltage

2.1.2 Negative Sequence Current Injection

In some grid codes, specific requirements are outlined for the injection of neg-
ative sequence current. Negative sequence current injection is usefull for the
detection and management of unbalanced faults, as it helps in identifying and
mitigating asymmetrical conditions in the power system. This type of current
injection assists in maintaining system stability and ensuring the proper func-
tioning of protection schemes during unbalanced fault conditions.

However, the scope of this thesis is limited to the analysis of symmetrical
three-phase faults. Consequently, the requirements and implementation details
for negative sequence current injection are not considered in this work. Future
studies can explore the impact and design of negative sequence current injection
mechanisms to provide a comprehensive understanding of PEC behavior under
various fault conditions, including unbalanced faults.
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3 VSC Model

3.1 Control of the VSC

Vbe
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dq
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Fault Current
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Figure 2: Structure of the converter control

The implemented Voltage Source Converter (VSC) utilizes the Pulse-Width
Modulation (PWM) scheme and is controlled with Proportional-Integral (PI)
controllers in the dq0 reference frame. Working in the dq0 reference frame en-
ables the decoupling of the AC quantities into DC components, allowing the
use of PI controllers for control. The PI controllers are tuned to ensure optimal
performance and stability of the VSC.

The block diagram of the VSC is illustrated in Figure[2] the control structure
of the converter is composed of the following components:

DC-link

LCL filter: mitigates the harmonics generated by the converter, ensuring
a smooth AC output to the grid.

Three phase inverter bridge: converts the stable DC voltage into a con-
trolled AC output using the PWM technique.

PLL: synchronizes the VSC with the grid.
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e Inner Current Controller (ICC): generates the voltage references to be
supplied to the PWM converter.

e Outer Power Controller (OPC): generates the current references to be
supplied to the ICC during normal operation.

e Fault Current Injection (FCI): generates the current references to be sup-
plied to the ICC during fault conditions.

A constant voltage source is considered because the goal of this thesis is
to investigate the impact of fault current injection on AC side protections, ex-
cluding interactions between the DC and AC sides. Moreover, this assumption
is considered valid because during a low-voltage situation, such as a fault, the
converter current is strongly limited, typically between 1 and 1.2. As a result,
the energy from the DC source cannot be fully delivered to the grid. Typically,
the DC side incorporates a chopper circuit used to dissipate surplus energy dur-
ing a fault, facilitating the assumption of a nearly constant DC-link voltage [22].

3.1.1 PI Controllers Tuning

The operation of the ICC, OPC, and PLL relies on PI controllers, hence correct
tuning is essential.

The tuning of the PI controllers was carried out following the following ap-
proach: Firstly, the transfer functions of the individual elements comprising the
specific block diagram were derived. Then, starting from the complete block
diagram, the Simulink PID tuner tool was used for automatic parameter tuning.

It was crucial to consider the influence of terminal voltage on the tuning of
the control systems, because during faults the voltage drops significantly. The
ICC remains unaffected by voltage variations, ensuring stable current regulation.
However, the PLL and the OPC are influenced by these changes. While the OPC
is inactive during faults, the PLL may struggle with synchronization due to the
reduced voltage. Thus, tuning must account for these conditions.
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3.2 dq0 Reference Frame

The dq0 reference frame, or synchronous reference frame (SRF), is a coordinate
system used in the analysis and control of three-phase electrical systems. It
transforms three-phase quantities (like voltages and currents) into a rotating
frame of reference rotating at 6* angular speed. If #* is chosen as the system’s
angular frequency (2750), by transforming the system into the dq0 reference
frame, the AC components, which would be sinusoidal in the stationary reference
frame, become constant components.

Mathematically, this transformation is accomplished using the following
equation:

d sin(6*) sin(0* — 2%) sin(6* + 2%) a
2 2 2
q| — 3 [cos(0") cos(6" — g) cos(0* + ?ﬂ-) b (1)
1 1 1
L2 3 s ]

When this transformation is applied to a symmetric three-phase voltage:

V - sin(0)
Vabe = : 2 (2)
abe V -sin(6 — ?)

2
V - sin(0 + ?ﬂ-)

The result in the dq0 reference frame is:

vd:\/g-v-cos(ﬂ—ﬁ*)
vq:\/g-V-sin(G—Q*)

{”d\/g’v (4)

vy =0

If6* =0:

In this reference frame, the expression for active and reactive power are
simplified to:

3 _ )
P:i(vd-zd—i—vqwq)

in(vq'id_vd'iq)
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3.3 Grid Side Filter

The LCL filter is the filter topology chosen for this model (Figure , being the
most commonly used filter in these applications. In the literature, many differ-
ent design methodologies can be found. [I5] proposes a simple and systematic
design methodology, which will not be extensively discussed in this thesis.

L, L,

. IYYY

ch
== =R

Figure 3: LCL filter with damping resistor

It is important to note that the resonance frequency of the filter must obey
@ in order to avoid resonance at low or high order frequencies. Additionally
to further avoid the resonance problem, a damping resistor is added in series to
the capacitor.

10fg < fres <

fsw
6
. (6)
fq and fs,, are the grid and switching frequency respectively.
The resonance frequency of an LCL filter can be computed using:
1 L.+L
fres = 5 — 9 (7)
2r\| L. - Ly - Cf
L. and L, are the converter side and grid side inductors.
To study the behaviour of the converter at the grid frequency (Essential for
the ICC, Section the influence of the capacitor C; will be neglected since

it only deals with the switching ripple frequencies. In fact, at frequencies lower
than half of the resonance frequency the LCL filter and the L filter behave in

18



the same way. In other words the LCL filter based converter behaves as if the
capacitor is not present, and the frequency characteristic of the LCL filter is
equivalent to the frequency characteristic of a L filter made by the sum of the
inductances downstream of the converter [24]:

L=L.+Lys+0L, (8)

Ly is the source inductance of the grid to which the filter is connected, if the
grid is strong L, << L.+ L, and therefore Ly could be omitted.
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3.4 Synchronous Reference Frame Phase-Locked Loop (SRF-
PLL)

A Phase-Locked Loop (PLL) is a control system that generates a signal with a
phase that is synchronized to the phase of an input signal. In power systems,
PLLs are essential for synchronization purposes, the input is the three phase
grid voltage and the output is the phase angle (of one of the three phases). They
ensure that converters, such as Voltage Source Converters (VSC), can properly
align their output with the grid’s voltage and frequency. This alignment is vital
for the stability and efficiency of the power system, particularly in applications
involving renewable energy sources and grid integration.

A Synchronous Reference Frame PLL (SRF-PLL) is a basic type of phase-
locked loop based on the Park transform (Section , which simplifies the
control and synchronization tasks. The phase angle 6 is tracked by synchroniz-
ing the voltage space vector along the d-axis (in the dq reference frame), which
in practice translates to zeroing the q component of the voltage.

Wy

Vabc ab C JF

dq 2+ PI )

mod

» |

Figure 4: Block diagram of the SRF-PLL

Figure [ illustrates the block diagram of the implemented SRF-PLL. The
main components of the SRF-PLL include:

e Park Transformation (abc to dq0 Transformation):
Converts the three-phase AC voltage (abc) into the direct-quadrature-zero
(dq0) reference frame.

e PI Controller:
Drives the q component of the voltage to zero.

e Integrator:
Integrates the frequency to obtain the phase angle 6.

e Mod block:
Wraps the phase angle 6 between 0 and 2.

Starting from the block diagram in Figure 4] the transfer functions of the
SRF-PLL are derived.

The transfer function of the Park transformation can be derived from by
applying the small signal approximation:
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Vq:\/§~V-sin(9—9*)z\/§-v-(9—9*) (9)

In V' is the line to line voltage across the converter’s terminals. This ap-
proximation linearizes the system, allowing the derivation of the transfer func-
tion , and is based on the assumption that 6* =~ 6 (which is the objective of
the SRF-PLL).

2
Gaq(s) =V - 3 (10)
The transfer function of the other components of the PLL are straightfor-

ward:

Gpi(s) = @ (11)
Gils) = - (12)

Knowing all the transfer functions, it is possible to derive the block diagram
shown in Figure

Figure 5: Small signal model of the SRF-PLL

Then the open loop transfer function of the SRF-PLL is:

Gow(s) = Gay(s) - Gri(s) - Gi(s) = V % - @ - % (13)
GoL(s) =V g([(l—;if(l’s) (14)

shows that the dynamic behaviour of the SRF-PLL is dependent on the
voltage across the converter’s terminals V: the lower the voltage the slower the
response.

To meet the requirements of the fault current injection, reported in Section
the step response of the PLL during a fault must have a rise time of less
than 30 ms and a settling time of less than 60 ms. This is a general condition
that must be met even under the most severe fault conditions.

Therefore the tuned PI controller parameters must ensure not only proper dy-
namic behaviour but also adherence to these requirements.
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In this thesis, the performance and dynamic behavior of the implemented
PLL under fault conditions will not be evaluated; to delve deeper into these
aspects, refer to [24] [22] [23] [14].

3.5 Inner Current Controller (ICC)

The purpose of the inner current controller (ICC) is to generate the voltage
reference to be supplied to the PWM logic, in order to control active and reac-
tive power exchange during normal operation, and to control the fault current
injection during fault conditions.

To understand the control structure of the ICC, it is necessary to derive the
operating equation of the system (VSC, filter and grid), i.e. the equation that
describes the evolution of the grid current.

Figureshows the VSC connected to the grid (represented with a RL impedance
Zs), defining v, as the voltage across the converter and v, as the grid voltage.

As explained in Section [3.3] it is possible to neglect the filter capacitor and
the damping resistor without compromising the accuracy of the model at the
grid frequency. Additionally, assuming a % ratio of 10 for the grid impedance,
the resistive component of the grid impedance can be neglected. Then the
equation that describes the evolution of the grid current is (Figure :

Ve = Ug + L% (15)

In L= L.+ L,+ L, is the sum of the converter side inductor, the grid
side inductor and the grid inductance.

L, L, s Ug

et | V8C -

(a) VSC connected to the grid
i L Yg

VsC

(b) Simplified network

Figure 6
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Applying the Park transform to , the operating equation of the system
is obtained in the dq reference frame:

dig . 1
E —Wrilg = E(_’Ugd + Ucd)

, (16)
di

1
dfi +w 'id = Z(—qu +’ch)

In the dq reference frame, the d and q differential equations for the current
are dependent due to the cross coupling terms wi, and wig .

Applying the Laplace transform to the operating equations become:

1
Z(_vgd + vcd)

S lg — W lg =
(17)

5-ig Fw-ig = —(—vg, +vc,)

7!

To achieve independent control of 74 and 7, it is necessary to compensate
the cross coupling terms wli, and wlig and to feed forward the respective grid
voltage dq component. Achieving independent control allows the use of two
separate PI controllers, one for each axis, as shown in Figure [7}

-k

14

PI}—)

Figure 7: Block diagram of the ICC

With the compensation of the grid influence and of the cross coupling terms
the controllers for both d and q axis currents can be designed on the basis of
the filter transfer function [7]:
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Gyls) = - (18)

Figure [§| shows the block diagram of the feedback system.

(Ugd - WLiq)

1d

PI

S
+
o

q PL |

Figure 8: Block diagram of the ICC

Because the d and q axis are independent the two PI controllers can be tuned
referring to the same reduced block diagram (Figure E[)

K; 1

Figure 9: Reduced block diagram of the ICC

From Figure [9] the derivation of the open loop transfer function of the ICC
is straightforward:

Gou(s) = Gra(s) - Gy (s) = Lt Ko L (19
GowL(s) = % (20)

shows that the dynamic behaviour of the ICC is independent of the
voltage across the converter’s terminals; in fact, the only parameter affecting its
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behaviour is the total inductance L.

To derive the transfer function of the OPC (Section , the closed-loop
transfer function of the ICC is required:

GOL(S) KHFIL(PS
_ _ 21
GCL(S) 1+ GOL(S) 1+ Ki:;fps ( )
K, + K
GCL(S) = + P’ (22)

2L+ K; + Kps

3.6 Outer Power Controller (OPC)

The Outer Power Controller (OPC) is responsible for generating the current
references, in the dq reference frame, to be supplied to the ICC during normal
operation based on the desired values of active and reactive power.

The reference current d component is controlled to manage active power ex-
change while the reference current q component is controlled to manage the
reactive power exchange. Sometimes the reference current d component is con-
trolled also to perform the DC voltage regulation, this will not be the case in
this thesis.

To understand the control structure of the OPC, it is necessary to consider
the equations governing active and reactive power exchange in the dq reference

frame :

P = (Ud-id—l—vq'iq)

(23)

o DN w

@=3

Assuming that the d axis is perfectly aligned with the grid voltage v, = 0
(this is the objective of the SRF-PLL, therefore as long as it is doing its job the
assumption is valid), the active power and the reactive power will therefore be
proportional to iq and i, respectively:

(Vg * Ga — Va - iq)

3

P= §’Ud . id
; (24)
Q = _§'Ud . 'L'q

The voltage and current components in the synchronous dq frame must be
properly filtered before they can be manipulated in the previous active and
reactive power formulas, because the objective of the OPC is to regualate the
first harmonic active and reactive power exchange [24]. A second-order low-pass
filter was used for filtering.

Figure[I0]shows the block digram of the OPC. Figure[IT]shows the block diagram
of the feedback system.
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UVd

. X P i
iq PI
Uq X "
+ 1,5 LPF
X @ 1,5 LPF
X

Figure 10: Block diagram of the OPC

O Gri(s) Gee(s) 1,5-V,/2

Grpr(s)

Figure 11: Block diagram of the feedback system (Active power)

The transfer functions of the blocks shown in Figure [11] are provided below.
From these, the derivation of the open-loop transfer function of the OPC is
straightforward.

It is important to note that in Figure [II] and in the subsequent equations,
reference is made to the loop that controls active power, as the term 1, 5~V\/g is

used to evaluate P. To determine the open loop transfer function for the reactive
power loop, it is sufficient to add a minus sign to the subsequent equations

(-1,5- V\/g as in ([24)).
G.c is the closed-loop transfer function of the ICC (Equation , the term
1,5- V\/g, where V is the line to line voltage, derives from .

2
wn
Grpr(s) = 2+ 2wns 2 (25)
2
G(s) = Gpi(s) - Gee(s) - 1,5V 3 (26)
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(Ki,. + K, .s) (Ki,, + K,,.5) \/5
— pc pc . cc cc . 1 . - 2
G(s) P Ltk + kK, s "2V (27)
Gor(s) = G(s) - Grpr(s) (28)
(K, + Kp,.8) (K. +K,,_s) \F w?
— pc pc . ce ce 1 . . n
Gor(s) S (’L+ K;,, + K,_s) >V 3 (8% 4 2Cwps + w2)

(29)

shows that the dynamic behaviour of the OPC is dependent on the
voltage across the converter’s terminals V', therefore, during a fault, the dy-
namics of the OPC are affected by the voltage variation; however, this is not an
issue since, during fault conditions, the OPC is excluded from the control loop
because the FCI block (Section takes over, generating current references
during fault conditions. Thus, in summary, the tuning of the PI controllers is
performed considering only nominal operating conditions.

When tuning the PI controllers of the OPC, it is very important to obtain

a step response much slower than the one of the ICC to ensure the decoupling
of the two control systems.
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3.7 Fault Current Injection Block

The fault current injection block is responsible for generating the current refer-
ences to be supplied to the ICC during fault conditions. The determination of
the current reference is based on the guidelines provided in the considered grid
code; in this thesis, reference is made to the German grid code (Section ,
whose requirements are summarized in Table

The current supplied by the converter must be less than the maximum cur-
rent I,,,.; therefore, the following condition must hold:

\/i3+ i2 < Imaz (30)

During a fault, the converters must supply as much current as possible;
therefore, if the reactive component (to which is given priority) does not reach
the maximum deliverable current, the residual current is supplied by the active
component according to:

ig = /12, — i2 (31)

mazxz ~ Yq

Figure[12]shows the block diagram of the fault current injection block, which
activates only if the voltage drops below 10 % of the nominal line to line voltage
V.. (Table .

— O

Uq

wiN
5

Imaw T U

Figure 12: Block diagram of the FCI block
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3.8 Simulation results

This section describes the different simulations of the VSC converter carried out
in Matlab-Simulink@®). The parameters and references used in each simulation
are presented. First, the operation of the VSC converter under normal operating
conditions is simulated, with varying active and reactive power references over
time. Subsequently, the operation under fault conditions with different residual
voltage values is simulated. The simulated faults will be bolted three-phase

faults (Section [L.2).

The grid connected VSC is shown in Figure

In Table [2] all the system’s parameters used during the simulations are pre-
sented. The filter parameters are reported in Table [3| and the tuned PI con-
trollers parameters are reported in Table [4]

L. L, Z Vg

s | VSC e e

I,

S==n

Figure 13: Grid connected VSC used in the simulations

Parameter Description Value
VoL Line to line RMS grid voltage 400 V
Sh Rated power 100 kVA
fo Grid frequency 50 Hz
Ssw Switching frequency 10 kHz
I, Rated current 144,34 A
Loz Maxiumum current (peak value) | 224,54 A
Vbe DC Voltage 800 V

k Fault current injection k factor 2
Grid

See Short circuit power 100 MVA

% % ratio 10

Table 2: System parameters

The Maximum current reported in Table[2is calculated assuming an increase
of 10 % above the rated current: Ipnae = 1,1 I, - V2.
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Parameter Description Value
Cy Filter capacitor 100 pF
L. Converter side inductor 0,5 mH
L, Grid side inductor 0,15 mH
Ry Damping resistor 3,58
fres Filter resonance frequency | 1482 Hz

Table 3: LCL filter parameters
Parameter Description Value
Kppors PLL Proportional gain 10

Kip, . PLL Integral gain 10000
K., ICC Proportional gain 10
K., ICC Integral gain 10000
Ky,. OPC Proportional gain 0
K;,. OPC Integral gain 0,2

3.8.1 Normal operating conditions

Table 4: PI controllers tuned parameters

This section presents the results of the simulation conducted under normal op-
erating conditions, in which time varying active and reactive power references
where assigned. In Table [5| the order of events during the simulations is pre-

sented.

At the beginning of the simulation, the converter is required to supply half of
its nominal power, 0,5 pu, with a power factor of 1 (cosp = 1). At t = 0,2, the
power reference doubles, maintaining the power factor unchanged, reaching the
nominal power of 1 pu. At t = 0,4, the active power reference decreases to 0,8
pu, and the converter is required to supply 0,6 pu of reactive power, operating
with a power factor of 0,8. Finally, at t = 0,6, maintaining the power factor
unchanged, the converter supplies reactive power of the opposite sign.

Time instant [s]

0
0,2
0,4
0,6

Active power reference [pu] | Reactive power reference [pu]
0.5 0
1 0
0,8 -0,6
0,8 0,6

Table 5: Simulation order of events

In Figure the results of the simulation are presented, showing the time
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evolution of the main quantities involved. The results indicate the correct op-
eration of the converter, which is able to track the assigned active and reactive

power references.
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(a) Active power reference Pref and Ac-
tive power measurement Pm
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(d) Reactive current reference Iqref and
Reactive current measurement Iq
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Time [s]

(f) Voltage q component Vq

Figure 14: VSC simulation results during normal operation

3.8.2 Fault Behaviour

This section presents the results of the simulation conducted under fault condi-

tions.



In Table [7] the order of events used during the simulations is presented. At the
beginning of the simulation, the converter ramps up to nominal power 1 pu,
with a power factor of 1 (cosp = 1). Subsequently, three three-phase bolted
faults are applied, at the converters terminals, in succession with three different
residual voltages, i.e. three different voltage drops.

Time instant [s] Description
0 Normal operation: Pref = 1 pu Qref = 0 pu
0,1 Fault with residual voltage of 0,85 pu
0,16 Fault with residual voltage of 0,51 pu
0,22 Fault with residual voltage of 0,06 pu

Table 6: Simulation order of events

In Figure[l5|and Figure[16|the results of the simulation are presented, show-
ing the time evolution of the main quantities involved. The results indicate the
correct operation of the converter, which is able to track the assigned reactive
and active current references during the faults.
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Figure 15: VSC simulation
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Figure 16: VSC simulation results during fault conditions close up
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Verification of the operation of the fault current injection block

To verify the correct operation of the fault current injection block (Section

, the reactive and active current references to be provided to the ICC will
be manually calculated based on the guidelines of Table [1f and equations
and .
This block is responsible for the correct application of the guidelines related
to fast fault current injection as outlined in the grid code (in this thesis, the
German grid code), therefore it is important to verify its operation. Table
reports the performed calculation.

Residual voltage (Voltage drop) [pu] | Reactive current reference [pu] Active current reference [pu]
0,85 (0,15) ig=k-Av=2.0,15=0,3 | iq= \/i;{meig: V1,12 20,32 = 1,06
0,51 (0,49) iy =2-0,49 = 0,98 ia=1/1,12-10,982 = 0,5
0,06 (0,94) ig=2-0,94=1,96 =i, =1,1 iq =10

Table 7: Active and reactive current references calculation

The values obtained in Table [7] are consistent with those shown in Figure
confirming the correct operation of the converter under fault conditions.
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4 1Q Distance Protection:
the TD21 Element

4.1 Introduction

Incremental Quantities (IQ) line protections are a type of time domain protec-
tions that were first introduced in [9] to determine fault direction. Protection
elements implementing this principle can reliably operate in milliseconds [19]
for this reason they are often referred to as ultra high speed protections.

In this section, the incremental quantities distance protection element TD21,
incorporated in the SEL-T400L relay, produced by Schweitzer Engineering Lab-
oratories (SEL), will be implemented using the articles written by SEL itself [19]
[I7] [16] [I2] and the instruction manual [5] as references. The TD21 distance
element provides instantaneous underreaching line protection. Therefore it can
be used for tripping directly without communications.

The chapter is divided as follows: in Section the concept of Incremental
Quantities is presented; in Section and the operation and logic behind
the TD21 element are described; in Section the testing criteria adopted to
validate the element are discussed; in Section the results of the performed
simulations are presented; in Section the application to unbalanced faults is
briefly discussed.
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4.2 Incremental Quantities (IQ)

Incremental quantities, often referred to as superimposed quantities, are incre-
mental changes between the present values of a signal (in the context of electric
systems, currents and voltages) and their n cycles old values, typically one or
two cycles old.

As(t) = s(t) — s(t —nT) (32)

Where T is the signal period.
They are fault-induced components because under normal operation, they are
null. For this reason, they are implemented in protection systems.

Consider two network terminals connected by a transmission line, and as-
sume that a three phase symmetric fault occurred at a distance m in per-unit
value from the left bus (Figure [17)), to solve the faulted network, we can apply
the superposition principle [20], as shown in Figure

Z m-Z (1-m)-Z Z,

Figure 17: Fault in a two terminal network (Single-phase equivalent circuit)
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Faulted network

lpre

Zs ’ITL'ZZ (1—m)-Zl ZT

Prefault network

Ai
Z, e m-Z (1-m) -2 Z,
Av

Pure-fault network

Figure 18: Superposition principle applied to a faulted network
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In the faulted network, the fault branch is represented by two series voltage

sources with a magnitude equal to the pre-fault voltage (ef) present at the fault
point. Because the two generators produce equal but opposite voltages, their
series is equivalent to a short circuit.
In the pre-fault network, the voltage source can be removed because it has no
effect. The voltages and currents in the faulted circuit are equal to the sum of
the voltages and currents in the pre-fault circuit and the voltages and currents
in the pure-fault circuit:

iy = ipre + A (33)

Vf = Upre + Av (34)
Rearranging:

Al =if —ippre (35)

Av = v5 — Vpre (36)

The only effect of the power system sources (es; and e,.) and load flow, on
Awv and A, is establishing the initial conditions for the superposition source ey,
other than that they depend only on the network parameters (Zs, Z, and Z;)
and on the fault location m.

The pre-fault values are n cycles old compared to the fault values, therefore
using |36| and we obtain incremental quantities that lasts for n power cycles,
after which they expire because the historical values, i.e. the pre-fault values,
we subtract slide into the fault period.

39



4.3 TD21 Principle of Operation

The TD21 distance element calculates, in time domain, the change in the volt-
age at the set reach point mg by using the measured currents and voltages at
the relay location and the line resistance and inductance parameters [5] (Fig-
ure . The element should reach up to the reach point mg on the protected
line short of the remote bus and should not respond to faults beyond that point.

(RL) Vr

l pre
i—
Av, \Reach

21 .
Point

(v, i, Av, Ai)

(a) Input data and measurements for the TD21 distance element

A

Vrpre

\
% \
s \ Av,
; \ time
& ! / >
< \ /
® \
o /
(n'd \ /

\ /
\ /
\ /
\ -/

(b) Voltage at the reach point for a bolted fault at the reach point

Figure 19: Bolted fault at the reach point [I§]

The TD21 principle of operation is based on the following observation: a
bolted fault located exactly at the reach point causes a change in voltage at the

reach point (Av,) equal to —v, . (Figure .
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Avp = v, —Up,, (37)

During a bolted fault v, = 0.

Av, =0—wv, =0, . (38)

Therefore the highest physically possible change in voltage at the reach point
is the pre-fault voltage at the reach point [I§].

Now consider a fault located short of the reach point as in Figure If
you calculated the change in voltage at the reach point for this fault, you would
obtain a value higher than the pre-fault voltage at the reach point. Consider
now a fault located beyond the reach point as in Figure If you calculated
the change in voltage at the reach point for this fault, you would obtain a value
lower than the pre-fault voltage at the reach point [I§].

Therefore, if the change in voltage at the reach point is greater than the
pre-fault voltage, the element must intervene. This translates into the following
operating equation:

|Avy| > oy, (39)

If this condition is true the fault is inside the protected zone and the element
must intervene.
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(b) Voltage at the reach point for a bolted fault at the reach point

Figure 20: Actual change in voltage at the fault location and change in voltage
at the reach point that the distance element calculates [I§]
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4.3.1 Evaluation of the reach point voltage

i
mg - 2 (I—=mo)- 2 Z,

Z, .

Figure 21: Voltage at the reach point in a two terminal network (Single-phase
equivalent circuit)

The element must evaluate the voltage at the reach point in order to work.
To do this, the protected line is represented as a series of an inductance and
a resistance (Figure . Then the following equations can be written for the
voltage v, at the set reach point mg:

. di
U,,Um0~<Rl'l+Ll'dt) (40)
. di VA
vrzv—mo-<Rl~z+Ll~dt>-Z§ (41)
Ry L, di
_ NELNPE AN 42
Vp =V — My (Zz +Zl i l (42)

Often, when incremental quantities are used, the expression ”replica current”
i, is introduced, which essentially corresponds to a voltage drop. In this case, it
helps simplify the equations governing the operation of the distance protection
element.

. R, . L; di

L=t 4

i 7 i+ 7 di (43)
Then Equation 2] can be simplified as:

Vy =0V — Mg -1y 2 (44)
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4.4 TD21 logic

In this chapter the implemented model will be described. Figure [22] shows the
operating logic of the element: starting from the voltage and current measure-
ments at the relay terminals to the determination of the fault presence within
the protected line section (Output signal).

In the implementation of the element, some simplifications have been adopted:

e The logic capable of identifying the beginning of the fault has not been
implemented.

e The element is capable of operating only on symmetrical three-phase
faults, since these are the only faults that will be analysed in this thesis, in
Section the application to unbalanced faults will be briefly discussed.

Fault inception

Re.ach Uy Restraining | vrst Integration Output

point . and —
v signal .

voltage comparison

Incremental | Awv,
quantity

Figure 22: Block diagram of the implemented TD21 element

The Reach point voltage block implements Equations [44] and [43| to evaluate
vy, the Incremental quantity block applies the definition of 1Q, by subtracting
the n cycle old value of v, to its present value, to obtain Auv,..

The Restraining signal and Integration and comparison blocks will be de-
scribed in the following sections.

4.4.1 Restraining signal

The TD21 element does not directly apply the operating equation instead
of using ’vrwe | directly as a restrictive signal, it applies modifications to the lat-
ter. This is necessary because in a real transmission line, the reach point voltage
calculated with Equation [44] provides an approximation of the actual voltage be-
cause it is determined by considering the line as an RL element. Therefore, to
make the element safer and more reliable, it is necessary to use a more complex
restrictive signal v;..

Figure explains the calculation of the restraining signal v,.s. The ab-
solute value of the voltage at the reach point v, is multiplied by the factor k
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(slightly above 1) to add a small amplitude margin. To add a small phase mar-
gin n cycle old data (the delayed value of v, is needed to represent the voltage
at the reach point prior to the fault v, ) and two extra sets of data, one ahead
(forward) and one beyond (backward) the exact n cycle old data, are extracted.
The two extra sets of data are used to create a security band (SB) around v,

(See Figure [23b)).

The maximum value among the minimum restraint level and these three
values becomes the final restraining signal v,.s;. The minimum restraining level
is a percentage of the peak value of v, (increased by k), in fact MRL is a con-
stant between 0 and 1. The minimum restraint level is used to ensure that the
restraining signal v,¢; does not fall to zero near the zero crossings.

The objective of this procedure is to create a signal that envelops the ac-
tual reach point voltage while assuming various sources of errors (for example
instrument transformer errors and relay measurement errors), yet is as small
as possible to maintain the speed and sensitivity inherent in the time-domain
implementation [I8]. Figure shows an example of this procedure.
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(b) Example of operation of the TD21 restraining signal [18]

Figure 23

4.4.2 Integration and comparison

The operating signal |Av,.| and the restraining signal v,.; are compared as shown

in Figure 24a]

To add an extra layer of security the TD21 element asserts the presence of a
fault only if the integral of the difference between the operating signal and the
restraining signal is greater than a certain threshold, the security margin (SM):

/(\Avr| — Upgt )dt > SM (45)

The integrator is run, by the enable signal (EN in Figure [24a)), only if two
conditions are met:

e The operating signal is greater than the restraining signal |Av,| > v

e The fault identification logic (Fault inception in Figure 24a)) confirms the
presence of the fault (not implemented in this thesis).

Figure 24b] shows an example of how the logic works.
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(b) Example of operation of the integration and comparison logic:
performed only if the EN signal is high

Figure 24
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4.4.3 Effect of settings on operation

In this section, the effect of the operational parameters (settings) of the TD21
element on its performance will be discussed.
The signals that determine the performance of the element are the restraining
signal v,.s; and the security margin (SM).

The restraining signal is determined by the following parameters (Section
4.4.1)):

e Security factor (k)
e Security band (SB)
e MRL

As described in Section the Security factor adds an amplitude margin
and the Security band adds a phase margin, and together with the MRL they

create a signal that envelopes the pre-fault reach point voltage. In fact v,.q =
if:

1.
o k=1
e SB=0
e MRL =0

The more the restraining signal resembles the pre-fault voltage at the reach
point, the faster the protection element will respond, but the less secure it will
be, as it will be more susceptible to errors. Causes of error include: evaluation
of the reach point voltage by modelling the line with an RL impedance; mea-
surement errors; voltage drop not caused by faults. The same reasoning applies
to the SM, the lower it is the faster the protection element will respond, but the
less secure it will be.
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4.5 Testing criteria

To test a protection element, it is necessary to define criteria to evaluate its
performance.

There are various criteria for testing the performance of a protection element
[I7]. The most relevant ones for the purpose of this thesis, and consequently
those that will be used for evaluation, are the following:

e Speed, the time between fault inception and a trip command to the circuit
breakers.

e Dependability, the ability to trip line faults under assumed operating and
fault conditions.
In the literature dependability is not defined rigorously [I7]. In this thesis,
dependability will be measured as a percentage of total in zone faults for
which the element operates.

e Security, the ability to restrain for all conditions other than line faults,
especially for out-of-zone faults

Speed, Dependability and Security of a protection element are influenced by
several factors:

e Fault location along the line: The closer the fault is to the reach, the more
the distance element struggles to detect its presence.

e Fault point on wave, i.e. the temporal point within the AC voltage cycle
at which the fault is introduced: The protection algorithm needs to be
effective regardless of the fault occurrence time within the voltage cycle.

e Source impedance ratio (SIR), analysed in Section
e Fault resistance
e Fault type

In this thesis, only three phase bolted faults will be considered, therefore
fault resistance and fault type will not be considered as parameters for perfor-
mance analysis.

The Speed of the incremental quantities based elements is primarily deter-
mined by how rapidly the required incremental quantities develop. This is pri-
marily a function of the impedance between the source and the fault point, and
the voltage change at the fault point [I7]. The latter depends on the pre-fault
voltage at the fault point (point on wave).

The main criteria that challenge the Dependability of the incremental quan-
tities based elements is whether the fault generates high enough incremental
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voltage and current quantities given the minimum pickup thresholds [17].

With the results obtained from the simulations, the intervention time curve
and the dependability curve will be plotted. The intervention time curve shows
the intervention time as a function of the fault location. The dependability
curve illustrates the percentage of faults that the element was able to detect
based on the fault location, thereby also containing information on security,
as it will indicate whether or not the element intervened for faults occurring
outside the protected zone.

4.5.1 Source impedance ratio (SIR)

The SIR is the ratio of the source impedance (short circuit impedance) to the
line impedance:

Z,
SIR=7 (46)

The SIR is well established as the preferred method for classifying the elec-
trical length of a line for the purpose of applying protective relays [25]. IEEE
C37.113, IEEE Guide for Protective Relay Applications to Transmission Lines
[3] classifies line length based on SIR as follows:

e Long line (SIR < 0,5)
e Medium line (0,5 < SIR < 4)
e Short line (SIR > 4)

The SIR provides information about the three-phase short circuit power S,
(and consequently about the three-phase short circuit current Ig.):

2
Z=¢ (47)

2
SIR = ¥ (48)

sc l

V2
SIR= ———— 49
\/g'V'Isc'Zl ( )

1%
SIR= ———— 50
\/g'lsc'Zl ( )

The higher the SIR (the shorter the line), the lower the short-circuit current
contribution from the grid. This relationship is significant because a high SIR
can influence the fault detection capability of protective devices. As the line gets
shorter, the impedance decreases, leading to a reduced fault current contribution
from the grid.
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4.6 Simulation: TD21 testing and validation

In this section the implemented TD21 model will be tested and validated using
the criteria defined in the previous chapters.

To test the developed protection model, a series of simulations in Matlab-
Simulink@®) involving three-phase bolted faults on a medium voltage transmis-
sion line have been conducted, Table[§lists the bus and line characteristics. The
simulations are designed to evaluate the algorithm’s performance under variable
conditions.

Rated line to line voltage 20 kV
Nearby bus SCP [SIR] 100 MVA [2,4]
Remote bus SCP variable
Line resistance 0,1 ©/km
Line inductance 1 mH/km
Line length 5 km

Table 8: System and line characteristics

Bolted three-phase faults at 10 different positions along the transmission
line have been simulated. These positions range from 0,1 to 1 per unit (p.u.) of
the line’s total length. This way, each fault was introduced at specific locations
along the line, ensuring homogeneous coverage. This approach makes it easy
to evaluate the performance of the distance protection element, as it must be
able to identify whether a fault is within the protected zone or not. For each
position, multiple values of the SIR (SCP) of the nearby bus and two different
point on wave values have been used.

Table[dlists the different SIR values and their respective SCP values used for
the simulations, the selected point on wave values are the zero-crossing instant
and the peak voltage instant.

The element will be tested while keeping the SIR of the remote bus constant
because, given that the faults resistance will be always null, it gives no contri-
bution to the fault voltage and fault current of the nearby bus, therefore it does
not affect the functionality of the element.
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S, [MVA] | SIR
2500 0,1
500 0,5
250 1
100 2.4

50 5
10 24

Table 9: SIR and respective SCP used fo the simulations

The element settings used affect its performance (Section [4.4.3), so it is
important to establish them and explain the reasons for these choices. Table[I0]
lists the TD21 element settings used during the simulations.

Parameter description Value
Time delay of the IQ element 1 power cycle
Element reach 0,8 pu
Security factor 1
Minimum restraining level (MRL) 0 pu
Security band (SB) 0 ms
Security margin (SM) variable

Table 10: TD21 settings

Because the implemented Simulink model does not account for measurement
errors (e.g. it does not account relay measurement or measurement transformers
errors) and the line is modelled as an RL impedance, the reach point voltage
evaluated using will be very accurate, therefore it is not necessary to uti-

lize the Security factor, the Security band or the Minimum restraining level for
security.

The security margin (SM), as discussed in Section significantly affects
the speed and reliability of the element. Moreover, the determination of its
value is not provided in literature. For these reasons, different SM values will
be considered in the simulations, and the performance of the element will be
analysed based on the adopted SM. The chosen SM are: 5, 10, and 30.

The simulation results will show the intervention times (if the element has in-
tervened), under the various conditions analysed (fault location, point on wave,
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SIR and SM). It is important for the element to be able to respond only to
faults located within the protected zone, i.e. within the reach point.

4.6.1 Simulation results

Tables and [I5] report the intervention times of the TD21 element,
depending on fault location, point on wave and SM, with the respective SIR
(Table [9).

Figure [25 shows the average intervention time and the dependability curve
of the implemented element as a function of the fault location, also showing
the influence of the SM on its performance. From these results, the following
conclusions can be drawn about the simulated element:

e The intervention time decreases as the SIR increases.

e The intervention time increases as it gets closer to the reach (0.8 pu in
these simulations).

e The intervention time increases if the fault occurs near the zero-crossing
of the voltage and decreases if it occurs near the peak.

e The higher the SM the lower the intervention time

These characteristics are consistent with the expected behaviour, described
in Section 4.4.3]

To further investigate the effect of the SIR on the operation of the TD21,
Figure 77 shows the value of the integral [(|Av,| — v, )dt as a function
of fault location and SIR. To highlight the difference in the order of magnitude
of the integral value as the SIR increases, the results of a simulation conducted
with a very high SIR (80) are also shown in the figure.

In all the analysed cases, the element never intervenes if the fault is outside the
protected zone. In fact the integral [(|Av,| — vys )dt is always null for faults
located above 0,7 pu length.

Element Validation

The implemented TD21 model is based on scientific articles and instruction
manuals. However, these sources often omit details about the settings of certain
parameters, making it impossible for the model to be perfectly accurate. The
key point is that the model behaves as expected, which is true in this case.
In fact the response times obtained and the dependability of the element are
consistent with those reported in the scientific literature in [16] [17] [21].
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Fault location

SM =5

SM = 10

SM = 30

ZEero-Crossing

peak voltage

Z€ro-Ccrossing

peak voltage

ZEero-Crossing

peak voltage

0.1 0.75 0.09 1.06 0.18 1.85 0.53
0.2 0.9 0.16 1.41 0.31 247 0.93
0.3 1.26 0.25 1.79 0.49 3.17 1.52
0.4 1.58 0.39 2.25 0.77 4.07 2.52
0.5 2.00 0.62 2.88 1.26 5.43 6.70
0.6 2.69 1.09 3.93 2.33 9.13 10.04
0.7 4.26 2.77 6.74 8.46 - -
0.8 - - - - - -
0.9 - - - - - -

1 - - - - - -

Table 11: Intervention time with SIR = 0,1 (2500 MVA)

Fault location SM =5 SM = 10 SM = 30
zero-crossing | peak voltage | zero-crossing | peak voltage | zero-crossing | peak voltage
0.1 1.30 0.27 1.84 0.53 3.24 1.60
0.2 1.52 0.36 2.15 0.72 3.84 2.24
0.3 1.78 0.50 2.54 0.99 4.61 3.36
0.4 2.12 0.70 3.04 1.40 5.71 7.35
0.5 2.60 1.03 3.76 2.15 7.79 9.70
0.6 3.40 1.74 5.05 4.57 15.24 16.15
0.7 5.37 6.59 11.86 10.95 - -
0.8 - - - - - -
0.9 - - - - - -
1 - - - - - -
Table 12: Intervention time with SIR = 0,5 (500 MVA)
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Fault location

SM =5

SM = 10

SM = 30

ZEero-Crossing

peak voltage

Z€ro-Ccrossing

peak voltage

ZEero-Crossing

peak voltage

0.1 1.76 0.49 2.50 0.97 4.50 3.16
0.2 1.99 0.62 2.84 1.23 5.20 5.60
0.3 2.27 0.80 3.26 1.62 6.19 8.20
0.4 2.66 1.08 3.84 2.24 7.88 9.99
05 3.20 1.56 471 3.54 14.08 12.88
0.6 4.15 2.63 6.38 8.37 - -
0.7 6.70 8.72 15.43 16.69 - -
0.8 - - - - - -
0.9 - - - - - -

1 - - - - - -

Table 13: Intervention time with SIR = 1 (250 MVA)

Fault location

SM =5

SM = 10

SM = 30

ZEero-Crossing

peak voltage

Z€ro-Crossing

peak voltage

ZEero-crossing

peak voltage

0.1 2.72 1.14 3.93 2.36 7.99 10.37
0.2 3.01 1.39 4.37 2.96 12.13 1177
0.3 3.38 1.74 4.97 4.10 15.13 14.84
0.4 3.88 2.30 5.84 7.71 19.15 -
0.5 4.66 3.44 7.39 9.68 - -
0.6 6.12 8.14 14.27 13.21 - -
0.7 14.55 13.74 - - - -
0.8 - . - - _ _
0.9 - - - - - -

1 - - - - - -

Table 14: Intervention time with SIR = 2,4 (100 MVA)
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Fault location

SM =5

SM = 10

SM = 30

ZEero-Crossing

peak voltage

Z€ro-Ccrossing

peak voltage

ZEero-Crossing

peak voltage

0.1 3.88 2.31 5.81 7.75 19.44 -
0.2 4.27 2.84 6.53 8.85 - -
0.3 479 3.73 7.65 10.05 - -
0.4 5.56 7.21 12.18 11.80 - -
05 6.83 9.18 16.13 18.11 - -
0.6 12.94 12.15 - - - -
0.7 - - - - - -
0.8 - - - - - -
0.9 - - - - - -

1 - - - - - -

Table 15: Intervention time with SIR = 5 (50 MVA)
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Figure 26: [(]Av,| —v,s )dt as a function of fault location and for different SIR
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4.7 TUnbalanced faults

As mentioned earlier the implemented TD21 element is capable of operating
only on symmetrical three-phase faults, since these are the only faults that will
be analysed in this thesis. However, the modifications needed to make the TD21
work in the presence of unbalanced faults are straightforward. In fact, it is suffi-
cient to evaluate the reach point voltage differently depending on the type
of fault being monitored [19] [5].

Table [16] list the voltages and replica currents to be used in depending
on the fault type.

Fault type | Voltage v | Replica current i,
AG vA Gzq — Uz
BG vB lop — Uz
CG Vo Toe — iz
AB VA — UB izA _izB
BC vp —UC Qap — iz
CA Vo — VA loe — iz,

Table 16: Loop voltages and currents

R1, Ry, L1, and Lg are the resistance and inductance of the positive Z; and
zero Zyp sequence line impedances. i, is the zero sequence replica current:

ta+ip+ic

ig = 3 (51)
, Ry . Lidip Zy (Ry. Ly dig
0 = — — = — | = —— 2
Tt w7\ @ (52)
Example
For example, in the case of a phase-to-ground fault involving phase A:
. Ry . Lidig
= — —_—— 53
a7 A 7w (53)
zac = bza — Uz (54)
vaGg = VA (55)
Up =VAG — Mo bzag - 21 (56)
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5 Casestudy: VSC connected
to a line protected with
the TD21 element

5.1 Introduction

In this chapter the results of the simulations performed using the software MAT-
LAB/Simulink are presented and discussed. The simulations are designed to
evaluate the impact of the implemented VSC converter, described in Section
fault behaviour on the TD21 distance protection element, described in Section [4]

The setup of the simulation is shown in Figure the VSC converter is
connected, via a transformer, to a line protected by the TD21 element. The pa-
rameters of the VSC and LCL filter are the same as those presented in Section
[3.8] Table 2]and [3] The TD21 element settings are the same as those presented
in Section Table The line is represented by an RL impedance, and
the transformer is modelled as an inductance. The line, transformer, and grid
parameters are detailed in Table The circuit is simulated with all elements
(transformer, line, and grid) represented on the low voltage side.

Similar to the simulations conducted to test the TD21 element in Section
faults are simulated along the entire length of the line: 10 different bolted
three-phase faults at different positions; these positions range from 0,1 to 1 per
unit (p.u.) of the line’s total length.

TD21

LCL
vSC s [ () =—|How

Transmission line

Figure 27: Network used for the simulations
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Line
Line resistance 0,1 ©/km
Line inductance 1 mH/km
Line length 5 km
Transformer
Rated voltage 400 V / 20 kV
Rated power 120 kVA
Short circuit voltage 5 %
Grid
Short circuit power 100 MVA
% 10

Table 17: Line, transformer and grid parameters

5.2 Simulation results
During the simulations, two issues emerged:

e Limited Fault Current: The fault current provided by the VSC is limited,
which reduces the effectiveness of the TD21. For short lines, this limita-
tion might result in the TD21 not operating correctly for faults within the
protected zone. In fact low integral values cause the TD21 to intervene
only if the Security Margin (SM) is sufficiently low. However, in a real
world scenario a low SM can lead to incorrect fault detection due to the in-
fluence of measurement errors in the sensor chain (instrument transformer
errors and relay measurement errors).

e Irregular Fault Current During Transient Response: During the transient
response of the VSC control system (ICC and PLL specifically), the fault
current is irregular and unpredictable, differing significantly from the fault
current of traditional synchronous generators. In traditional generators,
the fault current is a combination of an exponential decay and a sinusoidal
component. In contrast, the VSC’s fault current during the transient
phase affects the accuracy of the voltage assessment at the reach point
, causing it to operate even for faults outside the protected zone.

These issues are illustrated in Figure which shows the value of the integral
J(|Av, | — vy )dt as a function of the fault position. The figure indicates
that the integral value is very low compared to the one evaluated in the presence
of traditional generators, as shown in Section[{.6.1} For comparison, these values
are also shown in Figure[29] Furthermore, the integral value is non-zero even for
faults outside the protected zone (beyond 0,8 pu), leading to undesired operation
of the protection element.
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6 Conclusions and Future work

The objective of this thesis was to analyse the impact of fault current injection
by power electronic converters (PECs), specifically voltage source converters
(VSCs), on incremental quantities (IQ) based distance protection, particularly
the TD21 distance protection element, incorporated in the SEL-T400L relay.
To achieve this, several key tasks were undertaken, including a literature re-
view on PECs fault behaviour, the implementation of VSC and TD21 models
in MATLAB/Simulink, and the evaluation of the VSC’s fault behaviour on the
TD21 element.

The VSC model was successfully implemented, using the German grid code
requirements on Fast Fault Current Injection (FFCI) for the converter’s fault
behaviour, as detailed in Chapter This model was designed to replicate
the behaviour of VSCs under both normal and fault conditions. Similarly, the
TD21 distance protection element was successfully implemented based on scien-
tific literature and its specific manual, designed to detect and clear faults using
incremental quantities, as detailed in Chapter The influence of VSC fault
behaviour on the TD21 element was evaluated through simulations performed
in MATLAB/Simulink, as detailed in Chapter |5} These simulations were crucial
in understanding how the unique characteristics of VSC fault currents impact
the performance of the TD21 protection scheme.

The simulations revealed that the limited fault current provided by the VSC
poses a significant challenge for distance protection schemes like the TD21. This
reduced fault current can hinder the ability of the protection element to detect
and clear in-zone faults effectively, with the issue worsening as the line length
decreases. Additionally, the irregular and unpredictable transient response of
the VSC’s fault current, very different from the fault current characteristics of
traditional synchronous generators, affects the accuracy of the voltage assess-
ment at the reach point, causing the TD21 element to operate for faults outside
the protected zone.

The results of this study underscore the challenges posed by the integration
of VSCs, and in general PECs, in modern power systems, particularly concern-
ing protection schemes. The low fault current and the unpredictable nature
of VSC fault currents during transient responses pose significant challenges for
both traditional and new time-domain protection schemes like the TD21. These
findings highlight the importance of adapting protection schemes to accommo-
date the unique behaviour of PECs during faults. Future work should focus on
exploring more detailed scenarios, including asymmetrical faults and more com-
plex network configurations, to build upon the foundational insights provided
by this study. By addressing these challenges, the reliability and stability of
power systems with high integration of PECs can be ensured.
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