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ABSTRACT

In this master’s thesis, the frequency stability analysis in a grid with high penetration of variable energy
generation has been studied. The main focus of the study has been the introduction of possible solutions to
overcome the problem of the reduction of inertia, which force the need for converters capable of generating
synthetic inertia. In order to develop different control systems, DIgSILENT PowerFactory has been used as
a simulation environment. The alternative technology analysed are SEBIR (Swing Equation Based Inertial
Response) and VSM (Virtual Synchronous Machine): the former is the easiest way to produce synthetic
inertia, the latter is the more prospect. SEBIR is a control system that generates a power response
proportional to the frequency variation (ROCOF) while VSM is a technology that allows the convert to act
as a synchronous generator. Both models have been implemented in DIgSILENT Powerfactory starting by
various solutions present in literature. In order to have a more detailed analysis a complete parameterization
of the VSM has been done in MATLAB Simulink. Results show that VSM, as a synchronous generator, is
able to counteract the ROCOF variation in the first milliseconds while SEBIR responds with a delay,
therefore VSM has a greater impact on the ROCOF and Frequency Nadir. However, VSM entails worse
frequency oscillations.






RIEPILOGO

Oggigiorno, a seguito di un necessario aumento della penetrazione di fonti rinnovabili, i maggiori TSO
(Transmission System Operator) devono fronteggiare numerosi problemi legati alla diminuzione di inerzia
e di riserva primaria in rete. Questo fenomeno, infatti, comporta una maggiore instabilita di frequenza che
andra man mano a peggiorare nei prossimi anni. Risulta, quindi, di fondamentale importanza andare a
trovare delle soluzioni alternative in grado di sostituire la generazione sincrona tradizionale. In questo lavoro
di tesi, € stata analizzata la stabilita di frequenza in una rete con elevata penetrazione di generazione
rinnovabile variabile, come i parchi fotovoltaici e gli impianti eolici. L'obiettivo principale di questo studio
é stato l'introduzione di possibili soluzioni, ovvero convertitori statici in grado di generare inerzia sintetica,
per aumentare 1’inerzia della rete. Per sviluppare diversi sistemi di controllo, DIgSILENT PowerFactory ¢
stato utilizzato come ambiente di simulazione. Le tecnologie alternative implementate sono SEBIR (Swing
Equation Based Inertial Response) e VSM (Virtual Synchronous Machine): il primo é il modo piu semplice
per produrre inerzia sintetica, mentre il secondo ¢ il pit prospettico. SEBIR & un sistema di controllo che
genera una risposta di potenza proporzionale alla variazione di frequenza (ROCOF), ovvero calcola una
potenza di riferimento che viene usata dal convertitore DQCI per produrre una corrente. VSM € una
tecnologia che consente al convertitore di agire come un generatore sincrono, e di conseguenza il
convertitore si comporta come un generatore di tensione. Entrambi i modelli sono stati implementati in
DIgSILENT Powerfactory a partire da varie soluzioni presenti in letteratura. Essendo VSM un sistema
complesso che emula un generatore sincrono, i parametri di questo controllore sono stati parametrizzati in
modo tale da avere una risposta in potenza similare a quella di un generatore sincrono: per fare questo &
stato costruito in MATLAB Simulink un modello semplificato di VSM. I risultati mostrano che VSM, come
un generatore sincrono, € in grado di contrastare il ROCOF sin dai primi millisecondi mentre SEBIR
risponde con un ritardo, pertanto VSM ha un impatto maggiore sul ROCOF e sul Frequency Nadir. Tuttavia,
VSM comporta oscillazioni di frequenza peggiori all’aumentare della sua taglia.
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INTRODUCTION

Nowadays the Renewable Energy Sources (RES) are becoming one of the central topics of energy supply
and energy politics in developed and emerging countries. Encouraged by subsidies, in Europe, the capacity
of solar and wind energy installed is increasing. As a consequence, the inertia of the grid, ie the synchronous
generation directly connected to the grid, is decreasing so new solutions to improve the frequency stability
are necessary. A promising method is the Synthetic Inertia (SI), which can be divided in two category:
SEBIR (Swing Equation Based Inertial Response) and VSM (Virtual Synchronous Machine). While the
former has already been widely analyzed, because it is easy to implement in existing VSCs (Voltage Source
Converters), the latter is a technology in its initial stages. These technologies could be used in ESSs (Energy
Storage Systems) in order to allow a higher penetration of RES.

GOALS AND STRUCTURE OF THIS THESIS

In this master’s thesis, the frequency stability of a system with high penetration of Variable Renewable
Generation (VRG) has been studied. Particularly the frequency response of the grid with different levels of
SEBIR/VSM rated power has been tested. Mainly, in this study the following questions have been pursued:

e Isagrid with high penetration of variable renewable generation more stable with the introduction
of SEBIR/VSM?

e How much SEBIR and VSM could improve the frequency stability?

e  Which kind of problems could SEBIR and VVSM introduce in the grid?

Therefore, this master’s thesis report is structured as follow:

1. in Chapter 1 a brief introduction on the concepts related to the frequency stability is presented:;

2. in Chapter 2 the problems related to the increase of the penetration of VRG, and therefore the
impact of the reduced inertia of the grid, are explained,;

3. in Chapter 3 the alternative technology solutions to improve the frequency stability are presented;

4. in Chapter 4 the control systems, implemented in DIGSILENT Powerfactory, are illustrated;

5. in Chapter 5 the case study is discussed;

6. in Chapter 6 the simulation results are analyzed;






1. STABILITY AND DYNAMICS OF THE POWER SYSTEM

11 POWER SYSTEM STABILITY

As stated in [1], the power system stability is the ability of an electric power system in a given initial
operating condition, to return to a state of operating equilibrium after being subjected to a physical
disturbance, with most system variables bounded so that practically the entire system does not change. This
definition can also be applied to an electric power system interconnected, so that can be seen as a whole
system. It is important to note that this definition implies that the stability of a power system depends on
both the initial conditions and the nature of the disturbance. Electric power systems are objects of a high
number of disturbances, which may be of low relevance, such as changes in loads that occur continuously,
and so the system must easily respond to these variations, or of high importance, such as loss of a high-
power plant or the interruption of a line. Furthermore, the disturbances can be short or long lasting and local,
which is associated with a small portion of the system, usually a single generator, or global, which is linked
to a large group of generators. The problem of the stability of power systems is essentially unique, however,
it may be useful to classify the stability of the electrical system in different categories as can be seen in
Figure 1.1.

Power System

Stability

Rotor Angle Frequency Voltage

Stability Stability Stability
Small-Disturbance Transient Large- Small-

Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
[ T T T
I [ I
Short Term Short Term Long Term
Short Term Long Term

Figure 1.1: Classification of power system stability.

1.1.1 Rotor angle stability

The stability of the rotor angle refers to the capacity of a synchronous machine connected to an electric
power system to remain in synchronism after being subjected to a disturbance; it depends on the ability to
maintain or restore the balance between the electromagnetic torque and the mechanical torque of each
machine. As a result, when the generator is in balance, its speed is constant because the torques are balanced.
However, following one perturbation the electromagnetic torque varies and therefore it is possible to have
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variation of the angle of the rotor and the rotor speed. In any case, the stability of the machine depends on
the capacity of the machine to absorb or release kinetic energy, or if there is enough stabilizing torque
sufficient. These torques can be resolved into two components:

1. Synchronizing torque component, in phase with rotor angle deviation;
2. Damping torque component, in phase with the speed deviation.

Therefore, the rotor stability depends on the presence of sufficient components of the torque; a lack of
synchronizing torque leads to aperiodic or non-oscillatory instability, while the lack of damping torque
results in periodic or oscillatory instability. Depending on the nature of the disturbance the stability of the
rotor angle can be categorized as:

e Small-disturbances (or small-signals) rotor angle stability refers to the ability of the system to
remain in synchronism under small perturbations. These small perturbations could lead to aperiodic
or periodic oscillations, however, nowadays, small-signal instability has been eliminated thanks to
the introduction of Active Voltage Regulators (AVR) in the generator. Small perturbations can be
local or global. In any case, the duration of these is 10-20 seconds and therefore are short-lived.
Such imbalances are considered so small that the problem linked to this type of stability can be
linearized;

e Large-disturbances in rotor angle stability (or transient stability) is concerned to the ability of the
system to maintain synchronism when subjected to a severe disturbance, such as a short circuit in
a line. Usually this type of instability involves aperiodic oscillations due to insufficient
synchronizing torque. The duration of this phenomenon is 3-5 seconds but can be extended to 10-
20 seconds for extensive systems. It should be noted that, due to wide rotor angle excursions, in
this case the problem can not be considered linear.

1.1.2 Voltage stability

Voltage stability is the ability of the power system to maintain a constant voltage at each node in the system,
after being subjected to a disturbance; it is therefore the ability to maintain/restore the balance between load
demand and supply of power from the electrical system. This type of problem may last a few seconds (short
duration), due to variations in load controlled by power electronics, or a few minutes (long duration) due to
maneuvers on elements of the electrical system such as OLTC (On Load Tap Changer) or current limiters
of the generators. In addition, the voltage stability can also be divided according to the severity of the
disturbance: large perturbations, due to the loss of generation or short circuits and small perturbations, due
to load variations.

1.1.3 Frequency stability

Frequency stability refers to the ability of the electrical system to maintain a constant frequency following
a perturbation resulting in a generation and load unbalance; it is therefore the ability to re-establish and
maintain the balance between generation and load, with the minimum loss of load desired (Load Shedding)
or uncontrolled. Generally, the problem of frequency stability is linked to inadequate response of the
equipment (inertia of the network), low power reserve (primary reserve) and insufficient control and
coordination of the protection systems. Nowadays the electric power systems are connected to each other to
create a single large interconnected system, consequently severe disturbances, which entail wide frequency
excursions, are linked to the division of the system into islands, following a loss of a line. As a consequence,
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stability is obtained if each island is able to reach an operating point of equilibrium with the minimum loss
of load. During frequency excursions, the time of intervention of the various systems varies from fractions
of a second, corresponding to the inertial response of the generators, under-frequency load shedding and
generator controls and protections, up to a few minutes, as the response of the prime motor of the generators
or load voltage regulators. As a result, frequency stability can be seen as a short or long-lasting phenomenon.
An example of short-term frequency instability is the formation of an under-generated island with poor
generation and insufficient load shedding, consequently the frequency decays rapidly causing a blackout of
the island in a few seconds. On the other hand, a more complex situation is when the instability is caused
by overspeed controls of the steam turbine or the boiler/reactor protections, which are long-term phenomena
with a time ranging from tens of seconds to several minutes.

1.2 FREQUENCY DYNAMICS ON THE ELECTRIC POWER SYSTEM

After a disturbance in the electric power system, the frequency changes likely Figure 1.2.

50

49.8

t(s)

Figure 1.2: Frequency dynamic following a disturbance.

On the other hand, in the normal operation conditions the frequency has very small variations compared to
an average frequency of the system, which can be defined by starting from the inertia center (COIl) of the
system. In the analysis of the dynamics of a large-scale power system are used the equations of Swing [2]
[3] for a rotating electric machine, namely:

Jdw,
T 1.1
dt (Tn =Te) LD

where J; is the moment of inertia of the rotating masses, wi it is the angular velocity of the rotor and T and
Tei are respectively the mechanical and electrical torque.



1.2.1 Dynamics of the generators

To describe the dynamics of a single generator, as previously mentioned, the Swing Equations are used.
First of all, it is convenient to introduce the inertia constant H; of a single generator, which represents the
time in which the machine can supply energy thanks to its kinetic energy alone. Therefore, it is the
relationship between the kinetic energy of the machine and its nominal power:

L ] ‘]—‘2(27sz)2
H=-"—="- (1.2)

where Sy is the nominal power of the i-th generator, wq is the angular electrical frequency of the rotor, p;
the number of poles of the machine and f, the nominal frequency. It can be observed that the inertia constant
depends precisely on the moment of inertia and on the nominal power of the machine. It is measured in
seconds and takes typical values of 2-10 seconds for high power plants.
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Figure 1.3: Inertia constant as a function of generator rating power.

In general, as can be seen in Figure 1.3, for systems with the same technology, the inertia constant is
inversely proportional to the rated power of the generator. Consequently, by introducing the inertia constant
into (1.1) and by bringing the torque in pu, for a single generator i will have:

do, o,

ot 20 Tt = Tegma ) (L3)

In which m and e indicate respectively the mechanical (turbine) and electrical quantities, w; is the absolute
value of the angular velocity of the generator rotor i. The initial condition for (1.3), ie the angular velocity
before the disturbance, can defined as wo = wi (to). Deviation from the latter parameter is of fundamental
importance:
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Ao =0 -a, (1.4)

By deriving the (1.4) with respect to the time it is obtained dﬁta)‘ = % , consequently it is possible to

replace the absolute values in (1.3) with the relative values. Moreover, by using the relation
a) -

P[pu] ZT[pu] ; the (1.3) can be rewrite as:
0

dAw, o’
“at = 2h.0 i~ Pegpu) (1.5)

i
The power can be expressed in the Sl units (MW instead of pu) by multiplying with the basic power Sp,
which represents the power of the single generator i. In addition, it is possible to reorder the (1.5) in order
to have the same measurement unit on both sides of the Swing Equation:

2H,S
[ ' b']%=&(F’.—F’e) (19)

m; i

[0)

0 |

Considering now a meshed system having n generators, it is possible to assume that all the units are
connected to the same bus, which represents the center of inertia of the system. Furthermore, by further
simplifying the system it is possible to condense all the generators into a single unit.

B
P, P,
o B A P W
\_/ |
Generator
Pfocuil

Turbine

]
Load

Figure 1.4: Simplified representation of the electric power system.
Consequently, the 1.6 for n generators results:

n((2H;S, \dAw " @
z B T bt § =§ Zop —p 1.7
( J dt a)( n ) (1)

1=1 @,

in which the following quantities are defined:



S, =S, Total power
1=1

> HS,
1=1

H =-=——Total inertia

2.5,

1=1

H,o,
o =-+=——Center of inertia (COI) (1.8)
@;

i=1

B, = 2_ P, Total mechanical power
1=1

Consequently, the frequency dynamics of the system can be defined by the following non-linear differential
equation:

2
ddo__@ p _p) (L.9)
&t 2HS.0

Note that also for the angular velocity in the center of inertia it is valid:
Aw=w- o, (1.10)

However, to get a linear approximation of the problem we can assume that w =~ wq for the right side of (1.9)
because the realistic variations of the electrical system are very small. This leads to writing:

ddo_ o _p _p) (1.11)
gt 2HS,

Finally, it is possible to express the equation in terms of frequency, being that w = 2zf, as it is more
convenient to use; thus the ROCOF (Rate of Change of Frequency) is obtained:

df f
—=—2_(P,-P 1.12
it~ ans R (112)

1.2.2 System model for the analysis of frequency dynamics

To obtain a simple and usable model for the analysis of the frequency variation after an imbalance between
the mechanical and electrical power it is necessary to make simplifying assumptions; as a result, we are
going to define:



n

P,=Y P, =P, +AP, (1.13)

m m;
1=1

in which Pno is the mechanical power produced by the steady-state generators while APy, is the deviation
from this value. This generated power is used by the loads and dispersed in the transmission losses,
therefore:

n

Fo = 2R, = Poa + Ros (1.14)
1=1
Which, similarly to mechanical power, can be written as:
P =R, +ARo + AR €ON By = Roag, + Ross, (1.15)
As a consequence that the system before the disturbance is balanced:
Pry = Pey = Prag, + P, w16

Furthermore, it is possible to assume that the transmission losses are the same before and after the
disturbance, ie 4Pjess = 0, if both the disturbance and the oscillations in the transmission system are not too
large. Starting from these approximations (1.11) can be written as:

dﬁ—tw = 2'3)08 (Apm - AI:)Ioad ) (1.17)
i~b
or, equivalently, with respect to the frequency:
df f
E = 2H.S (APm - AI:)Ioad) (1.18)
i~b

1.2.3 Frequency dependency of the loads

The loads present in the electric network can be dependent or independent by the frequency; in real power
electric systems, most of the loads have a frequency dependence, in fact they have a reactive component
that depends directly on the frequency. Furthermore, the presence of large motors connected directly to the
network involves a further contribution as kinetic energy can be stored in the rotating masses. This behavior
of electrical loads has a stabilizing effect on the system as can be seen from the following section. A model
of a generic load present on the network can be described by:

df
Pload ( f ) - Pload ( fo) = Apload ( f ) = KloadAf +0 (Ej (1.19)



where:

o Piaa(fy) is the load power for frequency nominal value;
e K, .4 is a coefficient that indicates the dependence of loads on frequency;
e g (%) is a function that models the rotating masses.
The coefficient that indicates the frequency-dependence depends on the load power variation with respect

to the frequency variation, ie:

P, 1
T = Kl = A (1.20)

load
According to the current estimates Dioad is between 0-2%. The function that describes the rotating masses
can be obtained starting from the definition of kinetic energy:

1 2
King ZEJ(Z”f) (1.21)
It can be observed how a variation of frequency involves a variation of kinetic energy, or in other words if
the frequency drops the motor will tend to release energy in the network, while if the frequency increases
the motor absorbs energy from the network. The variation in kinetic energy is equal to the power consumed
by the Py engine, ie:

P, =dE% oin alternativa AP, =O|Ad% (1.22)
The energy variation can be approximated as:
E. (f, +Af)=2723(f, +Af)* =
= 2720 (f,)? + 272 I AF + 2720 (AF)? = (1.23)

Ey =
= Ekin(o) ; - Af + ;nzm Af?
0 0

The values of Exing) and Dioad are highly correlated to the structure and type of load and may vary over time,
consequently it is difficult to have precise real time data on these two parameters.

1.2.4 Inertial response of the electric grid

First of all, it is fundamental to give a definition of inertia: it is the resistance given by a physical object to
a change in its state of movement, both in verse and speed. Consequently, for a traditional power system,
moving objects are rotating machines (synchronous generators, motors, etc.) connected directly to the
electrical network. The resistance provided by the rotating machines is expressed through the moment of
inertia, which is one intrinsic characteristic of the object. In other word, [4] inertia is the parameter that
represents the capability of rotating machines (including loads, when applicable) to store and inject their
kinetic energy to the system. The level of inertia influences the frequency gradient (ROCOF) and transient
frequency values during a system incident. The transient value of the system frequency is important, because
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an increase of transient deviation of frequency caused by an inertia decrease can raise the risk of reaching
values which are dangerous for the system stability (generators trip, load shedding intervention, etc.). It is
important to note, as will be explained later in detail, that the rotating machines connected through power
electronic converters are decoupled from the electrical network and therefore do not contribute to the inertial
response. As already seen in eq. (1.2), the kinetic energy stored in a single generator is usually expressed
by the inertia constant H;. Since the synchronous generators are directly connected to the network, their
mechanical angular velocity is strictly connected to an electrical parameter, that is the electrical angular
frequency wo:

=,/ p (1.24)

As a consequence, the inertial response of the generator, following a significant imbalance between
generation and load, due to a disturbance in the network, is determined, as previously seen, from the Swing
Equation, which describes the inertial response of a synchronous generator as the variation of the rotor
frequency of the rotation, following a power imbalance:

i _ 3 20 fg_szb df
dt fodt

=(R,-R) (1.25)

Where Pr, is the mechanical power supplied by the generator while Pe is the required electrical power.
Observing that the frequency excursions are usually small deviations around the reference value, it is
possible to replace f with fo. To model the power system response, it is possible to reformulate the classic
Swing Equation for a network with n generators, j loads and | connection lines by considering the following
equations:

S, = .S, Total power
1=1
Z Hisbi f;
f=l col
2. HiS,
HiSb,
H =+L—Total inertia
2.5,
1=1 I
, = > P, Total mechanical power (1.26)

=

— |l
-

Poad Z g, TOMal load power
1=1

P =

loss

P

loss;

|
Total loss power
1=1
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Where Sy, the total power of the n generators, f is the frequency of the inertia center of the network, H is the
total inertia constant of the n generators, P the total mechanical power of the generators, Pioaq the total
power consumed by the loads and Pjess the total losses in the transmission lines. Moreover it is necessary to
consider the self-stabilizing property of the electric power systems, as previously analyzed, due to the
presence of frequency-dependent loads, which leads to insert a term Dioaq iS the equation. The Aggregate
Swing Equations (ASE) are thus obtained:

afr _ 1
dt  2HS,

&
2HS,D

load

(Pm - I:)Ioad - I:)Ioss) (1'27)

The model of the ASE, as mentioned, is valid for a highly meshed network in which it is possible to assume
that all the units are connected at the same point, represented by the center of inertia of the system. Moreover,
since the frequency variations are normally relatively small, it is possible to hypothesize the Swing
Equations as linear. Therefore, the system variations between before and after the disturbance can be
considered:

dt  2HS,

load

daf = fo (Apm _AF:;oad _A—foj (1.28)

Furthermore the losses before and after the disturbance can be assumed equal and consequently AP)oss = 0.
Finally by replacing 4Pm - APicas = 4P, where AP is the power imbalance in the network, the Swing Equation
for the inertial response of the grid are obtained:

ﬂ: fo AP — Af (1.29)
dt  2HS, Dioad

The inertial response of the machines immediately after a disturbance will be distributed over the entire
network. Synchronous generators will have to absorb or deliver kinetic energy based on the frequency
deviation, however each generator will undergo a different variation of the load angle and speed, based on
its inertia and the electrical distance from the disturbance. Furthermore, synchronous generators with a
minor inertia will suffer greater rotor oscillations than those with higher inertia: these oscillations will have
to be damped by mains losses, rotor damping windings and other systems such as Power Stabilizer Systems
(PSS).

1.2.5 Control systems for frequency stability

The frequency control system has the task of keeping the frequency constant around a predetermined value
(50 Hz in EU) and to bring it back to this value after a disturbance. The automatic control system consists
of two main parts, primary and secondary control. Tertiary control, on the other hand, is activated manually
and aims to restore primary and secondary control reserves following a disturbance, consequently this type
of control is based on economic optimizations (ancillary services) similar to the dispatching of the electricity
production. The basic control structures just described are shown in Figure 1.5.

12



Load Shedding
(emergency control)

(Secondary Tie-Line Powers Electrical system

control loop) Automatic e Loads

Generation ¢ Transmission lines
Control (AGC) System Freguency C ’
+ 2 ¢ Other generators

1
v

. . y [y
identical for synchronous*,

machines in steady state  “~-._ Power,

. Frequency

le--

Setpoint Lyl Turbine Valves or
Calculation Governor Gates

T

Turbine

Controller | (rnternal turbine
control loop)

> Turbine i Generator

Speed

Setpoint from
power generation
schedule and
tertiary control

(Primary control loop)

Figure 1.5: Model of the frequency control system.

Figure 1.6 instead shows the time intervals in which these different control circuits are active after a
disturbance. Note that primary and secondary control are continuously active, even in normal network
operation, to compensate the small fluctuations. In contrast, the use of tertiary reserves occurs less often.
Consequently, in order to guarantee the possibility of frequency control, in traditional power plants there is
a power reserve used for primary and secondary control. An additional form of protection of the system,
which operates in a period far below one second, is the reduction of load (under-frequency load shedding);
since the activation of this scheme implies the loss of load in whole regions, it must be activated only if
absolutely necessary to save the system. In the ENTSO-E Continental Europe system, the first stage is
activated at a frequency of 49 Hz, resulting in the loss of about 15% of the total load. Further stages occur
at 48.7 Hz and 48.4 Hz with an additional loss of 10-15% load each. Finally at 47.5 Hz the generators are
disconnected from the network with a consequent blackout.

Power
1 Primary Secondary Tertiary Generation
Control Control Control Rescheduling
» T
30s 15 min 60 min fme

Figure 1.6: Time of intervention of the various frequency control systems.
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The first two types of control are now analyzed in more detail:

14

1.

The primary control, also called the Frequency Containment Process (FCP), refers to actions that
take place locally, ie at the production plant itself, and are based on pre-established power and
frequency values. The actual values of the latter can be measured locally and deviations from the
set values lead to a signal that influences the control systems of the generator and the turbine, of a
power plant that makes the primary control, so that the desired active power is delivered at the
output. In practice, any generator equipped with a speed regulator will act as soon as the frequency
deviation exceeds a certain dead band, and it increase/decrease the working point of the prime
mover, with an action proportional to the speed deviation. In primary frequency control, the priority
is to return the frequency to acceptable values as quickly as possible, in fact it must react with a
maximum delay of 5 seconds and be fully activated within 30 seconds. The primary control
provides output power proportional to the frequency deviation to stabilize the system but does not
return it to the frequency fo. As a consequence, an unavoidable error of control system remains on
the frequency, because the control law is purely proportional. The action carried out should
therefore be included in the Swing Equations, thus obtaining:

dt  2HS, D

daf _ fy (o AF _ Af 130

S

load prim
It should be noted that the control activity is shared by all the generators with power greater than
10 MW [5], which are obliged to participate in the primary frequency control regardless of the
location of the disturbance, however the generation from variable renewable sources is, in most of
the cases, exempt from having to supply power for primary control. The primary reserve for FCP
is £1.5% of the nominal power Py: o limitation of amplitude and gradient to the provision of the
primary reserve is permitted; the methods of delivery of the primary regulation contribution must
comply with the following requirements:
e  Within 15 seconds from the start of the frequency change, at least half of the request must
be delivered.
e Within 30 seconds from the start of the frequency change, the entire request must be
issued. [5]
Each of these generators will have its own lowering constant Ri (Droop Costant) [6], which
determines the relationship between power and frequency of the generating unit and it is set in the
speed regulator by a gain K. It can be expressed according to:

R=1 AT 100% (1.31)
K. AP

I

where, as mentioned, R; represents the sinking constant and K; is the gain of the controller of the i-
th synchronous generator while Af is the deviation of the system frequency and 4P; is the active
power of the synchronous generator which contributes to the primary control during a disturbance.
For example, with a 5% lowering constant (in a 50 Hz system), a frequency deviation of 2.5 Hz
results in a variation in power output from the generator of 1 pu.

The equation 1.35 can be rewrite as:



AP =——.—2..100 (1.32)

where 4P is a portion of the available primary reserve of the synchronous generator, proportional
to the frequency variation Af and the efficient power Pe , and dependent on the permanent statism
degree op.

For the Italian Transmission System Operator (TSO), according to [7], speed regulators must be
calibrated as follows:

e For all hydroelectric units: the statism degree must be set equal to 4% and the intentional
deadband must not exceed + 10 mHz.

e  For all thermoelectric units: the statism degree must be set equal to 5%. The intentional
deadband must not exceed = 10 mHz for le single cycle steam units and + 20 mHz, for
turbo gas units and combined cycles steam units.

In secondary frequency control, also called Frequency Recovery Process (FRP), the power values
of the generators are set to compensate the remaining frequency error, after the primary control has
acted, by increasing/decreasing the working point of the prime mover to reduce the frequency
variation to zero. In addition to this, another unwanted effect must be compensated by the
secondary control: the active power imbalances and the primary control actions cause changes in
power flows on power lines, ie power exchanges not based on the planned transfers. The secondary
control ensures, with a special mechanism, that this effect is removed in a short period of time.
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2. THE IMPACT OF INERTIA IN THE ELECTRIC GRID

In most of the accidents that occur in the power grid, ie the loss of a power plant, the term 4P - APiaq Of
the equation (1.28) is negative and consequently there is a decrease in the network frequency, witha ROCOF
that is greater for more serious network disturbance. On the other hand, it is also possible that the frequency
increases above the reference value, for example when, in interconnected systems, an area with a high level
of generation splits and remains in island. In both cases, the inertial response and the network control
systems must ensure that the frequency remains at acceptable values, even during the disturbance, and
returns to its predetermined value in the shortest time possible. In fact, keeping the network frequency within
an acceptable range is necessary to ensure stable and secure operations in the electrical system. The inertia
of the network is, therefore, of fundamental importance as it influences the frequency variation over time
(ROCOF) and the minimum/maximum value (Frequency Nadir) during a disturbance: a greater number of
synchronous generators connected to the network entails a greater inertia constant, consequently, following
an accident, there will be lower ROCOF and Frequency Nadir.
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Figure 2.1: Frequency Nadir according to the levels of converter connected generator.
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Figure 2.2: ROCOF in function of the levels of converter connected generator.

In fact, as can be seen in Figure 2.1 and Figure 2.2 with the increase of generators connected to the network
through static power converters, there is a decrease of the synchronous generators connected to the network,
which implies that the Frequency Nadir and the ROCOF get worse. Moreover it can be observed that a
greater inertia allows to have a greater generation decoupled from the network. The stability of the system
is therefore strictly connected to the value of the inertia of the network, which must therefore be monitored.
Consequently, reducing the amount of synchronous generators connected to the network entails a reduction
in the inertia of the network which influences the stability of the frequency of the power system, since the
system's ability to maintain a constant frequency after a significant imbalance between generation and load
is closely linked to the inertia of the network. In fact, if the balance between the power produced and required
is not re-established, there are wide oscillations of the frequency that can lead to the interruption of
generation plants and/or loss of loads connected to the network. As analyzed in Chapter 1, the behavior of
the network following a power imbalance can be described as Figure 2.3, in which is possible to observe:

e the inertial response that occurs immediately following a power imbalance, in which the
synchronous generators release or absorb kinetic energy to counter the frequency deviation;

e the primary control that, with an action proportional to the deviation of frequency, leads to a stable
frequency;

e the secondary control, which acts after the primary control to bring the frequency at its nominal
value.
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Figure 2.3: Classification of frequency control mechanism.

As previously said, immediately after an imbalance between power generation and demand, the system
begins to deviate from its reference value with a ROCOF that is inversely proportional to the total system
inertia; such deviations, if possible, are stabilized by the available primary control reserve. In the European
continental system [4], these reserves are designed in such a way that the frequency of the system remains
between 49.8 Hz and 50.2 Hz, both for ordinary (single incident) and extraordinary accidents (multiple
accidents but with a common cause), which usually involve frequency gradients of 5-10 mHz/s. Instead, in
the case of incidents outside the limits (multiple accidents without a common cause), if the primary reserve
becomes exhausted or if the imbalance exceeds the reference value of 3 GW, the system enters the state of
alert. Subsequently, if the global security of the system is at risk and/or load shedding has been activated,
the system results in an emergency state. Finally, if the frequency exceeds the limits of 47.5 Hz or 51.5 Hz,
a blackout cannot be avoided. In recent years, the European system has experienced ROCOF disturbances
between 100 mHz/s and 1 Hz/s, however, based on the recording of the frequency dynamics of the system,
in case of unbalance greater than 20% with ROCOF greater than 1 Hz/s the European continental system
could present unpredictable events. In [4] ENTSO-E states that, by analysing all of the latest serious events
within the Continental European System, the ranges of 500 mHz/s up to 1 Hz/s correspond to a system
imbalance ratio of 20%. With the current power plant capabilities and system protection devices this is the
maximum range that can be operated successfully. However, market simulations for the future ask for a
capability to handle a frequency gradient of 2 Hz/s and an imbalance ratio of 40%. Therefore, future
improvements with respect to generation performance and load shedding are required.

2.1 THE IMPACT OF RENEWABLE ENERGY SOURCES IN THE ELECTRICITY
GRID

Traditionally, electric power systems are based on the hypothesis that electric energy is produced with
constancy and it is easily controllable, due to the fact that it is produced by thermal or hydroelectric plants,
and is generated by synchronous generators directly connected to the network. This implies an almost
constant and high inertia constant, thanks to the kinetic energy stored in the rotating machines. Moreover,
traditional systems are able to supply power for primary and secondary frequency control, both in normal
operation and in case of extraordinary events. However, to cope with climate change, and therefore reduce
CO; emissions, and to have a secure response to the problems of fossil fuel supply, a large number of
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countries, especially in Europe, the percentage of plants based on Renewable Energy Sources (RES)
connected to their electricity system is increasing. [8] As a result of this, shown in Figure 2.4, the number
of hours per year, in which the generation of RES most contributes to the total generation, is increasing.
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Figure 2.4: Duration curve of the proportion of online conventional generators in the European grid.

This change in the generation park is increasingly leading to an increase in non-synchronous generation,
connected to the grid by power converters, and therefore a reducing of the synchronous generation and also
the system inertia. The impact of a reduced system inertia must be analyzed to see the effects on the stability
of the operations that occur in the electrical system. In the report [4], ENTSO-E asserts that, as long as the
system remains interconnected, a low system inertia is not considered critical for the reference incident for
the regulation, ie the loss of 3000 MW of generation. However the European interconnected system in recent
years, is rapidly changing the structure and geographical distribution of the synchronous generation, which
implies a decrease in the inertia and increase of the temporal and zonal variability of the inertia, and it is
increasing the capacity of its transmission lines, which leads to a greater transfer of the power between
different parts of the system. As a result, following a system split, more than 40% imbalances may occur
with ROCOF of 2 Hz/s or more.

2.1.1 The consequences on the frequency stability

Although this phenomenon is necessary to decarbonise electricity production, from the point of view of
frequency stability it represents a huge problem. In fact, plants that use variable renewable sources, such as
wind and photovoltaic ones, present several points of disadvantage: [8] [9] [10]

e The intermittent nature of such systems implies that the percentage of synchronous generators

connected to the network varies over time consequently the inertia of the network can no longer be
assumed to be almost constant as in traditional power systems;
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e The inertia of the network is more and more heterogeneous due to a greater presence of Variable
Renewable Generation (VRG), so some areas of the network are more stable than others.
Consequently, after the loss of a transmission line, there could be major problems in the areas with
lower inertia;

e Most of these plants are connected to the grid by static power converters, consequently they are
decoupled from the grid and cannot contribute to the total inertia of the system. It should be noted
that even modern traditional low-power systems can be connected to the grid through an inverter
and therefore they also do not provide inertia. A possible solution to this problem is represented by
synthetic inertia (also known as virtual inertia), which is the capacity of the conversion system to
simulate the inertial response of a synchronous generator, and fast frequency response, which is a
primary frequency control that acts in few seconds;

e Plants based on variable RES do not contribute to the power reserve required to control the
frequency, as they feed the entire power produced into the grid. This leads to a more severe
frequency nadir and higher oscillations. To overcome this, it has been proposed to make these

plants work in a sub-optimal point in order to create a power reserve.
These consequences have led to major network management problems:

e The programming of load shedding in networks with high penetration of Distributed Generation
(DG) is increasingly more complex because load shedding schemes are coordinated by TSO while
DGs are mostly installed in the distribution network. However, the TSO has a poor and limited
view of distributed generation, as it is based on historical data and not on the instantaneous state
of the system. As a consequence, the UFLS (Under Frequency Load Shedding) schemes, in which
predetermined feeders (power lines) are disconnected, must be adapted otherwise the loads could
be disconnected from the network as well as the DGs. The consequences of this are different:

= The total loss of load is the sum of the load seen by the TSO and the load masked by the
distributed generation so the resulting load disconnected from the network can be greater
than expected.

=  The possible disconnection of DG can cause greater power imbalances that can lead to
wider frequency oscillations, which can cause vibrations that damage the synchronous
generators, further load shedding, or even to the black-out.

It is therefore essential that the various TSOs have a clear view in real times of the power produced
by the DGs, in order to have load shedding schemes that adapt to the daily/seasonal variation of
production from distributed generation. The creation of a UFLS plan, and therefore the choice of
the feeders to be interrupted, in case of imbalance on the network, and the activation levels of
UFLS protections, must consider the following aspects: [7]

a. The type of scheme must be chosen in such a way as to reestablish the balance between
generation and demand of the loads, and therefore must provide a certain number of steps
based on their activation frequency and the amount of load to be disconnected,

b. The priority level of the various feeders must be categorized according to the type of loads
connected to them, in general the lowest priority is given to residential areas and the
highest priority to hospitals, communication facilities, etc;

c. A balanced geographical distribution is necessary to distribute the feeders to be
disconnected in a homogeneous manner in order to minimize variations in the power
flows;

d. Distributed generation is an aspect that is catching on due to the increase of the penetration
of RES. Feeders connected to renewable energy plants must have a high priority because
a disconnection of these feeders leads to a further loss of power. In this regard, the
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example proposed in [11] and shown in Figure 2.5 may be interesting. It can be seen how
the power measured at the feeder (red curve) varies: due to the presence of a large number
of photovoltaic plants connected to the feeder, of which the generation is represented by
the green curve, the demand for loads (blue curve) is sometimes counterbalanced or even
exceeded. As a result, the TSO will not see the load really connected and this could lead
to the problems previously analyzed.
According to the ENTSO-E technical guide [12], the first activation step of the UFLS protections
must be 49 Hz, in order to have a range of 1 Hz (between 50 Hz and 49 Hz) where the control
primary try to compensate for the power imbalance, the maximum number of steps should be ten
and the last one must activate at 48 Hz. Below 48 Hz there is a margin of about 0.5 Hz in which
the generators can still operate then it is necessary disconnect them from the network with
consequent blackout.
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Figure 2.5: Measurement in a mixed feeder.

The management of ROCOF-based protections in RES high-penetration networks can be difficult
and complex because, due to a lower inertia value of the network than that for which they are
designed, there is a higher ROCOF value which can lead to untimely tripping of the protections in
the first instants of a disturbance. The ROCOF measurement is the most widely used technique by
anti-islanding protections [13], consequently the increase in DG penetration in the network is going
to undermine the stability and reliability of these protections. The island mode, or also known as
Loss of Main (LoM), occurs when one or more distributed generators continue to power a part of
the network that has been electrically isolated from the main network.
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Figure 2.6: Loss of Main (LoM).

This phenomenon, if uncontrolled, is strictly prohibited as it can lead to power quality and safety
problems:

= If the network presents an automatic reclosing scheme of the circuit-breakers, there could
be close of the circuit in a counter-phase; this phenomenon can cause damage to the
rotating machines and to the network as it can lead to short circuits and mechanical torques
to the generator shaft.

= The RES generator could operate in island mode without the appropriate ground
connections, with consequent security risks.

= The quality of the energy supplied in the island area cannot be guaranteed by the TSO,
with consequent load problems.

As a result, the identification of islanding is fundamental but is also difficult and complex because
it is necessary to balance two aspects: on the one hand the ability to identify an undesired island
situation, on the other the need to avoid unwanted activation of anti-islanding protections. The
protections against the LoM therefore must minimize these two types of errors, however it is
difficult to find a method that is reliable without increasing the risk of malfunctions and at the same
time eliminate the non-detection zone. In general, there are three techniques for identifying
islanding: [13] [14]

1. Passive methods: ROCOF, VSS (Voltage Vector Shift), Rate of Change of Power, Change
of VAR; The protections based on passive methods measure a certain system parameter
and they activate if a certain threshold is exceeded.

2. Active methods: AFD (Active frequency Drift) and impedance measurement. They are
based on introducing a small disturbance into the system, which is amplified in case of
islanding.

3.  Communication-based methods: they are the most efficient but are still too expensive and
complex.

The passive methods, and in particular the one based on the ROCOF, as previously mentioned, are
the most used for distributed generators, as they can be used for any type of DG, however, recently,
active methods have been introduced for DGs connected to the grid via inverters, because they
present a Non-Detection Zone (NDZ) smaller than the passive ones. To analyze the performances
of an anti-islanding protection, the performance curves are used: in these curves the power
imbalance (4P) and the intervention time (t) are correlated. These are created starting from a
dynamic simulation, where the frequency is monitored: an islanding situation is created and the
time between the passage over the threshold frequency and the protection intervention is measured.
This is repeat for different power imbalances and so more points are obtained and the curve is
created by interpolation. Obviously it can be observed that the time necessary to reach the threshold
frequency is inversely proportional to the power imbalance. Furthermore, it is possible to find the
NDZ, ie those values of AP for which the threshold frequency is not exceeded and those for which
the imbalance of power implies an islanding condition that is not detected in a timely manner. in
[14] a simulation of a system with different DGs was made to see the impact of DG on the
performances of the anti-islanding protections: it was observed that the factor of greatest impact
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on the intervention time is the inertia of the system in fact, as it grows, the intervention time
increases. This phenomenon can be explained by the fact that greater inertia results in a better
system response. As a consequence, the increase in distributed generation has a negative effect on
the NDZ of the protections, as these fail to intervene in an effective time.

2.1.2  The critical penetration of variable renewable generation

Another aspect of fundamental importance is linked to the demand of energy itself: as a result of the
economic crisis, energy demand has fallen, but the percentage of generation from RES is increasing, so, as
a consequence, there is a greater drop in traditional systems connected to the network and therefore lower
inertia. In other words, a decrease in energy demand leads t