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Abstract

This Master Thesis has one main aim: analyse the effect of the inverter based generation
on the transient stability performance of large syncrhonous power plants.

DC current is starting to become more and more important in the actual electrical grid,
owing to two main reasons

e Increase in DC generation sources
e Increase in use of DC for energy transport

With the aim of injecting this DC power into the electrical AC grid, an interface is needed,
this interface consists in an inverter. This inverter is a controlled system, hence active
and reactive power injection can be constantly and precisely regulated.

Actual increase in these kind of technologies lead to a major importance of the DC part
in the electrical grid. Many researchs are being carried out for the purpose of taking
advantage of the different posibilites their control offers.

On the other hand, Synchronous machines are the main actors in the generation
process. They are directly connected to the grid so they suffer from all the different
disturbances that may occur on it. Transient behaviour of these machines is crucial as it
could lead to their disconnection and, so on, to major problems.

Consequently, it is noticeably important to analyse the way these DC systems and their
interfaces may interact with the synchronous generators and, mainly, in the case of a large
disturbance. This study is considered for both HVDC links and Power Park modules.

In order to do so, the next strategy will be followed:

Firstly, a brief theoretical introduction of the transient behaviour of the synchronous gen-
erators and the necessity and working principle of HVDC links and Power Park module,
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as well as their converters, will be given, as a base for the incoming comments and results.

After that, specific european legislation about this topic and its application in the different
national grid codes (Belgian and Spanish ones) will be introduced. Control requirements
for both active and reactive power are presented while they are also specified the actions
to be done when a large disturbance occurs.

For the normal operation conditions (when the voltage is between limits specified by the
grid operator) there are different control possibilities.

e Reactive Power

— Voltage Control Mode

— Reactive Power Control Mode
o Active Power

— Limited frequency sensitive mode overfrequency
— Limited Frequency sensitive mode underfrequency

— Frequency Sensitive mode
During a disturbance two actions possible can be applied on the inverter:
e Give priority to the reactive power injection.
e (ive priority to the active power injection.

Once the general outlook has been established, different models will be developed in Mat-
lat/Simulink tool. In this work, as stability studies are the main purpose, RMS models
are used for modelling the inverter, so the DC/AC interface will be represented as
three controlled current sources (one per phase).

In order to compare the effect of all the possible controls proposed in the grid codes,
following four models are developed:

e Case 1

— Reactive Power control in normal operation conditions: Voltage control
mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

VI Ecole Polytechnique de Louvain (UCLouvain)
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— Control during the fault: Reactive Power priority
e Case 2

— Reactive Power control in normal operation conditions: Reference reactive
power control mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control during the fault: Reactive Power priority
e Case 3

— Reactive Power control in normal operation conditions: Voltage control
mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control Power during the fault: Active Power priority
e Case 4

— Reactive Power control in normal operation conditions: Voltage control
mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control during the fault: No Control at all

For the purpose of validating the experimental results, they will be compared to a theor-
etical approach based upon voltage variations caused by the power provided during the
fault. It will be done through kind of a Superposition principle where the whole grid is
divided into two subsystems. Action of the controller is isolated on a subsystem and,
assuming that the other one is invariant to the control on the converter, overall effect
of each case on the voltage at the different buses can be computed through this isolated
subsystem. In this way, it will be confirmed that the converter is working as it is expec-
ted to do and the results obtained from the simulations are in accordance to theoretical
equations.

From these theoretical equations it can be deduced the dependency of the effect of the
controllers on different parameters. Therefore, 4 cases aforementioned will be simulated
for different situations regarding:
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e Distance from the converter to the fault
e Distance from the converter to the synchronous generator.
e Maximum current allowed by the converter.

In addition, complexity of the benchmark where the simulation is carried out also has
influence. Therefore, two benchmarks are analysed:

e Simple benchmark: composed of one synchronous generator, inverter, one voltage
source simulating the grid and just two loads.

e Complex benchmark: composed of two synchronous generators (one controlled
in both active power and field current and the other without any control), more
loads, the inverter and two voltage sources simulating different grids.

Three-phase fault is the most critical disturbance for the stability purpose of a synchron-
ous machine. However, it is not the most common one. Hence, effect of the controlers in
the case of a SLG fault is also studied.

Finally, after obtaining the effect of the controllers on the voltage for the different situ-
ations, behaviour of several synchronous generator variables will be analysed; namely,
active power, rotor speed, reactive power and field current. These effects will also be
compared in the case of a controlled synchronous generator (in both turbine governor and
field voltage) and a non controlled one.

Final results coming from all the simulations carried out allow to deduce that the best
control option is to give priority to the reactive power during the disturbance and apply a
Voltage control mode during usual working conditions. This choice lead to lower voltage
dips in both generator and converter buses. Higher voltages during the fault mean higher
active power injection and lower stator and field currents, what has a better transient be-
haviour as a consequence, allowing longer fault clearing times, giving rise to an important
advantage. The larger distance from the inverter to the fault and the closer the generator
to the inverter the better, as it is bigger the influence of these controls compared to a
non-controlled system. In addition, it is crucial the capability of the inverter to provide
reactive current during the fault, as it leads to a major influence on the system.
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o Fy, Edol and Ed(]// represent the initials back electromotive forces for the d axis at
steady state, the transient and the subtransient respectively.

o Iy, qul and qun represent the initials back electromotive forces for the ¢ axis at
steady state, the transient and the subtransient respectively.

e f frequency of the grid.

e f, nominal frequency of the grid.

e iy pc is the current flowing through stator phases A,B,C respectively.

o [ and I, represent the prefault currents in the d and ¢ axis respectively.

e i, represents the current associated to the stator flux linkages created by the field
current.

e [,.. maximum current allowed by the converter.

® i;014:(0) represents the expression of the current associated to the whole fluxes linking
the windings when the fault occurs.

e Int integral action of the PI controller in the voltage control mode.
® L., is the equivalent inductance of the stator for one phase.
e P Active power injected by the converter.

o P.... extra active power to be injected during the fault when the active power is
imperative.

® Pfrequency Power contribution coming from the power frequency sensitive mode.

® P,orma active power coming from the normal operation conditions active power
controller.

IX



CONTENTS

o P, s reference active power set by the grid operator.
e Prop Proportional action of the PI controller in the voltage control mode
e () Reactive power injected by the convert.

® (Qeuira €xtra reactive power to be injected during the fault when the reactive power
is imperative.

® (). maximum reactive current allowed by the converter during normal operation
conditions.

® (. ormal TeACtive power coming from the normal operation conditions reactive power
controller.

® (Q,.r reference reactive power set by the grid operator.

® 3,4 resistance of the grid.

o Ry resistance of the line

e 1t relation of transformation in a transformer.

® Sp.se base power chosen for the converter.

e S, Nominal power

e S, shortcircuit power of the grid.

e T is the armature time constant.

e T, subtransient time constant, d axis.

e T, transient time constant, d axis.

e .. defining the shortcircuit voltage of the transformer.

o 71@ of the converter bus

e V,; d component of 7 referred to 47

e V)5 direct sequence component of the voltage at the 15 £V bus.
e V515 inverse sequence component of the voltage at the 15 £V bus.

o V] 990 direct sequence component of the voltage at the 220 £V bus.
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o 15990 inverse sequence component of the voltage at the 220 £V bus.
® Va1 lower maximum voltage limit for the fault conditions.

e V.0 higher maximum voltage limit for the fault conditions.

e Vi1 higher minimum voltage limit for the fault conditions.

e V,ino lower minimum voltage limit for the fault conditions.

e V,n_pn represents the phase to phase voltage base at the converter point.

e V, ¢ component of 7 referred to 47
o V. s reference voltage for the bus where the converter is connected.

e AVyy increase of the voltage compared to the non controlled convertert at 220kV
bus.

e AVj5 increase of the voltage compared to the non controlled converter at 15kV bus.
e X, corresponds to the flux path around the airgap.

e X, steady state reactance d axis.

° Xd, transient reactance d axis.

e X, subtransient reactance, d axis.

e X corresponds to the flux path around the damper winding.
e X corresponds to the flux path around the field winding.

e X4 reactance of the grid.

e X, corresponds to the path the armature leakage flux takes.

o X reactance of the overhead line.

o X, steady state reactance ¢ axis.

e X, transient reactance g axis.

11 . .
e X, subtransient reactance, ¢ axis.
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o represents the angle associated to the flux linkage created by the field current in
phase A when the fault occurs.

¢o represents the angle of the current 7;,,;(0) in phase A when the fault occurs.
U 4 ¢ total flux linking phase A,B,C respectively.
U 4 g is the flux generated in phase A,B,C respectively by the field current.

W4 4 is the flux generated in phase A by currents flowing in all the three phases.
Equivalent for phases B and C.

o droop for the frequency sensitive mode.

cos () power factor.
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Chapter 1

Introduction

This chapter tries to give a brief explanation of the theoretical concepts that are needed
for the purpose of this thesis: analyse the influence of the inverter based generation on
the transient behaviour of the synchronous generators. Hence, two main topics arise,
transient behaviour of the synchronous machines and working principle of inverter based
generation. In order to explain them, these concepts will be adressed in three sections:

e Transient behaviour of Synchronous generators
e HVDC systems and DC generation

e DC/AC interfaces

1.1 Transient behaviour of Synchronous generators

Steady state working principle of synchronous machines is well known and it would take
a whole chapter to explain it so, for the sake of conciseness, this section will focus on the
transient performance.

It will be explained in two main parts.Firstly, main electromagnetic concepts will be in-

troduced and the equivalent circuit for the transient period will be presented. Afterwards,
active power expressions and stability problem will be adressed.

All concepts here included have been obtained through [1].
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1.1.1 Electromagnetic behaviour

The law of constant flux linkages is the key concept to understand the electromagnetic
phenomena that takes place in a synchronous generator when a disturbance occurs. This
law states that the magnetic flux linking a closed winding cannot change instantaneously
so, flux linkages just before, and just after a disturbance must be the same.

U(t=0")=T(t=0") (1.1)

Based on this principle, different reactions happen depending on the kind of disturbance.
In this thesis we are dealing mainly with three-phase shortcircuit and also phase to phase
ones. Therefore, three-phase case will be deeply analysed and, for the sake of conciseness,
just differences with the phase to phase shortcircuit will be commented.

Three-phase shortcircuit

According to the law of constant flux linkages, when a disturbance occurs the next equation
shall be fulfilled.

Wy(t) = Waa(t) + Vysa(t) = WUy = Constant (1.2)
Up(t) = VUpp(t) + Yip(t) = Ypo = Constant (1.3)
\I’C(t) = \Ifcc(t) + ‘I’fc(t> = Vo = Constant (1.4)

Where, for each phase:
o U ,() is the total flux linking phase A
e W,4(t) is the flux generated in phase A by currents flowing in all the three phases.
o U,u(t) =Wy - cos(wt) is the flux generated in phase A by the field current.
e U, is the total flux linking phase A at the moment of the fault.
Therefore, based upon the previous equations and provided that the equivalent induct-

ance of each of the phase windings is the same and does not depend on the rotor position,

. . \\J t
current in each phase can be expressed as i,(t) = 2‘—“”
eq

Final general expressions for each phase current are:

ia(t) = —ipm(t) - cos(wt + 70) + rorar(0) - 7T - cos(ep) (1.5)
ip(t) = —ipm(t) - cos(wt + Yo — 27/3) + isotar(0) - €= /T - cos(g — 27/3) (1.6)
ic(t) = —ipm(t) - cos(wt + Yo + 27/3) + isorar(0) - €T - cos(¢g + 27/3) (1.7)

Where:

2 Ecole Polytechnique de Louvain (UCLouvain)
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e i,,(t) represents the current associated to the stator flux linkages created by the field
current.

e 7 represents the angle associated to the flux linkage created by the field current in
phase A when the fault occurs.

® i;,14:(0) represents the expression of the current associated to the whole fluxes linking
the windings when the fault occurs.

e ¢, represents the angle of the current i;,,;(0) in phase A when the fault occurs.

e T, is the armature time constant, representing the energy dissipation in the stator
resistance.

As it can be seen, current in each phase is composed of two parts, an AC component and
a DC one. These currents are going to create two mmf reactions. The AC phase currents
will induce a rotating mmf, however, as the rotor is spinning at the same frequency than
the one of these, it is perceived as a stationary force. On the other hand, DC stator com-
ponent will create a stationary mmf, seen from the rotor as a alternating one, rotating at
the synchronous speed.

Therefore, as constant flux linkage principle is also valid for rotor windings (and core),
these magnetomotive forces (translated in fluxes) will induce additional rotor currents. It

can be said, that there is always a complementary pair of stator to rotor currents of the
form AC — DC and DC — AC.

DC currents both in the rotor and in the stator try to keep the flux linkages constant and
equal to their prefault values. However, as resistances are present in both structures, there
is an energy dissipation which provoques the DC currents to vanish, which is represented
in the stator currents by the armature time constant 7, in eqs. 1.5, 1.6 and 1.7.

This effect has two consequences in the stator circuit during the transient period:

e Different Armature flux paths.

e Different Emf values.

What lead to the variant amplitude of the AC component in the stator currents, i,,(t) in
eqs. 1.5, 1.6 and 1.7.

Armature flux paths It is proper to analyse this effect in the quadrature axis (d and
q), different situations occur for each of them.

Angel Garcia Mena, 3
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From now on a synchronous machine with one damper winding in the d axis and another
one in the ¢ axis is going to be considered.

Elements present in the d axis are the field winding and the damper one. Therefore, each
of them try to keep constant the flux across it. It can be explained as if the "new" flux
coming from the armature windings could not penetrate these windings and was forced
outside them, which means going through the airgap instead of the iron, giving place to
a higher reluctance path and a lower reactance. This effect endure as long as the damper
and field fluxes remain equal to their prefault value. As mentioned above, these fluxes
decrease with the time constants defined by their electrical circuits. Damper winding has
a lower time constant than the field one. Hence, three different states are going to be
considered:

e Subransient state: fluxes across both damper and field windings are equal to their
prefault values. Defined by T; time constant.

e Transient state: only the flux across the field winding is equal to its prefault value.
Defined by T, time constant.

e Steady state: screening effect of both windings dissapear.

Figure 1.1: Armature flux paths in the different transient states, (a) subtransient, (b)
transient, (c) steady state

Figure 1.1 shows an schematic view of the magnetic paths for the armature flux during the
different states of the transient. These paths are represented through different armature
reactances, X, ,X; and X,, which are shown in Figure 1.2.

Where:
e X corresponds to the flux path around the damper winding.

e X, corresponds to the path the armature leakage flux takes.

4 Ecole Polytechnique de Louvain (UCLouvain)
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e X/ corresponds to the flux path around the field winding.

e X, corresponds to the flux path around the airgap.

Y, X; Y,
.f“'r'fjv'w o W"’““W“-—o ST,
Xp3Xr 3, 3Xr 3 X,
. 1 L 1 .
Hd .1Ir+ _l__l._l ."id 11' ] ] Hd .1Ir+ .1:
Y, Xp Xr Y, X
(a) (b) (c)

Figure 1.2: Armature reactances in the different transient states, (a) subtransient, (b)
transient, (c) steady state

For the ¢ axis same principle occurs. However, there is no field winding in this axis, so
rotor screeening effect will come from the damper winding located in this axis and from
the core eddy currents (if the rotor is laminated they would be too low).

Therefore, for this case where damper winding is present in the ¢ axis, Xq" ~ X, if
the machine is composed of a round rotor some screening effect will be present in the
transient state, hence, Xq/ ~2X,. In addition, for the steady state and a round rotor
generator, X, ~ X, as there is always some saliency present.

Emf values

Based on the same principle of constant flux linkages. Flux linking the stator and coming
from the rotor, which give place to the back electromotive force, is varying during the
transient. Hence, Emf values are also changing.

Angel Garcia Mena, >
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Figure 1.3: Emf in the different transient states

Where:

o F, Ed()/ and Edou represent the initials back electromotive forces for the d axis at
steady state, the transient and the subtransient respectively.

o Iy, qul and quu represent the initials back electromotive forces for the ¢ axis at
steady state, the transient and the subtransient respectively.

o /i and I, represent the prefault currents in the d and ¢ axis respectively.

Figure 1.3 represents this situation. For the d axis, flux linking the rotor in the prefault
situation is equal to the one generated by the field current minus the one coming from
the stator ones while for ¢ axis, as there is no source of flux placed at the rotor in this
direction, flux linking the rotor is just equal to the one generated by the stator currents.

\Ijrotord,prefault - \I/f - IdO . Xd (18)

\Ilrotorq,prefault - IqO : Xq (19)

Minus sign for the d axis and positive por the ¢ one is just a sign convention expressing
that the flux generated by stator currents is opposite to the field one and it is positive for
current in the ¢ axis in the normal operation conditions of the generator.

This flux is kept constant during the subtransient state and it becomes the total flux
generated by the rotor linking the stator,giving place to quu and Ey . During the
transient state this flux linking the stator decreases, as damper windings stop producing
this flux. This flux variation linking the stator give place to qul and Edol and it is

expressed as:
AWy = —Iz(Ly — Lg") (1.10)

6 Ecole Polytechnique de Louvain (UCLouvain)
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AW, = Io(L, — L") (1.11)

Same phenomena occurs for the steady state, where the total flux generated by the rotor
and linking the stator is again just the produced by the field current.

With all these concepts and expressions it is possible to build the equivalent circuit for
each state and obtain all the electrical variables.

Phase to phase shortcircuit

For the case of a phase to phase shortcircuit, as it is known, currents flowing in the stator
are assymmetrical, meaning that they generate an mmf spatial vector which is composed
of an inverse sequence component, appart from the DC and the direct sequences compon-
ents present in the three-phase shortcircuit.

Hence, the reasoning for obtaining the final electrical circuit and variables during the
transient is the same that for the case of a three-phase shortcircuit but adding the effect
of the inverse sequence component.

1.1.2 Mechanical Behaviour

Now, it is time to explain how the shaft behaves during this period and the constraints
that shall be fulfilled in order to reach the stability once the fault is cleared.

In order to do so, it is important to obtain the expression for the electrical power injected
during the fault and, by comparing it with the mechanical input power, study the mech-
anical behaviour of the rotor.

As explained before, during the transient period, different back electromotive forces are
induced in the stator. It is necessary to choose one of these values, as the subtransient
period is usually very short compared with the period of the rotor swings, the effect of the
subransient phenomena on the electromechanical dynamics can be neglected. This allows
the use of E'.

Assuming that X, ~ Xq/:

P, = £ V‘*,sm(a’) (1.12)

total

Where:

e V; is the voltage of the grid where the power is being injected.

Angel Garcia Mena, 7
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° Xtoml/ is the value of the reactance linking the generator and the grid.
e 0 is the angle between E and V.

mel/ can be divided into prefault, fault and postfault values. If the fault is cleared with
no change in the grid, pre and postfault values are equal. If a three phase fault occurs at
one line at the generator bus Xioar faur = 00.

This situation (Xtotal,fault/ = 00) can be represented in figure 1.4. P/ (0') represents the
electrical power injected to the grid in the prefault situation, P, represents the mechan-
ical power injected to the shaft (it is supossed to remain constant during the transient)
and the electrical power injected during the fault is equal to zero.

At point 1 the fault occurs, the electrical power goes to zero. Therefore, as long as the
fault is present, there is an excess of input power in the system what leads to an acceler-
ation of the rotor. Increase in mechanical energy is equal to the surface defined by points
1 to 4. Once the fault is cleared active power is again injected, its value is bigger than the
mechanical power so the rotor deccelerates, once all the extra energy stored during the
fault has been released (surface defined by points 4 to 7) the rotor starts to swing around
its stable value until it finally reachs it.

Last concept explained above is the equal area criterion. If the fault would be present for
a longer time, during the "recovery" period, electrical power could go beyond point 8. If
this happens, electrical power would be again lower than the mechanical one so the rotor
would accelerate and the system would be unstable.

Clearing time is therefore a essential in stability studies. Critical clearing time is the longest
clearing time for which the generator will remain in synchronism.

5 e E
Fal lﬂ%(\
[/ 3 \ 5

S=dl A

Figure 1.4: Active power balance in a three-phase fault close to the generator

As it can be deduced, the place where the fault occurs is a crucial parameter, as it directly

8 Ecole Polytechnique de Louvain (UCLouvain)



Impact of Inverter Based Generation on the Transient Stability Performance of Large
Synchronous Power Plants

affects the Xiotar faur parameter and allow higher power injections.

Related with this Xyoa, feue parameter is the kind of fault that occurs in the system.
Previous comments were based upon a three-phase fault case. However, in the case of
other large disturbances, Py ((5’) during the fault has different values, as healthy phases
may be available for the active power transmission purpose. This effect can be observed
in figure 1.5.

By pre-fault

Figure 1.5: P, (0') depending on the kind of fault, when close to the generator

1.2 HVDC systems and DC generation

DC current is becoming more and more important in the actual electrical grid. This is due
to two main resons. Increase in the amount of sources generating in DC and the increase
of DC used for transmitting power along the grid. A brief explanation of both reasons
will be given in order to understand the necessity of carrying out studies for analysing the
effect of this new grid feature in the behaviour of synchronous generators, which is the
aim of this thesis.

1.2.1 DC generation

Traditional generation sources give place to AC voltages and currents flowing in the stator.
However, increase in the share of renewable energies in the energy mix [2] lead to a change
in this statement, as most of them are linked somehow to DC current.

Due to the working principle of the solar cells they are composed of, Photovoltaic panels
produce DC current. This technology is the one leading the increase in renewable energies
[2] so it shall be taken into account.

Notwithstanding other renewable sources (wind energy, hydropower) directly obtain the
energy from the different natural resources in AC, they need a DC interface for one main

Angel Garcia Mena, 9
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technical purpose [3]:

Control the electromagnetic torque exerted on the mechanical shaft in order to ex-
tract the maximum power: due to fluydodinamics concepts, in order to absorb the max-
imum amount of power, speed of the shaft must be adapted to the speed of the natural
resource they are taking advantage of. This is mainly done for wind energy systems. For
the purpose of controlling the rotor speed, managing the electromagnetic torque exerted
on the shaft is the most common strategy. This consists in injecting the desired currents in
the electrical machine, what needs from a DC block in order to apply the needed voltages
for inducing the calculated currents.

1.2.2 HVDC Systems

HVDC transmission systems are expected to increase during the coming years (reference),
they are used as flexible transmission systems and they offer a variety of advantages
compared to AC ones [4]:

Flexible approach of mutual support and supply security in interconnected systems.

e Better integration of renewable energies

e Contribution to better flexibility management.

e Facilitation of energy markets.

e Lower corona and capacitive effect compared to long AC cables.

e No Skin effect.

e Better voltage control and stability compared to AC systems.

e Lower costs compared to the AC transmission system above a certain distance.

As an example, figure 1.6 shows the decrease in the costs above a certain distance.
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“ Break—even AC Total costs

distance:
40 — 800 km S508
DC Total costs

- = AC Investment costs

=2 ===7 DC Investment costs

AC Terminal -
-

Line length

Figure 1.6: Comparation of costs for HVDC and AC transmission systems in function of
the distance

1.3 DC/AC Interfaces

As mentioned above, in order to inject the power coming from DC links in the electrical
grid it is necessary to transform it into AC. In order to do so an inverter is used. Most
common kind of inverters for this purpose are:

e Line commutated converters.
e Voltage source converters.

Voltage source converters are the most commonly used nowadays. Inverter connecting
the DC bus with the AC grid is controlled in such a way that can manage the amount of
active and reactive power injected. This is done in the following way [4].

Va,cVisesin®

p = (1.13)
Q _ Va,C[VVsc (;380 - ‘/a,c] (114)

Where:
o V. . is the voltage amplitude of the electrical grid.
e V1. is the voltage amplitud of the output of the inverter.
e  is the angle between the two voltages variables.

e X is the impedance placed for connecting the converter and the grid (otherwise it
would not be possible to connect the converter, as two voltage sources would be
placed in parallel).

Angel Garcia Mena, 11
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Vac and its phase are measured continuously and the impedance X is also known. There-
fore, by setting the proper voltage in the output of the converter (amplitude and phase)
desired power can be obtained. In order to make easier the calculation it is done in the
d,q frame. Resultant values are transformed into abc frame and are applied through a
controlled inverter. Methodology followed is the one shown in figure 1.7.

R L Pm Qm

v&ﬂg—‘ cactive Power Controller

g —

Vg ﬁ—‘ AC voltage Controller

Ug _‘®_‘ DC Voltage Controller 1\

is
Active Power Controller f

Current Controller in the
Park's frame

Outer controllers Inner controller

Figure 1.7: Control strategy applied in a Voltage source inverter

As it is shown, active power can be controlled in order to keep the voltage constant at
the DC bus. In addition, instead of injecting a reference value for the reactive power, it
might be chosen to control the amplitude of the AC voltage, acting in a voltage control
mode.

All the elements related to the aim of this thesis have been now theoretically introduced.
For the purpose of analysing the influence of inverter based generation (and HVDC links)
in the transient behaviour of the synchronous machines, different control strategies will
be applied to their DC/AC interface in order to see the most advantageous ways to keep
synchronous machines stable after a large disturbance and, if possible, increase crucial
parameters as the critical clearing time.

12 Ecole Polytechnique de Louvain (UCLouvain)



Chapter 2

Regulatory frame

It is important to note that DC power connection to the grid is an important and actual
topic. Therefore, specific requirements have been established. These requirements are set
by The European Comission "for grid connection of high voltage direct current systems
and direct current-connected power park modules" |5 and are applied by national Grid
Operators of each country in particular.

In this thesis two national grid codes are studied, the Spanish [6] and the Belgian [7] ones.
Both documents are really similar, however, Spanish requirements is the one used as they
give some more specific information.

Most interesting parts for the aim of this thesis are:
e Active and Reactive Power Control Modes during "normal" operation conditions.

e Actions to be done in the case of a disturbance.

2.1 Normal operation conditions

Normal operation conditions refer to the situation when the voltage at the connection
point of the DC system is between a certain margin around the reference value (1 pu).

V S Vmazl (21)

Where, usually, 0.85 < V,;in1 < 0.9pu and 1.05 < V001 < 1.1pu.

13



CHAPTER 2. REGULATORY FRAME

2.1.1 Reactive Power

For the reactive power two main controls are adressed:

o Reactive Power Control Mode: this mode refers to the case where the reactive
power that shall be injected is set to a constant reference value that must be achieved.

e Voltage Control Mode: this mode refers to the case where the reactive power
injected varies according to the value of the voltage at the connection point of the
converter, compared to a reference one. If the voltage is below the reference, more
reactive power is injected. Otherwise, if it is above, reactive power is reduced.
Concerning the maximum instantenous change in the reactive power, it is specified

that AQ<0.3%Q e for an AV = 1kV.

For both controls, one minimum operation area is specified. This is done with respect
to the maximum active power capability and is shown in Figure 2.1. Area inside dashed
lines show the most common operation voltages, however, the system shall be capable of
providing reactive power in the top and bottom regions at the maximum active power
production.

U (pu)

1,118 —\
1,05~

1,00

0,95 R

0,85

0,3 01 0,0 01 0,3 Q/Pmax

Figure 2.1: Reactive Power capability in extreme voltage ranges

2.1.2 Active Power

For the active power, output shall follow the reference value specified by the grid
operator. In addition, the grid operator may ask the owner of the system to be able to
react against frequency deviations. This frequency response can be classified among three
different types:
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e Limited frequency sensitive mode overfrequency: the system reacts only
when the frequency is above a certain threshold.

e Limited frequency sensitive mode underfrequency: the system reacts only
when the frequency is below a certain threshold.

e Frequency sensitive mode: the system reacts to both over and underfrequency
phenomena.

Frequency response shall be summed up to the active power reference value specified by
the grid operator.

Scheme of the control action for the case of frequency sensitive mode is plot in Figure 2.2
and different parameters regarding its operations conditions in Figure 2.3.

Parameters Ranges

Range available for FSM

ar_ 10, af

sil%) f.

Frequency response deadband 0-£500 mHz

AP 100 Af g
““:‘51[%] * 7% (for0<f<f2) Droop s, (upward regulation) Minimum 0,1 %

Droop s, (downward regulation) Minimum 0,1 %

ﬂ Frequency response insensitivity Maximum 30 mHz

Minimum Active Fower Trarismission Capasity fexport)

Figure 2.2: Frequency sensitive mode Figure 2.3: Frequency sensitive mode parameters
scheme

2.2 Faulted Conditions

This situation is considered when:

V> Vo or V < Viini (23)

Where V4.1 and V,,;,1 are the same values than the ones specified for the normal oper-
ation conditions case.

Ways to control the active and reactive power depends on the priority principle set in
the system. European comission relinquish this responsability to national grid operators.
Spanish and Belgian ones give priority to the reactive power, and does not mention how to
deal with active power priority case. Therefore, first case will be the one here explained.
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2.2.1 Reactive Power priority

This methodology specifes that in the case of a fault (verified through voltage conditions,
eq. 2.2) reactive current shall be injected primarily and active power injection relies on
the amount of this reactive current.

Reactive current injected is the contribution of two terms:
e Reactive current from the normal operation conditions control.
e Additional reactive current dependent on the voltage deviation.

For symmetrical faults this additional current injected due to the large voltage deviation
(above the minimum limits) shall be proportional to the difference between the real value
and the limit which is being exceeded. This relationship remains until the maximum
current allowed by the converter is achieved, this situation must be reached when the
voltage gets equal to V,ino O Viaee depending on the under or over voltage situation,
respectively. This situation is graphically explained in figure 2.4.

Alr (pu)
Alr_max
1 Umax1 Umax2 U (pu)
Umin2 Uminl
Alr_min |

Figure 2.4: Additional reactive current when reactive power is imperative

Where, usually:

1.1 < Vinaz2 < 14pu or 0.6 < Viine < 0.85pu (2.4)

Maximum current (total contribution) shall be at least I,,,, = 1pu (in the base frame of
the converter) and higher if it is allowed.
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If current limit is not achieved (when the voltage is between limit; and limity) active
power will be injected up to the total current limit.

For the case of unsymmetrical faults, similar controls must be applied, however, direct or
inverse currents could be injected /absorbed.

With respect to this faulty situation strict time limits are established:

e Response time since the voltage deviation occurs up to reactive current starts to be
injected must be lower than 20 ms.

e Response time since the beginning of the reactive current injection until 90% of the
final expected current is reached shall be lower than 30 ms.

e Response time since the start of the reactive current injection until it remains
between 5% of the final expected current cannot exceed 60 ms.
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Chapter 3

Models Developed

In this work, many models are studied in order to analyse the differences among the
different kinds of controls previously presented. These models can be classified attending

to diverse features:

e Control for the reactive power during normal operation conditions

— Reference reactive power control mode

— Voltage control mode
e Control for the active power during normal operation conditions

— Frequency sensitive mode
— Limited frequency sensitive mode overfrequency

— Limited Frequency sensitive mode underfrequency
e Control during fault situations

— Give priority to active power
— Give prioiry to the reactive power
— No Control at all

e Grid Benchmark

— Simple benchmark

— Complex benchmark

In order to make a good explanation of these models, as a first step all the elements used
in the grid will be presented. After that, the different control strategies applied on the
converter will be detailed. Finally, schemes of the different benchmark used will be shown.
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3.1 Elements present in the models

For the purpose of this thesis most important parts are the synchronous generator and
the DC/AC converter. However, other components are needed in order to connect them
and make the final models realistic. All of them will be now detailed.

3.1.1 Synchronous generator

Syncrhonous generator analysed in this thesis is modelled by the "Synchronous machine
pu fundamental" Matlab/Simulink block. Following main features have been set:

e 15 KV, 600MV A Round rotor machine with two pairs of poles.

Two damper windings, one in the d axis and another in the ¢ one.

Voltage Control, "Excitation system IEE type 1" block defined by a regulator gain
K, =10 and a time constant 7, = 0.001 s.

Active Power control, "Hydraulic turbine and governor" block defined by a servo-
motor with a gain K, = 10/3 and a time constant T, = 0.07 s.

Most important parameters about transient behaviour can be seen in Table 3.1, which
were obtained from [1].

7 77 7 77 7 77

Xo| X [ X x, | X, | x| x| |, |1, T,
2 1039028 1.85[0.52[0.32]0.1]0.85]0.028 | 0.58 | 0.058

Table 3.1: Generator Parameters

As it can be noticed, despite the fact that a round rotor machine is used, some differences
appear between reactances along d and ¢ axis, this is due to the inherent saliency of the
machine.

For the purpose of analysing the influence of different features of the generator as: nominal
power, and voltage and active power controls another synchronous machine will be used
in the complex benchmark case. This second generator, also modelled by "Synchronous
machine pu fundamental" Matlab/Simulink block, has the following characteristics:

e 15 kV, 200 MV A Round rotor machine with two pairs of poles.

e Two damper windings, one in the d axis and another in the ¢ one.
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e No Voltage Control.
e No Active Power control.

Most important parameters about transient behaviour can be seen in Table 3.2, which
were obtained from [1].

7 7 7 7 7 7

Xg | X | x| x, | x| x|\ x|@ |1 |1, T,
1.65 ] 0.23]0.17 [ 1.59 [ 0.38 [ 0.17 | 0.1 | 0.83 | 0.023 | 0.42 | 0.023

Table 3.2: Secondary Generator Parameters

3.1.2 Transformers, lines and grids
Transformers

Two different kind of transformers are used in this thesis, all modelled by the "Three-phase
transformer (two windings)" Matlab/Simulink block.:

e Transformer connecting the synchronous generators to the grid: as mentioned above,
synchronous generators have a nominal voltage V), generator = 15 £V and the AC grid
here studied works at V,, 5riq = 220 kV. Therefore, one transformer is needed for the
connection of each synchronous generator (one in the simple benchmark and two in
the complex case). These transformer have the following features:

— Y g Yg connection.
— rt =15/220 kV.

— S, = 600 MV A for the transformer connecting the main generator and 5, =
200 MV A for the secondary one.

— Uee = 0.16 pu
e Transformer connecting the DC/AC converter to the grid: HVDC links usually

works with a higher voltage than 220 kV, for this reason and for the purpose of
adding the inductance needed for the connection of two voltage sources (as explained
in Section 1.3) one transformer is used. Next characteristics define it:

— Y g Y g connection.

— rt =370/220 kV

- S, =600 MV A

— Uee = 0.1 pu
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Lines

Overhead 220 £V lines are used for the purpose of connecting the synchronous generators
to the converter and from it to the different electrical grids. These lines are:

e Single line connecting each synchronous generator to the converter bus.

e Double line connecting the converter bus to the electrical grids (one in the simple
benchkmark and two in the complex case)

Most important parameters of the lines are obtained from [1], for all of them:
o Xiine = 0.488 Q/km
o Rine = 0.05 Q/km

Their length is a parameter that will be modified for the different cases studied so it is
not specified here.

Grids

"Three phase sources" Matlab/Simulink blocks are placed in the model simulating elec-
trical grids connected to the converter bus through overhead lines aforementioned. Most
important parameters are:

e Main Grid: present in all the models

— 220 kV Voltage source
- See=3GVA
- Xgrid = 10Rgrid

e Secondary Grid: only present in the complex benchmark

— 220 kV Voltage source
— See=15GVA
- Xgrid = 10Rgrid
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3.1.3 Converter

Modelling the converter is the key part of this work. In this section, the way to inject
active and reactive power into the system will be explained, assuming that P and () are
known. Next section will be dedicated to understand how these values are obtained for
the different controls proposed.

Converters can be modelled in different manners according to the purpose of the research.
For transient stability studies in the case of large voltage deviations,i.e. aim of this thesis,
[8] states that it is possible to represent the converter as a simplified current
controller that generates the desired currents.

It is important to note that in this work, active and reactive power injected is always con-
sidered as the one provided to the 220 £V grid, and when the voltage control is applied, as
it will be explained later on, is also done to manage this variable. However, as mentioned
above (Section 3.1.2), a 370/220 £V transformer is placed between the converter and the
grid, what is relevant when calculations are made.

Therefore, based on the voltage at the 220 £V bus where the converter is connected and
on the reference P, () values, needed current for each phase is calculated and injected
through "Three-phase controlled current sources" blocks in Matlab/Simulink. In order to
do so, the next strategy is followed:

First of all, phase to neutral voltages from the 220 £V bus where the converter is connected
are introduced in a "PLL" block, £V, is obtained. d,q frame is going to be used (g

leading 90° with respect to d), referenced to V,,_,. Clarke transformation which conservers
the magnitude is used (it is not shown for the conciseness of the document). Therefore:

e
|V;9h—n‘ - Vd,ph—n (31)
Vaph—n =0 (3.2)

I
From now on, V,,_,, will be just referred as 7

If pu base system is used:

P:Vd'fd+‘/¢]'fq (33)
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According to eq. 3.2. It remains:

P Q

I = — 3.5 J—
= (35) =7

(3.6)
Once d and ¢ components of the current are obtained, real a,b, c values are necessary.
Firstly, Clarke Antitransformation is applied, using 47 coming from the "PLL" block.
As the connection of the transformer between the converter and the grid is Yg Yg (Section
3.1.2) there is no phase shift between currents flowing through the primary (converter)
and the secondary (grid) sides and this angle is the right value for this purpose. After
that, as "Current controlled source" block works with real values, it is necessary to change
the base frame. For each phase:

2
L«eal —J \/—Sbase

T (3.7)
i \/g%hfph,base

Where:
e Spuse represents the power base chosen for the converter.

o Vin_phbase represents the phase to phase voltage base at the point where the current
is injected. Recall that this is a 370 £V bus.

e /2 is placed because peak values and not rms ones are needed.

All this explanation gives place to the following structure in Matlab/Simulink, where the
central block represent the /; and I, calculations based upon 3.5 and 3.6.

O =]
oj_“.lJi’M e
B ]

Figure 3.1: Control Scheme of the converter
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3.2 Power Controls

Previous section was dedicated to explain how to obtain the desired active and reactive
power values, supposing that they were known. In this part, these reference values will
be computed depending on the kind of control that is being carried out in the converter.

Before going further it is proper to size and define the different constraints and parameters
used in the converter.

e Base used for the calculations:

_ 220
- %ase - ﬁ kv
— Spase = 600 MV A.

e V,in1 = 0.85puand V,,,,1 = 1.1 pu, which limit the normal operation conditions.

e V,ina = 0.6 pu and V420 = 1.4 pu which limit the increase in reactive current
during a fault.

e Maximum power capability of the DC link is 360 MW (0.6 pu).

e Maximum reactive power transmission during normal operation condi-
tions is 175 MV Ar (0.292 pu). Based upon the grid codes, minimum reactive
power that the converter shall be capable of provide is Qi = 0.3 - Pra. (Figure
2.1). However, for this case, a possible power factor of cos¢ = 0.9 has been set,
what leads to this maximum reactive power value.

e Maximum three-phase current that the converter can withdstand for a short
period of time (during a fault) is Lyaz pear = 1260 A (0.94584 pu). Based on the
values for P, and Q... and knowing that this injection must be possible in the
range 0.85 <V < 1.1 pu, Lnaznorma = 1050 A. However, physical construction of
the converter allows this limit to be exceeded in a 20% during short periods.

3.2.1 Reactive Power in normal operation

When the grid voltage where the converter is connected is between the minimum limits(0.85 <
V < 1.1 pu) two possible controls appear, according to what was specified in the grid
codes.
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Voltage Control Mode

This control mode tries to keep the grid voltage equal to the reference specified by the grid
operator. Most common controls for this purpose are composed just by a Proportional
controller, however, here a small additional integral action will be set to show how this
can be implemented.

Actual voltage is compared to the reference one. In this thesis a value V. = 1 pu will be
always considered. Difference between them is introduced in the PI controller.

Q= (Vief = V) - (Prop+ Int) (3.8)
Where:

e Prop is the proportional part. It is always set to Prop = 1.5.

e [nt is the integral part. During normal operation conditions it is set to Int = 0.1,
however, if a fault occurs it would create a wind-up effect. Therefore, as a solution
to avoid this undesirable phenomenon, its action is stopped (Int = 0) if the voltage
goes above the minimum limits.

As aforementioned, maximum reactive power injected during these conditions is @4 =
0.292 pu. Therefore a saturation block is introduced.

A representation of this is shown in Figure 3.2. Matlab function implements the anti-wind
up system. When the voltage is above the minimum limits, integral action is cancelled.

G
E]

Figure 3.2: Scheme of voltage control mode

Reactive Power Control mode

This mode is based on following the reference specified by the grid operator for the reactive
power. Hence, there is nothing to do in order to calculate this value.
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3.2.2 Active Power in normal operation

Depending on the capability for carrying out frequency control, two models will be de-
veloped :

Frequency Sensitive mode

In addition to the reference active power specified by the grid operator, some extra power
will be injected according to the deviation of the frequency with respect to the nominal
value (50 Hz). As specified in the grid codes, this action must occur when the frequency
goes above a certain deadband and shall be proportional to its deviation through a con-
stant droop term.

Ptotal = Preference + Pfrequency (39)

Pf’r‘equency = —0- (f - fn) (310)
Where:

® Prrequency = 0if 49.8 < f < 50.2 Hz, representing the deadband.
e o represents the droop term, 0 = 5% - P4/ H 2.

e Overfrequency situations are associated to an excess of active power in the system,
therefore it is necessary to reduce this power injection to recover the reference value.
Otherwise, if frequency decreases beyond the limits, more power is needed in the
system. This explanation justifies the negative sign present in the equation.

In accordance to the converter constraints explained above, a saturation block is intro-
duced to limit the power injection to P = 0.6 pu.

Non Frequency sensitive mode

One model where the system is not able to react agains frequency deviations is developed
in order to check the effect of the Frequency sensitive one. In this case, active power
injection is always equal to the reference value specified by the grid operator. Over and
Underfrequency sensitive modes are not developed for the sake of conciseness because for
the study of these kind of faults they would not exhibit much differences from the two
ones developed.

P = PReference (311)

Angel Garcia Mena, 27



CHAPTER 3. MODELS DEVELOPED

3.2.3 Control during fault situation

As this thesis is based on the study of large disturbances, specific actions to be done in
the converter when such a problem occurs are crucial. Recall that these situations are
considered when:

V> 1.1 pu or V < 0.85 pu (3.12)

Three possible controls are here presented:

Give priority to the reactive power

As specified in the Spanih and Belgian grid codes, in the case of large disturbances,
extra reactive power should be injected in addition to the one coming from the "normal
operation control".

Qtotal = Qnor‘mal + Qextra (313)

This extra power is calculated based on the maximum current that the converter can
withdstand in accordance to Figure 2.4.

For the case of undervoltage situation:

]max - Qnormal/v

Qewtra =V
Vminl - VminQ

- (Vininma = V) (3.14)

For the case of overvoltage situation:

_[max - Qnormal/v

Vmaa:Q - Vmaxl

Qextra =V. : (V - Vmaa:l) (315)

Where:
® V,in1 = 0.85 puand V,,;,0 = 0.6 pu
® Vw1 = 1.1 puand Ve = 1.4 pu
® [ 4 = 0.94584 pu

Obviously, these results are limited to the maximum current value.

I Viine <V < Vet and Viger < V< Vieao 1t can be noticed that I < I,,4,. If this
occurs, active power shall be provided until the current limitation is reached.
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Therefore:

P=V B~ @V (316)
Otherwise, if voltage is above the maximum limits:
P=0 (3.17)

This strategy is roughly shown in Figure 3.3 where the function blocks introduce the
equations aforementioned and Q,orma and Porma values come from the control modes
for the normal operation conditions.

Qnormal

h 4
)
;

Voltage o s 4 ¥

fon

Promal Pz fen

Figure 3.3: Scheme of prior reactive power control mode

Give priority to the active power

In the European grid codes it is not specified the control to be done in the case of a large
disturbance. Therefore, it is going to be compared with a model where the active power
injection is imperative.

In a similar way to the proccedure for the case where the reactive power was imperative:

Ptotal = Pnormal + Pe:ptra (318)
For an undervoltage situation:
Ima:c - Pnormal/v
Pemra:V' : Vm'm -V 3.19
! mel - Vmin2 ( ! ) ( )
For the case of an overvoltage situation:
Ima:v - Pnorma V
Pextra =V. l/ : (V — Vmazl) (320)

VmazZ - Vmaxl

Angel Garcia Mena, 29



CHAPTER 3. MODELS DEVELOPED

However, as it can be seen, in this case it is always considered as a power injection. It is
due to several reasons:

e In this work, both HVDC links and Power park modules are being treated. There-
fore, in the later case, big power consumptions are not possible as it would lead to
major problems.

e During large disturbances many loads cannot be energized, therefore, with this
power injection some loads closed to the converter could remain connected during
the fault.

e It could lead to major problems if the power demanded by the converter cannot
be provided by the system. Indeed, during simulations, if power demanded during
the fault was high enough solver could not reach a solution and this seem to be the
explanation.

Again, if I < I,,,, reactive power shall be injected in order to reach this value.
For an undervoltage situation:

szwﬂmﬁ—@Nf (3.21)
For the case of an overvoltage situation:
Q =~V Las? = (PJVY’ (3.22)

Otherwiswe, if voltage is above the maximum limits:

Q=0 (3.23)
This strategy is roughly shown in Figure 3.4 where the function blocks introduce the

equations aforementioned and Q,orma and P,orma values come from the control modes
for the normal operation conditions.

Cnormal 2 F

4- ¥ PeReactive_Powea
ks fcn

Priormal =+ P Activie Powar

A
‘oltage U ‘. ¥ j

fon

Figure 3.4: Scheme of prior active power control mode
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No Control at all

In order to compare the other two actions, a model where neither active nor reactive
power is injected during the fault.

P=0 Q=0 (3.24)

All these strategies seem to have been developed uniquely for the case of a symmetrical
fault. However, in this thesis, single line to ground faults are also analysed. In accordance
to 9], for synchronous machine stability purposes, i.e. the aim of these thesis, no negative
sequence current injection is the best option. Therefore, these models are also valid
for the study of this kind of assymmetrical disturbances. But note that, in this
case, the control will be done in the direct voltage sequence component (V;)
and not in the global value.

3.2.4 Grid Configuration

Finally, all these controls are going to be implemented in two different grid benchmarks.

Simple Benchmark

This model is implemented without loads and with only one grid connected to the con-
verter. Therefore, this seems to be the most critical situation for the transient stabilty of
the machine.

Figure 3.5: Simple Benchmark

In Figure 3.5 a scheme of the benchmark used for this purpose is presented. Red block
represents the synchronous generator, connected to a transformer (orange block). Blue
blocks are the converter an the transformer which connects it to te grid. Finally, green
block simulates the overhead line which connects the 3GV A grid, and where the fault
occurs. In addition, two 300 MV A and cos (¢) = 0.9 loads are placed.
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Complex Benchmark

However, a more realistic situation is here being seeked. With this purpose a "Complex"
benchmark has been developed. This model, with respect to the previous one introduces:

e Synchronous generator: one non controlled, less powerful (200 MV A) machine.
e Secondary grid: in parallel with the main one, S, = 1.5 GV A

e Line connecting generators to the converter bus: overhead line with same
parameters as the ones explained in the previous section (R = 0.05Q/km X =
0.488Q/km)

e Loads connected at different points of the grid:

— 100 MV A and cos (¢) = 0.9 connected in parallel to the secondary synchronous

generator.
Secondary Synchronous Generator
Be”
w0y
1.018pu

BSR4y

[ —

Secondary Grid

Main Synchronous Generator | 2
ap
1
2 - Connd  Connt p— : .
- e
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b 220000¢
c

0,000 WA, 220 7

Main Grid
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- z

Converter

Figure 3.6: Complex Benchmark
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Results

It is now time to show the different results that have arised from the application, to dif-
ferent situations, of the control modes and benchmarks previously presented.

In this chapter, voltages dips at the converter and at the synchronous generator buses
during the fault will be shown, as well as their transient behaviour until they reach a new
steady state. In the next chapter, influence of this situation on the different variables of
the synchronous generator will be analysed.

These results will be studied for different cases, in order to check separetely the influence
of the normal operation conditions control modes (cases 1 and 2) and the "fault" ones
(cases 1,3 and 4). It is really important to notice that along the document all
these 4 control models developed will be named in this way (Case 1, Case 2,
Case 3 and Case 4):

e Case 1

— Reactive Power control in normal operation conditions: Voltage control
mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control during the fault: Reactive Power priority
e Case 2
— Reactive Power control in normal operation conditions: Reference reactive

power control mode
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— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control during the fault: Reactive Power priority
e Case 3
— Reactive Power control in normal operation conditions: Voltage control

mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control Power during the fault: Active Power priority
e Case 4
— Reactive Power control in normal operation conditions: Voltage control
mode

— Active Power control in normal operation conditions: Frequency sensitive
mode

— Control during the fault: No Control at all

For the reactive power analysis, Voltage and Reference reactive Power control modes be-
have, as it will be seen, in a really similar way during the fault period, and they only
exhibit differences during the post-fault situation. Therefore, for the sake of conciseness
only one of this modes (Voltage control) will be set for the study of the control action
during the fault (cases 3 and 4).

In addition, as it will also be shown in Figure 4.5, frequency deviation is really low, there-
fore, there is nearby no difference between frequency and non frequency sensitive modes.
Hence, again for the sake of conciseness, only the frequency sensitive mode will be used
for all the cases studied.

For all the simulations carried out, following setpoints have been fixed S, = 600 MW
e Active power injection of Synchronous generator 1= 450 MW (0.75 pu)
e Active power injection of Synchronous generator 2= 180 MW (0.3 pu)
e Reference active power injection for the converter= 330 MW (0.55 pu)

In addition, important extra parameters to recall are:
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e Length of double line connecting the converter and the main grid = 75 km
e Length of double line connecting the converter and the secondary grid= 40 km

e Length of single line connecting the converter and the synchronous generator (main
and secondary)= 5 km (Althouth it will be changed in some situations for influence
analysis purposes).

e Maximum Current allowed by the converter = 0.94584 pu (Although it will be
changed in some situations for influence analysis purposes).

Regarding the disturbance occuring at the system:

e It will occur at some point (variant for different influence analysis purposes) of one
of the two lines connecting the main grid and the converter.

e Fault is cleared after 150ms by the disconnection of the faulty line so the connection
between converter and main grid becomes a single line one.

e Three-phase fault is also connected to the ground.
e Sinle line ground fault occurs on phase A.

Once all the different cases (control models developed) have been presented. This analysis
is going to be carried out regarding three completely different situations:

e Three-phase fault in the Complex benchmark: for the purpose of studying
the influence of different parameters of the system,

— Distance from the converter to the fault (for a constant distance of 5 km from
the synchronous generators to the converter and I,,,,, = 0.94584 pu):

x 12.5 km

x 25 km

x 37.5 km

x 50 km

— Distance from the synchronous generator to the converter (for a constant dis-
tance of 25 km from the converter to the fault and I,,,,, = 0.94584 pu):

x b km

x 10 km

x 15 km

x 20 km
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— Maximum current allowed (for a constant distance of 5 km from the synchron-
ous generators to the converter and of 25 km from the converter to the fault):

% 1.1+ Ipee = 1.1-0.94584 pu

* 1.2 Ipap = 1.2 0.94584 pu

x 1.3 I = 1.3-0.94584 pu

e SLG fault in the Complex benchmark: all four cases (models developed) will
be compared for the complex benchmark configuration with 25 km distance from the
converter to the fault, 5 km distance from the synchrouns generator to the converter
and a maximum allowed current I,,,, = 0.94584 pu.

e Three-phase fault in the Simple benchmark: all four cases (models developed)
will be computed for the simple benchmark case with 25 km distance from the con-
verter to the fault and for a maximum allowed current I,,,, = 0.94584 pu.

4.1 Theoretical approach

For the purpose of ensuring the validity of the results a theoretical estimation will be
provided. Tt is applied to the Complex Benchmark as the efectiveness for this case would
guarantee the Simple benchmark ones. Moreover, fot the sake of simplicity, three-phase
shortircuit fault will be studied, so just the direct sequence circuit will be represented.

This estimation is based on comparing the voltage during the fault in function of the
power injected by the converter in this period. According to [10], a valid estimation for
the voltage dip along two points V; and V5 is:

P X
AV =V~ 1y n TR (4.1)
1

Which can be expressed as:
AV =V =Vor RI;— 1, X (4.2)
Where:
e X and R are the impedance values between those two points.
e P and @ are the power values going from point 1 to point 2.

e /; and I, are the d,q components of the current flowing from point 1 to point 2
referred to the V) phasor.
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Kind of Supperposition principle is applied. The system is decomposed into two subsys-
tems (Figure 4.1 and Figure 4.2) first of them composed of the different electrical sources
in the system (synchronous generators and electrical grids). Action of the converter dur-
ing the fault is presented in subsystem two (Figure 4.2). It is really important to add
some other sources appart from the converter in order to provide the additional current
that is needed in Subsystem 2, as grid is composed by different resistances and reactances
it is not possible to inject only active (resp. reactive) current (which will induce reactive
(active) losses in the reactances (resistances)) without injecting reactive (active) power to
compensate them. This power is supposed to be provided by the different sources of the
system (synchronous generators and electrical grids). Red current sources in the scheme
represent this effect.

AV = Vvl — Vé ~ R(Idl + ]dg) — (Iql —|— ]qQ)X (43)

e [; and I, being the d and ¢ components, respectively, of the current coming from
subsystem 1.

e /5 and Iy being the d and ¢ components, respectively, of the current coming from
subsystem 2.

Supperposition principle states that currents for the complete system are equal to the
sum of currents coming from the subsystems into which it is divided. For this estimation,
as d,q components are used, it is going to be supossed that the electrical angle 471 does
not vary from its value in subsystem 1 to the one in the complete system. Therefore
equality of currents is also truth for d ¢ components. This does not mean a problem
for subsystem 2, as it is referred to the currents coming from the converter, which are
already expressed in the d, g frame and are adapted depending on the electrical angle of V.

This assumption is mostly truth for the case of reactive power injection during the fault.
However, for the case where active prower has priority it could lead to sligth deviations
and, so on, to inacurracy in the results.
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Once the subystems are presented and main comments and assumptions are done, we have
to find the theoretical effect of each control mode. It is obtained in the following way:

Non-controlled system (Case 4) does not inject any power during the fault (P = 0 and
Q) = 0). Therefore, subsystem 2 (Figure 4.2) would not have any consequence on the
system. Otherwise, if power is injected based on the different controls proposed (Cases

Figure 4.2: Subsystem 2

1,2 and 3), subsystem 2 would create different voltages dips along the line.

A‘/iotal = A‘/vsubsg,isteml + A%ubsyst@m?
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o AViupsystem1 being the AV due to currents from subsystem 1.

o AViupsystem2 being the AV due to currents from subsystem 2.
If no power is injected during the disturbance

A‘/noncontrolled,subsystem? =0 (45)

Otherwise, when power is injected:

A‘/controlled,subsystemQ 3& 0 (46)

Hence, supossing that AV psystem1 i equal for both controlled an non controlled systems,
effect of each controller in the voltage, named as AV, can be computed.

AVveffect = A‘/com‘/rolled,subsystem2 (47)

Values for the different impedances are (in p.u. S, = 600 MV A V, = 220//3):

® Zgynegent = 2.854-107% + j0.39 pu

® Zsynch.gen1 = 8.562 107 + j0.69 pu

® Ziranst1 = 70.16 pu

® Ziransf2 = 70.48 pu

® Ziine1 = Ziines = Disteony synch -+ (6.198 - 107* + j6.050 - 1072)
® Zioadl = Zioad.s = 2.22 + j4.59 pu

® Zipadgo = 6.66 + j13.765 pu

® ZioFauit = Distconyauls - (6.198 - 107% + j6.050 - 1073)
® Zines = 0.046485 + 70.45375 pu

® Zines = 0.0124 4 70.121 pu

o Zyig1 = 0.0199 + j0.199 pu

® Zgidz = 0.0398 + j0.398 pu
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Two considerations are taken while defining the reactances representing the synchronous
machine Xyne gen.1 and Xgyne gen2: both machines, as specified previously, are round rotor
ones, however, there is a slight difference in d and ¢ reactances. For the sake of simplicity,
average value between the two terms is used. In addition, as during the fault reactances
values are changing, it is necessary to choose one. Subtransient reactances are used for
this purpose, so AV values ocurring at the beginning of the fault are the ones which must
be measured.

Impedances above shown are clearly dependent on the parameters that are going to be
varied on the system, namely :distance from the converter to the fault and distance from
the synchronous generator to the converter. Moreover, P and ) are dependent on the
maximum current allowed by the converter (/4. ).

AV, s et Will be computed for the 15 £V and 220 £V buses, as they are the most import-
ant ones, and for all the possibilities studied regarding the distance from the converter
to the fault (Table 4.1), distance from the converter to the synchronous generator (Table
4.2) and maximum current allowed by the converter (Table 4.3). As it can be noticed,
this effect only depends on the action taken during the fault, hence, Active and Reactive
power priority are analyzed independently of the control done during "normal operation
conditions" (Casel=Case2 for the reactive power priority and Case 3 for the active one).

For calculating AV, sfec 200 kv the equivalent impedance seen from the converter will be
obtained. Based on this value and on the impedance connecting 15 £V and 220 £V buses
AVeffeets kv is deduced.

For the active power case it will be considered that only active current is flowing into the
system and therefore the voltage drop is computed only on the resistances:

AVveffect,220 KV — Ip : Rtotal (48)

AVefeat; 220 KV

AVetseet1s kv = AVepreer, 220 KV — I
1

Ry (4.9)
Where, for all the situations I, = I;,45-

For the reactive power case it will be considered the opposite situation, only reactive
current flowing into the system and therefore voltage drop computed on the reactances :

A‘/effect,QZO kV — _[q : Xtotal (410)
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AVeppeer, 220 KV
Xy

AVeprectas kv = AVeppeet, 220 KV — X (4.11)

Where, for all the situations I, = I

Ry and X, are the resistances and reactances, respectively, connecting the converter to
the ground through the 15 kV bus path, and R, and X, are the ones connecting the
converter and the 15 £V bus.

125 km | 25 km | 37.5 km | 50 km
AV (pu) | 0.0045 | 0.0064 | 0.0074 | 0.0080
AVis (pu) | 0.0026 | 0.0038 | 0.0044 | 0.0048
AV (pu) | 0.0469 | 0.0695 | 0.0827 | 0.0909
AVis (pu) | 0.0277 | 0.0411 | 0.0489 | 0.0538

Active Power priority

Reactive Power priority

Table 4.1: Theoretical approach.Distance to fault influence

5km |[10km | 15 km | 20 km
AVasg (pu) | 0.0064 | 0.0066 | 0.0067 | 0.0069
AV (pu) | 0.0038 | 0.0036 | 0.0035 | 0.0034
AVasg (pu) | 0.0695 | 0.0704 | 0.0711 | 0.0718
AVis (pu) | 0.0411 | 0.0391 | 0.0372 | 0.0355

Active Power priority

Reactive Power priority

Table 4.2: Theoretical approach. Distance to synchronous generator influence

Imax | Imax*1.1 | Imax*1.2 | Imax*1.3
AV (pu) | 0.0064 | 0.0070 0.0077 0.0083
AVis (pu) | 0.0038 | 0.0042 0.0045 0.0049
AV (pu) | 0.0695 | 0.0765 0.0834 0.0904
AVis (pu) | 0.0411 | 0.0452 0.0494 0.0535

Active Power priority

Reactive Power priority

Table 4.3: Theoretical approach. Maximum allowed current by the converter influence

4.2 Experimental Results

In Section 4.2.1, results of the three-phase fault case will be shown, SLG ones in Section
4.2.2 and finally, three-phase fault in the Simple benchmark in Section 4.2.3. In each part,
numerical results are shown in Tables and, for a better understanding of the vaules, some
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of them are plot. Finally, at the end, proper comments for each case are made.

4.2.1 Three-phase fault

For the purpose of comparing both fault and postfault behaviour of the different controls.
Vis and Vagg during the fault, Vis peqr once the fault is cleared and time ¢4, representing
the time it needs to reach %1 of the final value will be obtained. These post-fault vaules
are chosen for the 15 kV bus as it is where the generator is connected and therefore, they
are more important for analysing the effect on the machine.

Distance to fault influence

In Table 4.4 main results can be observed for the case of variant distance to fault and
5 km to generator and I,,,, = 0.94584pu.In order to compare the controls, their effect
on the 15 kV bus is shown in 4.3 for the specific situation of 25 km to fault. Figure
4.4 plots the effect of the distance to fault on one specific case (Case 1). Finally,Figure
4.5 shows the frequency at the connection point of the converter, as it is noticed, it only
deviates slightly and for a short period above the deadband (49.8 < f < 50.2Hz) what
demonstrates that the frequency sensitive mode does not influence a lot in the system.

12.5 km | 25 km | 37.5 km | 50 km
Vago (pu) 0.35 0.5145 | 0.607 0.6476

Case 1 Vis (pu) 0.61 0.708 | 0.7646 | 0.7926
Vispear (pu) | 1.027 1.021 | 1.017 1.0168
Tstab 1.69 1.5 0.82 0.815
Vago (pu) 0.35 0.5145 | 0.6065 | 0.6446

Vis (pw) 0.61 0.708 | 0.7642 | 0.789

Case 2 i w) | 1L.028 | 1.022 | L0182 | 1019
otab 171 155 083 | 033
Vaso (pu) | 0.307 | 0.4505 | 0.5272 | 0.5653
Case 3 | V15 (01) 0.586 | 0.6744 | 0.7214 | 0.745
Vispear (pU) | 1.03 1.025 |1.023 | 1.022
Fotab 3.55 171 |17 1.69
Vazo (pu) | 0.3037 | 0.4456 | 0.5212 | 0.559
Case 4 | V15 1) 0.5817 | 0.6665 | 0.7122 | 0.735
Vis peak 1.029 | 1.0245 | 1.0213 | 1.0195
Eotab 171 167 | 159 | 033

Table 4.4: Experimental Vi5 and Va90. Distance to fault influence.
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Time (s)

Figure 4.3: Control Comparison, 25 km to fault, 5 km to generator and I,,,, = 0.94584
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Figure 4.4: Case 1, Distance to fault influence
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Figure 4.5: Frequency of the grid at the connection point of the converter
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Maximum allowed current influence

In Table 4.5 main results can be observed for the case of maximum current allowed.

Imax | Imax*1.1 | Imax*1.2 | Imax*1.3
Vago (pu) 0.5145 | 0.5213 0.5281 0.535
Vis (pu) 0.708 | 0.7124 0.71655 0.72065
Vispear (pu) | 1.021 | 1.0208 | 1.0205 | 1.0205
tstab 1.5 1.45 0.85 0.85

Vago (pu) 0.5145 | 0.5213 0.5281 0.535

Vis (pu) 0.708 | 0.7124 0.71655 0.72065

Case 1

Case 2 1 u) | 1022 | 1.0225 | 1.0215 | 10212
Fatab 155 | 1.59 .48 0.85
Vazo (pu) | 0.4505 | 0.4504 | 0.4503 | 0.4500
e 3 | V5 (0] 0.6744 | 0.6746 | 0.6747 | 0.6748
Vispear (pU) | 1.025 | 1.026 1.026 1.0255
otab 71 | 173 173 1.69
Vazo (pu) | 0.4456 | 0.4456 | 0.4456 | 0.4456
e 4 | V5 (0W) 0.6665 | 0.6665 | 0.6665 | 0.6665
Vis peah 1.0245 | 1.0245 | 1.0245 | 1.0245
Fatab 167 |1.67 1.67 1.67

Table 4.5: Experimental V5 and Va9, Maximum Current influence. 25 km to fault and
5 km to generator

o
il
T

Voltag Sishy (pu)
1

Time (s)

Figure 4.6: Controls comparison, 25 km to fault and 5 km to synchronous generator
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Figure 4.7: Case 1, Maximum current influence
In order to compare the controls, their effect on the 15 kV bus is shown in 4.6 for the

specific situation of I, = 1.2 x 0.94584pu. Finally, Figure 4.7 plots the effect of the
distance to fault on one specific case (Case 1).

Distance to Synchronous generator influence

5 km 10 km | 15 km | 20 km
Vago (pu) 0.5145 | 0.5086 | 0.5032 | 0.4984
Case 1 Vis (pu) 0.708 | 0.7224 | 0.7351 | 0.7466
Vispear (pu) | 1.021 | 1.0212 | 1.0214 | 1.0216
tstab 1.5 1.61 1.65 1.67
Vazo (pu) 0.5145 | 0.5086 | 0.5032 | 0.535
Case 2 Vis (pu) 0.708 | 0.7224 | 0.7351 | 0.72065
Vis pear (Pu) | 1.022 | 1.0222 | 1.0224 | 1.0225
tstab 1.55 1.64 1.66 1.67
Vago (pu) 0.4505 | 0.444 | 0.4378 | 0.4324
o Vis (pu) 0.6744 | 0.6905 | 0.705 | 0.71835
ase 3
Vispear (pu) | 1.025 | 1.026 | 1.026 | 1.026
tstab 1.71 1.73 1.79 1.83
Vago (pu) 0.4456 | 0.4389 | 0.4329 | 0.4275
Case 4 Vis (pu) 0.6665 | 0.6827 | 0.6973 | 0.7107
Vis peak 1.0245 | 1.0245 | 1.0246 | 1.0248
tstab 1.67 1.7 1.73 1.76

Table 4.6: Experimental V5 and Va9, Distance to generator influence

Angel Garcia Mena, 45



CHAPTER 4. RESULTS
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Figure 4.8: Controls comparison, Distance converter to generator influence

In Table 4.6 main results can be observed for the case of variant distance to generator
with 25 km to fault and I,,,, = 0.94584pu. In order to compare the controls, their effect
on the 15 £V bus is shown in Figure 4.8 for the specific situation of 5 km to generator.
Comparation for just one case is not done due to the grid composition is different so
conclusions comming from these visual results would not be so clear.

Three main conclusions can be derived from these results:

e Voltage and Reference Reactive power control modes do not exhibit differences.

They were set in a way that reactive power injected previously to the fault was the
same in both cases. Therefore, if V599 < 0.6pu and maximum currrent is injected,
their behaviour during the fault is exactly equal and only slight deviations can be
seen in the post fault situation and voltage controller does not seem to interact a
lot with the synchronous generator one.

However, two comments can be done to this statement: firstly, if the power set by the
reactive power control mode is different to the one coming from the voltage control
mode, some deviations appear. As it is shown in (Figure 4.9), if reference reactive
power is higher (for example 0.2 pu) than the one coming from the voltage control
mode (0.02pu), in order to balance the system, power coming from synchronous
machine is lower. If this occurs, and during the fault (if Vig vy < 0.6pu) same
current is injected through the converter, a bit lower reactive current flows into
the system, and Vj; and Vi decrease slightly. On the other hand, if reference
reactive power is lower (for example 0.2 pu) than the one injected by the Voltage
control mode previously to the fault, opposite situation takes place and Vi5 and
Vaoo increase. Moreover, if powers are set to be equal in the prefault situation but,
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during the fault, 0.6 < Vi py < 0.85 pu different power are injected by the two
control modes, as it is the sum of /, comming from the control mode in the "normal
situation conditions" plus A, and the first will be bigger for the voltage control
mode. Therefore, Vi5 ry and Voo 1y will be slightly higher for the voltage control
mode, as it can be seen in Table 4.4 specially for the 50 km distance to fault case.

——Reactive power 0.02 pu

——Reactive Power 0.2 pu

Reactive Power-0.2 pu

| | | | | | | 1 |
25 252 254 256 258 26 262 264 266
Time (s)

Figure 4.9: Reactive Power control comparison for different references

e Active power priority has a much lower impact than the reactive power priority case.
Due to the fact that, as it is well know, reactive power is the one related to voltage
drops.

e Impact of the different parameters on the fault are: increasing distance to fault
means a higher effect of the controllers on the voltage, as the equivalent impedances
seen by 220 £V and 15 kV buses are bigger. The higher current allowed by the
converter, the higher voltage effect in both 220 £V and 15 kV buses. Referred
to the distance from the generator to the converter, as the grid configuration is
changed, it is better to see their influence compared to the non control case for each
situation, as it is shown in 4.14 and 4.15.

4.2.2 Single line ground fault

In this section, SLG fault case is analysed, in order to do so inverse and direct sequence
components of the voltage at the 15 £V and 220 £V buses (Vi15, Va5 and V)29 and
V5,990 respectively ) are obtained. Values for the 15 £V are shown in Figures 4.10 and
4.11. Situation studied is regarding 12.5km distance to fault 5km distance to synchronous
generator and [,,, = 0.94584 pu.
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V1 220 (pu) V5,220 (pu) Vi1s (pu) Vo s (pu) Vinaz,15 (pu)
Case 1 | 0.815 0.209 0.89 0.1245 1.175
Case 2 | 0.796 0.205 0.878 0.122 1.155
Case 3 | 0.848 0.217 0.91 0.129 1.21
Case 4 | 0.766 0.198 0.851 0.118 1.135
Table 4.7: Experimental Vj5 and V5. SLG fault.
012 W -
:é ——Case 1
0 2.4 25 26 27 Time(s) 2.8 29 3
Figure 4.10: Controls comparison, V5 15
% 0.04 —Case 3 |

(
\

25 3
Time (s)

Figure 4.11: Controls comparison, V; 15
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As it can be noticed, there is an improvement on the direct sequence voltage dip, however,
there is also a small increse in the inverse sequence component. This effect is really small
and cannot be avoided if direct current is injected. In addition, for this situation, case
3 (active power priority) seem to be the best option, however, these good results are
associated to the fact that Vj 900 is really close to Vi = 0.85 pu, therefore I, < I4,
and the difference is injected as reactive current. Due to the same effect I, < I,,,, when
the reactive power is imperative and resultant comparation, as can be shown in 4.13 lead
to a higher reactive injection in Case 3. Difference between Case 2 and Case 3 arise for

the same effect as explained in the three-phase fault case when 0.6 < Vj 299 < 0.85 pu.

0.6 T

05—

Reactive Power (pu)
o =
w =
I I

©
o
T

01~

Case 4
—Case 3

Case 2

Case 1

Figure 4.12: Controls comparison, Reactive Power injected by the converter

4.2.3 Simple Benchmark

25
Time (s)

‘/220 (PU) ‘/15 (pu) Vmam,15 (pu) tstab (S)
Case 1| 0.4 0.6167 1.022 1.5
Case 2 | 0.4 0.6167 1.02 1.55
Case 3 | 0.3112 0.5618 1.031 1.65
Case 4 | 0.3102 0.559 1.028 1.6

Table 4.8: Experimental Vi5 and V5. Simple benchmark.
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Case 4
—Case 3
Case 2

—Case 1

| 1 | 1 | | 1 | |
o 05 1 15 2 25 3 35 4 45 5
Time (s)

Figure 4.13: Controls comparison, Simple benchmark case

For the purpose of comparing both fault and postfault behaviour of the different controls.
As three-phase fault is the disturbance studied Vi5 and Vagy during the fault, Vi5 peqr once
the fault is cleared and time t,; representing the time it needs to reach %1 of the final
value, will be obtained. These post-fault vaules are again chosen for the 15 £V bus.

Due to the lower presence of elements in the grid, fault becomes more critical. However,
due to such effect also the impact of the controlers in the grid becomes bigger compared
to the case of the complex benchmark.

4.3 Theoretical and Experimental Comparison

It is time to compare the results obtained theoretically and through simulations. Below,
graphs with both values are shown. Both 15 kV and 220 kV cases are analysed. As it
was previously commented, theoretical estimation is based on comparing voltage dips in
the controlled system with respect to the non-controlled one. Therefore, these graphs are
expressed in AV in relation to the later system. This comparation only makes sense for
the different actions to be done during the fault, hence, Active and Reactive power priority
are studied, independently of the control taken during the "normal operation conditions".
Figures 4.14 and 4.15 show the comparation according to the influence of the distance
to the fault. Figures 4.16 and 4.17 plot the analysis with respect to the influence of the
distance from the generator the converter. Finally, Figures 4.18 and 4.19 illustrate the
comparation in the frame of different maximum currents allowed.
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From these graphs different conclusions can be obtained.

e Reactive Power priority case perfectly matches the theoretical estimation for the

"Distance from converter to generator" and "Maximum current" analysis.

Reactive power priority exhibits a slight different behaviour for the longer
"Distance to fault" points: As previously seen, from 37.5 km to fault on, voltage
at the 220 £V bus is higher than 0.6 pu during the fault. Therefore, reactive current
I, < Ina: and some active current is provided (as it has been seen, its effect is much
lower). This makes that AV, ¢ fect theoretical > AVeffect,caperimentar as for the theoretical
approach it was assumed that [, = I,,4,.

Active power priority case is quite different for the theoretical and exper-
imental results: When the theoretical approach was presented, two main assump-
tions were taken: extra reactive (resp.active) current due to the losses induced by
the active (reactive) power injected during the fault in the reactive (active) priority

mode were neglected. In addition, /V599 was considered the same for subsystem 1
before and after the connection of subsystem 2 so equality for I;; and I, currents

was assumed. For the reactive power priority this has no influence, as the (41?20))
remains the same (Figure 4.20) and the extra active current injected does not have
much impact. However, for the active power priority case, as it was expected, change
in the angle is noticeable (Figure 4.21) and it also can be observed the injection of
some more reactive power by the synchronous generators (Figure 4.22). The sum
of these effects lead to an increase in the voltage V5 ,y compared to the theoretical
value and a decrease in the Viy 1y one. These differences are more noticeable as
the current injection during the fault is increased (Figure 4.18).

A A

259
Time (s)

Figure 4.20: Comparison No Control and Reactive priority £Va9
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Figure 4.22: Comparison Reactive Power injected by the main synchronous generator in
the No Control and Active Power priority situations

Hence, it has been proved, for the reactive power priority case, the good correlation
between the theoretical approach and the experimental results. Moreover, for the active
power case, results are of the same order of magnitude and explanations for the differences
between them have been demonstrated.
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Chapter 5

Synchronous generator behaviour

In this chapter, influence of the different controls in the machine behaviour will be ad-
ressed. In order to do so, following variables are analysed: active current, rotor speed,
reactive power and field current. For the sake of conciseness, not all the different situ-
ations presented before are going to be analaysed here, as machine responses are directly
related to the results shown in previous chapter and the analysis would become very rough.
The four cases will be compared for 25 km to fault, 5 km to synchronous generator and
Lae = 1.3-0.94584 pu in order to make the differences more clear. This will be done in
the frame of the three phase fault disturbance and the complex benchmark, focusing the
comments in the main synchronous generator although comparations for the case of the
non controlled (neither in mechanical input power, nor in Voltage field applied) one will
also be done, it is important to notice that these machines have different nominal powers,
so exact comparation with the main synchronous generator cannot be done, however what
is being seeked here is making a qualitative approach of the effect of these controllers in
the generator side in the influence of the proposed control modes in the converter as well
as the importance of the nominal power of the machine. At the end, one section will be
dedicated to possible differences with the case of the SLG fault.

5.1 Active Power

As commented in the Introduction chapter, power injected by a synchronous machine,
depends, among other variables , on the voltage at the bus where it is connected (Eq.
5.1). Therefore, the higher voltage of the bus, the higher active power the machine is able
to provide to the grid. This can be noticed (Figure 5.1)on the behaviour of the active
power for cases 1 and 2 (which are coincident) which is capable of injecting much more
power than for case 4. However, lower active power of case 3 is due to the fact that some
of the active power injected by the converter with this control mode is absorbed by the
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synchronous machine, therefore, total contribution is lower. For the postfault situation it
can also be observed that the transient of case 3 is the worse and for cases 1 and 2 the best.

Assuming that X, ~ Xq/:

P, = £ V’*",sm(é’) (5.1)

total

Active Power (pu

25 26 27 28 29 3 31 a2 33 34
Time (s)

Figure 5.1: Comparison Active Power injected by the main synchronous generator

5.2 Rotor Speed

This variable is directly related to the active power (Eq. 5.2) . During the fault, the shaft
accelerates due to the unbalance between the input power and the one injected to the
grid. So, the lower unbalance, the better. Results show (Figure 5.1) that Case 3 is again
the worse one, as lead to higher oscillations in the speed and cases 1 and 2 are the best
option regarding the stability of the rotor compared to the non power injection during
the fault(case 4). Another useful comparation to be done is the effect of the "Turbine
Governor controller" of the generator on the different effects of the controller. It can be
observed in Figure 5.3 (Non controlled turbine) that the differences in the rotor speed for
the different controls is bigger, and therefore more critical, thant for the controlled one
(Figure 5.2).

dw
P,—P =J— .2
J p (5.2)
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Figure 5.2: Comparison speed of the rotor in the main synchronous generator
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Figure 5.3: Comparison speed of the rotor in the secondary synchronous generator

5.3 Reactive Power

This variable is again related to the voltage at the bus. The lower the voltage at the bus,
the more reactive current injected into the system. This is confirmed when looking at
Figure 5.4, cases 1 and 2 are the ones with higher stator voltage, therefore, lower reactive
power. On the other hand, cases 3 and 4 have similar voltages, however, due to previous
comments on last chapter, as some more reactive current is needed in the system due to
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the reactive losses induced by active current of the converter in case 3, reactive power
provided by the machine is higher.

Reactive Power {pu)

Time (s)

Figure 5.4: Comparison reactive power injected by the main synchronous generator

5.4 Field Current

Field current is linked to the current component of the stator in phase with the rotor
d axis. As commented in the introduction chapter, rotor windings oppose to the flux
change induced by the high currents flowing into the stator when the disturbance occurs.
They act by creating currents in order to overcome this flux change. So, if currents in the
stator ,and particularly in the d direction of the rotor, as they are the ones generating
fluxex that will link the field winding, are lower, less screening effect will be induced, so
lower field currents will appear. This can be observerd in Figure 5.5 where the I; currents
are plot for the four different controls proposed, their behaviour is exactly the same, as
explained, than the one for the field current (Figure 5.6) . For all the three controlled
cases, 1,2,3 field current is lower and more or less equal. This can be associated to the
fact that active current injected in the system by the machine is quite higher for cases 1
and 2, what compensates somehow the difference with the higher reactive current injected
by the generator in case 3. It is also interesting to observe the differences arising from the
"Field Voltage Controller", looking at Figure 5.7 (machine with non controlled excitation)
it can be noticed that the differences among the control are slightly higher, what makes
again, more critical the control action of the converter.
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Case 4

Case 3 -
Case 2

——Case 1

Field Current {pu)

Time (s)

Figure 5.7: Comparison field current in secondary synchronous generator

One important result that has been obtained is the longer fault clearing time that
allows the reactive power priority control. For the case of 25 km distance to fault,
5 km distance to converter and I,,,, = 0.94584. Fault clearing time limit is around
450 ms for Case 4 (non controlled) and thanks to the control action, for Case 1 it can
reach 750 ms, value which is increased as the maximum current allowed also increase, at
makes sense, and it can reach 1 s for I = 1.3 [,,42.

5.5 Single Line to Ground Fault

It is also important to comment the situation in the frame of a SLG fault. As it can be
seen in Figure 5.8, Active Power injected in case 4 (when P = 0 @ = 0 during the fault)
is the higher one (in mean value). Despite the fact that other cases lead to higher voltage
values (recall Table 4.7) the active power they inject in the system is absorbed parcially
by the machine, what finally induce a worse behaviour. Especial conditions of the fault
(V1,220 close to Vi1 = 0.85 pu) lead to an active power injected by the converter:

0.6(mazximum active power allowed) = Peasea = Poase1 > Poases > Poasea =0 (5.3)

In addition, reactive power injected by Case 2 was lower than for Case 1 (recall Figure
4.22), what makes that slight difference in the active power provided by the machine being
a bit higher for Case 1.

Moreover, clearly linked to the active power, is the shape of the rotor speed, as it can be
noticed in Figure 5.9 again the best stability case is Case 4, while Case 2 is the worse one.
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Finally, related to the field current, it can be observed that the best behaviour (lower
values) is presented by Cases 1, 2 and 3 (the controlled ones), they are quite close but
the lowest transient is associated to Case 3. This effect is associated again to the highest
reactive power injected by the converter in this situation during the fault, and hence,
higher voltage at the 15 £V bus.
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Figure 5.8: Comparison Active power injected by the main synchronous generator during
SLG
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Figure 5.9: Comparison rotor speed in main synchronous generator during SLG
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Figure 5.10: Comparison field current in main synchronous generator during SLG
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Chapter 6

Conclusions

Finally, it is now time to summarize and concentrate all the conclusions that can be ex-
tracted from this document. As it has been repited several times along the text, the aim
of this work is trying to identify the effect of the inverter based generation on the transient
behaviour of synchronous power plants. Inverter based generation is considered as coming
from two different sources, namely HVDC links and Power Park modules. These conclu-
sions can be divided into the following topics, which follows approximately the structure
of the document:

Regulatory frame

Modeling of the converter

Validity of the results

Effect of the controllers on the voltage

Effect of the controllers on the synchronous generator behaviour

Overall analysis of each model proposed

Regulatory Frame

First of all, actual regulatory frame in the European Union for the connection of HVDC
links and Power Park modules has been studied. This legislation stablish the main
guidelines to be accomplished, however, it does not set a specific way to implement them.
Each national Grid Operator is in charge of this task. Therefore, Belgian and Spanish
documents regarding this topic have been analysed in order to make realistic the different
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actions to done on the converters and to be conscious about the constraints that must be
fulfilled. Two main ideas arise from their reading, controls to be applied on the converter
depend on the grid voltage at the bus where it is connected, and main actions during fault
circumstances are related to the priority given to the active or the reactive power injection.

They can be classified as follows:
e Normal Operation Conditions:

— Reactive Power Control

* Reference Reactive Power Control Mode
x Voltage Control Mode

— Active Power Control

x Limited frequency sensitive mode overfrequency
x Limited Frequency sensitive mode underfrequency

x Frequency Sensitive mode
e Faulty conditions

— Reactive Power priority

— Active Power priority

These controllers can also be applied during unbalance disturbances, with the option of
injecting direct and inverse sequence currents depending on the case.

Modeling of the converter

Common real converters are based on DC/AC interfaces which play on the voltage that
must be applied in order to generate the desired currents, which are obtained from the
voltage at the bus where the converter is connected and the reference active and reactive
powers coming from the controllers aforementioned. These devices need from a con-
trol loop in order to check that the currents injected are effectively the ones calculated.
Moreover, due to their working principle they will create some harmonic distortion that
is undesirable in the system. For the purpose of this work, transient stability behaviour,
according to [8], the converter can be simulated using RMS model, where it is represented
through three controlled current sources, one for each phase, where a logic controller stab-
lish their value and, due to the high switching frequency of the device (frequency of the
inner loop managing the current) compared to the time frame of the stability purposes, it

64 Ecole Polytechnique de Louvain (UCLouvain)



Impact of Inverter Based Generation on the Transient Stability Performance of Large
Synchronous Power Plants

can be considered to follow instantaneously the reference value. Moreover, based upon the
same reason, harmonic distortion is neglected and final currents are perfectly sinusoidal.

Validity of the results

In order to compare the effect of the controls mentioned in the national grid codes, 4 dif-
ferent models (cases) are developed. First two of these cases are dedicated to the analysis
of the Reactive Power Control mode during normal operation conditions. In addition, the
third case has the aim of comparing the power priority effect during the fault. And lastly,
in order to verify their general contribution, one final case is built where neither active nor
reactive power is injected by the converter during the fault. Active Power control modes
are not compared because the frequency deviation is quite low (Figure 4.5), therefore, for
the sake of conciseness it does not make sense to do develop another case just for this
slight difference.

These models have been developed in the frame of a three-phase fault, as it is the most
critical situation for the stability of the machine. However, other unbalanced disturbances
are more common in the grid. Therefore, SLG fault case is also analysed and ,according
to [9] the best strategy consists in not injecting inverse sequence currents, what lead to
the possibility of using the same controllers for that disturbance.

In order to ensure the validity of the results coming from Matlab/Simulink models rep-
resenting these 4 cases studied, a theoretical approach is seeked. This approach is based
upon comparing the voltage dip during a three-phase fault at the two most important
buses of the system , the 15 £V (synchronous generator bus) and the 220 £V (converter
bus) one, with respect to the case where neither active nor reactive power is injected dur-
ing the fault (Case 4) using kind of a supperposition principle, where the global system
is divided into two subsystems and the converter is "isolated" into the second one.

From this theoretical and experimental analysis, following conclusions can be extracted:

e Reactive Power priority during the fault matches perfectly the theoretical approach
with the experimental results. Except for the situations when the voltage at the
converter bus is higher than V' = 0.6 pu. In these cases, due to the working principle
of the controlllers, some active power is injected what invalidates the assumption of
I, = I,,q; in the converter.

e Active Power deviates from the theoretical estimation. Despite the fact that results
are of the same order of magnitude some clear differences can be observed. Explan-
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ation for this phenomenon has been deduced. Firstly, it is not possible to isolate
the action of the converter independently from the other electrical sources of the
system (generators and electrical grids) due to the fact that in the Active power
priority case some reactive losses will be induced in the reactances present in the
system and they need to be compensated by some "extra" injection in these sources.
Same effect occurs for the Reactive power priority case, however, this lead to "extra"
active power flowing in the system, which does not influence a lot in the results.
In addition, for the theoretical approach, d,q frame associated to the 220 kV bus
is used. Therefore, if associated to the power injection of the converter there is a
change in /V59 1y, real case deviates from the assumption done in the theoretical
estimation and results will be distorted. Active power injection leads to a change in
this angle, however, reactive power injection keeps essentially the same phase, as it
is demonstrated.

Therefore, experimental results are validated. This ensures the correct functioning of the
converter and that the effect they cause is the one expected from a theoretical point of

view.

Effect of the power injected by the controllers on the voltage

Once the results have been validated it is time to show the conclusions about their effect
on the system:

e Reactive Power injection during the fault lead to lower voltage dips, and therefore,

to a better behaviour of the system.
Active Power injection has a really low effect in the voltage dip.

Effect of the controllers is also related to three important parameters: distance from
the converter to the fault, distance from the converter to the synchronous generator
and maximum current allowed by the converter during the disturbance. The higher
distance to the fault, and the higher maximum current, the higher effect on both
220 kV and 15 kEV bus. However, the higher distance to the synchronous generator
has a slightly higher effect on the 220 £V but a lower on the 15 kV one.

The most critical is the situation, the lower elements presents in the grid and the
lower loads lead to a higher effect of the controller, as it was deduced from the
Simple benchmark model.
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Effect on the synchronous generator

Four variables are studied:

e Active Power: The higher reactive power injected by the converter, the higher
voltage at the generator bus, as it has been explained. Therefore, converter react-
ive power injection allows to increase the active power injection capability of the
generator during the fault. On the other side, if active power is injected through
the converter, part of this amount will be absorbed by the rotor shaft, what is
undesirable for the stability purpose.

e Rotor Speed: this variable is linked to the active power injected by the generator
during the fault. The higher it is, the lower difference with the incoming mechanical
power and therefore, the lower increase in the rotor of the shaft.

e Reactive Power: the higher voltage at the generator bus, the lower reactive power
injected. Therefore, increasing reactive current injection by the converter leads to
an increasing voltage and a decreasing reactive power injection by the machine. In
addition it has to be also taken into account the comment on the "extra" reactive
power provided by the generator when the converter injects active power in the
system.

e Field Current: this variable is associated to the d component of the stator current.
As explained in the introduction, due to the Constant fluxr linkage principle the
higher flux generated in the d axis of the stator the higher field current induced.

Overall analysis of each controlled proposed

As it has been commented, and clearly seen, reactive power injection during the fault has
the best effect on the system and on the generator behaviour. However, active power has
an undesirable unstability effect on the machine.

Based on these principles, reactive power priority is clearly the best option during fault
situations. Cases 1 and 2 exhibited the most stable behaviour. This is truth for all of
the three-phase fault cases analysed, however, for SLG cases active power priority showed
better results. This is associated to the construction of the "Active Power priority (Case
3)" controller and the value of V) 990 py in the SLG case. For high values of V] 299 11, close
t0 Vinin1 = 0.85 pu, active power injected in "Case 3" is not too high (due to Al is low)
therefore, in order to fulfill the constraint of I = I,,,,,, much reactive power is injected.
However, for Cases 1 and 2, the closeness between V) 999 and V1 results in low reactive
power injected. Therefore, this result which was associated to SLG fault, will also occur
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if the distance from the fault to the converter is high enough to make Va90 near to V1.

It can also be noticed that for the synchronous stability of the machine, active power in-
jection during the fault is not a good choice, as part of this injection will be absorbed by
the rotor shaft what tends to increase its kinetic energy and lead to more risky behaviour.
However, for the rest of the system is a good option as it is necessary to have active power
injection which feeds the different loads present in the grid and avoid somehow their dis-
connection, although it is necessary to take care about the amount of power injected, as
many loads are passive ones and if the voltage is not high enough they could not absorb
all the desired power, what may cause really high currents flowing along the overhead
lines. In addition, active power consumption during the fault, what would be better for
the stability of the synchronous generator, is quite risky as if the genertor elements on the
grid are not capable (due to the voltage dip) to provide this energy, important problems
could occur in the converter.

It is also important to note that this active power priority case here developed does not
come from any grid code, it has been personally created, by comparing it with the reactive
power priority one, in order to analyse its possible effect. Therefore, other more useful
controls could exist.

Now, comparing Cases 1 and 2, the following comments can be done. Along the docu-
ment, most of the situations lead to a Vaog < Ve = 0.6 pu, therefore, in accordance to
the working principle of the controller, same reactive power was injected and during this
situation did not exist any differences (only if reactive power for both cases were different
previously to the fault, and comments to this fact were already done). However, for many
situations (if the fault is far enough) this would not be the case and the behaviour of the
Voltage control mode (Case 1) demonstrates to be better, as it can adapt itself to the
change. In addition, regarding the postfault situation, voltage control mode exhibits a
quicker and less sharp behaviour. Disadvantage of this control could be the undesirable
interaction with other controllers, however, as a limitation is always set in the reactive
power values, this effect would not be too high.

In addition, one really important effect is the longer clearing time allowed when reactive
power is injected during the fault.

From all these comments, one idea has arised in order to improve the working principle of
the system. Make one mix where, for high voltage dips, reactive power is the imperative
power and, in the case of lower voltage dips, active power could be the best option.
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