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Abstract

With the decline of the limited fossil fuel energy resources as well as the climate change, parts
of the traditional generators and loads are being replaced by modern ones connected through
power electronics. This technology can work with any type of current shape, thus providing the
flexibility needed for the renewable energy sources such wind turbines or photovoltaic panels.
However, while traditional synchronous machines naturally support the grid frequency trough
the kinetic energy stored in their rotating masses, power converter connected machines do not
naturally participate to the grid inertia. Although, the use of renewable has undeniable positive ef-
fect, a too strong integration in an unprepared grid can seriously jeopardize its frequency stability.

This master thesis focuses on the study of grid frequency dynamic with an important share
of renewable. Grid areas with realistic parameters are performed and analyzed. Later on, a
detailed model of a permanent magnet synchronous wind turbine with a a controller emulating
its inertia and thus supporting the grid frequency is then proposed. Indeed, with the increasing
amount of power module connected through power electronics it is important to find solution so
that they can also play a role in the grid frequency stability.
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Introduction

Power grids are characterized by their sinusoidal three phases voltages induced by the rotating
synchronous machines. Electric power has been produced this way since the end of the 19th
century [15]. For stable operation, the grid voltage frequency is supposed to stay at its nominal
value. This has required a standardization of all the components connected to the grid so that
they properly run at the fixed nominal frequency imposed by the grid. This way of producing
electric power, offering the initial numerous advantages of the alternative machines and voltages,
has been adopted and spread world wide.

However, the traditional synchronous power grid has we know it, is facing important challenges
and even a profound self-questioning. As a matter of fact, the limited fossil energy supply needed
for the traditional turbine to drive the synchronous generator as well as the climate change as
forced us to rethink the way we produce and consume power. Therefore, alternative ways to
produce power have emerged. Indeed, the research on renewable energy as well as its effective
integration to the grid has significantly increased over the last decades.

In this context, the behaviour of the grid and its frequency dynamic has been altered. Indeed,
as we will detailed it in this report, the frequency dynamic is directly related to the connected
inertia of the synchronous machines. As a matter of fact, the kinetic energy stored in the rotating
masses naturally helps to stabilize the grid frequency. Whereas the non-rotating renewable
power sources such as photovoltaic panels does not obviously contain any kinetic energy but also
rotating renewable power machines such as wind turbines are connected trough power converter
isolating their rotor inertia from the grid.

The following report studies the frequency aspect of the grid as well as the modifications
brought by the power converter connected sources. In those new grid prospective, a detail model
and a proposed way to recover the inertia of a modern wind turbine connected trough power
electronics is then considered.

The first chapter present the origin and the behaviour of the grid frequency as well as the
different manners to control and adjust it.

The second chapter considered a more detailed frequency analysis and how the increase of re-
newable integration affects it. An isolated grid is imagined with different turbine types supplying
it and working in parallel with renewable connected through power converter. Afterwards, the
influence of the frequency deviation has on the inter-grid power exchanges as well as the impact
of the possibly high renewable penetration in one area is presented. Along with that, the rules
under which the different grid operators of the same interconnected grid must operate are briefly
introduce for the European grid. An emphasis was placed on the technical requirements for the
different power generating modules.

xi



Foreword

In the third chapter, the detailed frequency grid data of Belgium of the whole year 2013 was
available. Frequency events were spotted and the probabilistic distribution of the frequency as
well as its rate of change change is inspect.

Finally the fourth chapter, focuses on the analysis of a modern permanent magnet wind
turbine connected to the grid. It described the different components of the wind turbine and how
it works and produces electrical power. This part considers the challenges encountered with the
modern variable speed wind turbine and proposed a possible detailed model of a wind turbine
providing a frequency. The model is implemented numerically and the different results obtained
are analyzed.



Chapter

Frequency control

1.1 A brief history of the electric frequency

Electric power grid runs at a three-phase sinusoidal voltage set at a frequency of 50 Hz for the
majority of the world (Europe, Asia, Africa) and 60 Hz for North America.

Historically, at the end of the 19th century, power grid were using DC current to feed the
lightning system of cities and eventually motor loads. Indeed, the first industrial generator
was made by the Belgian inventor Zénobe Gramme in 1871 and was meant to produce direct
current. Few years later, Thomas Edison played an important role in the development and the
spreading of the DC electrical grid with his company, General Electric, which still exists today.
This ultimately led to the "electric war" between Edison defending his DC vision of the grid and
Nikola Tesla supporting the AC current with the help of George Westinghouse and his company.
As we know, AC current finally won this war and established itself as the reference.

As a matter of fact, AC current was technically superior and presented numerous advantages
over the DC current. The voltage of the AC could be stepped up or stepped down with a
transformer and therefore be carried with less losses and over longer distances. Furthermore, AC
generator did not need slip rings and brushes making them simpler, cheaper and more robust.

Until now, AC grid, characterized by its frequency has stayed the main mode of electric
power transportation in the world although things have changed and will continue to evolve with
the development of power electronics technology.

1.2 Grid frequency

The electric frequency is directly related to the speed of the connected rotating machines by
fgria = Np®igter . The dynamic of the rotational speed of the machine depends on its moment of
inertia, J and the mismatch between the mechanical torque, T;, and the electromagnetic torque,
Tem- It is described by the equation of motion [8]:

dwm,
Cm _p 1.1
Uy (1.1)

It is also useful to re-express the equation of motion 1.1 in term of the power mismatch:
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dw,, P, P,
J—=—-— 1.2
dt W Wm (1.2)

Where P, is the mechanical power and P, is the electrical power.

Assuming that, even during a disturbance, the speed of the synchronous machine stays close
to its nominal speed, wy. The differential equation 1.2 can be simplified and re-written as:

dw, P, P,
J—2 M _ ¢ 1.3
dt wo wo ( )

According to equation 1.3, any imbalance between the electric load and the mechanical power
delivered will impact the rotational speed of the machine. Indeed, if the electric load increases,
the machine tends to decelerate, and conversely if the mechanical power increases the machine
tends to accelerate.

This equation can be generalized to a whole grid area with interconnected synchronous
machines where P,,, would be the total mechanical power provided by all the generators, P, the
total electric load, wp, the nominal angular frequency of the grid and the machines and J, the
total moment of inertia of all the connected machines. Therefore, we can obtain the dynamic of
the grid frequency:

(27r)2,];l—];f0 =P,—P, (1.4)

Load damping effect

If we want to increase the accuracy of the equation 1.4 we have to take into consideration the
effect of the load. Indeed, a wide variety of electrical load exists, such as lightning or heating
systems for which the electric power is independent of frequency. However, many rotating
electrical machines for which operating speed, and thus power consumption, is directly dependent
on the grid frequency are present.

Hence, the load damping percentage, d is introduced to model the frequency-dependent
characteristic of the grid load. It is defined as the change in percentage of the electric load power
due to 1 % of the grid frequency change. This means that the overall damping effect of the grid
area, D is obtained as :

_ d(Total Load) {MW} (1.5)
N 0.01 fo Hz ‘
Hence, by taking the load damping effect into account we obtain the relation:
2 1 df
(2m)*J— fo = P — Pe — D(f = fo) (1.6)

dt
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The negative sign of the load damping effect in equation 1.6 represents the favourable reaction
it has on the frequency. Indeed, if the power produced P,, increases, frequency will rise and
amplify the load damping and therefore reduce the overall value of the right side of the equation.
In the same manner, the equivalent counteraction happens in case of a frequency decay.

It physically works the same way as for the generator except that in this case the load
damping term encompasses the inertia effect of the rotating loads. Hence, when the frequency
rises, the motor loads absorb energy into their rotating masses and as the frequency declines
they deliver their stored kinetic energy to the grid.

In parallel to the increase of power produced through power electronics, traditional syn-
chronous and asynchronous motors are increasingly replaced by newer models running with
power converter. They come with the advantage to run over a broader regime range with a
better efficiency but cancel the positive damping effect that they initially provided.

Matching the power and the load

The power load, P, varies strongly depending on the time of the day (figure 1.1) and even the
day of the week or the season.

12000 7

10000

T

8000 - 7

6000 7

Load Power [MW]

4000 g

2000 [ 1

O 1 1 1 1
0 5 10 15 20

Hours

Figure 1.1: Load power variation on the 4th of January 2017 (data from [2])

The challenge is to perpetually tune the power produced and the power consumed to make
sure the power mismatch is as little as possible to stay at the nominal frequency fo.

Factually, it is almost exclusively the power produced that is constantly adjusted to match
the load. As we know, we can consume electric power whenever it suits us and power production
will adapt to it. Indeed, the power adjustment happens in the production side (automatically
and manually) through the different frequency control.
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Therefore, the different power generating units must be flexible enough to follow the demand.
This is why rather constant power producer like nuclear power plant are accompanied with
"peakers" such as thermal or hydroelectric turbine able to broadly modulate their power output.

12000+ 1
10000+
= P
eakers plants
Z, 8000} P 1
|-
(O]
3
a 6000 1
©
< Base load power
|
4000k plants |
2000f 1
O 1 1 y 1 1
0 5 10 15 20

Hours

Figure 1.2: Graphical representation of peakers and base load power plants

In addition to this, storage systems are also used to compensate the remaining power difference
between the demand and the consumption by stocking/releasing power when the production
is superior/inferior to the demand. Among the existing storage solutions, the pumped storage
system allows large storage and large power capacity. Unfortunately, this system needs large
suitable hilly site with access to water which is likely to either be a wildlife reserve or already
used. In Belgium, we can mention Coo-Trois-Ponts hydroelectric power station with an installed
capacity of 1 GWh for an annual average energy stored and released of 1600 GWh [4] . Storage
systems such as Coo, which was initially build to store the excess power of the Tihange nuclear
station, are now needed to support the renewable power generation characterized by a power
production, which is not controllable. This means that it does not always produce power when
we need it and might produce it when there is no power demand.

However, it should be noted that among the different future vision of the electrical grid, we
are also talking about making a more important effort on the power consumption side. In fact,
there is already existing legislation aiming to control the power consumption for instance the
night rate of electric energy present in countries with important nuclear production such as
France or Belgium. Nonetheless, a nuclear power plant cannot be turned-off and on as we would
like. Therefore, they constantly produce power even when the load is at its minimum. Thus, the
night rate encourages the clients to postpone their operation demanding electrical power to the
night or the week-end when the demand is usually low.

This vision of controlling the consumption side is driven by the context of limited fossil fuel
energy and the increasing renewable energy integration characterized by its random component.
It is even imagined that the client would guarantee to schedule the use of his power devices and
also the period he will not use it such as an electric car, for instance, that would be recharging
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only when the solar or wind power production is important [10]. However, this would affect our
habits in a lot of the ways, as well as how we see and use electric energy.

1.3 Inertia response

As we have seen above, the moment of inertia of the synchronous generators directly influences
the dynamic of the grid frequency. In electric power systems, the inertia constant, H is more
often used. It is defined by the kinetic energy stored in the machine at its nominal rotating speed
over its based power:

H— Ekinetic 1/2Jw8

= = 1.7
Sbase Sbase [S] ( )
Thus, we can re-write the equation 1.6 as:
2HSbase df
————— =P, —P.—D(f — 1.8
P (f ~ o) (13)

Analysis of the grid frequency can be studied with equation 1.8 where H and Spqse represent
respectively the inertia constant and the nominal power of the whole grid. To simplify the
frequency analysis, the block system in the Laplace domain of the linearized frequency equation
is often used because it is easier to manipulate and it provides a better physical comprehension
of the problem. The linearization is performed around:

Pm: m,O+APm

Pe = Pe,O + AP@
f=f+Af
For which we obtain:
2H Spuse dA
fbdtf = (Pmo+ AP,,) — (Pog + AP,) — DAf (1.9)
0

In normal operation we consider that P,, = P,, thus we have:

2H Spase AAf

= AP, — AP, — DA 1.10
P / (1.10)

This equation is represented in the Laplace domain in block system in the figure 1.3.
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+ fo
AP, >
- 2 H Sh(l.s'(f + .}lO D Af

AP,

Figure 1.3: Transfer function relating frequency deviation to power disturbance

The figure 1.4 shows the frequency deviation caused by a power disturbance for an area
characterized by the parameters in table 1.2.

Parameter Value
Nominal base power Shase = 6000 MV A
Connected load Load = 3000 MW
Load damping effect fo=50 Hz
Generator loss AP, =80 MW
Load damping d=15%

Table 1.2: Area characteristics
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Figure 1.4: Inertia response of a generator loss for different values of inertia

We observe that the lower the inertia, the faster the frequency dynamic, and conversely,
the bigger the inertia the slower the frequency dynamic of the grid. Indeed, every synchronous
machine directly connected to the grid will slow down by A f meaning that they will support the
grid by injecting into it a total of AEgiperic = 2m2JAf.



CHAPTER 1. FREQUENCY CONTROL

1.4 Primary control

Synchronous generators are normally driven by a turbine equipped with a governing system with
a speed droop characteristic working as a proportional controller. The value of the proportional
action depends on the speed-droop coefficient o which can be interpreted as the percentage of
frequency change needed to cause 100 % change in the power output. Speed-droop definition is
illustrated in figure 1.5.

[H z] Spinning
A reserve
o fo [Hz]
fo
—> [MW]
0 PO Pmam

Figure 1.5: Illustration of the speed-droop definition

The proportional action of the controller is thus defined as:

1 _ Pmax {MW} (1.11)

R_ Ufo H:z

This allows the synchronous machines to work in parallel by sharing the load proportionally
to their power rating. The spinning reserve shown in figure 1.5 is the reserve of power the
machine can deliver in case of a frequency drop. Once the machine operates at its maximal
power, Pp,.z, there is no more power reserve left and the machine cannot participate anymore to
the primary control in case of a further frequency decay.
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Figure 1.6: Transfer function of a turbine with primary control
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The primary response of a reheat steam turbine to a generator loss of 80 MW is performed in
figure 1.7. The model of the turbine is given in the Appendix (figure A.2) and the characteristics

of the grid in table 1.3.

Parameter Value
Nominal base power Shase = 6000 MV A
Connected load Load = 3000 MW
Load damping effect fo=050 Hz
Generator loss AP, =80 MW
Load damping effect d=15%
droop o =5%

Table 1.3: Area characteristics with primary control
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Figure 1.7: Primary control after a generator loss
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We observe that after the power event, the frequency is decaying. However, this time, once
the primary control has taken over, the rate of change of frequency become positive in order to
reach a frequency close to the nominal one. Indeed, the spinning reserve of the power units are
used to put on the lack of generation until reaching a new steady state point.

1.5 Secondary control

For the same frequency, the power output of a generating unit can be increased if we move upward
the governor speed-droop characteristic curve. This is actually done for the secondary control
where the load reference set point is slowly adjusted (figure 1.8) to bring back the frequency at
its nominal value.

[H =]
A
fO A > B
\
> (MW
0 Po, A Py, B : ]

Figure 1.8: Effect on governor characteristic curve when secondary control is initiated

This supplementary control is performed with an integral action (figure 1.9) to correct the
steady state frequency error. While primary control is equipped in almost all power generating
module, supplementary control is present only on certain strategic units.

Secondary Primary
control 1 control
R
< _ I
— Governor=% Turbine AP’"*T e Af
ref.
AP,

Figure 1.9: Transfer function of a turbine with secondary control.
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1.6 The decrease of grid inertia

Normally, the inertia response is provided by traditional synchronous machines directly coupled
to the grid. However, with the evolution of power electronics technology and in order to confront
the changing energy situation, inverter-connected renewable energy sources have been steadily

growing.

This increase of non-traditional power production is irredeemable because of the diminishing
fossil fuel resources and energy price hikes as well as the alarming climate change. Nowadays, the
main non-traditional renewable power sources are wind turbine and photovoltaic panels which
depend respectively on the wind and solar irradiation. These technologies have increased in
reliability and efficiency while their cost have reduced.

Besides the positive environmental impact, non-traditional energy sources are connected to
the grid through power electronics and they do not participate to the inertia response of the grid
as the traditional synchronous generators did. One can thus confidently say that the dynamic of
the grid is changing and will be changing even further in the future.

Although the different frequency controls come into play at the same time, it is considered
that each control takes place to some extent at different moments because their influences vary

completely differently over time (see figure 1.10).

Arresting Period
Rebound Period Recovery Period

Hz
60.00

&' 59.98

System Frequen

59.90

0 10 20 30 10 20 30
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ydary Frequency Control
ators on Automatic (Generators through
tion Control) operator dispatch)

Power
|

0 10 20 30 10 20 30
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Figure 1.10: The different frequency control over time [12]

This is why, for the rest of this report, the secondary control will be put aside. Indeed, the
influence of the latter during the first seconds of a power disturbance is marginal.

Inertia response is considered to be happening during the first seconds after the disturbance.
It means that any system able to quickly inject or absorb power during the very first moment
after the power imbalance will be playing a role in the inertia response. Among the existing way
to compensate the lack of inertia, a fast primary response is one of them it can quickly react t

11
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Dynamic frequency analysis

2.1 Isolated network

The frequency dynamic of a grid area is directly related to its inertia (equation 1.8), but also
depends on the dynamic response of the turbine and their governor. Indeed, just as the frequency
starts to decrease, their primary control comes into play. As already explained, it modifies the
power output of the power generating module in order to minimize the frequency deviation.
Therefore, the faster we can activate it, the better it will help the grid frequency dynamic. For
this reason, it can play a similar role than the grid inertia.

In order to compare the influence of different primary control dynamics, three different cases
are being studied:

e Case 1: The whole power generation is supplied by hydro turbines characterized by their
rather low dynamic response. The model used is available in the Appendix (figure A.4).

e Case 2: The power is now supplied by 50% of hydro turbine and 50% of renewable connected
through a power converter working at their maximum power output.

e Case 3: This time, the share of renewable working at MPPT is 75% and only 25% of the
power generation is ensured by fast steam turbine. The model used is available in the
Appendix (figure A.3).

The 3 different cases share the same parameters gathered in table 2.1.

Parameter Value
Nominal base power Spase = 6000 MV A
Connected load Load = 3000 MW
Load damping effect fo=050 Hz
Generator loss AP, =80 MW
Load damping d=1.5%
droop o=5%
Inertia constant of hydro turbine Hpyiro =5 s
Inertia constant of steam turbine Hgeom =5 s

Table 2.1: Parameters of the isolated grid

12
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Figure 2.1: Graph of the different frequency control

As we can observe, the maximum peak value of frequency deviation occurs with case 2. It is
interesting to notice that the peak value wasn’t actually reached for the grid with the higher
renewable grid integration. Furthermore, not only the case 3 performed better than case 2 but it
also has a peak frequency deviation slightly lower than case 1 which has 100 % of traditionally
synchronous machines. Therefore, we can claim that frequency deviation is smaller for really
low inertia (Hgpiq = 1.5 s) level but with fast primary control compared to a higher inertia level
(Hgrig = 6 s) but with slow primary response.

Because the primary control can play a significant role in the so called inertia response
corresponding to the first moment after the disturbance, we can imagine stable frequency grid
dynamic with really low inertia, such as case 1, but with sufficiently fast primary response.
Indeed, supporting low inertia grid with fast responding primary control units is one solution for
the grid frequency stability.

2.1.1 Actual isolated grid with low inertia in EU

In Europe, Ireland is similar to the simplified case 3. Indeed, the whole island has no AC tie
line with other countries which makes it isolated from what is happening outside. However, two
HVDC links with Great Britain are present to ensure the power import/export as shown in
figure 2.2.

13
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Figure 2.2: Map of the two HVDC Figure 2.3: Load and wind power
line connection of Ireland [3] generation of the Irish power grid
1]

We can observe on the figure 2.3 that the Saturday 15th of July 2017 at 14:00, wind power
generation reaches up to 2 500 MW. This is equivalent to more than two nuclear power units.
At the same time the load was about 3950 MW, this means that more than 60 % of the electric
power need of Ireland is achieved only with wind power. Consequently, traditional kinetic energy
of synchronous machine is considerably reduced. This means that the rate of change of frequency
change is much stronger and that the grid operator have to work with a stability closer to
the edge. Therefore, Ireland is working in parallel with a solid gas power generation support
characterized by their fast primary response to compensate the lack of grid inertia. And, it
should further be noted as well that the controllable high-voltage direct current transmission lines
play an important role in strengthening the grid frequency stability through synthetic inertia.

2.2 Power transfer

2.2.1 Tie line power transfer

For the study of the frequency and the tie line power exchanges, as long as we are not interested
in the area intermachine oscillations, the grid area can be interpreted as one equivalent generating
unit represented by a voltage source behind an equivalent reactance (figure 2.4).

Therefore, the power transfer between two areas is simply obtained as:

Vlv?sin(él — 52) (2.1)
T

Pris =

With X7 = X7 + Xe + Xo

14
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Figure 2.4: Electrical equivalent of two grid areas

Additionally, the equation 2.1 is often linearized as:

Viva

APjc12 = cos(61,0 — 02,0) (Ady — Ada) (2.2)

Tiel2
T12

Indeed, it allows to simply represent the tie line power transfer as if it was an additional load
seen by the grid. In figure 2.5, the block diagram of the power exchange between two areas is
shown. If the tie line power transfer P 12 is realized from area 1 to area 2, a negative sign in
area 1 is used as if its electric load increases and a positive sign is used for area 2 as if the load
decreases. And conversely, if the power is realized from area 2 to area 1.

1
Ry
AP,
load A¥ NG : APm.1+C(/— fo . 2T
ey Governor Turbine s aEEET vl
Ady
y+
179 D
Ado
Load T . AY5 ) Apm,2+\\ fo AfQ 2m
ey Governor— Turbine R [ 0 ~
AP,
1
Ry

Figure 2.5: Block diagram for tie line power exchange
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2.2.2 Three areas power exchange

With the same logic, the power exchanges in a three areas interconnected grid is:

Vs
Piie,12 = 1le sin(d1 — 02) (2.3)
V-
Pije13 = XlTl:; sin(61 — d3) (2.4)
Piie2s = ;2;2 sin(dg — d3) (2.5)

Linearizing about the operating point ; = d19, d2 = d2,9 and d3 = 63, we have:

A%
APje12 = Xl 2 cos(61,0 — 02,0) (Ady — Ada) (2.6)
Tiel2
T2
V1 Ve
APiie13 = — 2 cos(61,0 — 03,0) (Ady — Ad3) (2.7)
Tiel3
T13
Vs
APyje 23 = cos(62,0 — 03,0) (Ada — Ad3) (2.8)
Tie23
To3

However, it is important to point out that when there is at least more than two interconnected
areas, the scheduled interchange power flow does not travel in the tie line as we would have
wished. Therefore, if a grid area wishes to import a certain amount from an other area, the
power flow will not only go to the tie line connecting those two areas but will also take a parallel
path depending on their relative impedance. Indeed the whole interconnected grid must obey to
the Kirchhoff circuit law.

2.2.3 Simulation of interconnected three areas

A three areas grid system is imagined to study its dynamic after a power disturbance. Firstly,
the different areas will be supplied by standard reheat steam turbines (model in Appendix figure
A.2 ). After that, the case where an important part of the generation is ensured by renewable
connected through power electronics is performed.

The actual power flow exchange between the three areas are shown in figure 2.6, where all
the tie line inductance X7, are the same.

16
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P =193 MW

Area 1

Area 3

Area 2

Xrie =10 Q

Figure 2.6: Power exchange between three interconnected grid areas

Their different key parameters are shown in the tables 2.2, 2.3 and 2.4 below:

Area 1 parameters

Values

Nominal base power

Shases — 13000 MV A

Connected load

Load; = 12000 MW

Load damping effect fo=050 Hz
Generator loss AP, =300 MW
Load damping di =1.5%

droop o1 =5%
Inertia constant Hi=5s
Electric equivalent source | V3461 = 230kV £14.5°
Equivalent impendance X1=209Q

Table 2.2: Area 1 parameters

Area 2 parameters

Values

Nominal base power

Shases = 9000 MV A

Connected load

Loads; = 6000 MW

Load damping effect fo=50 Hz
Load damping dy = 1.5%
droop o9 = 5%
Inertia constant Hy =55
Electric equivalent source | V;Z£61 = 230kV £4°
Inertia constant Hy =55
Equivalent impendance Xo=200Q

Table 2.3: Area 2 parameters
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Area 3 parameters Values
Nominal base power Shases = 12000 MV A
Connected load Loads = 9000 MW
Load damping effect fo=050 Hz
Load damping ds = 1.5%
droop o3 =5%
Inertia constant H3=5s
Electric equivalent source | V;Z£61 = 230kV £8°
Equivalent impendance X3=200Q

Table 2.4: Area 3 parameters

The simulation is performed for the loss of a 300 MW generator in area 1. The corresponding
frequency and power changes are shown on figures 2.7, 2.8,2.9 and 2.10.
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We can observe that the whole interconnected grid is reacting to the power disturbance
occurred in area 1. The frequency of each area is decaying and oscillating (figure 2.7) with
different dynamics depending on their characteristics and inertia. This is until they find a new
common frequency for the interconnected grid. Indeed, the load power has decreased slightly
thanks to the load damping (figure 2.8) and primary control has responded to the frequency
drop by increasing the power generation in each areas up to the balance between the total load
and the total generation meaning a steady frequency (figure 2.9).

As it can be obviously seen in the results, the primary control is responding to a power
disturbance happening anywhere in the grid. It comes with the advantage of providing a greater
stability to the different interconnected areas. However, because a frequency disturbance is
perceived by all the grid areas and causes conjointly the primary control reaction of all the areas,
it greatly increases the power flow management complexity.

High renewable penetration in one area

The power generation in area 2 is now ensured at 80% by renewable power sources providing no
primary control and no inertia due to their different technology. Similarly, an identical sudden
loss of 300 MW occurred in area 1.
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Figure 2.14: Tie line power devia-
tion

The power flow in the tie line connecting area 2 with area 3 has amplified and reaches a
power peak three times bigger than before during its transient.

Care must be taken when running interconnected grid with important renewable integra-
tion area because its faster and stronger dynamic provokes more important unscheduled and
unwanted power flow during the transient and eventually reaches the power capacity limit of the
tie lines. Its is to note that the tie line power deviation AP 3 and AP, 3 are now almost the same.

Over the time, secondary control of the faulty area will take on and compensate the power
disturbance in order to bring the frequency back at its nominal value but also to restore the
scheduled power transferred. However, it does take several minutes prior to taking effect. This
means that if the transients of the grid are stronger due to an important share of renewable,
the planning and the sell of electric energy between the different grid areas are significantly

constrained.
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2.3 European interconnected grid

Because the member states of the European Union (EU) are interconnected, a harmonized way
to manage the grid has been developed throughout the years.

After World War II, with the limited resources remaining and driven by the Marshall Plan, the
powerful idea of interconnecting the countries emerged. Gradually European countries became
more and more interconnected until forming today the biggest power grid in the world. Indeed,
the latter is composed of 34 countries delivering more than half billion clients for a production
capacity higher than one million MW'.

This enormous grid ensures a great reliability and effectiveness of the use of energy but also
comes with a greater complexity. This forces the different members of the grid to coordinate and
standardize their operations.

2.3.1 ENTSOE

To even better harmonized the European power grid operated by 41 different transmission opera-
tors (TSO), the European Network Transmission System Operators for Electricity (ENTSOE)
was created in 2009.

Among its many objectives, ENTSOE mainly aims to a further liberalization of the electricity
market with a deeper integration of the renewable and a closer coordination between the different
TSO members. As explained before, integrating more renewable power sources into the grid
decreases the grid inertia and stability. TSO will have to work with more sensitive dynamic and
therefore will have to update their network code.

ENTSOE is currently working and developing new technical documents on which all TSO
members have already agreed. Consequently, those new European grid code will be entered into
force the EU and each member state will have to integrate them into their national grid code. The
laws will ask a better coordination between the transmission, the generators and distributors of
electric energy. Indeed with the liberalization of energy market and decentralization of production,
the new rules will impact and concern everyone as far as the small local producer who will be
obligated to align.

2.3.2 Technical document regularizing the power generating module
Among the technical document on frequency regulation published by ENTSOE, we can find

those concerning the power producers and thus directly influencing the frequency stability.

In order to appropriately legislate the power producers, power generating modules are classified
into 4 different categories A,B,C and D from the less to the more powerful as followed:

Synchronous Limit for maximum Limit for maximum Limit for maximum
areas capacity threshold from | capacity threshold from | capacity threshold from
which a power- which a power- which a power-
generating module is of | generating module is of | generating module is of
type B type C type D
Continental 1 MW 50 MW 75 MW
Europe
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Table 2.5: Limits for thresholds for type B, C and D power-generating modules [5]

The legislation applies differently depending in which category the generating module falls
into. The more important the power producer, the stricter is the rule to be authorized in the
power grid. Therefore, system operators are allowed to refuse the connexion of power generating
module if it does not comply with the new regulation.

To sum up roughly, generator A, is limited at automated response and minimal system
operator control, while generator B has wider range of automated dynamic response to maximize
the dynamic generation to system event. Generator C requires to provide a stable and highly
controllable real time dynamic response aiming to provide ancillary service.

And the requirement for generator D is specific to high voltage connected power generation
with an impact on control and operation on the entire system as it should ensure stable operation
of the interconnected grid system and allowing of ancillary service from generation Europe wide [5].

An important quantity of grid code, is published in the ENTSOE website or in the Official
Journal of the European Union concerning many aspects of the grid such the voltage quality, the
reactive power control capability, the fault-ride trough capability, frequency containment etc.

As regard of the frequency stability, plenty of rules and exceptions exist. Among them, we
can for instance see that all types of generators shall be capable of staying connected at a specific
range of frequency and operating during a minimum time in the table 2.6.

SYNCHRONOUS FREQUENCY RANGE TIME PERIOD FOR
AREA OPERATION
47,5 Hz-48,5 Hz To be specified by each TSO,

i 1 E
Comtitazutall Bt but not less than 30 minutes

48.5 Hz-49,0 Hz To be specified by each TSO,
but not less than the period
for 47,5 Hz-48,5 Hz

49,0 Hz-51,0 Hz Unlimited

51,0 Hz-51,5 Hz 30 minutes

47,5 Hz-48,5 Hz 90 minutes

Ireland

48,5 Hz-49,0 Hz To be specified by each TSO,
but not less than 90 minutes

49,0 Hz-51,0 Hz Unlimited

51,0 Hz-51,5 Hz 90 minutes
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Table 2.6: Range of frequency deviation under which a power generating module has
to be capable of operating for a minimum time period

Indeed, it is important that the connected power generating devices are able to run at a
minimum frequency range to avoid snowball effect in case of important frequency deviation event.

One can notice different requirements for Ireland for instance. As a matter fact, its grid
characteristics are significantly different from the rest of EU thus it required customized rules.
In fact, the different TSO have some margin of freedom to apply the legislation depending on
their grid standard.

For instance, the different TSO freely specify the admissible maximum power reduction of a
power generating module type A facing a frequency decay. However, it should be included within
the boundaries of figure 2.15.

AP
an.‘(

48 48,5 49 49,5 50  f[Hz]

o

10 %

Figure 2.15: Maximum power capability reduction with falling frequency [5]

For superior types of power generating module it should of course satisfy the boundaries
condition of figure 2.15 but also be able of rising its power output to participate in the grid
primary control. Similarly, the range of the minimum primary action required is given by
ENTSOE and the specific TSO will wisely select one satisfying the condition for its own grid.
As we go to superior types of generator, the flexibility allowed by the common grid code declines
and the TSO must align more firmly.
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Analysis of frequency data throughout a year

For this report, an important data file of the grid frequency in Belgium was available. It was
measured throughout the whole year of 2013, from the 1st of January until the 31th of December.
The frequency is given approximately every half second therefore about 6 4281 600 of frequency
values are accessible. Thus, with this vast amount of detailed data, we can expect to observe
interesting grid frequency phenomena.

However, the inertia effect is limited considering that Belgium is among the biggest intercon-
nected power grid in the world. Additionally, information about the grid power disturbances
and the type of unit connected would be needed to evaluate precisely the impact of inertia response.

In parallel of the frequency data, we calculated an approximation of the rate of frequency
change throughout the whole year, which is simply obtained with the difference of two measured
frequency over the time step:

& Af _ fur
i~ AT A (8-1)

This value is relevant and is directly related to the inertia of the grid and also the mismatch
between the power produced and the load (equation 1.2).

3.1 How it is measured

As already explained, two frequency measurements are available for every second. In fact, the
measuring tool detects when the voltage crosses zero, therefore it can count a voltage period.
With a precise GPS watch, it measures the time needed for 25 periods. Obviously in our 50 Hz
grid, it will be really close to 0.5 s. Therefore it does not identify the instantaneous frequency but
rather a mean frequency value each 25 periods detected. One way to obtain the instantaneous
frequency value would be to directly measure the speed on a synchronous power generator because
they are directly inducing the voltage frequency of the grid.

There will not have the same number of data from one day to an other, because the 25

periods measurements will not take exactly half a second each time. This would be the case only
if the frequency was exactly 50 Hz and never fluctuating.
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3.1.1 Quality problem and glitch

Unfortunately, a non negligible number of data are false. Indeed, unrealistic frequency and rate
of frequency change are present. As a matter of fact, the measuring device is not glitch-free and
is also subject to voltage quality problems present in the place where the data was taken. The
voltage measured is not a perfectly balanced three phases sinusoidal signals and a cross-zero
can be detected where it should not. Therefore, a filtering program to treat the raw data is
mandatory. Some example of obvious erroneous data are shown in figures 3.1,3.2 and 3.3.

1 2 3 4 5 1 2 3 4 5
date Secondest Delta_t1 frequency Delta_f_Delta t Sjanvier Secondesjanvier  Delta_tjanvier  frequencyjanvier Delta_f_Delta_tjanvier
50924 01-Jan-2013 07:05:18 25518e+04 05000 500133 1.8310e-04 2499851 15-san-2013 112418 1.2507e+06 05000 49.9887 21362604
50925 01-Jan-2013 07:05:19 25519+04 05000 500134 9918105 2499852 15-Jan-2013 112418 1.2507e+06 05000 49,9889 3.2806e-04
50926 01-Jan-2013 07:05:19 25519€+04 05000 500144 00020 2499853 15-Jan-2013 112419 1.2507€+06 05000 49.9893 83159€-04
50927 01-Jan-2013 07:0520 25520e+04 05000 500146 39672¢-04 2499854 15-Jan-2013 112419 1.2507e+06 05000 49,9905 00024,
50928 01-Jan-2013 07:0520 25520e+04 05000 500145 -38146e-05 2499855 '15-Jan-2013 11:24:20° 1.2507+06 05000 49,9906, 1.6021e-04
50929 01-Jan-2013 07:0521" 25521e+04 05000 500142 -60271e-04 2499856 15-Jan-2013 112420 1.2507e+06 05000 49,9906, 0
50930 01-Jan-2013 07:0521 25521e+04 05000 500142 -1.4496e-04 2499857 15-1an-2013 112621° 1.2507+06 05000 49,9906, 0
50931 01-Jan-2013 07:0522 25522404 05000 500142 0 2499858 15-Jan-2013 112421° 1.2507e+06 05000 49,9906, 0
50932 01-Jan-2013 07:0522 25522¢+04 05000 500142 0 2499859 15-Jan-2013 112422 1.2507+06 05000 49,9906 0
50933 01-Jan-2013 07:0522 255226404 0 500142 NaN 2499860 15-Jan-2013 1124:22 1.2507€+06 05000 49,9906, 0
50934 01-Jan-2013 07:0522 255220404 0 500142 NaN 2499861 15-Jan-2013 112423 1.2507e+06 05000 49,9906, 0
50935 '01-Jan-2013 07:05:22 asszessd 4 500142 NaN 2499862 '15-Jan-2013 11:24:23' 1.2507e+06 05000 499906 0
50936 01-Jan-2013 07:05:24° 25524e+04 20000 500142 -7.6293e-06 2499863 "15-Jan-2013 11:24:24° 1.2507e+06 s Y 64928
50937 '01-Jan-2013 0705:25° 255250404 05000 500144 41960e-04, 2499864 15-Jan-2013 11:24:24° 1.2507e+06 05938 499923 44396
50938 01-Jan-2013 07:05:25° 25525404 05000 500149 9689204, 2499865 15-Jan-2013 11:24:25° 1.2507e+06 05000 499927 7.5528e-04
Figure 3.1: Glitch with the time Figure 3.2: Values of frequency are
step measurement stuck then suddenly increase

Sjanvier Secondesjanvier Delta_tjanvier frequencyjanvier Delta_f_Delta_tjanvier
863346 '05-Jan-20... 4.3198e+05 0.5000 50.0684 0.0015
863347 '05-Jan-20... 4.3199e+05 0.5000 50.0686 5.0353e-04
863348 '05-Jan-20... 4.3199e+05 0.5000 50.0688 2.6702e-04
863349 '05-Jan-20... 4.3199e+05 0.5000 50.0689 3.5095e-04
863350 '05-Jan-20... 4.3199e+05 0.5000 50.0687 -5.0353e-04
863351 '05-Jan-20... 4.3199e+05 0.5000 50.0683 -8.0870e-04
863352 '05-Jan-20... 4.3199e+05 0.5000 50.0691 0.0017
863353 '05-Jan-20... 4.3199e+05 0.5000 50.0692 1.2207e-04
863354 '05-Jan-20... 4.3199e+05 0.5000 50.0687 -0.0011
863355 '05-Jan-20... 4.3199e+05 0.5000 50.0686 -1.1444e-04
863356 '05-Jan-20... 4.3199e+05 0.5000 1.4567e-38 -100.1357
863357 '06-Jan-20... 4.3200e+05 0.5000 50.0682 2.3651e-04
863358 '06-Jan-20... 4.3200e+05 0.5000 50.0678 -8.1633e-04

Figure 3.3: Evident issue with the frequency measurement

3.1.2 Filtering

In consequence, suspect data are filtered with a matlab program. However, the conditions the
data must fulfill to be saved for the analysis must not be to strong otherwise we could lose
interesting frequency events. It is chosen to delete the data when frequency is over 51 Hz and
under 49 Hz as well as when the calculated rate of frequency change is higher than |50 mHz|.
Sometimes the frequency values and the corresponding time step doesn’t change and stays the
exact same (fifteen digit after the decimal) for a while, which is really suspicious and therefore
deleted. Finally some improbable data are also manually deleted.

3.2 Visualization of the frequency data

A plot of the filtered frequency data and its corresponding rate of frequency change is performed
when the frequency level was low between 21:02:00 and 21:03:30 the 10th of September (figure
3.4 and 3.5).
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We can clearly observe the dynamic of the grid frequency varying with time. In figure 3.4,
the frequency is 0.1 Hz under its nominal value but it is still an acceptable level. Secondary
control will then have to come into play to bring back the frequency at 50 H z.

An interesting frequency dynamic was spotted the 24th of October at 10:55:00 shown in

figure 3.6 and 3.7.
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This is a typical frequency response when generation has suddenly decreased compared to
the load. Thus, we can conclude that either a generator might have been disconnected from the
grid or really a sudden important load popped up. As frequency starts to decay, the inertial
response, including some fast primary control, will try to reduce the rate of frequency change.
We observe that the frequency drop happens in less than 15 seconds which is the time where the
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inertia followed by the primary control comes into play. The rate of frequency change Af/At
reaches -10 mHz/s which is an important value for the Belgium grid but not critical at all and
the strong interconnected EU can easily manage it.

An histogram is used to graphically represent the distribution of the data. The entire range
of values is divided into 100 intervals. The y axis represents the normalized number of time the
data falls in the interval. This graphical representation is shown for the the whole filtered data
of January in figure 3.8 and 3.9.
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Figure 3.9: Histogram of the rate
of frequency deviation in January

Figure 3.8: Histogram of the fre-
quency in January

For the January grid frequency, we can observe an excellent normal distribution tightly
centered at 50 Hz which is what is expected for a strong grid. The mean value of the data is
50.0014 with a standard deviation of 0.022358 with some rare event happening under 49.9 Hz
and over 50.1 Hz.

As for the histogram of the calculated rate of frequency deviation in mHz/s, we detect a
normal distribution centered at zero with occasional events exceeding |15 mHz/s|. We can notice
that slight negative rate frequency of change are more likely to happen by comparing the bar

just to the left and just to the right of the middle one.

Finally, one can compare the distribution of each month with the figures in the Appendix.

3.3 Table of the maximum values

A table gathering all he important frequency event for the year 2013 is shown in 3.1.

Jmaz Time Fmin Time % Time % Time

event event event event
January 50.1367 | 18.01.13 || 0.0161 10/01/13 49.8864 11/01/13 -0.0162 02/()1/13
06/01/00 00:00:55 20:01:18 22:58:34
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February 50.1190 | 14/02/13 | 0.0216 | 28/02/13 || 49.8732 | 28/02/13 || -0.0287 | 28/02/13
06:00:56 08:08:53 20:02:30 08:08:55

March 50.1153 | 03/03/13 || 0.0239 | 15/03/13| 49.8793 | 14/03/13| -0.0215 | 15/03/13
18:02:56 10:14:00 20:01:13 10:13:43

April 50.1458 | 15/04/13 || 0.0118 | 14/04/13| 49.8593 | 23/04/13 || -0.0210 | 27/04/13

21:57:37 17:00:15 00:02:05 08:05:06

May 50.1200 | 27/05/13 | 0.0200 | 24/05/13 || 49.8810 | 01/05/13 || -0.0239 | 25/05/13

06:01:06 23:18:39 00:01:35 01:15:34

June 50.1058 | 13/06/13 || 0.0268 | 01/06/13| 49.8721 | 16/06/13 || -0.0291 | 05/06/13

07:01:03 03:27:20 23:02:58 19:48:48

July 50.1006 | 25/07/13| 0.0279 | 10/07/13 | 49.8901 | 10/07/13 || -0.0329 | 31/07/13

07:00:42 13:27:47 00:02:14 16:52:48

August 50.1053 | 29/08/13|| 0.0172 | 17/08/13| 49.8872 | 31/08/13 | -0.0363 | 14/08/13
07:00:45 22:49:17 00:02:04 15:46:26

September || 50.1159 | 09/09/13|| 0.0219 | 01/09/13|| 49.8737 | 10/09/13 || -0.0447 | 19/09/13
21:56:12 06:22:44 21:02:13 10:17:47

October 50.1172 | 17/10/13 || 0.0479 | 24/10/13| 49.8638 | 28/10/13 || -0.0415 | 24/10/13
06:00:51 11:06:23 17:43:08 11:06:23

November || 50.1221 | 08/11/13| 0.0229 | 30/11/13 || 49.8835 | 22/11/13|| -0.0429 | 07/11/13
06:01:48 00:13:41 00:02:30 11:51:56

December || 50.1080 | 17/12/13 | 0.0326 | 24/12/13 || 49.8887 | 10/12/13 || -0.0327 | 24/12/13
06:00:39 02:12:34 00:02:23 14:40:37

Table 3.1: Table of the important frequency events for each month

We can observe that the different frequency deviation values A f are comparable with each
other, indeed the maximum frequency deviation slightly exceed 0.1 Hz each month. The max-
imum frequency reached during the whole year 2013 is 50.1458 Hz and the minimum value
is 49.8593 Hz. We can say that Europe and thus Belgium did not face any important power
outages capable of jeopardizing his grid frequency during the year 2013.

The maximum rate of frequency change Af/At can more than triple from one month to an
other. Although, the frequency is each time quickly corrected as demonstrated by the maximum
frequency deviation values. Those more important varying maximum rates of frequency change
might be happening because the overall inertia of Belgium and Europe is fluctuating depending
on the renewable integration and the total load. Indeed, during sunny and windy week-end day,
the share in renewable can be much more important thus increasing the rate of of frequency change.

As matter of fact, only in Belgium the installed power capacity of the wind turbines is
about 2.3 GW and the peak power capacity of all combined photovoltaics panels reach 3 GWp
(although those ones were installed after 2013 pushed by the state subventions) which means that
the grid can reach quite strong renewable integration during favorable conditions. However as
the grid is supported by the strong interconnected European grid, the rate of frequency deviation
are limited.

Actually the frequency data of Ireland for instance would have been more relevant for the
low inertia impact analysis since it has a strong wind power integration and is not connected to
others countries with AC tie lines.
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Chapter

Wind turbine analysis

Windmills have been used for thousands of years for grinding grain and pumping water. The
use of windmill (or wind turbine) to directly produce electricity dates back to the end of the
19th century. Afterwards, the technology of wind turbine developed slowly until the 1973 crisis
when the sudden increase of oil price greatly encouraged the research as well as the development
of government-funded programs. In addition to the increase of oil prices, the global warming
caused by the combustion of fossil fuel has also stimulated the development of wind turbine.
Furthermore, the improvement of the performance has grown in parallel with the development of
power converter which enabled the wind turbine to work in variable speed. The overall power pro-
duced in our grid has considerably increased during the last decades as shown in figure 4.1 for EU.

Today, wind turbine are a part of our landscape. They are generally not alone but gathered
on a same favorable windy site to form a wind park which may include over a hundred units.
The more advanced modern wind turbine are capable to produce up to 10 MW! In this chapter,
a detailed control of 1.5 MW synchronous permanent magnet wind turbine is performed as well
as a technique to recover its inertia.

Time Evolution of Wind Power Capacity in Major EU
Markets (Countries with >2GW Installed; 1990-2009)
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Figure 4.1: Time evolution of wind power capacity in the major EU countries [11]
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4.1 Wind resource

The power delivered by the wind depends on the surface of the wind turbine, the density of the
air and the speed of the wind:
1 2.3
Pying = 5[)77 R Vwind [W]
It is proven by Betz’ law that we can theoretically capture at most %—(75 of this kinetic wind power.
Indeed, to put it simple, it is not physically possible for a wind turbine to slow down the mass
air flow down to zero. After passing through the wind turbine, the air has still enough kinetic
energy to leave. The performance coefficient ¢, expressing the power capture over the kinetic

power of the wind depends on the tip speed ratio A = wyotor R/Vwing and the pitch angle 5 of
the rotor blades. A generic equation of ¢, for a three rotor blades wind turbine is given by [7]:

1 0.035 oo
@A p)=a <C2()\ o085 Bi1) %P 04) e o T 4 o

The coefficient ¢; to cg are: ¢y = 0.5176, co = 116, c3 = 0.4, ¢4 = 5 and c5 = 21, cg = 0.0068.
Therefore the total power capture by the wind turbine is:

Pturbine = Cp()\a ﬂ) Pwind (41)

This performance coefficient according to the tip speed ratio for different pitch angle is
illustrated in figure 4.2:
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Figure 4.2: Performance coefficient ¢, according to the tip speed ratio A for different
pitch angles 3

We observe that best performance curve ¢, is obtain when the pitch angle is 0°. Indeed it
allows the maximum lift force on the rotor blade.

The mechanical output power of an ideal wind turbine of a radius R = 33 [m] as a function
of the rotor speed for different speeds is illustrated in figure 4.3.
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Figure 4.3: Mechanical power of a 33 [m] radius wind turbine according to the speed
rotation for different wind

We clearly see the optimal rotor speed to reach for each different wind speed. In order to
control the rotor speed, modern wind turbine are equipped with power electronics and controller
to modulate the frequency of the applied stator voltages.

Above a wind speed of about 15 [m/s] the wind turbine will reach its maximum power and
will continue to deliver it even at greater wind speed by decreasing its performance coefficient
thanks to the pitch control of the blades. Eventually when the wind reaches the cut-out speed
and becomes dangerously strong, shut down of the wind turbine is initiated.

Reaching the MPPT for each different wind speed through the speed controller greatly
improves the efficiency of the machine but comes with the drawback of isolating the rotor inertia
from the grid. Indeed, when traditional synchronous machine coupled to the grid frequency
naturally deliver their inertia when the frequency drops, the modern generators obey only to
the speed dictated by the controller and therefore do not naturally participate to the inertia
response.

In this chapter we will design and simulate the different component of a modern permanent
magnet synchronous wind turbine connected to the grid and a strategy to recover its inertia.

4.2 Control of a synchronous permanent magnet wind turbine

Synchronous permanent magnet wind turbine are part of the modern variable speed machine.
They cannot obviously be directly connected to the grid because the stator voltage frequency
is changing depending on the wind speed. Therefore, the machine needs a back to back power
converter chain to be connected with the electrical grid.
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Figure 4.4: Synchronous permanent magnet wind turbine with fully rated converter

For important machines this frequency can be quite low. Indeed, the bigger the radius of the
rotor blade, the slower it has to rotate to reach the MPPT. However, because the permanent
magnet wind turbine is fed with a power converter running regardless of the grid frequency, the
machine can run without a gear box which is a technical difference compared to the doubly-fed
electric wind turbine.

4.3 Concordia Park Transformation

Before detailing the control of the PMSG turbine, we will introduce the Concordia Park trans-
formation which is a powerful mathematical tool in electrical engineering. Concordia Park
transformation is used to reduce the time varying tree-phases equations to a virtual bi-phases
system varying at desired rotational speed. In electrotechnical domain, it allows the reduction of
the complexity of the electric equations.

4.3.1 Concordia Transformation

The first transfomation, named after Mr Concordia, is given by:

1
A
r-3|% 1 % (12
11 V3
V3 2 2

This transformation allows to reduce the three electric phasors a, b, ¢ into the components «,
B and 0. The last one is called the homopolar and is equal to zero if the system is balanced and
physically doesn’t exist if there is no electrical connection to the ground. It is equivalent to a
projection of the three electric phasors into the two orthogonal axes o and (8 as shown in figure
4.5.
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Figure 4.5: Graphical representation of the Concordia transform

The inverse transformation is simply obtain by inverting the matrix T:

Z’a(t) Z‘O(t)
i(t) | =T | ia(t) (4.3)
ic(t)) is(t))

It is interesting to notice that T'T~1 = I which means that the transformation conserves the
scalar product and the norm of the vectors. Thus, the power is preserved after the transformation.

4.3.2 Park Transformation

This transformation is given by:
) (4.4)

It is equivalent to expressing our phasors a and [ in a rotating frame at a desired speed
angle 0(t).
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Figure 4.6: Graphical representation of the Park transform

Again P'P~1 =T and the power is conserved.

4.4 Vector control technique and Pulse Width Modulation

The vector control, is a modern control technique to command the dg components of a three-phase
circuit. It also allows to control the torque or the speed of a three phase AC machine. For
the PMSG it is done by adjusting the stator voltages feeding the machine depending on the
measured current. This control strategy works in the Park Concordia frame turning with the
rotor ( O(t) = Orotor(t) )-

A fast computing unit is needed to calculate the inverse Park Concordia transform of the
measured current in real time to directly work in the dq frame; and also to compute the Park
Concordia transformation to directly transform the desired v4 and v, voltages into the real three
phases world.

Feeding the three stator phases with the desired voltage is done through power electronics.
The pulse width modulation is usually used for this application. It benefits from a great flexibility
and is able to modulate any kind of needed signal. Indeed, it consists of a controllable power
semiconductor device acting like switches that can be turn on or off as desired.

For modern wind turbine application, Insulated Gate Bipolar Transistor (IGBT) is usually
used. It can transfer great power with high efficiency with a frequency range that lies between 1
kHz to 100 kH z.

According to the Fourier analysis, the square shape modulated signal by the IGBT is the sum
of sine wave consisting of a fundamental component at the desired frequency and the undesirable
harmonics at higher frequency which can be eventually eliminated with a low pass filter.

For our model, we use the IGBT-diode three phases power converter available model in
SimPowerSystem. The pulse width modulation is done by comparing the reference signal with
triangle shape carrier at an higher frequency. This approach is shown for one branch of the three
phase power converter in figure 4.7.
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Figure 4.7: Pulse Width modulation of one branch of a power converter

Visually the output voltage obtained may not look like the reference voltage. But in reality
the fundamental component is really close to it while the harmonic content is small.

4.5 Constitutive equations of a PMSG

In order to design a controller PMSG wind turbine, we need to first detail the equations of the
machine. The generator is composed of a stator with a three phase armature winding and a
rotor with a permanent magnet inducing a flux linkage ¥;. Damper winding are not used in the
model, indeed because the machine is aimed to be controlled by power electronics, the supplied
frequency will be constantly adapted to the rotation speed of the machine making the damper
useless. We neglect the saturation of the magnetic circuit and we suppose that the change in
the inductance of the stator winding according to the rotor position is sinusoidal and does not

contain higher harmonic.

The stator circuits equation are given by:

va(t) = Ra(t) + 2240
os(t) = Rp(t) + 2220
os(t) = Ry(t) + 4220
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Figure 4.8: PMSG circuit representation

The flux linkages of the machine can be calculated with :

Yalt) Laa(0(t)) Map(0(t)) Mac(0(t)| |ia(t) cos(6(1))
Ye(t)| = [Mpa(0(t)) Lpp(0(t)) Mpc(0(t))| |ip(t)| + |cos(0(t) —27/3)| ¥,  (4.8)
Ye(t) Mca(6(t)) Mcp(6(t)) Loc(6(t) ] [ic(t) cos(0(t) — 4 /4)

Where L and M are the self and mutual inductance respectively and ¥ is the permanent
magnet flux linkage.

The self inductance L(6(t)) of each stator phase winding reaches a maximum value when the
rotor is aligned with the stator phase axis because in this condition the reluctance is minimum.
The rotor is parallel with each stator phase axis twice each complete rotation, thus we can express
the stator self inductance as:

Laa(0(t)) = Lg + Lgy cos(20(t))

Lpp(0(t)) = Ls + Lss cos(2(8(t) — 27/3))

Leo(0(t) = Ls + Lga cos(2(0(t) — 4n/3))

The mutual inductance M (0(t)) will reach its maximum when the rotor is aligned midway
between stator phase axis:

Map(0(t)) = Mpa(0(t)) = Ms + Lo cos(2(0(t) — 41/3))
Mpc(0(t)) = Mop(0(t)) = Mg + Lgs cos(20(t))

Mea(0(t)) = Mac(0(t)) = Mg + Lgs cos(2(0(t) — 27/3))
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The machine circuit equation with the self and mutual inductance terms varying with time
are complex to manipulate and solve. With the help of the previously described Park Concordia
transformation, they can be considerably simplify.

By restarting with the complete stator circuit equations (4.5, 4.6, 4.5 and 4.8):

va(t) ia(t) q ia(t) cos(0(t))
vp(t)| = Rs |ip(t)| + T Lss(0(t)) |ip(t)| + [cos(0(t) —2m/3)| ¥y (4.9)
vel) ic() io(t)|  [cos(6(t) — an/2)

We can now use the Park Concordia transform for the current and the voltage:

vo(?) o) 4 io(t) cos(0(t))
Tp Ud(t) = RsTP id(t) + a Lss(a(t))Tp id(t) + COS(Q(t) - 27['/3) \I/b (4.10)
0y (1) iq(t) ig(t)|  |cos(6(t) — 4m/4)

By multiplying the left side and the right side of expression 4.10 by the inverse Park Concordia
transform T ! we obtain:

vo(t) io(t) q io(t) cos(0(t))
va(t)| = Rs |ia(t)| + Tp '~ | Lss(0(£))Tp |ia(t)| + |cos((t) —21/3)| Ty (4.11)
' iq(t) cos(0(t) — 4m/4)

Finally by doing the math, the system simplifies for the phase axis-d and the quadrature
axis-q to:

. 3 de 3 .
vg = Rgtg + (LS — Mg + §L52) dilfl — Wem (LS — Mg — §L52) ig (4.12)
Ly Lg
. 3 dig 3 . 3
Vg = Rs’Lq + (LS — Mg — §L52) E + Wem, (LS — Mg + §L52) id + Wem 5\1117 (4.13)
——
Ly Lq Kr

Equations 4.12 and 4.13 describing the machine are simpler to use and interpret. They also
lead to a clear physical picture of the problem (figure 4.9).
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Figure 4.9: Park Concordia transform on the permanent synchronous machine

Computation of the electromagnetic 7,,, torque in the Park Concordia frame
The instantaneous three phase power of the stator is
Pgtator = va(t)ia(t) +vp(t)ip(t) +vo(t)ic(t) (4.14)
Reformulating it in terms of dq0 component, we have
Ptator = va(t)iq(t) + vg(t)ig(t) + vo(t)io(t) (4.15)

Under balanced condition, vg(t) = ig(t) = 0, the expression of instantaneous power is given
by:
Pstator = 'Ud(t)id(t) + Uq(t)iq(t) (416)

Using the instantaneous power of the stator 4.16 with the dg components of the stator voltages
4.12 and 4.13 and rearranging, we have

) ) dig . di, . o )
Pstator = Rs (i3 + zg) + LdEzd + qu—;zq + Wemidiq(Lag — Lq) + wem K1ig (4.17)
—_———
Pjoule Stator dW. PStatO'r—>Rotor

mag Stator
dt

We can finally obtain the expression for the electromagnetic torque by dividing the power
transferred across the machine air-gap by the mechanical rotor speed (wyp, = wem/Np), and we
have:

PSt tor— Rot .o .
Ty = —tatoroRotor N (10— LoVigiy  +  NyKrpi (4.18)
p q q p q
Wm ——
Reluctance Torque Synchronising Torque
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4.6 Electromagnetic torque control

The electromagnetic torque we want to be able to control for the maximum power point tracking
depends on the value of the iy and ¢, current component as shown in the equation 4.18. The first
one induces the reluctance torque while the second one induces the synchronizing and reluctance
torques at the same time. Synchronizing torque is due to the interaction of the magnetic field
between the stator and the rotor while the reluctance torque is due to the asymmetry of the
rotor. The best strategy to control the electromagnetic torque would be to use both components
by correctly adjusting the currents iy and i, at the same time. This is done by finding the
optimal value of the current components that minimize redsi c’est I’optimal value qui minimise
alors "minimizes’. Si c’est les current component alors "minimize". the joule losses R(i3 + 23) for
each desired torque. The computation of the points minimizing the joule losses is graphically
represented in the figure 4.10 below for a rotor with a phase inductance Ly = 0.5 [mH] and a
quadrature inductance L, = 0.3 [mH].

Isotorque curves

3500
Tem,ref1 =35000 Nm
3000 - Tem,ref2 =70000 Nm
Tem,ref3 =120 000 Nm
2500 - Tem,ref4 =200 000 Nm
Tem,ref5 =300 000 Nm
®  Minimum Joule loss
2000
_C’
1500 -
1000 [
500
0 1 1 1 1 1 |
0 200 400 600 800 1000 1200

g

Figure 4.10: Graphical representation of the isotorque curves with the minimum
joule losses points

Consequently, we are capable of computing the lookup tables (figure 4.11 and 4.12) for our
controller to obtain the optimal current components for each every desired torques.
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Lookup Table id Lookup Table iq
1200 T T 1600 T T
1400 B _— g
1000 - -
1200 //
800
1000
=2 600 =% 800
600
400
400
200
200
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Tem,ref %10 Tem,ref %10°
Figure 4.11: Lookup table for the Figure 4.12: Lookup table for the
14 current 14 current
Zd(Tem)// ldref
o
/
yd
P,. f < Tem,re f
Wrotor ; - .
lq (Te/n/ml/ Ly ref
) &

Figure 4.13: Obtained reference currents according to the reference torque

Mechanical equation

The speed of mechanical turbine coupled with the PMSG we want to control using the electro-
magnetic torque is described by the mechanical equation of motion:

dw
Torn — Tonech = J d—;” + Ky wm (4.19)

Where K, is the viscous friction coefficient, J is the combined moment of inertia of the
generator and the rotor blades, and T},..; is the mechanical torque applied to the machine.
In our case this would be the total torque induced by the wind to the rotor blades previously
calculated with the help of the Betz performance coefficient in equation 4.1.

PMSG model parameters

Below, in table 4.1, are the different parameters we will be using for our model of the PMSG.

Parameter Value
Pair of poles Np =48
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Stator resistance Ry =6 mQ
d-axis inductance L;=0.5mH
g-axis inductance Ly, =03 mH
Permanent magnet flux linkage U, =2 Wb
Total moment of inertia J = 35000 kg m?
Viscous friction coefficient K, =0.01

Table 4.1: PMSG model parameters [14]

4.7 Block diagram representation

We will now represent the equations 4.12, 4.12 and 4.18, 4.19 in a block system in Laplace domain.
It enables us to clearly see the physical problem of the PMSG and the interactions between the
different components (figure 4.14 and 4.15). Also, it allows to be easily implemented in graphical
block diagram software for dynamic system such as Simulink. Thus, for any stator voltage we
feed to this PMSG block system we can easily compute and observe the corresponding stator
currents, rotor speed and electromagnetic torque.

Tmech

)—>

Figure 4.14: Block diagram of the mechanical equation of motion (equation 4.19)
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b T lig|Poa)|
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Figure 4.15: Block diagram of the PMSG (equations 4.12, 4.12 and 4.18)

As already explained, the controller will directly manage the stator current in the dg frame.
Therefore, it is equipped with a a unit calculating the Park Concordia transform and its inverse
in real time with a precise measurement of the rotor position (figure 4.16). This last one can be
given by a Hall sensor for instance [6].

Va,ref| Vg

5

Vd ref Vo, re f

id,iq Vb, ref|PWM |
Vg, ref| Pll) | V8. mef| T n .

controller|_%:"%] Ve reflinver.

|

T gl iy

=)

I

Measured rotor

1—; m

W,
“m

position: 9,,1‘ Oem ’
i

ta,mes la

ih, mes Sensors i[, T

ic,mes ie ] lq

toe,mes

3

/','I Plbe)

Figure 4.16: Control of the ¢4 and i, current of the PMSG

Controlling the ¢4, 7, currents with a multi-input, multi-outup controller is a highly complex
process in automatic control. Fortunately, it is possible to compensate the dg coupling terms
which allows to control the currents dg independently with two single input single output cur-
rent controllers. The decoupling compensation procedure is shown in figure 4.17. The power
electronics converter and the sensor are represented by a gain G,, and G; respectively and the
Park Concordia transformation and its inverse are considered perfectly calculated so they can be
simplified.

The compensation of the dg coupling terms are shown in blue and red. To be performed, the

measured current and speed are needed. In practice the reference currents are often directly
used for the compensation. Additionally, we observe that the compensation also requires a
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precise estimation of the direct and quadrature inductance (I/;l ,I//\q). Therefore, the "physical
controller” needs those precise machine inductance estimations to accurately perform the control.
Finally to reach a better precision, a compensation of the electromotive force is done on the ¢ axis.

wem

Y

iq,mes — (> E;/G“G,i

iq.r
,ref + | +*_ Cdores
A id,iq au
tq,ref+ controller £ 1 Yg,ref
{ T+ ’T}

7 — _
d,;mes —()> [/G.G; K1/Gu

g :

Wem

Wem [y Wm
[

td,mes

lq,mes

Figure 4.17: Compensation of the dg coupling terms of the PMSG

Making the assumption that the estimation of all the parameters are perfectly done, the
block system for the control of the permanent magnet synchronous machine is greatly simplified
and the current dq are completely decoupled (figure 4.18).

1 id
“NRs+Lys
7;d,re . U
! 20— id controller > d
. Gu Uq
(2
q,ref+ .
—>0O——>iq controller .
J - iy
Rs+ Lgs
14 )
. N
td,mes
. G; | .
tq,mes iq

Figure 4.18: Simplified block system of the PMSG control

PMSG controller model parameters

The dq axes inductance of the generator are considered to be perfectly known and the gain
representing the power converter and sensors is unitary.

d-axis inductance estimation Ly;=0.5mH

g-axis inductance estimation Ly, =03 mH
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Power converter gain G, =1
Sensor gain Gi=1

Table 4.2: PMSG controller model parameters

4.8 Tuning of the rotor side controller

The control of the current can be done with a proportional and integral action, Kp and Ky
respectively. This control method is shown for the d and ¢ axes in the figures 4.19 and 4.20

below.

Z.d,Tef + Kr g4 1 ’id
) K 1
— + Kpa Gy Rotlys

G;

Figure 4.19: PI control of the i4 stator current

i K 7
q,ref + I,q 1 q
> K QG [
—_—] + P,q u Re+ Lys

G;

Figure 4.20: PI control of the i, stator current

The work consists of correctly tuning the parameters K; and Kp in order to have a fast and

stable control.

d axe control

The transfer function of the ¢4 current loop is:

iq(s) Gu(Kp + K1/5) 5417

. _ (4.20)
Zdmef(s) 1+GU(KP+K1/S)R5%L(18

T(s) =

The trick is to compare it to the standard form of second order transfer function [17] given
by:

T(0) w?

= 4.21
s2 + 2Cwps + w2 (421)

T(s)

44



CHAPTER 4. WIND TURBINE ANALYSIS

Where ( is the damping ratio and w,, is the undamped frequency. Thus, with some algebraic
manipulations of equation 4.20 we can re-write it as:

Gu/Ld(KP +K[/S)

(s) = . _ (4.22)
52+S(G1Gu£P+R5)+ GZC[;/ZKI
And confront it with the standard transfer function 4.21, to find that:
GG, K R GG K
2CWn _ TiYu Pd + fis W12L _ TiYu 1,d (423)
L L

It is known that the time constant response of the standard second order system is obtained
by:

T=—"1] (4.24)

Therefore, the values of the proportional and integral actions should be chosen in order to
have a sufficiently fast current control loop. At least faster than the natural dynamic response of
the ¢4 current which is characterized by the time constant:

Lq
Tid = F [S] (425)
Finally by setting:
-
=1 controller = —d 4.26
¢ Teontroll 100 (4.26)

We can reach a critically damped and stable control system with a fast current control. Thus,
we can find the correct tuning for the PI controller:

_ (100R,)? _ 199R,
M L4GiG 1T GG,

(4.27)

q axe control

By comparing figure 4.19 with 4.20, we see that it is the exact same problem. Thus, the correct
value for the proportional and integral actions are directly obtained as:

_ (100R;)? 199R,

=) Kpg= —ot 4.2
1= L,GiGy i eNes (4.28)
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4.9 Grid side

Once we are able to control the speed of the wind turbine, we still have to transmit and to
convert the power produced to the grid. It is done through a DC/AC power converter placed
behind reactive inductance.

P

—

DC/AC 2

L la R

Udc T Va,inv ANV ‘ A Va,grid
L J: i I A ”b’g’"id/ Grid
LIT M\/\ZC '/\/]\?\ Ue,grid

Figure 4.21: Grid side of the power converter chain

The electric equations describing the grid side in figure 4.21 of our system are given by:

Va,inverter (t) Ua,g’rid(t) iq (t) d iq (t)
Vb inverter (t) - vb,grid(t) =R Z'b(t) + La Z.b(t) (429)
Ve inverter (t) Uc,grid(t) Z.c(t) ic(t)

By using the Park Concordina transform, we obtain:

UD,inverter(t) iO(t) d Z'O(t) UO,grid(t)
Tp |Vdinverter(t) | = RTp |iq(t) +L& Tp |ig(t)| | +Tp |vagria(t)
Uq,inverter(t) iq(t) 7f-q(t) vq,grid(t)

Now, by multiplying by the inverse transform and simplifying;:

V0, inverter (t) 20 (t) L d () (t) vO,grid(t)
Vd inverter (t) =R id(t) + TE La Tp id(t) + Ud,grid(t) (4.30)
Vq,inverter (t) iq (t) iq(t) 'Uq,grid(t)

Which lead to the dg components:

. . dig

Vd, inverter = RZd - WgridLZq + L% + Vgrid (431)
. i

Vq,inverter = RZq + wgm'dLZd +L— + Vgrid (432)

dt
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We observe that equations 4.31 and 4.31 are very similar to the dq equations 4.12 and 4.13
obtained for the rotor side.

And finally, the active and reactive power expressed in the dq coordinates are

P = vqgridia + Vg,gridiq (4.33)
Q = 'Uq,gridid - Ud,gridiq (434)
Grid side model parameters
Parameter Value
Grid side resistance Ryriqg = 0.66 mQ
Grid side inductance Lgriqg =022 mH

Table 4.3: Grid side model parameters

4.9.1 Grid side block diagram

As we did for the rotor side, we will represent the equations describing the grid side in a block
system Laplace domain.

v .
a,grid Vd,grid Vd,grid
Vb, grid -1 1 -
L T Vg P~ (Ogyi4) ’Uq.’g,”:d P
VUe,grid > X
1d T
Va.inw P = Vd,grid @ 1q + Vq,grid ® 1q
Ub,inv -1 J— Q= Vq,grid @ td — Vd,grid @ %q Q
- S
Ve,inv
p i
Wgrid o fq7’id
=t
iq
i Nl
b T P(Oyria)
ie — iq

Figure 4.22: Block diagram of the grid side (equations 4.31, 4.32 and 4.33, 4.34)

The grid side controller will also manage the currents it is injecting to the grid directly in the
dq Park Concordia frame. To perform the Park Concordia transform and its inverse, it needs to
measure frequency with a phase-locked loop.
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Va,grid U grid Vi grid
Ub,grid et
4 il O P .
; v q,grid \ q.grid
Ue,grid et X P
1d S
tref v P = agria ® ia + Vggria ® iy
—>f . Ud,re L a,im
N idiiq U, T .PWM Ub,inv) Q = Ug,grid ®14 — Ud,grid ® lq Q
gref controller|Ya.re —>linver..~ 1
)= Ue,iny
i i
Measured grid q
frequency: fyrid-
Worid ,9_\ .fgrid
T
-
71 Sensors
-~

Figure 4.23: Control of the ¢4 and i, current of the grid side

Again the currents iq and i, we want to control can be decoupled from each other (figure
4.24) after simplifying the block system by considering that Park Concordia transformation and
its inverse are perfectly performed (for which we have to assumed that the grid frequency is
perfectly measured) and by representing the power converter and sensors by a simple gain.

The compensation of the dq coupling terms are shown in blue and red. It required a precise
value of the grid side reactive inductance which is generally more easily obtained than the
preceding estimation for the PMSG on the phase and quadrature inductance. Additionally, a
compensation of the dq grid voltage is also done to reach better performances.

Ud,grid
Warid
Vgq,grid
g, mes —>R—> id
ld,ref .
—_— )., .
. - |idiiq
Lgref controller
()_ |
. ) lq
1d,mes —Q>|
Wyrid Warid or] forid
157 ]
i
Gi|
lg

Figure 4.24: Compensation of the grid side dg coupling terms

Considering the assumptions above and that all the voltages and currents are perfectly
measured, the block system reduces to figure 4.25
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idmef -
——— 0—>lid controller

7
qref
g}

iq controller

iq

R+Ls

G

ig

R+Ls

lq

Figure 4.25: Simplified block system of the grid side control

Grid side controller model parameters

Same assumptions as for the rotor side controller are used which is that the line inductance of
the grid is considered to be perfectly known and the gain representing the power converter and

sensors is unitary.

Line inductance estimation

Lgria = 0.22 mH

Power converter gain

Gy, =1

Sensor gain

Gi=1

Table 4.4: Grid side controller model parameters

4.10 Tuning of the grid side controller

The grid side control loop is the exact same one obtained as for the rotor side (figure 4.26 and

4.27).

td,ref + Kr.a

iq

—> +Kpd

Gu

G;

Figure 4.26: PI control of the iy grid current
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i .
q,ref i Kr, 1 1q
s e > Gu R+Ls

G,

Figure 4.27: PI control of the i, grid current

Thus, we will also use a PI controller with correctly tuned proportional and integral action
Kp and K7 for each dg current loop.

dq axes control

By using the same control theory described for the rotor controller and also setting the parameters
to have a critically damped control with time response of the controller 100 times faster than
the natural dynamic reposne of the dq grid currents (¢ = 1 and Teontroiter = ﬁ), we find the
correct tuning for the PI controller as :

(100R)? 199R

Rra=Ree=Te6, fra=hie=ga,
7 u (2 u

(4.35)

Reference dq grid currents

For our model of the wind turbine integration, we considered the grid as a perfectly balanced
three phases sinusoidal voltage source which means that voltage magnitudes are equal at phases
angles 27 /3 [rad] equally spaced from each other. This means that the Park Concordia transform
of the grid voltage has no ¢ component (vqgrig = 0). Moreover, the reactive power has no
influence on the frequency thus we will fixed it at zero. //

All this implies that the the reference current iy ,.r is equal to zero (equation 4.33) and the
active power transfer to the grid is controlled only with ig,.; (equation 4.34).

4.11 Voltage controller

Directly controlling the active power injected to the grid with the DC/AC power converter by
setting the reference power of the controller at Py i ef = Piurbine,ref is not the good strategy. In-
deed, there might be a slight mismatch between the real power produced by the generator and the
real power injected to the AC network by the grid side converter. This would lead to an dangerous
increase or decrease of the DC voltage until the system crash. The right approach is to control the
voltage of the DC link where the capacitance C' would play the role of a power buffer (figure 4.28).

Besides, a minimum voltage level is required for the DC link to make the power transfer
happen because the output voltage on grid side generated by the power converter is directly
related to the DC voltage behind. Indeed, one branch of the three phase power converter can
generate a square wave with peak to peak maximum amplitude of Uzc on the AC grid side.
Which implies that the maximum phase to peak AC voltage we can produced is Ug./2. This
yields to the minimum DC link voltage:

Udc,min > 2 vam'd, peak—ground (436)
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For our case study, we have Ui, = 940 [V]. Therefore we set Ugerer at 1150 [V] for security
margin. This is the reason why wind turbine are placed behind a step-up transformer otherwise
that DC link and power electronics would have to work directly in high voltage.

AC/DC Prurbine Porid DC/ AC
S
y W L N

Sl I

Figure 4.28: Power flow at the DC link

|Im
S
QU
S

The active power in the DC link can be expressed as:

Pdc - Pturbine - Pgrid (437)

Where P, is the power stored by the capacitance C'. The equation 4.37 can be re-written as:

dug,

Cdc udc? = f)turbine - Pgrid (438)
duge 1 1

= —Purbine — ———Pori 4.39

dr U Cdc turbine U Cdc grid ( )

By linearization around wug. = Ug. o, we can express:

dAudc 1 1
- APrurbine — ————
dt Udc 0 Cdc turbine Udc,O Cdc

APy (4.40)

The block diagram of the control loop for the DC' voltage is shown in figure 4.29 where we
represent the equation 4.40. The current control loop for ¢4 is considered much faster therefore it
can be neglected for the voltage control loop.
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DC link equation

Inner id current loop
(much faster)

Pturb'ine

Py

1

Ude

Ude,ref Ny udC id,‘ref
1 [controller

Udc,()Cdc S

G

sensor

Figure 4.29: Control loop of the DC voltage link

DC link model parameters

Parameter Value
DC link nominal voltage Ude,o = 1150 V
DC link capacitance C =10 mF

Table 4.5: DC link model parameters

4.12 Tuning of PI voltage controller

Again a proportional and integral action will be used for this controller.

Pturbine

Uderef K14 Z'd,grid Pgridi

Udc

+
—> f + ]\'P.dc /Ug'l‘ld,d A

Udc,OCdc S

GSCVIS()!‘

Figure 4.30: PI control of the DC voltage link

The transfer function of the voltage loop (figure 4.30) is expressed as:

_ udc,ref(s) _ (KP’dC + Kl,dc)vgm'd,d Scdcl

T(S) _ — Udc,O

Udc<3) 1+ Gsensm“ (KP,dc + Kl,dc)vgrid,dm

Which is expressed in the standard form as:

52

(4.41)
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m(KP,dc + K1.de/s)

T(s)= 4.42
( ) 52 + SGsensorKP,chgrid,d 4 GsensorKI,dc'Ugm‘d,d ( )
Cchdc,O Cchdc,O
By comparison with the standard second order transfer function 4.21 we obtain:
W, = Gsensor KP,dc Vgrid,d W2 = Gsensor KI,dc Vgrid,d (4 43)
n — n — .
C’dc Udc,O Cdc Udc,O

By setting a time response slower than the control of the grid current and for a critically
damped control 100p (74e,controlier = Ticontroller) and ¢ = 1), we obtain:

(2982 Cye Uge

G sensor Vgrid,d

18 Cy U,
Kpg. = _L de¥de (4.44)

G sensor Vgrid,d

Krgc =

4.13 Virtual inertia recovery

As explained in the preceding section, the power output of the system only depends on the wind
speed. Indeed, at first the rotor side controller will impose an optimal rotational speed and a
power output depending on the measured wind while the grid side controller will transfer this
power into the grid. Therefore the power produced by the system is clearly independent on the
grid frequency which is a big difference compared to the traditional synchronous generator.

If we want the system to participate to the frequency control through inertia and even
primary response, a supplementary control at the rotor side is needed. This additional controller
is shown in figure 4.31 where the lower part emulates the inertia response if the rotor was directly
connected to the grid and naturally responding to the frequency deviation (for K = J). The
upper part may be used if we desire to also have a primary control with the wind turbine.

A
—P
100 MPPT
1 - 1 Dref
R ¥ -
e A€t €Quation |
fmeas o ’% > K >

Figure 4.31: Supplementary controller for the rotor side
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The different measurements needed for the grid side and rotor side controllers for the wind
turbine grid integration is presented in the figure 4.32 where the new supplementary frequency
measurement is shown in blue.

................................................................................................................. lagria(t)
; Y Y ;?b,grid(t)

Rotor side| “%(,|Grid side icgrialt)

controller | i  |controller U, gria(t)

LT T ¢ T 1]  p imea

PWM | : PWM | T Vegria(t)

i iy > faria(®)

1 I

AC/DC DC/AC

Figure 4.32: Complete wind turbine system with the different inputs for the controllers
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4.14 Simulation results

In order to verify the design of the model, Matlab Simulink with the Simscape Power Systems
tool is used to simulate the system. (A figure of the simulink model is shown in the Appendix
A1)

Constant wind

The model simulated is performed with an ideal constant wind of 11.5 m/s and the grid is
represented as an ideal perfectly balanced three phases sinusoidal voltage sources. Therefore, the
impact of the voltage quality on the wind turbine integration is not considered in the simulation.

[rad/s]

w

Power turbine [kW]

m

0 1 2 3 4 5 6
time [s]

Figure 4.33: Speed of the rotor
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Figure 4.35: Electric active power
captured at the turbine side
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Figure 4.34: Phase voltage v,(t)
with the current injected i4(t) into
the grid during 0.1 second
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Figure 4.36: Active power injected
into the grid
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2500

2000 ]

1500 [ b

Vdc [V]

1000 [ ]

500 | q

0 1 2 3 4 5 6
time [s]

Figure 4.37: Voltage of the DC link

We can observe the phase voltage v,(t) and the phase current i,(¢) describing sinusoid in
phase with 50 Hz frequency in figure 4.34. There is visible non negligible undesirable current
components. Harmonic currents are injected into the grid, indeed they are produced by the non
linearity of the 6-pulse power converter producing harmonic of rank 5, 7, 11, 13,.. [9] Moreover,
the tuning of the controller might not be optimal because we neglected the zeros of the transfer
function and the time delay due to the switching time of the power electronics.

Variable wind

An other simulation is made with an "ideal variable wind" which means that turbulent effect are
neglected and the flow is considered laminar. Again the same ideal voltage sources are used to
represent the rest of the grid.

3.8

3.6

Vying [MV/S]
- [rad/s]

w

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
time [s] time [s]

Figure 4.38: Variable wind speed Figure 4.39: Speed of the rotor
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Figure 4.40: Electric active power Figure 4.41: Active power injected
captured at the turbine side into the grid
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Figure 4.42: Voltage of the DC link Figure 4.43: Current i,(t) injected
into the grid

We can observe this time the rotational speed of the rotor changing depending on the wind
speed to extract the maximum power out of it. The DC link voltage is less constant because it is
subjected to more important power flow variation (figure 4.42). Instantaneous grid current i,(t)
is also shown in figure 4.43, we can see that its peak value varies with time depending on the
active power injected into the grid.

Maximum power point tracking is done with a pre-calculated lookup table. This technique
should be taken with caution because as well as it performs in simulation, it relies on the
assumptions of perfectly measuring the wind speed between every instant. Unfortunately, it
is not feasible in practice and a proper MPPT tracking algorithm must be used for the wind
turbine [13]. Research on the optimal algorithm still needs to be carried out and algorithms are
often protected by patent in the wind turbine industry.
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Virtual inertia

For the virtual inertia emulation analysis, we used the frequency data obtained the 14 March
at 20:00 to modify the frequency of the balanced three phase sinusoidal ideal voltages sources
representing the grid. This time, the supplementary control shown in figure 4.31 fed with the
PLL frequency measurement will be used.

By doing some simulations equipped with the supplementary frequency control, one can
notice that the rotor speed drops easily, leading to the crash of the simulation (Appendix). Indeed
we might be tempted to think that the inertia of the wind turbine is important due to the really
long radius of the rotor and its associated important moment of inertia. However, the rotational
speed of the machine, decreasing with its size, leads to really slow rotor speed. This makes the
total kinetic energy (Ekinetic = %Jw?n) of the wind turbine really low compared to a synchronous
machine with a much lower moment of inertia but rotating at the grid frequency (for Np = 1).

The first simulation is made with a constant wind speed of 11.5 m/s. The supplementary
control only acts on the emulation of virtual inertia while the upper part of the control acting as
a primary control is deactivated. Indeed, primary control needs power reserve which is not the
case if the wind turbine is working really close to the MPPT. The gain K of the rate of frequency
change loop is set at 2J. The grid frequency used is purposely chosen to be quite stable and to
contain only little frequency drops.
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Figure 4.48: Voltage of the DC link Figure 4.49: Instantaneous grid cur-

rent i4(t)

We can observe that the power changes depending on the rate of frequency deviation. This
should help the grid to smooth the rate of frequency deviation by injecting more or less power to
reduce the mismatch between the power consumed and produced (see equation 1.8). After time
7s, the turbine power goes slightly over its MPPT and we observe the speed decreasing. The
rotor is actually transferring its kinetic energy to the grid to go a little further than the power
only available by the wind. This effect is shown in the doted rectangle in figure 4.44. Additionally,
we chose to stop the supplementary control when the speed reaches non acceptable value (60%
of the regular speed for instance) and might not be capable to regain its speed. Furthermore,
the gain in power is minor compared to the dangerous drop of rotor speed. Indeed, as explained
above, the total kinetic energy contained in the wind turbine is actually low. Consequently, the
inertia response emulated with the wind turbine is fine when the rate of change of frequency is
rising. However, in case of a frequency drop its contribution is quite low. It would need larger
power reserve to actually really supply an inertia response for a grid frequency decay.
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Working at 75% of the maximum power point

In this simulation we work at 75% of the maximum power point (A = 75 in figure 4.31 ) with the
same ideal frequency changing voltage sources. Also, the gain K is doubled this time to greatly
increase the emulated inertia response of the system.
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Figure 4.52: Rotor speed when Figure 4.53: Rotor speed when
working at 75% of the MPPT working close to the MPPT

We can observe really important power variations (figure 4.50) which should support signifi-
cantly the grid frequency dynamic. Here the rotor speed does not suddenly decreases between
time 7 [s] and time 8 [s] to transfer its mechanical kinetic energy to the grid (figure 4.52 and 4.52).
Indeed, the wind turbine is working with a quite large power reserve which allows the system
to raise its power output when the frequency decreases. Unlike the traditional synchronous
generator, the inertia response is modulable by tuning the parameter of the supplementary
control at the rotor side. Theoretically, the lower we go under the maximum power point, the
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more this system can participate to the grid frequency control. The primary control might be
also used to participate at the first part of frequency restoration when the frequency is lower
than fy after a disturbance.

However, those simulated results must be taken with vigilance. Indeed, running under the
MPPT to keep a power reserve comes with the really questionable hypothesis that wind will be
available when more power is needed. But still, this approach to support the frequency might
work better than nothing if we imagine a grid fed almost exclusively by wind turbines and no
other alternative means to support it. Therefore, a more reliable strategy for the wind turbine
system would be to lean on actually available fast responding power reserve such as battery for
instance to support the inertia response and grid frequency.
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Conclusion

This master thesis goal was to study the grid frequency dynamic with emphasis on the inertia
decreasing aspect due to inverter-connected renewable energy sources.

The results obtained show that stable frequency dynamic can be obtained for instance with
really high renewable penetration but with with a minimum level of sufficiently fast primary
control to support it. However as we are aware that the overall inertia is lowering, grid operator
will have to work at frequency stability closer to the edge and to enforce the fast frequency
control and the requirements to use the grid. This tendency is increasing and therefore new
grid codes are being studied for the interconnected European grid in order too keep the global
frequency at a stable state.

Indeed, all the evidences suggest that we will have no choice but to use more and more
renewable as the fossil fuel resources is exhausting and the climate is dramatically changing, thus
having to strengthen the frequency control with the right technology.

With the detailed model of the modern variable speed wind turbine studied, we can see
that some tricks do exist to play on the frequency control even with power converter connected
energy sources. The results are quite promising for the rapid control of an uprising frequency.
However, when it come to the decaying frequency, the results obtained must be taken with
caution. Indeed, forcing the transfer of the wind turbine kinetic energy to the grid with the
appropriate controllers as a limited impact due to the low rotating speed of the rotor. As
for the approach consisting on running at a lower maximum power point, it comes with the
rather questionable hypothesis that wind will still be available when more power would be needed.

A more reliable strategy to deal with the decaying frequency would be to rely on tangible
power reserve. In fact, some actual wind parks are equipped with batteries to support the grid
frequency. A detailed model of a wind turbine acting on the frequency control with a battery at
the DC link could be done for further research. Additionally, the study of areas interconnected
with HVDC links would have been relevant as the power exchanges can be quickly adjusted and
thus play on the fast frequency control.
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Appendix

Simulink model of the permanent magnet synchronous wind tur-
bine
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Figure A.1: Simulink model of the control of a permanent magnet wind turbine
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Simplified model of turbines with their governor [16]

Block diagram model of a reheat steam turbine

Parameter Value
Time constant main servo motor Ta=02s
Time constant of the steam chest Tog =03 s
Time constant of reheating Trg =17s
Fraction of the High Pressure power | Fgpp = 0.3
1
R
Load T ¥~ 1 AY 1+ sFupTru AP, + . 7o
ref. 1+ sTqg (1+ sTen)(1 + sTru) T 2H Spee + fo D Af
AP,

Figure A.2: Block diagram of a reheat steam turbine

Block diagram model of a non-reheat type steam turbine

Parameter Value
Time constant main servo motor | T =0.2 s
Time constant of the steam chest | Toyg = 0.3 s
1
R
Load + Y- 1 AX 1 A1')111 + f() _ Af
ref. 1+ sTq 1+ sTen 'T— 2 H Spase + fo D -

Figure A.3: Block diagram of a non-reheat type steam turbine

Block diagram model of an hydraulic turbine equipped with a transient droop
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Parameter Value
Time constant main servo motor | Tg = 0.2 s
Water starting time T,=1s
Reset time TR =5s
Temporary droop R =0.38
Permanent droop Rp=10.5
1
R
load Y~ 1 1+ sTg AY [ 1T, APnt fo - Af
ref. 1+ sTg 1+ s(Ry/Rp)Tg) 1+ 5057, 2 H Shase + fo D

>
3

Figure A.4: Block diagram of an hydraulic turbine
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Histogram rate of frequency change
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