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Abstract

Due to the urgency of the energy transition, a lot of changes are made on the grid.
The main goal is to keep stable and reliable energy provisioning while reducing its
carbon footprint. While renewable generators like PV panels are more and more
connected to the grid, the stability of the latter is impacted. In order to improve
that stability, battery energy storage system (BESS) are connected onto the grid.
The objective of this work is to propose a simplified model which has the same
behavior in case of frequency deviations, than a real grid with active components.

First, the BESS and its connection to the grid as well as its control will be
explained. Then, an equivalent model of a distribution grid with active components
(PV panel and BESS) is designed, using the Monte-Carlo methodology on a "grey
box" approach.

The main elements leading to the equivalent model will be analysed and
described. Among others, a partial tripping is added to the equivalent active com-
ponents in order to react to the variance of tolerance to frequency deviation of the
different active components present on the distribution grid. Analysis demonstrates
that the best calculation error in the methodology corresponds to the mean of the
absolute value. It is also shown that the parameters with a small influence on the
power response as well as the ones for which the initial value is fairly accurate can
be discarded from the methodology, in order to decrease the computation time by
approx. 38 %. It’s also noticed that the voltage stays inside acceptable range even
if some powers are exchanged between active components and the grid, so there is
no need to control it. Finally, the suggested equivalent model continues to work
well against more complex distribution grids and associated models as well as with
load’s dependency to frequency.

As a result of this work, we obtain a methodology that can design the equivalent
model to active distribution grids, so that they all have the same reaction to
frequency issues.
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Introduction

Today, the importance of the energy transition has become a fact for everyone.
However, this is a very complex and long objective, and a lot of challenges must
be resolved. One of the most important ones is to keep the energy system stable
and reliable for everyone, while reducing the carbon footprint of the energy system,
by reducing the amount of CO2 emitting generators. The solution requires to use
renewable generators like wind turbines, dams, PV panels, etc.

In Belgium and globally in Europe, the renewable energy that has been devel-
oped the most is the one associated to the PV panels [1], thanks to the decrease
of their price during the last few years. Moreover, PV panels are distributed
all around the grid, since we can have many of them on simple houses and pub-
lic buildings. Therefore, this work will be focused on PV panels as renewable source.

PV panels can perform well, but they depend on external parameters, like the
weather, the time of day, the location, etc. Such dependency makes their energy
production very fluctuating and quite hard to anticipate [2]. This variable energy
may cause some problems of stability on the grid, therefore appropriate measures
need to be taken to guarantee the stability and security of the grid [3].

One way to improve the grid stability is to keep synchronous generators con-
nected to the grid, because they are controllable and can provide inertia, which
is the ability of a generator to modify its operation point in case of variation on
the grid [4] [5]. However, most of those generators are non-renewable, so keeping
them operational is not realistic considering the energy transition. Another way to
improve the stability of the grid is to use battery energy storage systems (BESS)
that will react to disturbances in the grid. An additional advantage of these systems
is that they can charge at times when there is excess power and discharge at times
of power deficit, improving the adequacy of the power grid. The main problem
with batteries is that they are quite expensive and that their capacity is quite small.
In consequence, grid-dedicated batteries are not very profitable and efficient.
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To circumvent those disadvantages, an idea is to use batteries that are already
in use and wouldn’t need to be installed just for the purpose of grid stability. An
example is to use the batteries which lie inside the electric vehicles (EV) [6]. Indeed,
EVs are most of the time connected to their charge station, and so by adding
a controller at this station, we can use the power stored in the batteries of EVs
to respond to deviations that can occur on the grid, like voltage and frequency
deviations. Doing so allows to help the stability of the grid while becoming less
dependent on synchronous generators.

Today, the number of EV is not significant, but this number is going to increase
in the next decade due to the reduction of their price and the upcoming restriction
of the countries on classical vehicles. Currently, in France there are 300 000 electric
vehicles [7]. Assuming that all the EV have a battery capacity of 50 kWh [8], that
means that, should we use all the EV available, and knowing that there is 2935
MV grids in France [9], one would have 5400 kWh of batteries available for one MV
grid. In 2040, the amount of EV in France will grow to 15.6 million [10], which
will give a capacity of 268 MWh of capacity for one MV grid: that becomes very
interesting and meaningful as a resource to stabilise the grid.

With the significant increase of new components connected to the grid, it
becomes more and more complex to model it entirely. Indeed, before the arrival
of active components like PV panel and BESS, the distribution grids were only
composed of elements that were characterized by passive loads [11], so it was easy
to calculate the equivalent load of a LV or a MV grid with electrical laws such as
Kirchhoff. However, with the vast deployment of active components, the behaviour
of the LV grids has changed and consequently, modelling them as a simple load
becomes inappropriate.

In France, for each of the 2935 MV grids spread around the country, there are
316 LV grids associated to them while for each LV grid, there are 38 households,
where possibly PV panels and/or EV vehicles can be connected. In total, there
are 35 million households [12] in France, for 927 753 LV [13] grids spread on the
2935 MV grid. Because of this, the computational load of simulating the entire
grid would be too high without specialized equipment.

One practical way to perform simulations it is to work with simplified models
that fairly represent real-case LV grids but with only one equivalent line, one equiv-
alent passive load and one equivalent active component. That is, the simulated grid
becomes less complex and it’s possible to model it. Such simplified model, designed
with a "grey-box" approach and simulated with the Monte-Carlo methodology [14]
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[15], shall have the same behaviour as the entire LV grid.

The main goal of this work is to design an equivalent model that will have the
same behaviour, in terms of reaction to frequency issues, than a real distribution
grid with active components.

This work is decomposed in different chapters. Chapter 1 explains the state
of the art concerning the actual evolution of grids and of battery energy storage
systems (BESS), as well as how to generally simplify distribution grids. The chapter
2 gives a detailed model of a BESS, which, as mentioned above, may be based on
grid-dedicated batteries or on EV batteries. In chapter 3 the simplified models of
BESS and of PV panel are elaborated. The chapter 4 will explain how to develop
an equivalent model of a complex distribution grid with active components such as
BESS and PV panels. Finally, the chapter 5 will analyse several cases, models and
results based on the equivalent model developed, in order to assess its accuracy
and representativity vis-à-vis frequency deviation issues. Note that all models are
herein computed on Simulink (MATLAB extension) with the Simscape’s library.
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Chapter 1

State of the Art

This chapter will set the actual current situation about the different subjects
addressed in this work. First, the global evolution of the grid and its consequences
will be explained. Then we’ll describe how the Battery Energy Storage System
(BESS) and the PV panel controllers can today be used to help the stability of
the grid. Information about how to develop BESS are then given, before closing
with explanation about state-of-the-art creation of an equivalent grid model from a
detailed model.

1.1 Evolution of the grid and its stability
In order to decrease the global warming, there is an increase of non-synchronous
generation like renewable sources that are connected to the grid, as shown on figure
1.1.
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Figure 1.1: Increase of PV panels and batteries installation [15]

The problem with renewable that are connected with power electronics [16] is
that the power production has a stochastic nature and has difficulties to respond
to the variable energy demand [17]. This causes a reduction of the available inertia
of the grid in response to voltage or frequency deviation, which is a problem for
the grid operator in terms of overall power management and interaction with the
other grids, especially when the power systems are quite small [18]. Even if some
renewables are synchronous generators like hydraulic units, alone they are not
capable of stabilizing the frequency [19]. So, today, classical energy sources still
have a critical role to maintain such stability of the grid. To progressively replace
them, there is a need of integrating dynamic elements, distributed on the network,
in order to keep a relative agility and flexibility of the grid [20]. Furthermore,
the increase of renewable on distribution grids makes them more complex, more
sensitive to the dynamic of the transmission grid which also influence further the
dynamic of this distribution grid [21]. The distributions grids become more active,
as it is shown on figure 1.2.

5



Figure 1.2: Evolution of the grid to a more active behaviour [11]

So, to help the grid in terms of this reduction of grid’s inertia, new technologies
have been developed. The first technology used is the BESS, which fast dynamic
response can counterbalance the decrease of inertia of the grid and help to regulate it
[19]. In BESS, the controller is divided between inertia and primary control in order
to be more efficient [18]. A big advantage of BESS is that, when well controlled,
it can provide or absorb a large amount of energy in a short amount of time [20],
so it can help to manage both under- or over- deviations, thereby enhancing the
efficiency, the reliability and the stability of the grid [22] and counter-measuring any
cascade of failures [23]. A good way to connect a large amount of BESS systems to
the grid is to use the batteries of the Electric Vehicles (EV). Indeed, with a proper
controller, EVs can absorb the excess of grid power in their batteries and use it for
driving or inject it later in the grid [6]. To connect the BESS to the grid, a voltage
source converter (VSC) shall be used and shall be connected with a grid-following
control in order to support the grid, i.e. to limit the frequency’s decrease and
damp the frequency oscillations [16]. Regarding PV panels, they can only help in
case on over-frequency deviation by decreasing the injected power into the grid [2],
but in case of under-frequency deviation they cannot give more power, since the
maximal power in determined by external parameters like weather, moment of the
day, localisation, etc. Even if a PV panel is less flexible than BESS, a frequency
controller still helps to improve the overall frequency reliability and stability of the
grid [24].

1.2 BESS model
Concerning the BESS model, the battery has first to be connected to the grid. As
explained before, a VSC is used for such connection and the control of the battery
will be made through it [25] [26] [27]. After the VSC, in order to have a proper
sinusoidal signal for the voltage and the current, a LCL filter is added between
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the BESS and the grid. This filter damps the different harmonics present on the
output voltage and current of the VSC, so as to have a cleaner signal [28] [29].
For the controller, the first thing to do is to measure the frequency, which is done
by implementing a phase locked loop (PLL) [30]. The parameters inside the PLL
influence the measure of the frequency and its oscillations, in order to have a clean
value for the frequency controller of the BESS [31]. This controller calculates the
power variation of the BESS in function of the frequency deviation and the rate
of change of frequency (ROCOF) [19]. A dead band is added on the frequency
deviation controller in order to regulate the power in case of small variations [32].
When the power deviation is set, there is still to control the switches of the VSC to
be applied to the battery. For that purpose, a PQ control is used, which as output
gives the modulation index of the VSC, converted into switch’s signals with a pulse
width modulation [22]. The global BESS model is shown on figure 1.3.

Figure 1.3: Global BESS scheme [22]

1.3 Equivalent model
With the large increase of elements connected to the grid, especially with active
components like PV panels and BESS, the distribution grids are becoming more
complex and simulating them can lead to computational burden. In order to de-
crease the complexity of modelling while keeping the same behaviour, an equivalent
model of distribution grid has been developed. The ideas and the procedure mainly
come from the works of Gilles CHASPIERRE [14] [15] [21] [33] [34] [35].
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Figure 1.4: Equivalent of a distribution grid [21]

To achieve the objective of decreasing complexity, the loads, the lines and
the actives components must have an equivalent. The methodology used to find
the equivalent parameters of all the parts of the equivalent model is through
Monte-Carlo simulations. The different parameters are adjusted in order to match
the behaviour of the detailed model as closely as possible. This method is called
"grey box", since the parameters and their physical relations are known but not
their values, that shall be found through simulations. The advantage of using a
"grey box" approach is that it combines the advantage of the "white box" and the
"black box" [33] [34]. In the "white box" all the physical relations and the detailed
components are known, but the calculations to find the appropriate values are too
complex, while in the "black box" neither the structure nor the parameter’s value
has to be known, but it requires large data sets to find an accurate model. To
have a quite robust equivalent, large disturbance simulations are used to tune the
equivalent. First, the equivalent is initialised with standard values, then for one
disturbance, the model is trained, which means that all the parameter values are
chosen to have the most accurate equivalent model. Then, to be sure that the
model is working, it is tested with other disturbances. If the equivalent model is
not accurate enough, another frequency deviation can be added to the training
until the test gives appropriate results. Gilles CHASPIERRE calls it a recursive
procedure. In this work, his methodology has been adapted to frequency deviations.

To minimize the number of the studied parameters during the equivalent’s
training, their influence on the model is analysed, and the parameters which have a
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negligible impact are discarded. Furthermore, a partial tripping must be added to
the equivalent active components in order to correctly model the various tolerances
to disturbance of the active components.

1.4 Conclusion
So, current’s state-of-the-art shows that BESS model has been developed, as well as
equivalent model of detailed distribution grids in order to analyse voltage deviations.
The work of this master thesis will be first to understand how a BESS model is
made, and how they are controlled in case of frequency deviation, in order to make
a simpler model of it. Then an equivalent model of a distribution grid with active
components will be developed and analysed in case of frequency deviations.
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Chapter 2

Detailed model of BESS

The Battery Energy Storage System (BESS) model is separated in 2 main parts,
i.e. the physical part which encompasses the different components used in reality
to construct a BESS, and the controller part that uses the different data coming
from the components to control the input of those components in order to bring or
to absorb power to/from the grid when there is a frequency variation on it. The
system comes from the different sources: [22], [25], [30] and [31].

Figure 2.1 shows the overall BESS system, where the battery is represented
by the DC source, complemented by the VSC, the LCL filter and the 3 phase
transformers. The resistance Rgrid, the inductance Lgrid and the programmable 3
phase sources represent the grid.
Those components are linked to the controller that gives the pulses for the VSC to
control the power exchanged between the battery and the grid.

Figure 2.1: Overall BESS system
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2.1 BESS components

2.1.1 Battery
The first part is the supply battery that can bring or absorb power from/to the grid.
It is represented with a simple DC voltage source, as the battery is considered ideal.
The State of Charge (SoC) is calculated in the controller and will be explained
in section 2.2.3. The voltage of the source is set to the maximum voltage of the
considered AC voltage. As the low voltage grid in Belgium is equal to 400 V, the
voltage of the battery will be:

VBESS =
√

2 · VLV,grid = 567.7V (2.1)

Which is an acceptable range for a standard battery. To stay also in an acceptable
range in term of power, the nominal power of the battery Pnom,BESS is set to 5000
W [25] [31].
Those values can be modified depending on the kind of battery we wish to represent.

2.1.2 Voltage Source Converter (VSC)
To convert DC voltage to AC voltage, a 2-level voltage source converter is used, as
represented in figure 2.2. The used block is coming from the Simscape library [36].

(a) VSC block

(b) VSC circuit

Figure 2.2: 2-level Voltage Source Converter

The switches are controlled to be opened or closed over time in order to create
step voltages of varying width that can produce a sine wave after filtering. It is
called the Pulse Width Modulation (PWM) and is represented in figure 2.3.
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Figure 2.3: Pulse Width Modulation [37]

The obtained voltage is calculated with the equation 2.2 ([38]) and is shown on
figure 2.4. vavb

vc

 = VBESS
3 ·

 2 −1 −1
−1 2 −1
−1 −1 2

 ·
fafb
fc

 (2.2)

Figure 2.4: AC voltage at the output of the VSC

Since the VSC is quite simple, there are many harmonics distortions in the AC
voltage, as seen on figure 2.4. We shall add a filter to decrease those oscillations.
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2.1.3 LCL filter
The idea is to filter the output AC voltage of the VSC by using RLC components.
The concept of the LCL filter comes from [28] and [29].

Figure 2.5: LCL filter

The LCL filter is a good comprising tool to handle filter effect on the voltage
and on the current. Indeed, the filters equations are:

vout
vin

(s) = sRC + 1
s2L1C + sRC + 1

iout
iin

(s) = sRC + 1
s2L2C + sRC + 1

(2.3)

The values of the different components are generally chosen to have:

• a low cut-off frequency

• a good phase margin

• a acceptable overshoot

At the end, the following different values for the components of the filter are:

L1 L2 C R
100 [mH] 100 [mH] 50 [µF] 20 [Ω]

Table 2.1: Components’ value of the LCL filter

The corresponding Bode diagram is presented on figure 2.6.
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Figure 2.6: Bode diagram of LCL filter

As expected, the filter respects the required specifications. Indeed, by measuring
the voltage at the output of the filter (figure 2.7), there is a great improvement of
the sinusoidal aspect, when compared with figure 2.4.

Figure 2.7: AC voltage at the output of the LCL filter

2.1.4 Three-Phase Transformer
To connect the BESS to the grid, the output voltage has to be adapted with the
grid voltage. For that, a 3-phase transformer is used [39], as shown on figure 2.8.
The low voltage part is set to the LV voltage of the grid in Belgium, while the high
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voltage part will be set to the MV voltage of the grid. The nominal power is set to
be the same as the nominal power of the battery Pnom,BESS. So we do have:

VLV,grid VMV,grid Pnom,AC−AC
400 [V] 20 [kV] 5000 [W]

Table 2.2: Components’ value of the 3-phase transformer

Figure 2.8: 3-phase Transformer

2.2 BESS Controller
As shown on figure 2.9, the controller is composed of multiple segments. First the
Phase-Locked Loop (PLL), which measures the frequency. Then the frequency
controller which gives the power setpoint of the battery, i.e. the power that the
battery has to give or take to/from the grid. Then there is the battery limits, that
verify if there is enough energy in the battery to give that amount of power. Finally
stands the active and reactive power control that gives the modulation index, to
be used in the PWM generator to have the different pulses that will be imposed
into the VSC.

To improve the simulation time, the model is made in discrete timing, so discrete
calculation’s blocks are used in the controller. Note however that it has the same
behaviour as a simple continuous time transfer function, that we will use for the
analysis.
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Figure 2.9: Controller of BESS

2.2.1 Phase-Locked Loop (PLL)
The PLL has 2 mains goals [40]. Its calculates both the frequency of the system as
well as the phase angle φout (= ωt) which is useful to convert the voltage or the
current from the abc reference frame to the synchronous reference frame dq0.

Figure 2.10: PLL block of the controller

The first block inside the PLL transforms the voltage into the synchronous
reference frame with a Park’s transformation [41]:vdvq

v0

 = 2
3 ·

sin (ωt) sin (ωt− 2π
3 ) sin (ωt+ 2π

3 )
cos (ωt) cos (ωt− 2π

3 ) cos (ωt+ 2π
3 )

1
2

1
2

1
2

 ·
vavb
vc

 (2.4)

With this transformation, the voltage does not vary over time anymore, which is
much easier for the calculations.
The phase deviation between the direct and the quadrature component is calculated
as:

∆φ = arctan(vq
vd

) (2.5)
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Then a PI controller is used to adjust the measurement of the deviation of the
angular velocity ∆ω as a function of the phase deviation ∆φ. The PI equation is:

HPLL(s) = kps+ ki
kps

(2.6)

The 2 parameters in that equation have a big influence on the resulting ∆ω and
thus on the frequency:

• ki : the frequency of the frequency-oscillations is proportional to it, but if ki
is too small the oscillations do not decrease.

• kp : the amplitude of the frequency-oscillations will decrease faster when kp
is higher but the maximum amplitude will be higher at the beginning.

For both parameters, we have to do a trade-off between the different effects.
Acceptable values are:

ki kp
900 [s−1] 90 [s−1]

Table 2.3: Components’ value of the PI controller of the PLL

The parameters’ value can be modified in order to change the BESS characteristics.

Then the nominal angular velocity ω0 is introduced into the PLL block to have
the actual angular velocity ω. In one branch, the latter gets integrated to find
the phase angle φout used in the Park’s transformation. In the other branch ω is
divided by 2π to find the frequency, that is filtered with a Butterworth low pass
filter to cancel harmonics that might appear in the voltage measurement or in the
Park’s transformation. The cut-off frequency ωc has to be low enough to reduce
the effects of harmonics but cannot be too low since the PLL would then be useless
to detect disturbance. The equation of the filter is:

FPLL(s) = ω2
c

s2 +
√

2ωcs+ ω2
c

(2.7)

A good value for the cut-off frequency can be :

ωc
20π [rad/s]

Table 2.4: Components’ value of the Butterworth filter of the PLL

As a result, we get the output frequency fout.
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2.2.2 Frequency controller
Depending on the output frequency of the PLL, the frequency controller provides
the amount of power that the battery will have to exchange with the grid [25] [30]
[31].

Figure 2.11: frequency controller block of the controller

The first thing is to protect the battery from too large frequency deviation from
the grid. The difference between the output frequency fout and the nominal fre-
quency f0 provides the frequency deviation ∆f . The protection logic is represented
as follows:

P ∗ =
{
P ∗ if |∆f | < ∆fmax,BESS (connected)
0 else (disconnected) (2.8)

So, the battery is disconnected when the frequency deviation is too large.
Then, based on the latter, we separate in 2 branches.
In the upper branch the frequency deviation is derived in order to find the Rate of
Change of Frequency (RoCoF), which is multiplied by the derivative factor kdf , in
order to react properly to a fast frequency deviation, i.e. a high RoCoF.
In the lower branch we add a dead zone block that puts the frequency deviation
∆f in this branch to 0 if:

|∆f | < ∆fmin,BESS = fs,BESS (2.9)

Note that this is how Frequency Containment Reserve (FCR) is regulated in real
life [42].
The proportional factor kpf influences the power setpoint as a function of ∆f .
Both parameters kdf and kpf have a big influence on the power setpoint P ∗ and
therefore on the frequency regulation. As we can assume that a frequency deviation
of 1 Hz is very big, for such ∆f , all the power the battery can exchange with the
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grid shall be required, i.e. the nominal power of the battery shall be exchanged
through the proportional factor. By increasing kpf , the big frequency variations
are decreased, but it can lead to oscillations at the equilibrium because the too big
values of kpf prevent a good stabilization of the frequency.
Concerning the derivative factor, we know that a frequency deviation can be almost
instantaneous, so the derivative can be high. If kdf is too high, it will lead to
oscillations on P ∗ that can cause instability. On the other, if too low, the derivative
part would not have enough influence on P ∗ and oscillations on the frequency
would be less damped.

As illustrated in Figure 2.11, we then sum the rate of power resulting from the
proportional and the derivative parts, and add a first order filter that represents
the intrinsic delay response of the battery. If the delay TB is too big, it will cause
instability problem because the power takes too much time to be injected/absorbed
to/from the grid. If it is too low, the following P and Q control will not have the
time to operate because the power setpoint given by the frequency controller would
change before the PQ controller has the time to give the information needed by
the VSC.

At the end of the Frequency Controller diagram, and before giving the power
setpoint to the P and Q control, a saturation block is added in order to keep P ∗ be-
tween ±Pnom,BESS. Indeed, the power setpoint cannot exceed the nominal power of
the battery, since the battery will not have the capacity to exchange it with the grid.

Standard values for the different parameters of the frequency controller have
herein been selected to be as follows:

∆fmin,BESS fs,BESS kdf kpf TB Pnom,BESS
0.5 [Hz] 0.05 [Hz] 100 [sW/Hz] 5000 [W/Hz] 0.1 [s] 5000 [W]

Table 2.5: Components’ value of the frequency controller

Those are only standard assumptions, and the factors can of course be changed
depending on the BESS we want to characterize.
At the end of Figure 2.11, we end up with the power setpoint P ∗ we wish to
exchange with the grid.

2.2.3 Battery limits
The Battery Limits block calculates the stage of charge (SoC) of the battery, by
taking into account the efficiency of the battery and its initial energy capacity,
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then the block verifies that the power requested by the Frequency Controller is
possible to be exchanged, i.e. whether there is not too much or too less energy in
the battery. The concept comes from the battery block in [43].

Figure 2.12: Battery Limits block of the controller

The first block in figure 2.12 verifies that it’s possible to exchange the required
power. The following logic is applied:

In case of injected power of the
battery to the grid (discharge)

P ∗ =
{

0 if P ∗ > 0 and SoC < pmin,BESS
P ∗ else

(2.10)

In case of absorbed power of the
battery from the grid (charge)

P ∗ =
{

0 if P ∗ < 0 and SoC > pmax,BESS
P ∗ else

(2.11)

Where pmin,BESS and pmax,BESS are the lower and upper limits of charge of the
battery, respectively.

The second block in Figure 2.12 calculates the State of Charge:

SoC = 1
Enom,BESS

·
(
SoC0 · Enom,BESS −

∫ t

0
PBESS dt

)
[%] (2.12)

Where Enom,BESS is the nominal energy capacity of the battery, SoC0 is the initial
state of charge, and PBESS the power of the battery exchanged with the grid,
calculated like:

PBESS =
{

P ∗

ηBESS
if P ∗ > 0 (discharge)

P ∗ · ηBESS if P ∗ < 0 (charge) (2.13)

Standard values for the different parameters of the battery limits can be:
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pmin,BESS pmax,BESS Enom,BESS SoC0 ηBESS
10 [%] 90 [%] 50 [kWh] 50 [%] 96 [%]

Table 2.6: Components’ value of the battery limits

Those are only typical values, and they can, as for the other parameters, vary as a
function of the BESS we want to characterize.
Note that after some simulations, typical frequency deviation does not require a
large amount of power, so the energy capacity of the battery, EBESS is always in
an acceptable range. This block is therefore not mandatory in the design of the
controller.

2.2.4 P and Q control
The goal of the P and Q control is to control the modulation index mabc in function
of the desired active (and reactive) power. The ideas come from the articles [19]
and [23]. The block diagram is shown in Figure 2.13.

Since we only analyse frequency deviation in this work, and so only exchange
of active power between the battery and the grid, the reactive power setpoint Q∗ is
always set to 0.

Figure 2.13: P and Q control block of the controller

The first step is to calculate the current setpoint i∗ depending on the P ∗:

i∗d = 2P ∗
3vd

i∗q = −2Q∗
3vq

(2.14)
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Then we impose that i∗ shall be below the nominal current of the battery, with
inom,BESS = Pnom,BESS

VBESS
.

The internal voltage vc is then determined. For simplicity, even if the output of
the VSC block of this work (LCL filter) is different from the output of the VSC
block in article [19] (RL line), the same Kirchhoff’s Voltage Law as in the article
is used and so the same equations to calculate vc. The PI controller’s parameter
applied to (i∗d − id) has the equation :

HPQ(s) = kps+ ki
kps

(2.15)

Both kp and ki have an influence on the applied power:

• kp: influences the amplitude of the oscillations of the applied power. If it
is too high, there is a lot of oscillations, which can cause instability. But it
must be higher than 0 to still have a proportional term. The influence of kp
is quite small compared to ki.

• ki: influences the proportion of power given/taken by the battery to/from
the grid during the stabilisation time. If ki is too small, the stabilisation time
is too big. On the other hand, if kp is too small, the maximum amplitude of
the exchanged power is too big; a trade-off has to be found between the 2.

Following on the block diagram, the modulation terms are finally calculated by
dividing the internal voltages by the battery voltage:

md = vc,d
VBESS

mq = vc,q
VBESS

(2.16)

Then the parameters that are in the synchronous reference frame dq0 (m0 is set to
0 because it has no influence on the power) are transformed to the reference frame
abc with the block [41]. The equation is:ma

mb

mc

 =

 cos (ωt) − sin (ωt) 1
cos (ωt− 2π

3 ) − sin (ωt− 2π
3 ) 1

cos (ωt+ 2π
3 ) − sin (ωt+ 2π

3 ) 1

 ·
md

mq

m0

 (2.17)

where ω is the radial frequency.
Standard values for the different parameters of the P and Q controller can be:
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kp ki
50 [V/A] 1000 [Vs−1/A]

Table 2.7: Components’ value of the P and Q controller

Those values are generally acceptable, but they can be adapted depending on the
BESS to be characterized.
The output of the P and Q control is the modulation index mabc.

2.2.5 PWM generator
The PWM generator block [44] transforms the modulation index mabc into pulses
that will control the switches of the VSC. In order to have a good accuracy between
mabc and the output AC voltage of the VSC, the switching frequency fswitch of the
PWM generator much higher than the frequency of the voltage. However, a too
high fswitch will lead to big simulation time. A good compromise is:

fswitch = 27 · f0 (default value of the block) (2.18)

All in all, we finally obtain the pulses used to control the VSC as a function of the
frequency deviation, as per Figure 2.9.

2.3 Conclusion
In this chapter, all the details of the model have been described, corresponding to
the real model implemented when we want to connect a battery to the grid. Into
the controller, only the frequency deviation is analysed but other features, such
as voltage regulation, could also be modelled. In the physical part there is the
battery, then a voltage source converter, a LCL filter and a 3-phase transformer in
order to connect the battery to the grid. The controlled block is the VSC and it is
controlled by the pulses applied to it. The controller part calculates first the output
frequency with the phase-lock loop block, then the power setpoint is calculated in
the frequency controller block, while the modulation index is obtained with the P
and Q control block. All in all, we finally get the pulses with the PWM generator
block.
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Chapter 3

Simplified model

The purpose of simplified models is to represent the same behaviour as the detailed
components model, but by using other tools in order to decrease the simulation
time. The simplified model will be less close to reality but should still have the
same characteristics as the detailed model for the timescale we are considering for
simulations (seconds). In addition of the simplified models of the BESS, the ones
of the Photovoltaic (PV) generator will also be modelled and analysed.

3.1 BESS

3.1.1 Model
The main difference between the detailed and the simplified models of the BESS is
that a DC source with a VSC and a LCL filter is not used anymore, but we use
a 3-phase dynamic load [45] used as a simple battery inverter. The idea comes
from the model [43]. As for the detailed model, the grid is represented with the
programmable 3-phase source.
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Figure 3.1: Simplified model of BESS

The battery inverter has the following characteristics, as a function of the
battery to be modelled:

• A nominal AC voltage which is equal to the AC voltage on the low voltage
side of the grid in the detailed model 2.2.

• A nominal frequency, the same as the grid one.

• A nominal power which is the same as the nominal power of the battery in
the detailed model 2.1.1.

• An external P and Q control. Note that Q∗ is again always set to 0 because
we only consider frequency deviation; to simulate the battery injecting power
instead of consuming power, the opposite of the power P ∗ is asked to the
block.

Hence, to have the same behaviour as the detailed model, the following various
values are used:

VLV,grid f0 Pnom,BESS
400 [V] 50 [Hz] 5000 [W]

Table 3.1: Components’ value of the simple battery inverter for BESS

The BESS controller is similar to the detailed model 2.2, except that the 2 last
blocks, the P and Q control block and the PWM generator block are removed
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because there are not needed anymore. So, there is only the PLL block which
calculates the frequency, together with the frequency controller block that sets
the power setpoint, as well as the battery limits block that verifies if the required
power is possible to be exchanged with the grid.

Figure 3.2: Simplified controller of BESS

3.1.2 Analysis
To analyse the accuracy of the simplified model, a frequency disturbance is simulated
on the grid size with the 3-phase programmable voltage source, then we look at
the measured frequency fout after the PLL block and at the power setpoint P ∗.
All the parameters are set to the same value. For simplicity of simulation and to
be like in the simplified model, the 3-phase transformer, the resistance Rgrid and
the inductance Lgrid are removed from the detailed model. On the figure 3.3, the
upper graph shows the frequency measure from the detailed and simplified model
of the BESS and the lower graph shows the error between the 2 measures.

Figure 3.3: Accuracy of the frequency measurement between the detailed and the
simplified models of a BESS.
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The figure 3.4 shows on the upper graph the power response to the frequency
deviation of the detailed and simplified BESS model, and the lower graph shows
the error between the 2 measures.

Figure 3.4: Accuracy of the power setpoint between the detailed and the simplified
model of a BESS

By looking at the figures 3.3 and 3.4, we can say that the model is accurate,
since the error for the frequency measure and for the power response is 0.

3.2 PV generator

3.2.1 Model
The model of a PV generator is based on the same principle of the model of the
BESS, but the controller changes. Naturally, the PV panel cannot give more power
to the grid in case of an under-frequency event, but it can decrease its produced
power in case of an over-frequency event. As for the BESS, the block that models
the PV panel itself is a 3-phase dynamic load [45]. The following concept and
model came from different papers: [2], [21] and [24].

The input power Pext represents the power that the PV panel can produce as
a function of the sun power. As we perform a frequency analysis, we are focused
on small periods of time, so it can be assumed that Pext stays constant during the
simulation.
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Figure 3.5: PV model

The parameters of the PV model depend on the wanted type of installation, but
in this work, private decentralized installations on the roof of houses are considered.
So, the power will be mainly on the same order of magnitude. Standard values can
be:

VLV,grid f0 Pnom,PV Pext
400 [V] 50 [Hz] 13 000 [W] 10 000 [W]

Table 3.2: Components’ value of the simple PV generator

3.2.2 Over-frequency controller
As for the BESS, first the frequency has to be measured: the same PLL as for the
BESS (2.2.1) is used. The over-frequency block decreases the power that the PV
panel will inject to the grid as a function of the frequency deviation.

Figure 3.6: Controller of the PV
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As for the BESS, there is a protection of the PV, such that, if the frequency
deviation is too high, the PV is disconnected from the grid. As illustrated in Figure
3.7, the frequency deviation ∆f is calculated:

P ∗ =
{
P ∗ if |∆f | < ∆fmax,PV (connected)
0 else (disconnected) (3.1)

Then, a dead zone block is added in order to not take it into account the deviation
if it is too low. So, ∆f is equal to 0 if:

|∆f | < ∆fmin,PV = fs,PV (3.2)

As a function of the deviation, the amount of power ∆Pf to remove from the power
production of the PV panel is chosen. For that, the power factor pF which acts as
a fraction of the nominal power of the PV Pnom,PV is used, then ∆Pf is removed
from Pext.

∆Pf = pF ·∆f · Pnom,PV (3.3)

Then the saturation block limits the value of ∆Pf between 0 and Pext. Indeed ∆Pf
cannot be negative, because it would mean that more power is asked from the PV
panel, which is not possible. Also ∆Pf cannot be higher than Pext because it would
mean that the PV would behave like a load, which is also not possible.
At the end me remove the power deviation from the input power to find the
appropriate power setpoint P ∗.

P ∗ = Pext −∆Pf (3.4)

Standard values for the different parameters of the over-frequency controller can
be:

∆fmax,PV fs,PV pF
0.9 [Hz] 0.2 [Hz] 40 [%]

Table 3.3: Components’ value of the frequency controller
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Figure 3.7: Over-frequency controller of the PV

3.3 Conclusion
The simplified model of a BESS and of a PV generator have been established.
We’ve seen that for the accuracy of the BESS behaviour between the detailed and
the simplified models is very good. Those models will be useful to simulate active
components on a distribution grid as they will allow it to be more active. This is
what will be analysed in the next sections.
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Chapter 4

Research of an equivalent model

This chapter explains the methodology to design an equivalent model of a distribu-
tion grid. For this work, we will consider a CIGRE distribution grid but only as an
example. The methodology is not designed for one particular grid but for all kinds
of distribution grid.

4.1 Detailed model

4.1.1 Studied benchmark
As reference for modelling a complex detailed grid, the CIGRE TF C6.04.02 network
[46] that simulates a low voltage European microgrid network will be used. The
grid has 2 voltage levels. The first one is the MV side which is at 20 kV, while
the second one is in the LV side at 400 V and composes the majority of the grid.
The connection between the 2 voltage levels is done with a 3-phase transformer
with a nominal power up to 1 MVA and a delta-star connection. The main lines
are overhead lines, but the grid also has underground lines and service connection
between the main grid and the different loads. Concerning the loads, there are
2 single residential consumers, 2 types of apartment buildings and 1 group of 4
residences for a total power of 116.4 kVA. More information about the network and
the loads’ and lines’ values are given in [46].

As it stands, the CIGRE TF C6.04.02 benchmark has only passive components
(loads); hence, to make the distribution grid active, PV panels and batteries are
added into some lines.
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Figure 4.1: CIGRE TF C6.04.02 with active components

Then the whole grid is modelled on Simulink and shown on figure 4.2. A bigger
representation of the detailed model is shown on appendix A 6.1. For that, some
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simplifications have nevertheless been made. First, the MV transmission grid is
modelled with a variable 3-phase source at 20 kV as in [46]. It is on that block that
a frequency deviation will be applied to look at the behaviour of LV distribution
grid. Second, all the loads are active components which means that they have no
reactive part. Furthermore, the loads in Simulink are implemented as constant
impedance, where the power is equal to the set power if the voltage is equal to the
nominal voltage [47]. Third, the different kinds of lines in the network are modelled
with simple 3-phase RL lines where only the phase resistance and inductance are
considered. Fourth, the loads are implemented as balanced which is not the case in
the paper of the benchmark [46]. Fifth, the earthing is not implemented.

As a result of the above assumptions, a simpler LV grid is obtained but still rep-
resenting the reality in case of frequency deviation. Indeed, the reactive components
are more influenced by voltage deviations than by frequency ones. Furthermore,
in European grid, we can assume the grid to be balanced, even if the residential
consumers are considered as 1-phase loads.

Figure 4.2: CIGRE TF C6.04.02 with active components on Simulink

4.1.2 Active components
For this analysis, 3 different active components will be placed on the grid. First, at
the node of the apartment building 2, a PV panel is placed (model c). Then at
the node of the group of 4 residences, a BESS is implemented (model b). Finally,
on the nodes with the apartment building 1 on figure 4.2, to model the PV panel
and the BESS at the same place, only one block of 3-phase dynamic load [45] is
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used and add the power setpoint given by the BESS controller 3.2 and by the PV
controller 3.6 (model a).

Figure 4.3: Controller of PV and BESS

The values of all parameters of those active components can be randomized
inside a certain range. This range is defined around typical values coming from
different sources [2] [18] [19] [24] [25] [31] [48]. However, to be sure that comparisons
can be made when analyses are being done, the parameters will be chosen inside
their range and stay constant between the different analyses. All the parameters’
values of all active components in the detailed models and their usual respective
range are given in the table 4.1.

block parameter range model a model b model c unit
kp [60,120] 90 110 100 [1/s]

PLL ki [600,1200] 800 700 800 [1/s]
wc [10 π,20 π] 14π 10 π 17 π [rad/s]

Pnom,BESS [3000,8000] 5000 8000 / [W]
kpf [1000,8000] 3000 6000 / [W/Hz]

BESS kdf [100,1000] 700 400 / [sW/Hz]
TB [0.05,0.15] 0.09 0.1 / [s]

fs,BESS [0.01,0.1] 0.04 0.08 / [Hz]
∆fmax,BESS [0.1,1] 0.7 0.5 / [Hz]
Pnom,PV [3000,8000] 7000 / 4000 [W]
pF [30,60] 50 / 40 [%]

PV fs,PV [0.05,0.25] 0.12 / 0.17 [Hz]
∆fmax,PV [0.1,1] 0.7 / 0.3 [Hz]
Pext [2000,8000] 4000 / 5000 [W]

Table 4.1: Parameters’ value of the the different active components in the detailed
model
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4.2 Aggregate model
The aggregate model is much simpler than the detailed one. Indeed, the purpose
of an equivalent model is to have similar behaviour as a complex detailed model
but with much less complexity. For the aggregated model there will be only one
equivalent line, one equivalent load and one active component that assemble BESS
and PV behaviour, as shown in Figure 4.3 and explained just in the previous section
for the apartment building 1. However the frequency controllers of BESS and PV
will be different, this part is explained in the subsection 4.2.2. The aggregated
model is shown on figure 4.4. Note that this design of aggregated model works for
all kinds of distribution grids.

Figure 4.4: Aggregated model on Simulink

The 3-phase source, the internal resistance and the transformer are the same as
in the detailed model. The calculation of the equivalent line’s and load’s value are
explained in the following subsection 4.2.1.

4.2.1 Equivalent line and load
For the equivalent line’s and load’s values, we can focus on the detailed and the
aggregated grid without considering any active components, since the study of the
equivalent of such active components will be made in the next session. The idea of
the equivalent load and line are coming from [21] but the methodology herein is
different.

First let’s calculate the equivalent load. By looking at all the loads on the
detailed model, it can be assumed that they all have the same voltage at their
terminals since the voltage is almost constant on the grid if the small voltage
influence of the lines is neglected. So, we can calculate the equivalent load by
putting all the loads in parallel. Note that the impedance for each load is obtained
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with:
Zload,i = V 2

LV

Sload,i
(4.1)

With this distribution grid, the equivalent load impedance and load power are
calculated with:

Zequ,load = Zsrc//Zap1//Zgo4r//Zsrc//Zab2 = 1.3514Ω

Pequ,load = V 2
LV

Zequ,load
= 118.4kW

(4.2)

Where src means single residential consumer, ap1 and ap2 apartment building
1 and 2, and go4r group of 4 residences. The values of the different powers are
coming from [46] where the nominal values are taken (S0).

Next the equivalent line impedance can be calculated by using the following
relation:

Zequ,line = Zequ,tot − Zequ,load (4.3)
Where Zequ,tot is the total equivalent impedance of the grid. This equation allows
to separate between the loads and the resulting line of system simplification while
being sure that total equivalence impedance is linked to the transformer. The total
equivalent impedance is obtained with the following relations, starting from the
end of the grid for this distribution grid:

Zequ,3 = (Zap2 + Zl,4 + Zl,n,5)//(Zl,1 + Zsrc)
Zequ,2 = (Zequ,3 + Zl,n,4)//(Zl,3 + Zgo4r)
Zequ,1 = (Zequ,2 + Zl,n,3)//(Zl,2 + Zap1)
Zequ,tot = (Zequ,1 + Zl,n,2)//(Zl,1 + Zsrc) + Zl,n,1 = 1.38465 + 0.00844iΩ

(4.4)

Where Zl,i are specified kind of lines and Zl,n,i are the same overhead lines with
different lengths. More information are given in [46].

Then the equivalent line impedance can be obtained and so the following line
resistance and inductance:

Zequ,line = Zequ,tot − Zequ,load = 0.03330 + 0.00844iΩ
Requ,line = R(Zequ,line) = 0.03330Ω

Lequ,line = I(Zequ,line)
2πf0

= 0.00844
100π = 26.865µH

(4.5)

In function of the distribution grid studied, the equations to obtain Zequ,line and
Zequ,load will be different but the methodology to find them works for other grids.
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Now that the equivalent load and line are found, we can focus on the active
components.

4.2.2 Partial tripping of frequency controllers for equivalent
BESS and PV

As seen on table 4.1 of active components, the latter have a different tolerance to
frequency deviation. Indeed, some are disconnected if the frequency deviation is
over 0.3 Hz while certain can resist to up to 0.7 Hz of frequency deviation.

For the equivalent model, we could set a parameter that would be a global
disconnection parameter but that would mean that if the frequency deviation is
higher that the equivalent maximum frequency deviation ∆fmax,equ, the equivalent
would not provide any power even if some components are still connected in the
detailed model. That would lead to several errors.

To tackle this problem, a partial tripping of the components is modelled inside
the frequency controller of the equivalent BESS and the equivalent PV. That means
that, when the frequency deviation is between the minimum ∆fmax,min and the
maximum ∆fmax,max tolerance of the components of the detailed model, it will be
taken into account in the equivalent model by taking a fraction of the initial power
setpoint given by the controller. Note that for this process, the BESS and the PV
are independent and that the tolerance to frequency deviation is the same in case
of over- or under-frequency.

The partial tripping model can be explained with the following equations:

P ∗ =


P ∗0 if |∆f | < |∆fmax,min|
Ff · P ∗0 = |∆fmax,max|−|∆f |

|∆fmax,max|−|∆fmax,min| · P
∗
0 if |∆fmax,min| < |∆f | < |∆fmax,max|

0 if |∆f | > |∆fmax,max|
(4.6)

The equations are graphically shown on figure 4.5.
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Figure 4.5: Partial tripping of the frequency controller

The figures 4.6 and 4.7 show the Simulink implementation of the new frequency
controller of BESS and PV.

Figure 4.6: Frequency controller of BESS with partial tripping

38



Figure 4.7: Frequency controller of PV with partial tripping

4.3 Methodology of the research for the equiva-
lent of active components

4.3.1 Global methodology
The methodology used to find the best values for all parameters of the equivalent
active components is based on a Monte-Carlo simulation [21]. The methodology is
divided in multiple steps.

The first step is to initialise the equivalent model. For that, the range of all
parameter’s value must be set as well as their initial value.

Then the second step is to choose the different frequency deviations that will
be used.

The next step 3 is called the training step. It stands when one deviation is
chosen and then, one parameter at a time, we calculate the error between the
detailed and the aggregated models obtained for each parameter’s value inside the
corresponding range. Then the parameter’s value for which the error is minimum
is selected. During this research of the best value of one parameter, the other ones
keep a constant value. If they have already been studied, they have their best
value, otherwise they have their initial value. At the end of the training step, one
ends up with all the parameter’s values which give the best equivalent model.

The last step is to test the equivalent model. For that, all the frequency
deviations chosen in step 2 are applied on the obtained model as well on the
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detailed model, and the error obtained as a function of the different deviations is
calculated. If small errors are obtained for all the other frequency deviations, the
equivalent model is deemed good. On the contrary if the errors are too big, that
means that the model does not work correctly. To improve such situation, one can
go back to the training step (step 3) but with adding 1 deviation at the time to
choose the best parameter’s value. The methodology continues until one reaches an
acceptable working model if possible. If not, the Monte-Carlo methodology fails.

4.3.2 Step 1 : Initialisation of the equivalent
For the initialisation of the equivalent model, the range of all the different parame-
ters must be set. For some parameters like the nominal power or the proportional
factor, the range is equal to a value from the minimum of the range’s value of the
detailed model to the maximum of such range, multiplied by the number of compo-
nents present on the detailed grid. Indeed, the equivalent model have to give the
sum of the power given by all the components of the grid. For those parameters the
initial value will be the sum of all the values of the components of the detailed model.

On the other hand, some parameters like the delay, the range of the equivalent
model is the same as the range of the detailed model, since there is no sense to
increase those kinds of parameters. For those parameters, the initial value is the
mean of the values from the detailed model.
The different range and initial values of all parameters are given in the table 4.2.

block parameter range initial value unit
kp [60,120] 100 [1/s]

PLL ki [600,1200] 767 [1/s]
wc [10 π,20 π] 13.7π [rad/s]

Pnom,BESS [3000,16000] 13000 [W]
kpf [1000,16000] 9000 [W/Hz]

BESS kdf [100,2000] 1100 [sW/Hz]
TB [0.05,0.15] 0.095 [s]

fs,BESS [0.01,0.1] 0.06 [Hz]
Pnom,PV [3000,16000] 11000 [W]

PV pf [30,100] 50 [%]
fs,PV [0.05,0.25] 0.145 [Hz]
Pext [2000,16000] 9000 [W]

Table 4.2: Parameters’ range and initial value in the equivalent model

Note that in the table 4.2, the maximum frequency deviation ∆fmax is not there
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because it is already taken into account on the partial tripping.

4.3.3 Step 2 : Choice of the different frequency deviation
In order to train and to test the equivalent model, we must choose some frequency
deviations. One or more will be use for the training step and the other for the test
step.

On a grid, the frequency must be as constant as possible, and a small deviation
can lead to several problems. Usually, a frequency deviation of 1 Hz is already
huge, and a lot of components disconnect themselves to avoid damage. So, for the
choice of the different deviations the 10 deviations present in the table 4.3 will be
used.

deviation 1 2 3 4 5 6 7 8 9 10
∆f [Hz] 0.2 0.4 0.6 0.8 1 -0.2 -0.4 -0.6 -0.8 -1

Table 4.3: All frequency deviations for training and test

Note that positive ∆f means an over-frequency deviation, while a negative one
means an under-frequency deviation.

4.3.4 Step 3 : Training test of the equivalent
When the equivalent model has been initialised as well as the frequency deviations
are set for the training and the test, the training step can start. The "training"
means that for each parameter of the equivalent active components, we will find
the value that minimizes the error. The used error formula is the mean of the
absolute values of the differences between the power given by all the components
present in the detailed model and the power given by the active component in the
equivalent model, and can be written as:

e =
∑N
i=0 |Pdet,i − Pequ,i|

N
(4.7)

Since the parameters are studied one by one, the order of them influences the final
equivalent model. The influence of each parameter and their utility on the research
will be analysed in the analysis chapter 5.2. The order of the parameters’ study,
their best trained values and the error at each step are given in the table 4.4 for a
training deviation of 0.8 Hz. The step error in percentage is defined as:

error [%] = error [W ]
Pnom,BESS + Pnom,PV

(4.8)
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order studied parameter best value step error [W] step error [%]
1 kp of PLL 60 90 0.69
2 TB of BESS 0.1 87.5 0.67
3 Pnom,PV of PV 10000 87.4 0.67
4 ki of PLL 600 84.6 0.65
5 Pnom,BESS of BESS 3000 83.8 0.64
6 wc of PLL 14 π 81.7 0.63
7 Pext of PV 9000 81.7 0.63
8 fs,BESS of BESS 0.04 80.9 0.62
9 pF of PV 50 79.7 0.61
10 kpf of BESS 9000 79.7 0.61
11 kdf of BESS 1100 79.7 0.61
12 fs,PV of PV 0.14 79.7 0.61

Table 4.4: parameter study list and step error

We see that the error is decreasing during the training steps, even if the starting
point is already quite good. That means that the ideas of the initial values are
coherent. Also, some parameters do not seem to decrease the error. They may be
discarded because of their lack of influence in the process. This will be analysed in
the analysis chapter 5.2.

4.3.5 Step 4 : Test of the obtained equivalent
For now, the equivalent model works for a frequency deviation of 0.8 Hz, but we do
not know if it works for other frequency deviations. To verify that the equivalent
model is working, which means that it has the same behaviour as the detailed
model for different type of frequency deviations, the equivalent will be tested with
the different frequency deviations chosen at step 2. The different errors for each
test deviation are shown on table 4.5. The type of error formula used is the same
as in the training step (equation 4.7).
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deviation ∆f [Hz] error [W] error [%]
1 0.2 158 1.22
2 0.4 432 3.32
3 0.6 287 2.21
4 0.8 80 0.62
5 1 89 0.68
6 -0.2 67 0.52
7 -0.4 629 4.84
8 -0.6 665 5.12
9 -0.8 133 1.02
10 -1 111 0.85

Table 4.5: Error value for the test frequency deviation

By looking at the values on the table 4.5, the error for the different deviations
seams acceptable (<10 %), and so the methodology successfully stops here. There
is no need to add a frequency deviation for the training.

4.4 Accuracy between detailed and aggregated
models

Since the aggregated model is working, let’s look more in details into the accuracy
between the detailed and the equivalent models. For that we will look at all the
graphs of the power given by active components in both models (same parameter
used for the calculation of the error). All the plots are in the appendix A 6.1.1.

For the small over-frequency deviation (0.2-0.4 Hz), the equivalent model follows
quite correctly the detailed model. The behaviour of the curve is similar, but a
small offset is remaining due to a difference with the proportional coefficients. To
have a better accuracy a smaller training deviation can be used.

For the other over-frequency deviation (0.6-1 Hz), the equivalent model is follow-
ing the detailed model with a good accuracy. This is because those deviations are
close to the training deviation. For the bigger deviation (0.8-1 Hz), the behaviour
is easier to follow because the components are disconnected.

Regarding the under-frequency events, the results are less good. For the small
deviations, there is an offset, but it stays reasonable.
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For the big under-frequency deviation (0.8-1 Hz), as for the over-frequency de-
viations, the behaviour is easy to follow due to the disconnection of the components.

For frequency deviation where partial tripping happens (0.4-0.6 Hz), the offset is
important, due to a wrong reduction of the nominal power arising from the partial
tripping. This is due to a big variation of the tolerance to frequency deviation of
the active components present on the detailed model. Note that if the tolerance
of all the active components are the same, the accuracy of the model for all the
variation of frequency becomes very good, as shown on the graphs in the appendix
A 6.1.2. The influence of this tolerance will be developed in section 5.2.4.

4.5 Conclusion
Thanks to the Monte-Carlo methodology, it has been possible to model an equivalent
aggregated model of a detailed model that contains active components. The
accuracy between the detailed and the equivalent models is good enough to only
use one frequency deviation for the training step. However, due to the different
tolerances to frequency deviation of the different components, a partial tripping
model has been added to the active components of the equivalent model. For
frequency deviations inside such tolerance range and if the tolerance is too big, the
equivalent model follows less correctly the detailed model.
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Chapter 5

Analysis

5.1 Error calculation
For the training and the test steps of the research of the equivalent above, the type
of error used was the mean of the absolute value of the error between the power
given by the detailed model and that given by the equivalent model. However,
using other types of error can change the result of the equivalent. For this analysis,
we will study the influence of 3 different types of errors on the equivalent model
and its resulting accuracy. The 3 types of error are the mean of the absolute value
error, the root mean square error and the maximum error. The types of error are
written in 5.1.

mean of absolute value error root mean square error maximum error

e =
∑N

i=0 |Pdet,i−Pequ,i|
N

e =
√∑N

i=0(Pdet,i−Pequ,i)2

N
e = max(|Pdet,i − Pequ,i|) ∀i ∈ N

Table 5.1: Different types of error

The 3 types of error are used in the training and test steps. The other characteristics
of the simulations are the same as in the chapter 4, i.e. a training frequency deviation
of 0.8 Hz. The best values of the different parameters found during the training
step for each type of error are shown on table 5.2.
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parameter mean of absolute root mean square maximum
value error error error

kp of PLL 60 60 60
TB of BESS 0.1 0.09 0.05
Pnom,PV of PV 10000 8000 /
ki of PLL 600 600 1100

Pnom,BESS of BESS 3000 7000 9000
wc of PLL 14 π 15 π 14 π
Pext of PV 9000 9000 9000

fs,BESS of BESS 0.04 0.01 0.02
pF of PV 50 70 30

kpf of BESS 9000 9000 10000
kdf of BESS 1100 1100 1100
fs,PV of PV 0.14 0.05 0.16

Table 5.2: Parameters’ value for different types of error

By looking at the different parameters as a function of the type of error used, we
see that the values are often similar. For the maximum error, the nominal power
of the PV panel is not studied because the results gives 0 as the best value, which
does not make a lot of physical sense; so Pnom,PV stays to its initial value. The
nominal power of the BESS increases to compensate the decrease of PPV,nom in
the different types of errors. For the maximum error, ki of PLL is much bigger
to compensate the big amplitudes at the start of the frequency deviation, even
it that causes more oscillations on the measurement of the frequency. Since the
influence of the PV is less important for the RMSE and the maximum error, the
proportional factor pF is also less important. The minimal value for the activation
of the controller fs,BESS and fs,PV also have different values, but the difference
does not have a big influence since the studied variations are bigger.

5.1.1 Accuracy of the detailed model for different types of
error

Since the way to calculate the error is different, there is no sense to analyse the
error’s value. But we can look at the different graphs obtained for each frequency
deviation, for each type of error. The graphs for the mean of absolute value error
are shown in appendix A 6.1.1, while the graphs for the root mean square error
and the maximum error are shown in appendix B 6.2.1 and 6.2.2 respectively.

For big frequency deviations, when all the components are disconnected, the
behaviour of the aggregate model is quite similar, even if the accuracy is best for
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the mean of absolute value error, then for the root mean square, and then for
the maximum value error. For frequency deviations inside the different tolerances
of the active components of the detailed model, the accuracy is less good for all
types of error, but usually the best error type corresponds to the mean of the
absolute value, since the offset between the detailed and the equivalent model is
there less important than for the other types of error. However, for some frequency
deviations, the other type of error gives the best equivalent model. The following
table shows for each deviation, which type of error gives the best equivalent model.
The types of error are classified from the best (1) to the worst (3).

deviation mean of absolute root mean square maximum
value error error error

1 2 3 1
2 1 2 3
3 2 3 1
4 1 2 3
5 1 2 3
6 1 2 3
7 1 3 2
8 3 1 2
9 1 2 3
10 1 2 3

Table 5.3: Ranking of the types of error in function of the frequency deviation

The table clearly shows that usually, this is the mean of absolute value that gives
the best equivalent error.

5.2 Analysis of the parameters of the active com-
ponents

If we look at the simulation time needed to find the equivalent model and to test
it, it takes 26 minutes in average, which is quite long. An idea to reduce this time
is to look at the parameters’ utility and influence. The utility’s analysis is about
the difference between the initial value and the best value of one parameter, to see
if the value’s research for this parameter is useful. The influence’s analysis is the
dependence of the given power by the active components as a function of the value
of one parameter.
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If some parameters are not useful or do not have any influence, they could be
discarded in order to reduce the computation time.

5.2.1 Utility in the research
To assess whether a parameter is useful, we will look at the initial value and at the
best value for 2 different training deviations (∆f = 0.4, 0.8 Hz) in order to have
one case where all the parameters are used in the frequency deviation, and one
other where the active components are disconnected. The best parameters’ value
for those 2 training deviations are shown on table 5.4.

parameter initial value best value for best value for
∆f = 0.4 Hz ∆f = 0.8 Hz

kp of PLL 100 60 60
TB of BESS 0.095 0.09 0.1
ki of PLL 767 700 600

Pnom,PV of PV 11000 16000 16000
Pnom,BESS of BESS 13000 16000 4000

wc of PLL 13.7 π 14 π 14 π
Pext of PV 9000 9000 9000

fs,BESS of BESS 0.06 0.01 0.04
pF of PV 50 100 50

kpf of BESS 9000 9000 9000
kdf of BESS 1100 1200 1100
fs,PV of PV 0.145 0.13 0.12

Table 5.4: Parameters’ utility analysis : parameter’s best value

Furthermore, when there is almost no difference between the initial and the best
value, as expected, the step error does not decrease a lot. The step errors for the 2
training deviations are shown on table 5.5.
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parameter step error [W] for ∆f = 0.4 Hz step error [W] for ∆f = 0.8 Hz
kp of PLL 669 93
TB of BESS 667 89.8
ki of PLL 667 88.1

Pnom,PV of PV 567 85.2
Pnom,BESS of BESS 567 84.7

wc of PLL 567 83.8
Pext of PV 567 83.8

fs,BESS of BESS 473 82.5
pF of PV 98 82.2

kpf of BESS 98 82.2
kdf of BESS 95 82.2
fs,PV of PV 87 81.8

Table 5.5: Parameters’ utility analysis : step error

By looking at the 2 tables 5.4 and 5.5, we see that for some parameters, the best
value is almost similar to the initial value and that the step error does not decrease
after the value’s research of those parameters. This is the case for TB, wc, Pext, kpf
and kdf . To reduce the computation effort, those parameters will be removed from
the training step, except if they have a big influence on the given power. That will
be analysed in the next section 5.2.2.

5.2.2 Influence of the parameters
The influence of a parameter is shown by the impact the different values of their
range have on the given power of the active components. This impact can be an
offset, a delay or a variation in the peaks’ amplitude depending on their function
in the controller. To look at the importance of all parameters, a training frequency
deviation of 0.4 Hz is used so that all the parameters can have an influence since
most of the active components are still connected.

First, we will look at the impact of the parameters of the PLL, i.e. kp, ki and
wc.
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(a) Influence of kp of PLL (b) Influence of ki of PLL

Figure 5.1

Figure 5.2: Influence of wc of PLL

By looking at the figure 5.1a, 5.1b and 5.2, we see that the different parameters
of the PLL have a negligible impact on the power given. So, in order to decrease
the computation time, those parameters will be removed from the training step
and will stay at their initial value.

Second the BESS parameter are analysed, which correspond to Pnom,BESS, kpf ,
kdf , fs,BESS and TB.
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Figure 5.3: Influence of Pnom,BESS of BESS

(a) Influence of kpf of BESS (b) Influence of kdf of BESS

Figure 5.4

(a) Influence of fs,BESS of BESS (b) Influence of TB of BESS

Figure 5.5
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The parameters have a different impact. Pnom,BESS, kpf and fs,BESS create an
offset of the power given during the frequency deviation. However, the offset’s
amplitude is different depending on the parameter studied. Pnom,BESS have a very
big impact, so it is needed to be kept in the training step. fs,BESS will also be
kept because even if the influence is smaller, it impacts the resulting error as we
can see on the table 5.5. However, for kpf , even if it has an impact on the power
given, the fact that the initial and the best value are similar makes the research of
the best value useless, so it will be removed from the training step. The 2 other
parameters, kdf and TB have more an impact on the peaks’ amplitude. For both
parameters, the initial value is already very good, so they will also be discarded
from the training step for computation time reasons.

Third the parameters of the PV panel are analysed, which means Pnom,PV , Pext,
pF and fs,PV .

(a) Influence of Pnom,PV of PV (b) Influence of Pext of PV

Figure 5.6
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(a) Influence of pF of PV (b) Influence of fs,PV of PV

Figure 5.7

Contrary to the BESS, all the parameters of the PV have an offset influence
during the frequency deviation, but for Pext it also influences the power given at
f0, which makes it an important parameter and so even if the initial and the best
values are the same, it will be kept in the training step. Pnom,PV and pF will also
be kept, since their influence is not negligible and the relative step error is quite
large 5.5. For fs,PV since the relative influence is quite small and the relative step
error is quite small due to the fact that is the last parameter analysed, it can be
removed from the training step without altering the equivalent model.

5.2.3 Test of equivalent model with useless parameters
discarded

If we look at the more useful parameters to be studied, there are only 5 of them, i.e.
Pnom,BESS, fs,BESS, Pnom,PV , Pext and pF . As in the parameter influence analysis,
a training frequency deviation of 0.4 Hz will be used. The results of the other
frequency deviation are given on the table 5.6. To have a good comparison, the
first 2 columns of error will be when all the parameters are present in the training
step, while the 2 right-most error columns will be when only the 5 more useful
parameters are taken in the training step.
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deviation ∆f [Hz] error [W] error [%] error [W] error [%]
1 0.2 324 1.01 266 0.83
2 0.4 87 0.27 112 0.35
3 0.6 671 2.1 630 1.97
4 0.8 128 0.4 98 0.31
5 1 150 0.47 101 0.32
6 -0.2 139 0.43 139 0.43
7 -0.4 834 2.61 817 2.54
8 -0.6 396 1.24 385 1.23
9 -0.8 172 0.54 122 0.38
10 -1 159 0.5 100 0.31

Table 5.6: Error value for the test frequency deviation with all parameters and
with only the important ones

Note that for both cases, the best value of Pnom,BESS and Pnom,PV are 16 000 W
and 16 000 W, respectively.

By looking at the errors, the training step with only the 5 useful parameters is
working as good as when all the parameters are studied. For some deviations, it
even seems that it is better to do only the training for those parameters and not
for all. It is because the initial value of some parameters is equal to the mean of
the parameters of the detailed model, so the mean value can be different values
that the ones studied, and those mean values are better.

By looking at the graphs of the power for the different deviation in appendix C
6.3.1 for the results with the training with all the parameters and in appendix C
6.3.2 for the results with the training with the useful parameters, and by comparing
the different graphs, the behaviour seams very similar. We can conclude that the
equivalent model with only useful parameters trained works fine.

With 5 parameters for the training step, the simulation time decreases to 16
minutes, which is 62 % of the initial computation time and therefore constitutes a
good improvement.

With only 5 parameters, it seems possible to find a better optimisation by
studying multiple parameters at the same time. So, the 3 PV’s parameters and
the 2 BESS’s parameters have been trained at the same time, which means all
the possible configurations with their values inside their range have been tested,
while before only one parameter was tested while the others were set to constant
values (initial or best). This method takes much more time (2 hours) since more
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possibilities have to be tested. However, the resulting parameters’ value are the
same as when the parameters are studied one at a time. Consequently, the results
are not better with this methodology, which will then not be reused since it only
increases the computation time.

5.2.4 Influence of the tolerance to frequency deviation of
active components

In the section 4.3, we saw that the tolerance to frequency deviation has a big impact
on the accuracy of the equivalent model and if this tolerance is different for the
active components, the model does not work correctly at some frequency deviations.

By making simulation test and model analysis, 2 main points stand out. The
first one is that when tolerance is equal to tested frequency deviations, the asso-
ciate component oscillates between connected and disconnected, which creates big
variation on the given power, and reduces the accuracy of the model.

The second one is that because the PV panel controller has only a primary
factor and not an inertia factor, the PV panel is more influenced by the variance of
its tolerance. On the other hand, the BESS model, which has a primary and an
inertia factor, allows the tolerance’s variance of the BESS to be bigger. By trials
and errors, an acceptable range of tolerance for PV and BESS can be found. For
the PV panels the tolerance to frequency deviation must be between 0.42 and 0.58
Hz and for the BESS between 0.42 and 0.68 Hz.

The results with those extreme values are shown on appendix C 6.3.3, trained
with a frequency deviation of 0.4 Hz. By looking at all the graphs we see that the
model is much more accurate in this case than the one in 4.3. So, even if the model
works better when all the components have the same tolerance, a variance in the
tolerance to frequency deviation is still acceptable.

5.3 Voltage analysis
As explained since the beginning, when a frequency deviation occurs, the BESS
and the PV panel respond to bring or to absorb more/less power in order to help
the transmission grid to tackle this frequency problem. However, this variation of
active power modifies the voltage level of the distribution grid. If this variation
is too big, it could lead to problems on the grid and to disconnections of loads or
components present on the grid. To be sure that the model stays realistic, a voltage
analysis must be performed as a function of the response of the active components
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to frequency deviation.

First, let’s look at the voltage at the MV level of the grid in case of frequency
deviation, for the detailed and equivalent models. The voltage’s graph is shown on
figure 5.8.

Figure 5.8: Voltage at MV level

We see that the voltage variation is very small (0.0101 pu), so there shall not
be issue on the MV side.
For assessing the voltages on the LV side, the voltage just near the active’s
components in the detailed model are analysed, because this corresponds to the
nearest point of the variation of active power. For the equivalent model, the voltage
will also be measured at the output of the active components. The different voltage
graphs are shown on the following figures.
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Voltage at the output of the active com-
ponent A

Voltage at the output of the active com-
ponent B

Voltage at the output of the active com-
ponent C

Voltage at the output of the equivalent
active components

For all the different voltages, the maximum voltage deviation is 3 V, which
correspond to 0.014 pu. It can be assumed that the active components have a
negligible impact on the voltage level, and so that we shall not be afraid of voltage
problems.

5.4 Dynamic load
Until now, the different loads present on the grid were only passive loads, which
means that they are not influenced by the frequency deviation. To be more realistic,
a load dependency on the frequency has to be implemented. The relation between
the load’s power and the frequency can be written as in the following equation [21].

Pload = Pload,0(1 +Dp
∆f
f0

) (5.1)
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Where Pload,0 is the load’s power at nominal frequency f0, and Dp is the damping
factor, i.e. the proportion of the load’s power that is influenced by ∆f . The
damping factor varies as a function of the distribution grid we want to model, but
the range of magnitude is of the order of 0.01 [pu/Hz] [49] [50].

To implement the frequency dependency, for each load, a 3-phase dynamic load
[45] is added in parallel to the passive load, and it shall model the dependent part
of the load. The representation of the detailed model is shown on figure 5.11. A
bigger representation of the model is shown on appendix D 6.4.

Figure 5.11: Detailed grid with dynamic loads

To be coherent, the equivalent load on the aggregated model have also been
implemented in this work, with a dynamic load in parallel to a passive load, as in
the detailed model.
In order to perform a meaningful comparative analysis, the same training frequency
as in section 4.3 (0.8 Hz) is considered. The results of the test of the equivalent
are shown on table 5.7 and the graphs of the power are in the appendix D 6.4.1.
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deviation ∆f [Hz] error [W] error [%] error from 4.3 [%]
1 0.2 140 0.7 1.22
2 0.4 475 2.38 3.32
3 0.6 300 1.5 2.21
4 0.8 82 0.41 0.62
5 1 90 0.45 0.68
6 -0.2 67 0.34 0.52
7 -0.4 737 3.69 4.84
8 -0.6 562 2.81 5.12
9 -0.8 135 0.68 1.02
10 -1 114 0.57 0.85

Table 5.7: Error value for the test frequency deviation with dynamic loads

Note that the nominal values of the active components in this test are different than
the ones in 4.3. Indeed, in this test Pnom,PV = 16000 W and Pnom,BESS = 4000 W.
This is why the errors in percentage for the model with dynamics loads are smaller
than in 4.3.

By looking at the errors and the figure shown on the appendix D, the equivalent
model stays accurate even if the loads have a dynamic dependency on frequency.
The behaviours of the power given by the active components as a function of the
frequency deviation are the same as in the test section 4.3 for which the graphs are
in appendix A 6.1.1. In consequence, the dynamic dependency of the load has a
small impact on the equivalent model and so we can neglect it.

5.5 Complexity of the grid
The actual benchmark herein studied as complex reality model, remains neverthe-
less quite simple, since it only encompasses 5 different loads, a few lines and 2 active
components of each type. This section will show that, should the equivalent model
methodology also work for more complex models, which would require much higher
computation time, even more interest would be assigned to having an equivalent
model that reduces such computation time.

The more complex grid considered has 9 PV panel and 9 BESS for the active
components, and 15 single residential consumers, 6 groups of 4 residences and 12
apartment buildings for the passive loads. All those components are spread on 3
similar grids connected to the transmission grid trough a transformer. This grid is
shown on the figure 5.12. A bigger representation of the detailed grid is shown on
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appendix E 6.5.

Figure 5.12: More complex grid

As for the other analysis, the same training frequency as in 4.3 will be be used,
to be coherent. The results of the test with other deviations are given on the table
5.8.
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deviation ∆f [Hz] error [W] error [%] error from 4.3 [%]
1 0.2 1029 1.21 1.22
2 0.4 2802 3.3 3.32
3 0.6 1531 1.8 2.21
4 0.8 418 0.49 0.62
5 1 487 0.57 0.68
6 -0.2 811 0.95 0.52
7 -0.4 4825 5.68 4.84
8 -0.6 1155 1.36 5.12
9 -0.8 661 0.78 1.02
10 -1 587 0.69 0.85

Table 5.8: Error value for the test frequency deviation with a more complex grid

By looking at the error in watts, the equivalent model seams to not work, but it is
because the power given by the active components is much higher since there are
many more PVs and BESS. Indeed Pnom,PV = 70000 W and Pnom,BESS = 15000 W.
By looking at the error in term of percentage, the results of the more complex grid
are very similar to the ones of the simple grid.

To be more consistent, we can further look at the different graphs of the given
power, illustrated in appendix E 6.5.1. By observing all the graphs, the different
behaviours are very similar to the ones obtained in 4.3 and presented in appendix
A 6.1.1. For both tests, the model has more difficulties to be accurate for deviation
7 and 8, due to the difference of the tolerance to frequency deviation.

If all the different active components of the grid have the same frequency
tolerance, as for the simpler detailed model 6.1.2, the accuracy becomes very good,
as shown in the figures presented in the appendix E 6.5.2.

We can conclude that at this stage, the complexity of the model does not have
a big impact on the equivalent model’s accuracy. So, this methodology can be used
to model more complex grids, i.e. to model a lot of detailed models through their
equivalent model in order to reduce the computation time.

5.6 Conclusion
The methodology used to find an equivalent model has been studied on multiple
aspects. First the type of error used is studied, which reveal that the best one is the
mean of the absolute error. Then the influence and the utility of each parameter
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of the active components has been analysed. This shows that some parameters
have a negligible impact of the resulting power, and that some others do not have
to be studied since their initial value is already the best. Those parameters can
be removed from the training step to decrease the computation time. After, the
voltage variation is studied: with a frequency deviation and the associated response
of the active component, the voltage variation by the amplitude is so small that
we do not have to be worried about the voltage deviation. To be more realistic,
a dependency on frequency of the loads have been added, but it does not seem
to have a big influence on the equivalent model’s methodology. This is the same
conclusion for more complex grids, i.e. grids with more active components, more
lines and more loads.
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Conclusion

In this work, the reaction and the control of active components, like BESS and
PV panels present on a distribution grid, in case of frequency variations have
been studied. Following proper understanding of real BESS model, simpler models
of BESS and PV panel have been implemented. Then an equivalent model of a
distribution grid with active components that will have the same behaviour to
frequency issues has been developed and analysed.

Understanding of the components and the controller of the BESS corresponding
to real model has constituted an important initial step in the process of this work.
A DC battery is connected to the AC voltage with a VSC and then a LCL filter
to have a better signal. The amount of power given/absorbed by the battery is
controlled by the pulses of the VSC. In the controller, a PLL first measures the
frequency, then the related power setpoint is given by the frequency controller
which takes care of the frequency deviation and of the RoCoF. At the end the
pulses are obtained with a PQ control and a PWM generator.

Based on the above, a simplified model of BESS and PV generator has been pro-
posed and implemented in order to place active components on a distribution grid.
The accuracy between the real BESS model and the simplified one has been verified.

The work then proceeded to distribution grid modelling. In order to obtain an
equivalent model of a reference distribution grid, the Monte-Carlo methodology
has been used with a "grey-box" approach of the parameters. The accuracy of the
equivalent model developed, is proven to be good and robust. There is nevertheless
an exception when the variance tolerance to frequency deviation of the different
active components present on the grid is too high: in this case, even with the
partial tripping added to the equivalent active components, the behaviour of the
equivalent model is less accurate.

Multiple aspects of the equivalent model have been studied. First the type
of error calculation used during the research of the equivalent model has been
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analysed, showing that the mean of the absolute value appears to be the best type
of error. Then the influence and the utility of the different parameters of the active
components have been studied in order to discard the few useless ones, and thereby
to have a better simulation time while maintaining the same accuracy of the model.
The voltage has then been addressed, and the resulting voltage deviations due to
the behaviour of the active components are minimal; the voltage therefore does not
need to be controlled. Finally, a frequency dependency of the loads spread on the
grid has been added, but it has not a real impact neither on the equivalent model,
nor on more complex distribution grids. Therefore, the equivalent model can be
used for more complex distribution grids with load frequency dependency.

Globally, the methodology aiming at having an equivalent model of an active
distribution grid that would exhibit the same reaction to frequency variations
works. The accuracy of the equivalent model mainly depends on the variance of
the tolerance to frequency issues. If this variance is too high, the equivalent model
has difficulties to correctly follows the behaviour of the detailed grid, although
remaining within an acceptable range of the variance is generally affordable.

However, the variance of the tolerance to frequency deviation of the different
active components present on the grid remains the main influencing parameter of
the equivalent model. Even if it has been studied in the work and considered with
a linear partial tripping. One way to improve the model could be to improve the
partial tripping with a non-linear relationship between the frequency deviation and
the power setpoint fraction Ff (see section 4.2.2).

Also, looking forward, some hypothesis taken might be challenged and/or
improved, such as the symmetry tolerance to frequency deviation of the active
components, the loads that are only resistive and non-reactive, the non-grounded
lines, the MV level modelled has a perfect 3-phase sources, etc. One has to keep in
mind that the models presented in this work are quite ideal ones, and that several
neglected characteristics could have an influence on the model.

By hypothesis, only LV distribution grids have been analysed in this work.
Further works could be performed to tune the equivalent model methodology in
order to be able to model equivalent MV distribution grid connected to one HV
transmission grid, and to decrease further the complexity of the associated model.
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Chapter 6

Appendix

6.1 Appendix A
Detailed model of the grid
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6.1.1 Results of chapter 4

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.1.2 Results if all active components have the same fre-
quency tolerance

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.2 Appendix B

6.2.1 Results with the root mean square error

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.2.2 Results with the maximum error

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.3 Appendix C

6.3.1 Results for training with all the parameters

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.3.2 Results for training with only useful parameters

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.3.3 Results with extreme acceptable tolerance to fre-
quency deviation

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.4 Appendix D
Detailed model of the grid with dynamic loads
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6.4.1 Results with dynamic loads

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10

88



6.5 Appendix E
Detailed model of the more complex grid
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6.5.1 Results for a more complex grid

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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6.5.2 Results if all active components have the same fre-
quency tolerance with a more complex grid

Power given for frequency deviation num-
ber 1

Power given for frequency deviation num-
ber 2

Power given for frequency deviation num-
ber 3

Power given for frequency deviation num-
ber 4
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Power given for frequency deviation num-
ber 5

Power given for frequency deviation num-
ber 6

Power given for frequency deviation num-
ber 7

Power given for frequency deviation num-
ber 8

Power given for frequency deviation num-
ber 9

Power given for frequency deviation num-
ber 10
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