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Abstract

Renewable energy generation is nowadays increasing around the world, especially wind- and solar power
generation. However, increasing wind and solar power integration into the grid have a significant effect on
the power system. The variability and uncertainty of these energy sources propose new challenges for com-
panies involved in grid management. To face these challenges, advanced control schemes and optimization
algorithms were implemented to ensure the stability and efficiency of the power flow [1] [2]. But these algo-
rithms can only be implemented if the power flow in the system is modeled accurately. This thesis explains
how the power flow in a substation of wind- and solar farm in ||| | | s odeled to guar-
antee efficiency and acceptable steady-state performance. Firstly, a model of the system configuration was
designed with the implementation of each component’s data. To fulfill the system configuration design, a
solar farm was designed. This solar farm would not provoke violations of the system’s physical constraints.
Secondly, the aggregated model for the Wind Turbine Generator (WTG) was converted to a model on the
string level, i.e. with implemented data of each WTG configuration. Lastly, test models were designed to
determine the transmission system’s behaviour under normal and extreme operating conditions. These op-
erating conditions involved a variety of power generation from the wind- and solar farm, as well as requested
reactive load demand at the Point of Common Coupling (PCC).
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Introduction

In the past decade, the renewable energy market has increased significantly [1]. Equivalently, the current
methods for energy provision such as coal, are becoming less popular. Ongoing research has the aim to make
the transition to renewable energy as safe, e.g. no overloading, and efficient, e.g. no transmission losses, as
possible [2].

1.1. Project objective

Ideally, once the substation is connected to the grid, the substation provides its full capacity at all times. How-
ever due to fluctuations in wind- and solar profiles, the Transmission System Operator (TSO) requirements
can not always be satisfied at the Point of Common Coupling (PCC) [3]. There is also loss in several of the
components that form the subsystem such as power loss in the transmission lines, bus bars, transformers
and even in the Wind Turbine Generators (WTGs) and PV panels. Since these losses will affect the power gen-
erated and the power delivered at the Point of Common Coupling, they have to be taken into account in order
to implement an accurate model for the system. Besides, advanced control schemes [4] are designed to find
the optimal setpoints in the substation that satisfy TSO requirements. The setpoints indicate the power flow
through each generation string. The optimisation is based on the system’s configuration and non-idealities,
but also the grid code requirements !. This mathematical scheme cannot determine the feasibility of the
given setpoint in reality. It needs information of the substation’s power flows. Through communication be-
tween the modeling and optimization entity [6], the scheme can make its search space smaller and find a
global optimum.

The project aims to use the case study, shown in Fig. 1.1, to design an accurate model of the power flows
that shows the effects of fluctuating wind/solar profiles and components’ non-idealities. When the optimiza-
tion algorithm sends setpoints to the model, the model returns the actual feasibility by providing the power
flows in each of the branches in the system configuration. Dependent of the development status of a project,
this model can indicate if the system configuration is to be improved/changed. Additionally, it provides the
feasibility for future expansion of the substation without violating any physical constraints. Steadily, increas-
ing the RES generation for the growing energy demand worldwide.

For the scope of this project, a realistic model of the system behavior shall be designed and tested. The
models for the PV- and WTG farm of the case study are combined and tested under critical conditions, such
as low wind speed, low solar irradiance, or both for high reactive power requests from the TSO. The problem
formulates: "How does the system react to normal and critical operating conditions, i.e. too low or too high,
generation of power from the renewable energy systems or high load demands?". The research question is
therefore divided into the following questions:

1. How are the system components modeled correctly?

2. What is the relation held between voltage magnitudes, power losses and load demands in the system?

1'Grid codes specify the electrical performance that generation assets must comply with in order to obtain the required approval for its
connection to a grid."[5]
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3. What are the effects on the aforementioned parameters and mutual relation for a variation in dispatch
profiles, i.e. wind speed profiles and solar irradiance profiles?

4. What are the effects on the aforementioned parameters and mutual relation for a change in the system
topology, i.e. aggregated model of the WTG farm, PV farm or a combination of both for the Hybrid
farm?

5. What are the effects on the aforementioned parameters and mutual relation for an improved model of
the system configuration, i.e. modeling the WTG farm on string level (individual WTG level)?

In the stator, rotational energy of the blades of the wind turbines is converted into electrical energy. Since
the conversion is made with magnets, AC current production occurs. This gives rise to different AC voltages
on the nodes of the power system of the wind modules. These voltages can be lagging or leading to the current
in the power system, which gives rise to either absorbing or generating reactive power by the wind turbines.
However, at the nominal value of 1 p.u, the voltages will not be lagging or leading, but in phase with the cur-
rent, which will result in no reactive power. One of the requirements of the Transmission System Operator
is to control the reactive power and assure that, when needed, the reactive power at the Point of Common
Coupling is brought to zero.

The power in the PV module is generated in DC conditions. Hence, the solar modules do not generate any re-
active power. Since the transmission grid operates in AC conditions, the DC power has firstly to be converted
to AC in order to be fed back into the grid. For this conversion process, DC/AC inverters are used. These
inverters will either generate or absorb reactive power [7]. This reactive power has to be taken into account
in order to design an accurate solar farm.

1.2. Test models and state-of-art

In order to perform several power system analysis, information about the power system is needed, which
consists of the system topology and nodal power injections. The nodal power injections consist of active-
and reactive power, which are either measured or determined by power flow solving methods. In Fig. 1.2 the
input and output data of an iterative power flow calculation is shown.

Furthermore, in the iterative power flow calculation block certain equations are applied. The generic equa-
tion, as shown in Eq. 1.1, will be used in order to generate the voltage magnitude p.u and angle of all nodes
iteratively. However, there is one bus, frequently allocated to the bus at the PCC, for which the voltage mag-
nitude p.u. and angle are known. This bus is called the slack bus. In this bus the active and reactive power
injections are determined with the known voltage magnitude p.u and angle in order to check whether certain
requirements at the PCC are fulfilled. In the remaining nodes the voltage magnitude p.u. and angles of the
busses will be determined with the known values of the active and reactive power injections. These busses
are called PQ-busses and are used since they give rise to a set of finite equations, which will result in a finite
number of solutions for the magnitudes and angles. For the PQ-busses, there are in principle two equations
generated, one for the active power and one for the reactive power, as shown in Eq. 1.2 and 1.3. Since the
unknown variables in all PQ-busses are the voltage magnitudes p.u and angles, a state variable matrix x can
be constructed, as shown in Eq. 1.4, from which all the PQ-busses can be solved iteratively by solving Eq. 1.5.

Iinx1) = Ypuspyen, - Uivs) (1.1

P; = fp(Uh,Us,..,Un,61,62,...,0N) (1.2)
Qi = f4(U1, Uy, ..., UnN,61,02,...,6N) (1.3)
x=[6U" 1.4)

f®=0 (1.5)
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Figure 1.1: Simplified schematic of case system. This system configuration will be modelled and tested for nominal and extreme
operating conditions.

Different algorithms have been designed to solve x in Eq. 1.5 in an iterative manner. Reason for more
algorithms are its solving (or convergence) time and accuracy for specific networks. These modern algo-
rithms still make use of the two conventional approximation methods, Gauss-Seidel method [8] and Newton
Raphson method [9]. Gauss-Seidel is a simpler technique requiring less computation per iteration. The com-
putation time is sensitive to the system parameters. Therefore, the majority bases the algorithm on Newton-
Raphson, since the system converges in less iterations, which gives smaller computation time, more accuracy
and makes it less sensitive to other system parameters. This makes it suitable for a complex system, as shown
in Fig. 1.1. A more precise schematic is visible in App. A.2.

A fluctuation in wind/solar profile, causes a fluctuation in the power generated. Current methodology takes
this fluctuation in wind/solar profiles by designing algorithms that describe a probabilistic behavior of wind
speed and solar irradiance [10] [11] [12]. This probabilistic behavior is to test the system under the most com-
mon operating situations, i.e. common wind/solar profiles, since little variation from the rated wind speed is
included to the model. Additionally, the probabilistic model offers the possibility to create both random load
demands and generation capabilities in the system at random dispatches. Therefore occasionally violating
physical constraints of the system. This offers a test model for alert operating conditions 2. Hence, the proba-

2alert operating conditions in which physical constraints are violated or there is a high vulnerability to disturbances



4 1. Introduction
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Figure 1.2: Block diagram with the input and output data in order to perform power flow calculations. The input data are known
parameters for the system. The output data is needed for analysis of the system behavior in Chap. 4.

bilistic model offers a suitable test model under different operating conditions. Compared to use of historical
data, which can vary throughout time periods (per season or year), this test model runs more situations.

To model daily wind profiles, research makes use of, a Weibull distribution, historical data or a versatile dis-
tribution that combines Beta, Cauchy and Gaussian to model a daily wind profile [13] [14]. However the
majority makes use of Weibull PDE since it was determined that the distribution resembles real life situations
the most [15] [16] [14].

For solar irradiance, each research makes use of an own model. These models can be divided into: Design
based on historical data and chosen PDF [17], Beta distribution [18] [14] or Weibull distribution [18], design
based on spatio-temporal stochastic model with each spatio (or season such as sunny, cloudy, etc.) having
own stochastic parameters [19].

Out of these models, the probability for output power is determined. This offers a solution in case of in-
sufficient or inaccurate wind-and profile data. Other research, suggest a 7- model of the individual WTGs
and PV panels to determine the output active- and reactive power. It makes use of properties of the system.
This provides an accurate solution if all data is known, i.e. datasheet of the WTG as well as the profile data [20]
[21] [7]. For the probabilistic model of the RES, the reactive power output is unknown in case of insufficient
data about the system itself.

Due to its maturity and proven performance as open source tool, Matpower was selected for the design of a
model in steady state and AC conditions. Furthermore, MatPower has no bugs, due to contiguous revisions of
the functions and has been widespread used in research projects. Matpower is a MATLAB package aiming to
solve steady-state power simulations [22]. For this model the basic Newton-Raphson method is used. More
sophisticated methods would be possible if the system was a radial network, where each load has its own
generator. The system configuration in Fig. 1.1 analyses a network system, which has multiple generating
sources for a single load. Also, the sophisticated methods, are focused on reducing computation time, which
is not part of the scope for this project.

The challenge for this project is to have a trustworthy model of the steady state AC power flow for a substation
that combines both wind-and solar generation under normal and extreme weather conditions. The state of
art does not seem to analyse such a case study. Research does address the effects of such a substation on the
transmission grid, but not on the substation. In addition, there will be looked at the effective replacement
of the loss effects for the 3-winding transformers. These will be approximated with an equivalent 2-winding
transformer model. The sub group responsible for optimisation shall find the optimal tap position and send
it to the modeling subgroup. This interaction is visible in Figs. 2.1, A.1.

Due to insufficient data of both wind profile and WTG’s components for the specific case study, using only
one model will yield inaccurate results of the power flow. To model such WTGs under fluctuating wind profile
conditions, the best model is achieved by combining both methods. The different operating conditions is
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tested with the probabilistic behavior, while the PQ/RX model determines the exact output of wind modules
after internal losses. Therefore, a correct estimate of the active, reactive power generation and voltage profile
is formulated for each dispatch profile.

Next, the same can be done for the PV modules. The models for reactive power capability and probabilis-
tic solar irradiance are combined. In reality, most of the time, both PV- and WTG farm will be active. All
generating strings, Fig. 1.1, influence the system simultaneously in normal-and critical operating conditions.
With the farm being fully active, voltage profiles can deviate a lot from the ideal 1 p.u., leading to violation of
technical constraints.

1.3. Thesis outline

To formulate a correct answer for the project objective, the thesis will delve into the necessary requirements
to determine what it means to have an accurate power flow model. Once requirements are determined
(Chap. 2), a procedure will be followed on the model of the system (Chap. 3) and subsequently, the behavior of
the system model is determined under different operating conditions (Chap. 4). Then, results are assembled
and analysed (Chap. 5). Out of the results, a conclusion is made (Chap. 6) Additionally, recommendations are
made for future research related to this project subject and a discussion about the results can be formulated.
This discussion offers room for improvement and recommendations for future researchers modeling power
flows for similar case studies.



Programme of Requirements

2.1. Functional requirements
As mentioned in Chap. 1, to formulate a correct research, the problem shall be divided into smaller subprob-
lems. The model should be able to:

1. Update the components’ parameters in the system topology after every setpoint iteration.

2. Indicate when constraint limits of voltage and/or current are violated in each branch or bus of the
substation.

3. Indicate losses and injections of each branch and bus of the system for given setpoints.

4. Take influences into account for power generation due to fluctuating wind speed and solar irradiance
profiles.

To determine how the model will indicate if requirements are satisfied, one needs a correct definition of
setpoints received from the optimisation scheme [6]. The interaction of the subgroups is specified in Fig. 2.1.
The interaction between the three components of the optimisation unit is found in App. A.1. For the case
study, the setpoints will be given in the form a dispatch vector, which indicates the required reactive power
from the generating strings, 13 WTG strings, and 4 PV strings, shown in App. A.2. Additionally, the connection
status for the reactor is required. Usually the reactor is disconnected, but if the optimisation scheme [6]
requires this to satisfy reactive power at the PCC, the reactor will absorb reactive power (-12 MVAr).

2.2, Model requirements
The sub problems are formulated in Mandatory requirements, Trade-off requirements and optional require-
ments. Mandatory requirements are:

1. To take the influence of each component in the system into account:

(a) Formulate a system topology which connects each node of App. A.2. Hereby, all information of
the system is implemented. This includes the PCC, wind- and solar PV strings, transformer- and
cable data.

(b) The design of the solar farm. This overview consists of the interconnection of the solar modules,
the cable types and the type of DC/AC converters used.

(c) To determine the reliability of the implemented case system, power flows are compared to own
hand calculations that apply the theoretic approach [9].

(d) After completion of the first two requirements, the system topology is formulated on string level.
Hereby, the system topology is updated with the subdivision of individual WTGs at each string.
Each WTG has its rated power output, cable and inverter type connection. More will be explained
in Subsec. 3.2.1.
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Figure 2.1: Interaction between optimisation and modeling of the power flows. By running several power flows in the system model, the
optimal solution for setpoints is found.

2. To determine the system behavior for every possible operating condition:

(a) An analysis of the system behavior for different operating conditions. From this, the relation is
determined between total losses, injections, and voltage profiles for each combination of genera-
tion and demand. This includes extreme combinations for which the power demand will not only
come close to generated power, but also exceed generation of the strings.

(b) An analysis of the behavior of components that cause most voltage physical violations and losses.
3. For proper communication between the requests of the optimisation controller and the model:

(a) The system topology has to be updated twice after each given setpoint. The first update is to
change the active and reactive power generation according to the wind and solar dispatch. The
second update is to change the reactive power of the generation strings.

(b) Before receiving setpoints from the optimisation scheme [6], the available active and reactive
power, with tap positions from each transformer is sent to the optimisation scheme [6]. With this
information and system, the optimisation scheme [6] can determine the initial vector of string
setpoints.

The satisfaction of mandatory requirements can be tested once the system converges on MatPower for a
Newton Raphson power flow [22], after the system parameters are updated or sent to the optimisation scheme
[6].

Trade-off requirements are necessary to improve the research in a stepwise manner. This results in con-
clusions that can be used for future expansion of the case study used, since its behavior is modelled for every
possible condition. Therefore, trade-off requirements are:

1. Include losses generated by changing the tap position of the equivalent model of the 3-winding trans-
formers. This tap position is updated in the system topology according to the procedure in Fig. 2.1.

2. Include losses generated by the equivalent model of the 3-winding transformers’ inner-and outer wind-
ing in the transmission lines.

Furthermore, there are also optional requirements, which are not needed to design, implement and test
the model, but can be implemented in the future in order to add new insights to the research, namely:
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1. Design the PQ and RX models used in state of the art research to model the PQ-capability curves of
the wind turbines [20]. However, for this research the PQ-capability curves of the WTG’s were available
[23] and no data is supplied about the impedances of the rotor and stator of the WTG’s. This resulted
in considering the implementation of the PQ and RX models as an additional requirement. In a later
phase, the PQ and RX models could be designed using data from other researches to give an as accurate
as possible estimation of the PQ-capability curves. Eventually, these estimations can be used to give a
comparison between two different modeling methods.

Additional requirements are needed for the proof of concept. Hereby, the design of a visualization model
for the Single Line Diagram of the case study, with the power flow and losses indicated after every system
update [23]. Note: For the prototype, it is not of importance which component, i.e. cable or transformer,
generates the loss.

Concluding, once mandatory requirements are satisfied, the model will prove to be accurate for power con-
trol at the PCC, because it includes transmission losses and most importantly, the behavior of the wind-and
PV modules for rated power output. In addition, trade-off requirements will supplement the model by testing
the system configuration under different situations determined by the probabilistic behavior. Furthermore,
optional requirements firstly add a new level of accuracy to the model, since additional losses in the farms
are accounted for. Secondly, they could give new insights to research, since results of state of the art models
are compared with the results of the models used in this research. Additionally, losses of previously ideally
assumed components are included, providing actual power flow in the system topology.



Model of the system configuration

For the design of the model, the data in [23] [24] was used. This offers the configuration with assigned bus
numbers, cables’, transformers’ type and length shown in App. A.3. Here, the rightmost generating strings of
bus bar 7,12,16,23 are the PV strings. In App. A.2, the system configuration is shown with maximum voltages
for bus bars and maximum current for branches. On the left, the base voltage is indicated for each section of
the substation.

Since [23] offered insufficient data of capability curves of the WTG and PV- farm, certain assumptions were
made. Firstly, it was decided to make the slack node the PCC, i.e. bus bar 1. The voltage magnitudes and
angles of each bus were compared to the PCC node, with a magnitude of 1 p.u. and 0 degrees. To imple-
ment the constraints for the voltage profile, it was decided to determine this from the main transformer data.
The transformer data indicates the maximum input/output voltage and current. These values are shown in
Tab. 3.1. Although the cable type can handle more, the main transformers set the power flow limits for the
system configuration.

3.1. Component modeling
3.1.1. Cable modeling

Different branches in the system topology had different three-phase configurations. It was decided to model
this configuration, using an equivalent  transmission line model. In Fig. 3.1, each branch will have a starting
node, i.e."Bus from", and ending node, i.e."Bus to". The branch between these nodes has a series impedance,
Z, consisting of a real and imaginary impedance. The injection charge of busses is modeled with a parallel
charging susceptance, b.. Some of the branches are transformers. To specify this systematically, each branch
has a transformer with a tap ratio, i.e. N. For most branches this ratio is equal to 1. The phase shift, 8 between
nodes is unknown and therefore considered to be its ideal value of 0.

To calculate the ¥ model values for each branch of the system in App. A.3, the cable type and configuration
were determined. The DC resistance value for a nominal temperature of 20 degrees Celsius was assumed. The
configuration is specified with AxBxCCxD mm?2 "material". A specifies the amount of cables per single phase.
B specifies the amount of phases, i.e. in this system it is a three-phase system for each node. C specifies
the amount of parallel cables in one single phase cable. The extra C stands for "cable", indicating where the
single phase specification commences. D specifies the cross-section area of the cable in mm2. An example
of the configuration is shown in Fig. 3.2. Diagrams of other configurations are found in App. A.4.1.

Table 3.1: System’s voltage magnitude constraints based on transformer data for the input region of the transformer (primary side) and
output region of the transformer (secondary side). Voltages higher than these values will result in non-convergence of the power flow.

Vinax &v) | Lypax (A)
primary side 33 735
secondary side | 171.316 808.6
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Table 3.2: Absolute impedance and capacitance values per km of cable types. Data acquired from [23]. This data is used for the
branches modeling of the system configuration.

Cable Resistance (Ohm/km) | Reactance (Ohm/km) | Capacitance (e-6 F/km) | Apparent power rate (MVA)
3x1Cx2500mm2 XLPE Al 0.0119 0.06788 0.3 400
1x800mm2 AAC Conductor | 0.0356 0.101 0.366 400
2-winding transformer 0 0 0.2025 240
3x1Cx1000mm2 XLPE Al 0.0291 0.1666 0.38 46.2977
4x3x1Cx1000mm2 XLPE Al |0.007275 0.0415 1.52 185.19
3x630mm2 Cu 0.0283 0.163 0.35 36.86
3x630mm2 Al 0.0469 0.177 0.32 36.86
3x400mm?2 Al 0.0778 0.19 0.26 28.29
3x240mm?2 Cu 0.125 0.196 0.22 20.86
3x150mm2 Al 0.206 0.208 0.19 16.28
aL N 1 i
i YT T g i
v
N:1
O b ©
N = 70t

Figure 3.1: Equivalent 7 transmission line model for the branches of the system topology, Fig. taken from [22].

After the specification of the cable configuration, the parameter values are calculated to per-unit to have
a more uniform definition of the differences in absolute values. Tab. 3.2 specifies the parameter values of
the branches per km. Multiplying it with the distance of the specified branch, the absolute value is obtained.
Eq. 3.2 describes the calculation of the base impedance. The base voltage is dependent on the region where
the branch is, i.e. two regions. The first region is the secondary side of the transformer with a 150 kV output
voltage. The second region is the primary side of the transformer with a 33 kV input voltage. For the sake of
simplicity, a base power of 100 MVA is chosen for the entire transmission system. After the base impedance
is calculated for the specified region using Eq. 3.2, Eq. 3.3 calculates the per-unit values for each branch.
Similarly, the susceptance is calculated. Additionally, the apparent power rates of the branches have to be
determined in order to satisfy the power limits of the system. The rated apparent power is determined using
Eq. 3.1.

SRated = V3- Irated * VBase (3.1
V2
Zpase = Sb““’ (3.2)
base
Zabsolute
Zper—unit = —,—— 3.3)
per—uni Zoase

All branches are modeled, but there are specific branches that are considered to be disconnected unless
stated otherwise by the optimisation setpoints received. Firstly, The shunt reactor is assumed to be discon-
nected. Therefore, branch 12-28 and 17-28 are disconnected. Ideally, this is connected only in the case that
the generating strings are unable to satisfy a specific amount of reactive power demand from the TSO. Addi-
tionally, if negative reactive power is needed in the system to prevent violations of constraints. The influence
of the shunt reactor is analysed in Chap. 4. Branch 7-12 and 17-23 are disconnected. These branches are
safety branches in case of faulty conditions, i.e. overcurrent or overvoltage at the bus bars. The current will in
such case be higher than 2500 A, or higher voltage than 36 kV, shown in App. A.2.
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Figure 3.2: Configuration of a branch with XLPE 4x3x1Cx1000mm2 Al cable. Data from [23].

3.1.2. Transformer modeling

In order to model the main 3-winding transformers shown in App. A.2, a 2-winding approximation is imple-
mented as shown in Fig. 3.3. Eq. 3.2 is used in order to calculate the Z; ., in which the base voltage of the
low voltage side is used. Furthermore, the leakage reactance of the main transformers is used to calculate
the impedance of the inductors shown in Fig. 3.3 according to Eq. 3.4. Afterwards, this value is converted to
per-unit values using Eq. 3.3. With a leakage reactance of 15% this resulted in a impedance value of j0.680625
Q, which is equal to j0.0625 Q p.u..

Zim = —— " Zpase (3.4)

33150

Figure 3.3: 2-winding model for the 3-winding transformers.

3.2. Modeling the WTG farm

In the WTG farm of App. A.2, it can be seen that the WTG strings are modeled as an aggregated model of
individual WTGs [25]. Here, the WTG strings generate apparent power equivalent to the summation of the
WTGs of Apps. A.4, A.5 connected to these strings. For the scope of this project, this model is satisfactory and
used until the effects of the non-aggregated models are analysed.

3

v . — Vcutin
_ wind cu £ _
Poutpur = Pratea- 3 10U Ucurin < Vwind <= Vrated (3.5)
rated ~ Ycutin
Poutput = Pratea for  Vrared < Vwina <= Vcutof f (3.6)
Poutpur =0 elsewhere 3.7

To calculate the output power of the aggregated model for the WTG, Egs. 3.5, 3.6, 3.7, were used. The Egs.
calculate this output power with the wind speed velocity (m/s) as the input parameter. Once this wind speed
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reaches a minimum or maximum threshold, Eq. 3.7 indicates that the WTG string output will be equal to 0
MW. Using Eq. 3.6, it can be found that there is also a threshold for the wind speed as input parameter. Once
this threshold is reached, the output power is constant and maximal. The thresholds used to calculate the
output power of the WTG strings is specified in Tab. 3.3

Table 3.3: Threshold wind speeds to calculate the output power of the WTGs.

Wind speed (m/s)
Cut-in | 3
Rated 14
Cut-off | 25

3.2.1. Design of WTG on string level

To improve the model accuracy, it was decided to model the WTG strings on individual level. It is expected
that the modeling of individual WTGs will have a significant effect on the accuracy of the modeling. Mainly,
because several components that initially were assumed ideal, are now modeled according to its realistic
values. Components that are now taken into account are:

1. The cable lengths and type from WTG to string. Initially, this was the distance from bus bar to string.
Now, the distances among the WTGs on one string is considered.

2. The rated apparent power of the cables connected to the individual WTGs.

3. The leakage reactance of the WTG transformers. Each WTG operates at a base voltage of 0.4/0.63 kV.
Therefore, a step-up conversion is needed for this base voltage from 0.4/0.63 kV to the base voltage of
the bus bar its connected to, i.e. 33 kV.

4. The capability curves of each WTG. This is briefly explained in Sec. 3.2.2.

App. A.19 shows the string level modeling of main bus bar 7 as an example. The configuration is different
for each string, but the same principle is held throughout the modeling. The WTGs are modeled as a gener-
ator. The last generator is connected to the main bus bar by the branch that was previously used to model
the distance from WTG string to bus bar, e.g. branch 7-36 has the same length as branch 7-8 from App. A.3.
However, in some cases there will be a joint terminal, which are highlighted in green in App. A.19, between
the last generator and main string. If connected, it will have a length of 37 m and of cable type 3x1x630 mm?2
ALXLPE. This joint terminal is needed to connect two types of cables without adding an active component to
the system configuration.

The WTGs are modeled by a generator with horizontal terminals, which are highlighted in yellow as shown
in Fig, A.19. The length specified between two WTGs, is the mutual distances between the two. To determine
the parameters for these branches, Tab. 3.2 and [23] were accessed to determine the resistance in p.u., reac-
tance in p.u. and power limit for each of the branches. The transformers to which the output of the WTGs are
connected, are modeled as a bus with losses. In this case with horizontal terminals as well, which are high-
lighted in light blue as shown in App. A.19. To determine the losses caused by the transformers, the leakage
reactance was calculated and the impedance of the cable type its connected to. This cable is located in the
WTGs and connects the generator with the transformers. Since no data was made available about this cable,
aresearch is done in order to find the best suitable cable for this system. Firstly, this cable type is assumed to
be 3x1x150 mm2 AL XLPE. However, when running the test models with this cable type, the results showed
that the system is unstable in the strings. This is mainly caused by a high voltage magnitude, e.g. in the range
of 1.2 p.u. - 1.4 p.u. From the tests it became clear that this is caused by the high impedance of the cables.
So it was decided to implement a cable with lower impedances in order to have a stable system, from which
useful conclusions could be derived, which will be further elaborated in Subsec. 5.2.5. Eventually, the cable
type is assumed to be 3x1x630 mm2 Cu NYY [26].

Subsequently, this leakage reactance of the transformer was added in series to the reactance of the cable
3x1x630 mm2 Cu NYY from the transformer to WTG connection. The transformers are solely seen as a se-
ries leakage reactance specified by Eq. 3.4. Since the inductances in series can be added, it is concluded that
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the series approximation can be considered to be correct. At last, the photovoltaic strings are highlighted
in salmon pink as shown in App. A.19. The design of the photovoltaic strings will be further elaborated in
Sec. 3.3.

This procedure is implemented for each generating string of App. A.2. The purpose of this model is to im-
prove the system configuration. Additionally, the configuration serves as a comparison to the previous aggre-
gated model. From this, it can be concluded what the difference is in the analysis of the system behavior for
the two system models. This conclusion will serve as a recommendation to future research concerning the
negligence of the string level components or not.

3.2.2. Design of the WTG capability curve

For the WTG, there is a relation between the active output power and reactive output power. In most WIG
modeling, the relation is straightforward. The WTG will provide maximum reactive power at all times. With
the Enercon Type C used as example [23], this relation is shown in App. A.17 for a voltage magnitude of 1 p.u.
When the voltage is unequal to 1, the P-Q relation changes. In addition, some WTGs will produce maximum
reactive power, once a certain active power threshold is reached. This condition is shown in App. A.18.

Both cases make the modeling of the output reactive power for the WTG complex. Ideally, from the PQ/RX
model, the function for the P-Q relation dependent of the voltage magnitude is calculated [20]. From this
derivation the exact output and P-Q relation are determined. However, due to insufficient given data from
the case study, the implementation for a PQ/RX model is not feasible. For this reason, the P-Q relation is
derived from the Enercon P-Q diagrams of Apps. A.4, A.5, [23].

The procedure to implement the non-ideality of the P-Q relation will consist of determining the equivalent
P-Q relation for each WTG generating string in Apps. A.4, A.5. An approximation of this P-Q relation is made
by dividing the capability curve into three sections. The first section models the linear slope for a voltage
of 0.9 p.u., to reach maximum reactive power at the threshold for the active power. The second section ap-
proximates the common case of maximum reactive power. The third section will approximate the decrease
of reactive power specified with the slope of a voltage of 0.9 p.u., shown in App. A.18. This slope is considered
to be a reliable approximation, since it is the closest to the minimum physically allowed voltage of 0.8576 p.u.
This prevents a complex implementation of the P-Q relation as a function of varying voltages for each WIG
string. Out of this approximation, the wind speed and Q relation is determined and plotted for each generat-
ing string in Fig. 3.4. This capability curve will be implemented for every wind speed test model designed in
Chap. 4.

Design of the WTG capability curve on string level For the design of the P-Q relation on string level, the
same procedure, as described in Subsec. 3.2.2, is followed. The P-Q relation is also approximated by dividing
the capability curves in three sections. Instead of summing the capability curves of every WTG in order to
model the string as one generator, the three sections are implemented for every type of WTG in the string. In
total four types of turbines are modeled. Out of this procedure, the wind speed and Q relation is determined
for every WTG and plotted as shown in Fig. 3.5.

3.3. Design of the solar farm

3.3.1. Determination of solar farm parameters
For the design of the solar farm, there was no data supplied. This offered a degree of freedom in the design. A
rule-based approach is used for the design of the farm.

Firstly, the active power generation of the solar farm is determined. The generation is determined by analysing
the weak components of the system. Weak components are considered to be the components, which will
have apparent power overloading when running the power flow. In this case study, the weak components
are considered to be the transformers and the cable to the PCC. In order to prove this, these components
are analysed with the WTG farm generating active power at rated wind speed. The results of this analysis are
shown in App. A.37, A.36, and A.38.

In App. A.37, A.36, and A.38, it can be seen that for the case study used, the branch to the PCC is the weakest
component. As can be seen in Fig. A.38 a capacity of 38.2 MW can be added before reaching the branch limit
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Figure 3.4: The model designed for reactive power output for different wind speeds for each bus connected in App. A.3. The busses
correspond to the WTG power generating strings. For a wind speed of 7.5 m/s the reactive power output achieves its maximum. At a
wind speed of 14 m/s the reactive power output decreases until it achieves its minimum at the cut off speed.

of the cable. Thus, for each solar farm string, and rated power generation of 12 MW is chosen. Therefore,
some parts of the day the cable to the PCC will be overloaded with 8 MW. This overloading is needed to give
power flow control scheme [4], the opportunity to come up with solutions in order to guarantee stability and
reliability of apparent power at the PCC.

Additionally, the type of solar modules has to be chosen. It was decided to implement the Sunpower X-Series
solar modules, because these modules have a high efficiency of 22.2%, in comparison to the average solar
modules efficiency of 18%, and a sufficient amount of data about the modules is available online [27].
Secondly, because of the AC powerflow in the case system shown in App. A.2, the DC power generated by the
solar modules has to be converted into AC power. [7]. Thus, in each photovoltaic string, DC/AC inverters are
implemented in order to apply this conversion. However, during this conversion, reactive power is generated
by the DC/AC inverters [7]. As shown in [28], the efficiency of this conversion is 98,7%, which will be taken into
account when calculating the maximum output power. Since no data of the P-Q capability curves for these
solar modules is available, a popular approximation used in research was used for Q, as shown in Eq. 3.8 [29].

1
Qgen = g 'Pgen (3.8)

Afterwards, the irradiance in W/m? of the location is examined using [30]. When implementing the irra-
diance profile, a summer model is chosen. This choice is made, since in the summer the irradiance has less
fluctuations due to less uncloudy and the highest in comparison to the other seasons. This research resulted
in a rated irradiance of 800 W/m?. This value is used in order to calculate the number of modules needed for
each solar farm. As can be seen in [27], the output power of each module at Standard Test Conditions (tem-
perature of 25°C, irradiance of 1000 W/m? and an air mass of 1.5 (AM 1.5) is 360W. For the sake of simplicity,
the output power is considered to be linearly dependent with the irradiance. Thus, the other two variables,
temperature and air mass, are not considered to be of influence in this model. With this assumption, the
output power of each module is calculated by Eq. 3.9.

Liocation .p

module-STC (3.9
Istc

Priodule-location =

30
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Figure 3.5: The capability curve for the reactive power output as a function of wind speed in m/s for each type of WTG connected in the
aggregated model of App. A.3. App. A.19 is an example for the configuration of a bus, but the types are not specified in the Fig. At a wind
speed of 7.5 each WTG achieves its maximum reactive power output and stays on that level until cut off wind speed. The letters in
parentheses indicate of the type of the WTGs.

12-106
Nmadules o (3.10)

module—location

In addition, the amount of solar modules needed is calculated by Eq. 3.10. These calculations resulted in
41667 solar modules for each photovoltaic string.

Table 3.4: Maximum output current and voltage of one solar module [27] and the bus and branch limits of the case system shown in
App. A.3.

Maximum Output voltage | 69.5V
Maximum Output current | 6.48 A
Bus limit 36kV
Branch limit 1402.96 A

3.3.2. Solar farm overview
Additionally, the interconnection of the solar modules is determined by considering the capacity limits of
the bus bars to which these photovoltaic strings are connected . An interconnection as shown in Fig. 3.6 is
chosen, since this interconnection will not violate any voltage or current bus/branch limits [31]. In Fig. 3.6,
204 solar modules are connected in series per array, which results, using Kirchhoff’s voltage law and Tab. 3.4,
in a maximum output voltage of 14,178 V for each array. This voltage has to be transformed to the base voltage
of the bus bar in order to connect to the grid. Therefore, a 14 kV/33kV transformer is connected as shown in
Fig. 3.6. On the other hand, 205 arrays are connected in parallel, which results, using Kirchhoff’s current law
and Tab. 3.4, in a total maximum current of 1328 A for each photovoltaic string. The last consideration that
had to be made is that the inverter has a limited number of inputs, i.e. three inputs. Therefore, sub array
connectors are used in order to connect the arrays with the inverter.

Eventually, the cable length from the interconnection point to bus bars is approximated by examining the
data of the location and the cable lengths of the WTG strings. This resulted in the approximated length shown
in Apps. A.2, A.3.

3.4. Method to determine model accuracy
MatPower solves the power flows, voltage/current profiles, and power losses of nodes in the system, using
the Newton Raphson method [9]. To determine if the model was implemented correctly and MatPower is a
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Figure 3.6: Overview of a part of the solar farm, in which the sub array connector, inverter and transformer are shown. For each
photovoltaic string this part is implemented 23 times in order to have an active power generation of 12 MW.

reliable source tool, the same method was applied with hand calculations. Hereby, the same setpoints for
generating strings used for the MatPower code were used to solve the iterative power flow.

Since the system configuration consists of 28 bus bars and 17 generating strings, it could be concluded that
performing hand calculations on the entire system would be too intensive for the purpose of this project.
Therefore, it was decided to perform the calculations for one string. This comparison is done for two differ-
ent reactive power setpoints. The strings chosen were based on the known parameters of the system. When
there is a PCC request, reactive power setpoints are sent to the generating strings from the slack node top to
the strings down. Based on this, the voltage profile and current is best known between the WIG and con-
nected bus, e.g. the power flow of branch 7-8 with bus 8 being the WTG, is known after the reactive power
demand is known at bus 7. To choose which branch is most relevant to model, the longest branch was chosen
since this will cause a higher voltage difference and power loss in the string. With a length of 7561 m, branch
23-24 is tested.

Firstly, an equivalent test model is made for the branch, shown in Fig. 3.7. After, an equation is formulated
for the active and reactive power through branches Eq. 3.11 and Eq. 3.12. In these equations, i will be the node
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for which the power is unknown and n will be the node with known magnitude and angle values. Y;;, is the
admittance value in the admittance matrix for the branch between node i and n. With the Jacobian of Eq. 3.13,
Eq. 1.4 is solved. From Eq. 1.4, the power flow is determined. If the mismatch between the calculated power
flow and the desired power flow is below a certain threshold, the vector of Eq. 1.4 yields the final solution.

24 23

: : Z $ demand

Figure 3.7: Equivalent test model of branch 23-24 used to perform the hand calculations to determine the model accuracy.
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To solve the equations, all values will be in per-unit. To arrive at the known parameter values, the Mat-
Power code shown in App. A.9.1 is ran with random setpoints centered around 0 and maximum active power
generation for each string. From this test, the values in Tab. 3.5 are determined. Using Fig. 3.7, in the first test
itis assumed that the generation is known, i.e. at bus 24, and the voltage profile on bus 23. In the second test
the apparent power demand is known, i.e. at bus 23, and the voltage profile on bus 24. In this manner, the
Newton Raphson method is applied for both sides of the model, yielding a more reliable hand calculations
result.

Table 3.5: MatPower known parameters for the model of branch 23-24. Bus # is the bus number. Voltage magnitude and angle are
specified for the busses. The admittance (Y) value of the cable connecting the busses. Power flows from bus 24 to 23. Therefore, P and Q
are the power injection of bus 24 and the power absorption for bus 23.

Bus #| Voltage (p.u.) |V £ (degrees) | Y admittance (p.u.) |P (p.u.)|Q (p.u.) |Ploss (MW) |Q loss (MVAr)
23 0.9801 18.5814 1.265-j 7.216158756 | 0.294 |0.000169 | 0.0607 0.3465
24 0.9776 19.2510 1.265-j 7.216158756 | 0.294 |0.00023 |0.0607 0.3465

For the purpose of this project, a threshold of 0.0001 p.u. for the power flow mismatch is chosen, which is
recommended in the lectures of the supervisor for the project. After the final solution is found from Eq. 1.4,
the current magnitude and angle are determined. Using Ohm’s law, the active and reactive power losses are
calculated. Then, the mismatch between the MatPower and hand calculations is analysed to determine if
this mismatch can be neglected for the purpose of this project. Based on the total active power, 400 MVA,
that theoretically could be provided at the PCC (Bus 1), a maximal mismatch of 1 MW for active power and
1 MVAr for reactive power is chosen. The relative mismatch is 0.25 % which is considered to be a negligible
inaccuracy. Furthermore, this mismatch is well within the allowable deviation of the PCC request [23]. The
hypotheses is that if the MatPower results are sufficiently close to the hand calculations, MatPower modeling
proves to be accurate.



Test models for operating conditions

To determine the system behavior after each system update, different Operating Conditions (o.c.) were de-
signed. System updates occur when the dispatch profile is known, i.e. wind speed (m/s) and solar irradiance
(W/m?). Furthermore, the system is updated after receiving setpoints for generating strings. The setpoints
indicate if a certain string is required to be connected and deliver apparent power and what the amount is
that shall be delivered, this relation is shown in Fig. 2.1. The results of these test models yield the relation
between dispatch profiles, losses in the system, and setpoints received from the PCC.

After defining what parameters shall be tested, the relevant o.c. should be determined for the transmis-
sion system. This can be divided into normal o.c. and extreme o.c. Normal o.c. is defined by the most frequent
PCC setpoint request at a nominal dispatch profile. Following [23], normal setpoints are defined by the re-
quest of maximum active power output (MW) and zero reactive power (MVAr). Consequently, in most cases
the power factor requested at the PCC is equal to 1. Furthermore, nominal dispatch profiles are defined by
Vwina = 7.5mls and I = 500W/m?. Using Egs. 3.5, 3.6, 3.7 and Eq. 3.9 the active power output is computed
for WTG and photovoltaic strings. Using Fig. 3.4 and Eq. 3.8, the reactive power output is computed. It can
be seen from Eq. 3.5, that nominal wind speed will not give maximum active power output. However, from
Fig. 3.4 every WTG string will generate maximum reactive power. The rated power for each string is found in
App.A.4,and A.5.

Therefore, extreme o.c. are defined for setpoints of which the power factor is lowest for a specific dispatch.
The power factor is given by Eq. 4.1.

p p

VPP @ IS

Eq. 4.1 derives that the lowest power factor is reached when the maximum positive or negative reactive
power that the string can deliver, is requested from the PCC. For the extreme test models, this behavior is
analysed for a very low P generation and a very high P generation of the connected strings. To determine the
dispatches corresponding to realistic low P generation and high P generation, the probabilistic distribution
for wind profiles is run with parameters from the case study [23]. For the solar profiles, it is based on the
historical data of the case study [30].

pf= (4.1)

There might be concerns about the Q requests made by the PCC to the WTG and PV strings, leading to a
violation of the rated apparent power of the branches, explained in Sec. 3.1. Therefore, a quick calculation
was made to determine the maximum apparent power flow through these branches. P,,;x = 33MW and
Qmax = 22.4MV Ar, therefore S;,qx = v/ (33)2 + (22.4)2 = 39.9MV A. This is below the rated apparent power
limit, i.e. 46.2977 MV A, of the branches and shall therefore not need consideration for the design of the test
models.

Since the load demand is unpredictable in a realistic situation, it was decided to apply a normal distribution
with a standard deviation of 8 % from the maximum reactive power output [10]. The mean of the distribution
is calculated by dividing the reactive power at the PCC by the amount of connected generating string. This re-
active power mean is swept from the maximum negative reactive power to maximum positive reactive power

18
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in certain steps. It is believed that by doing this sweep, it will be able to derive relations between the voltage
magnitude and active/reactive power losses or reactive power injections in the system.

It should be noted that for each wind/solar dispatch design, it is assumed that the noncorresponding renew-
able energy system is inactive. For example, when the photovoltaic power generation is modeled with the
designed solar irradiance daily dispatch, the WTGs are considered to be disconnected. The same counts for
the wind daily dispatch design and the disconnected PV module. Once each design is tested individually, the
dispatches can be combined in a normal random distribution function for wind-and solar power connected
simultaneously.

To test the system behavior, the model is tested under different operating conditions. A total of 300 dispatches
are made, i.e. 300 of 15 minute dispatches [10]. More dispatches will be confusing to analyse and less will be
insufficient data. For the correctness of the tests, it is important to disconnect or neglect components that
are not part of the components of interest.

For each test model the procedure explained in Fig. 4.1 will be followed. It is divided in different sections
that make it possible to derive conclusions in a stepwise manner. Firstly every relevant system and test pa-
rameters are calculated and implemented to run power flows.

Out of the power flows the data is processed to make relation plots and data vectors indicating violation
of voltage magnitudes constraints. The voltage limitations are shown in Tab. 4.1. The constraints are based
on the voltage limitations of the transformer inputs, i.e. bus 4 and 6 of Fig. A.3. Lastly, these plots are used
again to compare it to other test models results.

Especially, the 3-D plots make data analysis more manageable. For each dispatch, the total system behavior
is plotted for different dispatches. Out of this comparison it can be concluded if expectations are satisfied.

Table 4.1: Voltage constraints for the transmission system based on the voltage limitations of the transformer inputs.

Minimum allowed voltage (p.u.) | Maximum allowed voltage (p.u.)
0.8576 1.1424

4.1. Hypotheses on results

4.1.1. Active and reactive power losses

As is already known, the PCC receives reactive power demand from the generating strings. This situation can
be reformulated by a simplified AC model shown in Fig. 4.2 and Fig. 4.3. When the demand at the PCC is
positive, the PCC behaves as an inductive element, for which X = jokL. Fig. 4.2 shows that when this is the
case, the voltage at bus bar 1, i.e. the PCC, is the negative terminal of the reactance. Therefore, the average
voltage magnitude of the transmission system, i.e. the positive terminal, must be higher than bus bar 1 to
satisfy this behavior. For a capacitive element, for which X = %, the opposite relation applies. The average
voltage magnitude, i.e. the negative terminal, must be lower than bus bar 1. The PCC was considered to
be the slack node with 1 p.u. and 0 angle degrees, explained in Chap. 3. Reactive power is calculated from
multiplying the impedance with the current squared, as shown in Eq. 4.5 for losses. For a higher positive or
negative reactive power, the system voltage must deviate more from the PCC voltage to increase the reactive
behavior from the element model. From this relation it can be concluded, the more positive the reactive
power demand, the higher, above 1 p.u. the average voltage will be. The more negative the reactive power
demand, the lower, below 1 p.u. the average voltage.

Out of the relations described by Figs. 4.2 4.3, also the voltage-loss relation of the system could be derived.
Eqgs. 4.3, 4.4 describe a parabolic relation between the parameters, mirrored in the x-axis around the voltage
of the slack node. One should notice that the Egs. 4.3 4.4 are multiplied with the voltage base squared, other-
wise the losses were in per-unit values.

Although, a parabolic relation is described, the reactive power demand strongly influences which part of
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Figure 4.1: Overview of procedure followed to analyse the power flows in the case system shown in App. A.3. The green blocks indicate
the design process of the system and testing of it. Orange indicates the data gathering to arrive at conclusions, the red block. Blue
blocks are the data of previous models that serve as a reference to the data gathered for the current model. Yellow block indicate the
extreme test operating conditions. The mentioned violations are for the boundary voltage magnitudes of the system, since it is
expected some busses will violate these boundaries after power flows are ran.

the graph is extended in losses. The same demands, but of the opposite sign have other effects on the losses.
Using the simple Eq. 4.2 from Ohm’s Law, it is expected that negative demands of equal magnitude to its posi-
tive demands, will cause higher losses in the system. Since Ohm’s Law must be satisfied for all circumstances,
when AV =V — V40« is higher for negative demands, the current through the branches of the system be-
comes higher to still satisfy the power flow through the system. Because of this higher current, there will be
more dissipation through the impedances of the branches in the system, leading to higher losses.

Ideally the slack voltage is 1 p.u., but this value inserted can slightly deviate if the Newton Raphson solves
the power flow with a different vector solution in Eq. 1.1. This is caused by a small power mismatch.

V=I1-Z7 4.2)

(V = Vitack)?
Pioss = —};l‘wk : (Vbzase) (4.3)

(V- Vslack)2

Qioss = —x : (Vl?use) (4.4)

Eventually, when comparing the P, s and Qs results, it is expected that the Qs will be significantly higher
than P;,s;. Matpower implements Egs. 4.5 in order to calculate the power losses in the branches. As shown
in Tab. 3.2, the reactance values are almost 5 times higher than the resistance values. So with Eq. 4.5, it can be
concluded that the dissipation in the reactances will be higher than the dissipation in the resistances, which
will result in higher reactive power losses than active power losses.

Losses=1I%-(R+jX) (4.5)
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Figure 4.2: Visualization of the PCC behaving as an inductive element.
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Figure 4.3: Visualization of the PCC behaving as a capacitive element.

4.1.2. Reactive injection losses

The expected relation for the average voltage and losses due to injections in the bus bars, is explained by
Eq. 4.6, with Q reference = 0 MVAr. This was relation was derived from [32] and shall be consulted for further
explanation. Here, it was assumed that the injection losses are equivalent to the reactive power present by
droop losses. Eq. 4.6 describes a linearly increasing reactive injection for decreasing voltage transmitted to
the PCC. This relation is expected for every test condition. Furthermore, it will not change for different gener-
ations of the same system model, since the droop coefficient does not change. It stays constant and therefore
the same relation holds.

1

Qinjected - Qreference = _R_ *(Viransmitted — Vsiack) (4.6)
u

4.1.3. Reactive power demand

To derive the exact relation between total reactive power demand by the PCC and the average voltage of the
system, [33] suggested an analysis of an exponential load model. The exact parameter values that describe
the relation described by this load model is yet unknown. This will be derived from the results in Chap. 5.
However, it is expected that the same relation is held for every test model analysed.

V ok
Q= Qn.(v) qu (4.7)
n

4.1.4. Expected system behavior

Following the relations described above, it was concluded that the power flows through the system directly in-
fluence the voltage magnitude and losses. Therefore, the higher the total active power generation, the higher
the active power losses. The order of available generation for the farms is from solar farm (40 MW), to wind
farm (363 MW), to hybrid farm (403 MW). Concluding, in the same order the active power losses will increase.
Furthermore, active losses and reactive losses have a linear relation if plotted against each other. Active and
reactive losses will simultaneously linearly increase or decrease, but not with the same magnitude.

However, using Egs. 3.5, 3.6, notice that for higher active power generation of the system for wind farm, the re-
active power generation becomes lower because of the decrease in the capability curve shown Fig. 3.4. Hence,
using Eq. 4.1, the apparent power is decreased. If the total apparent power for higher active power generation
becomes lower than that of nominal active power generation, the reactive losses in the system will be higher
for nominal active power generation. This is because the apparent power flow becomes higher with increas-
ing availability in reactive power from the generating string. However, it is yet unknown if this will be the case.
Therefore, the results will be analysed and discussed in Chap. 5, from which it can be concluded whether the
apparent power is indeed lower for higher active power generation from the WTG strings.
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4.2. Wind farm procedure

For the wind farm, the solar farm will be disconnected. The procedure of Fig. 4.1 is followed for three different
wind speeds, one of them being the nominal wind speed, i.e. 7.5 m/s.

The choice of the wind profiles was based on a Weibull PDE Out of data for the case study, the scale pa-
rameter, 2.54 p.u. and shape parameter, 7.86 m/s was found [23]. With these parameter, the probability for
extreme wind speeds were determined. By running 1000 samples of the Weibull PDE the probability of the
chosen wind speeds is analysed. This believed to be a correct approximation. [14] makes use of 135 wind
speed data points for the research and [15] uses 4096 samples to run the Weibull distribution. Hence, the
amount of samples ran is arbitrary, as long enough samples are created, the approximation proves to be cor-
rect. In the proposed model, the data processing is based on three years of historical hourly data to forecast
the random behavior of wind speeds and solar irradiance at different times of the year. of 135 irradiance and
wind speed data points with the assumption that one month is made up of 30 days [14] In Tab. 4.2, it is found
that the probability to be at extreme wind speeds is relatively high, namely approx. 10 % of the time. This
probability is higher for windy seasons, making its inspection relevant. The wind speeds chosen were close
to the cut in and cut off speed boundaries. For extreme low generation it was decided to choose 4 m/s. For
extreme high generation this was 14 m/s. From Eq. 3.6, will generate maximum at this chosen wind speed.

Table 4.2: Probability of extreme wind speeds for the location of the case study. This probability is based on the Weibull parameters for a
yearly wind dispatch of the location [23].

Vlow (m/s) Probability of exceedingV | Vcutin (m/s) | Vrated (m/s)
4 0.135 3 14
V high (m/s) | Probability V cut off (m/s) | Vrated (m/s)
13 0.016 25 14
14 0.07 25 14

As explained in the Sec. 4.1, the mean of the normal distribution for load demands will be swept from
maximum negative reactive power to maximum positive reactive power. The average maximum of the WIG
strings is calculated by summing the reactive power at nominal wind speed(7.5 m/s) using Fig. 3.4, yielding
18.46 MVAr. For a correct behavior analysis from different sample points as means, it was decided to sweep
this mean in 20 steps, from 18.46 to -18.46 MVAr. 20 steps is considered an estimate for sufficient means to
yield plots that show a relation between the 3-D plots. Since the generation of reactive power is lower for
extreme wind speeds, the means and subsequently, the sample points in the 3-D plots will be closer to each
other, making the plots unreadable if a higher amount of dispatches is used, strengthening the argument of
using 300 dispatches for analysis [18].

To test the effect the shunt reactor component has on the system behavior, a test will be run for which the
shunt reactor is connected at nominal wind speed. Although the shunt reactor is connected, the same reac-
tive power setpoints are sent by the PCC to the WTG strings, as done for the test models with shunt reactor
disconnected. By doing this, the difference between the results of the test models, will solely indicate the
effect of the shunt reactor.

4.3. Solar farm procedure

In order to test the behavior of the solar farm solely, the wind farm is disconnected before running the test
models. The procedure shown in Fig. 4.1 is executed for three different solar irradiances.

As described in Subsec. 3.3.2, the solar profile is implemented for summer days and is based on historical
data. Additionally, the normal and extreme o.c of the photovoltaic strings have to be determined. This done
by examining the solar irradiance of the location assigned for this project. Furthermore, the irradiance is
modeled discretely, meaning that a certain irradiance is modeled for the whole day. This is not an optimal
modeling of the reality because the solar irradiance increases in a stepwise manner during the day. However,
this can be justified, since the emphasis of these tests is on testing the capability of the system in dealing with
extreme conditions.

For the extremely low o.c the minimum irradiance of the location is taken. The same is done for extremely
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high o.c. For the normal operating condition, the average and most common irradiance is taken [30]. The
results are shown in Tab. 4.3. In order to determine and implement the random load demands the same pro-
cedure is used as for the wind farm as described in Sec. 4. The same procedure as described in Sec. 4.2 is used
in order to determine the average maximum of the Q demands of the photovoltaic strings. This resulted in an
average of 10 MVAr. For a correct behavior analysis from different sample points as means, it was decided to
sweep this mean in 10 steps, from 10 to -10 MVAr. For the photovoltaic strings 10 steps are considered to be
sufficient menas to yield plots that show a relation in 3-D plots. The same reasoning as for the windfarm tests
is used in order to justify the amount of steps. The complete elaboration can be found in Sec. 4.2.

Table 4.3: Low, normal, and extreme o.c. of the photovoltaic strings in terms of the solar irradiance in W/m?. These values are needed
for the test models designed. [30].

Category of operating condition | Irradiance [W/m?]
Extremely Low 100
Normal 500
Extremely High 800

4.4. Hybrid farm procedure

Eventually, the wind farm, and solar farm are both connected to the system configuration in App. A.2. The
procedure described in Secs. 4.2, 4.3 were combined in order to test the behavior of the hybrid farm. The
extreme conditions of wind as described in Sec. 4.2 are combined with those of solar, which were elaborated
in Sec. 4.3. For normal operating conditions the same procedure is implemented. This total of three operating
conditions with subsequent dispatch profiles are shown in Tab. 4.4. The results of these test models will be
further elaborated in Subsec. 5.2.4.

Table 4.4: Overview of the o.c. implemented for the test models in terms of the wind speed in m/s and irradiance in W/m?.

Wind speed (m/s) | Solar irradiance (W/m2)
Low generation 4 100
Nominal generation | 7.5 500
High generation 14 800

4.4.1. Prototype hybrid farm

The prototype to show the system model fulfills requirements specified in Chap. 2, will be a simple visual-
izable diagram. This diagram is a snapshot of the power flows and voltages in the system, after four differ-
ent dispatches and setpoints are received. The setpoints to the WTG and PV strings in order to satisfy load
demands are not designed according to procedures described above. Rather for the prototype, the final set-
points are received from the optimisation scheme [6], after several power flows were run with the system
model designed by this project according to the procedure in Chap. 3. After a discussion with the three sub-
groups, Tab. 4.5 is the desired test profile. These values were chosen such that the system behavior is known
for the system components around nominal operating conditions. The +-50 MVAr are considered unfrequent
load demands if the grid code is followed [34]. To show the power flows in the system, App. A.3 will be used
as the visualizable diagram. In addition, the voltages will be shown on every bus number of the system.

Table 4.5: Test profile values for the prototype model. Each profile indicates a varying apparent power PCC request and apparent power
generation based on the dispatch profile for the WTGs and PVs.

Profile # | PCCrequest (MW) | PCC request (MVAr) | Wind speed (m/s) | Solarirradiance (W/mz2)
1 70 0 6.5 650
2 70 -50 7.5 600
3 110 0 8.5 800
4 155 50 10 450




Results

5.1. Determination of model accuracy

After the Newton Raphson method was applied to the test model of Fig. 3.7, interesting observations were
made. Firstly, it was found that unless the first initial guess of the unknown voltage magnitude and angle
is close to the final values for Vector 1.1, the Newton Raphson method would not converge in less than 10
iterations. This behavior is shown for the first test in Tab. 5.1 for which the voltage at bus 24 and the power
demand of bus 23 are unknown. The power mismatches between the previous iteration and current iteration
were increasing, which is an indication that the NR is working. However, the higher the number of iterations
to solve the power flow, the more the voltage magnitude and degrees would differ from the final answer. An
alternative had to be searched to prevent complex hand calculations for a calculation that can be simplified.

Any power flow calculation that requires more than 10 iterations, is considered to be too complex to solve
with the hand [9]. Moreover, the calculations were performed for solely one branch. If the power flow was
tried to solve for a test model of a greater section of the system in App. A.3, the complexity would increase
and therefore the required time to solve. Because of this complexity, it was decided to make an own MatLab
code for the hand calculations of NR-method found in App. A.9.1. This code will yield the final answer and
the amount of iterations immediately. Secondly, it was found that the threshold of 0.0001 p.u. for the power
mismatch was not feasible for hand calculations. In most cases, the system would not converge. It was de-
cided to increase the allowable power mismatch to 0.1. After this was done, the NR would converge in some
cases. In Tab. 5.2 the results are shown and the indication of the initial guess. It can be seen that the power
mismatch between the first iteration and the current iteration is high compared to when the initial guess is
closer to the final solution Vector of Eq. 1.1. The reason for not showing the mismatch between the previous
iteration and the current iteration as explained in Sec. 3.4, is because of convergence issues. After each itera-
tion, the mismatch is added to the power flow of the previous iteration. When the system does not converge,
this would mean a significant amount of intermediate steps have to be noted. Therefore, it was decided to
analyse solely the mismatch between first and last iteration and subsequently inspect if the solution Vector
of Eq. 1.1 is approaching the final answer, since its approximate value was already calculated by MatPower.
One could doubt this approach, but since MatPower is trusted to an extent that the solution at minimum
approaches correctness, the values indicated by Tab. 3.5 are used as a reference.

The smallest power mismatch is found when the first initial guess is V = 1/20. A similar test was performed
to determine if the voltage at bus 23 could be calculated, as well as the power generation of bus 24. Using the
results of Tab. 5.3, the smallest mismatch is when the initial guess is V= 0.97.£20.

The results are compared to the results of MatPower, having a noticeable margin of error in either the Mat-
Power or the hand calculations results. For the voltage magnitude and angle the difference seems to be min-
imal. However, in Tab. 5.4 it can be seen that the hand calculations give higher P and Q losses in the branch.
Several explanations were found to explain this difference for AP = 0.1318 MW and AQ = 0.7513MV Ar. It
should be noted that these values are within the maximum allowed power difference of 1 MW and 1 MVAr,
explained in Sec. 3.4. Since MatPower also makes use of the NR-method to solve the power flows, it was
decided to analyse how MatPower applies this method [22]. The threshold MatPower uses by default is sig-

24
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Table 5.1: Hand calculations for test 1; voltage profile at bus 24 is solved. Voltage of bus 23 and power generation at bus 24 are known
parameters. V guess and Z are the initial guesses for the solution vector. AP/Q is the difference between power flow of first iteration
and current iteration. V result and Z result are the Vector solution of Eq. 1.1.

Iter. | Vguess (p.u.) | Zguess (degrees) | Vresult (p.u.) | Zresult (degrees) | AP (p.u.) | AQ (p.u.)
1 1 0 0.9465 -22.7570 N.A. N.A.
2 1 0 0.3053 -110.6236 N.A. N.A.

Table 5.2: Hand calculations with code of App. A.9.1 for test 1; voltage profile at bus 24 is solved. Voltage of bus 23 and power generation
at bus 24 are known parameters. The iterations indicate iterations run by MatLab. If the system does not converge, the code is stopped
manually. The calculations by MatLab are done so fast during this manual action, a significant amount of iterations are formed. V guess
and Z are the initial guesses for the solution vector. AP/Q is the difference between power flow of first iteration and current iteration. V
result and Z result are the Vector solution of Eq. 1.1.

Iter. 'V guess (p.u.)|£ guess (degr.)|V results (p.u.)|Z results (degr.)|AP (p.u.)|AQ (p.u.)|Conv.
256944 |1 0 0.9465 -22.7570 2.4503 |-0.9096 [No
294631 |1 10 0.9983 -1.0222 1.3063 |-0.4098 |Yes
1 1 20 1.0157 19.0616 0.0928 |-0.1162 |Yes
1645122/0.99 20 0.9959 19.0518 0.1074 |N.A. No
1 0.996 20 1.0078 19.0577 0.0987 |N.A. 'Yes

Table 5.3: Hand calculations with code of App. A.9.1 for test 2; voltage profile at bus 23 is solved. Voltage of bus 24 and power demand at
bus 23 are known parameters. The iterations indicate iterations run by MatLab. If the system does not converge, the code is stopped
manually. The calculations by MatLab are done so fast during this manual action, a significant amount of iterations are formed. V guess
and Z are the initial guesses for the solution vector. AP/Q is the difference between power flow of first iteration and current iteration. V
result and Z result are the Vector solution of Eq. 1.1.

[ter. 'V guess (p.u.)|£ guess (degr.)|V results (p.u.)|Z results (degr.)|AP (p.u.)|AQ (p.u.)|Converged
126514 |1 0 0.9820 -22.7570 1.9422 |-0.9262 [No
156329 |1 10 1.0203 -1.0222 0.8010 |-0.4264 |No
33927531 20 1.0258 19.0616 -0.4120 [-0.1329 |No
867535 |0.99 20 1.0062 23.0715 -0.3982 |-0.0555 |No
835672 |0.97 20 0.9665 23.1346 -0.3715 [0.0856 |No
2367897|0.97 19 0.9673 21.1310 -0.2517 [0.0650 |No
2 0.97 16.5 0.9679 16.1265 0.0461 [0.0044 |Yes

nificantly lower, namely 10~%, making the final solution shown in Eq. 1.1 more accurate by yielding smaller
power mismatches. Ideally, this is closest to 0 to satisfy Eq. 1.5. Thus, the hand calculations yield less satis-
factory results with power mismatches close to the high threshold of 0.1. Secondly, MatPower considers the
angle shift caused by the branch model in Fig. 3.1 when calculating losses. Therefore, the losses are defined
as shown in Eq. 5.1 [22]. This was something that could not be taken into account for the hand calculations.
Lastly, MatPower ran the power flow the case study, while for the hand calculations only one branch of the
31-branches system was tested. Thus, the influence the power flows of other branches have on the branch
analysed in Fig. 3.7 cannot be considered for hand calculations.

| eV, P
LosseSpranch = —4———— (5.1)
Zpranch

The hand calculations were performed to determine if the MatPower implementation was done correctly.
However, it could be concluded that hand calculations are less accurate approximation for several reasons.
Due to the complexity, mistakes are easier to be committed. Furthermore, hand calculations use rougher
approximations to converge for the power flows, since the threshold could be considered high for this project
and the fact that the influence of other branches was not considered. However, both hand calculations and
MatPower make use of iterative minimization. Concluding, MatPower is an open source-tool that gives more
satisfactory solutions, as well as faster. Therefore, the system of this scale, 28 bus bars and 31 branches, are
recommended to solve with MatPower or other algorithms available with low threshold and fast convergence.
The AP/Q in Tab. 5.4 lied within the allowed limits. Hence, hand calculations are not a wrong approximation,

were the system power flows solved completely by this methodology.
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Table 5.4: Results for voltage profile and losses are compared for MatPower and hand calculations.

IV bus 23 (p.u.)|£ bus 23 (degr.)[V bus 24 (p.u.)|£ bus 24 (degr.)[Plosses br. 23-24 (MW)|Qlosses (MVAr) br. 23-24
MatPower|0.9776 18.5814 0.9801 19.2510 0.0607 0.3465
Hand 0.9679 16.1265 1.0157 19.0616 0.1925 1.0978

5.2. Test Models for operating conditions

After completing the implementation of the test models for each farm, the different test models are run and
the results are analysed. During this analysis, the results for each farm are inspected to determine the satis-
faction of the hypotheses made in Sec. 4.1.

Firstly, the 3-D plot is made by plotting the parameters of interest against each other. For every operating
condition:

1. On the Y-axis: the active power losses/ reactive power losses.
2. On the X-axis: the reactive power demand
3. On the Z-axis: the average voltage magnitude of the system.

This plot is generated to prove whether the relationship described in Eq. 4.3 is satisfied. The same procedure is
done for the reactive power losses to prove whether the relationship described in Eq. 4.4 is satisfied. Secondly,
the losses on the Y-axis are replaced by reactive power injections. This plot is generated to prove whether the
relationship described Eq. 4.6 is satisfied. Eventually, the relation between the setpoints Q and the average
voltage of each dispatch is inspected.

5.2.1. Wind farm

Active and reactive power losses. The test models for the wind farm were run for the three o.c., as described
in Sec. 4.2. The result of this test is shown in Fig. 5.1. In Fig. 5.1, the quadratic relation is seen between the
active power losses and voltages approximately centered around V = 1.0 p.u., as described in Eq. 4.3. This is
satisfied for all wind speeds. The peak of the parabolas shown in Fig. 5.1 is defined as the voltage for which
the active power losses reach minimal value. This is because the system is considered to be most stable when
the average voltage is equal to the voltage of the slack node, i.e. 1 p.u. [35]. Ideally, this peak corresponds
to the normal o.c. Hence, the PCC in Figs. 4.2, 4.3 will behave solely as a resistive element. In such a case,
the reactive demand is 0 MVAr. Hence, the expected minima coordinates were minima;geq; = [minimum
lossvalue 0 1]. However, the power flows are not solved analytically, for which there is an unspecified
insignificant margin of error for the final solution of Eq. 1.1. Therefore, the parabola is centered around
other coordinates than initially expected. For the dispatches ran for v = 7.5 m/s, minima = [0.02667 -
18.1 1.001], for v= 14 m/s, minima = [1.02 15.92 1.006]. The width of the parabolas is reasonably
wide. This compensates for this error, since the loss value for a reactive demand of 0 MVAr, its deviation for P
ranges from | 0.00346 |< AP <| 0.004 | MW. For Q this deviation ranges from

[0.14 |[< AQ <| 0.179 | MV Ar. Concluding, this deviation is so small that it can be neglected. The ideal coor-
dinates can be assumed. Therefore, it can be concluded that for each o.c. setpoints of Q = 0 MVar result in the
lowest losses.

Fig. 5.1 depicts that the higher the available reactive power generation and subsequently, allowable total re-
active power demand, the more the graph is extended for certain wind speed. For the nominal wind speed
v =7.5m/s, the graph is the most extended, since Fig. 3.4 shows that the strings generate maximum reactive
power. Using Fig. 3.4, for v=14 m/s reactive power generation is less and for v= 14 m/s the least. Concluding,
the non-ideal capability curve explained in Subsec. 3.2.2 was implemented correctly, improving the accuracy
of the model.

Fig. 5.1 shows that the higher the active power generation (e.g. the higher the wind speeds), the higher the
active power losses. This satisfies Ohm'’s law described in Eq. 4.2, since higher active power generation results
in higher currents, which give rise to higher losses in the branches. The exact numbers are shown in Tab. 5.6.
Furthermore, for normal and high o.c. Fig. 5.1 shows that voltages lower than 1.0 p.u. result in higher losses
than voltages higher than 1.0. p.u. Eq. 4.2 clarifies this observation. For a constant impedance, voltages
higher than 1.0 p.u. result in lower currents. Therefore, the active power losses will be lower. As higher wind



5.2. Test Models for operating conditions 27

speeds will cause a higher power flow, which will lead to a higher current, this influence becomes larger for
higher wind speeds as shown in Fig. 5.1. On the other hand, low wind speeds will cause such a low power flow
that the influence of the difference in active power losses between V4 and V;;;;, is negligible as shown in
Tab. 5.5. In conclusion, the influence of higher power flow on the losses is only satisfied for the normal and
high o.c..

An interesting observation made in the result was that for the nominal wind speed, the parabolic relation
seems to be most symmetric. A Q demand of the same value, but an opposite sign will cause approximately
the same amount of P/Q losses. This is seen by the highest and lowest X-values of the blue graph in Fig. 5.1.
This is not satisfied by the extreme wind speeds. However, for low wind speeds, it can be neglected due to the
minimalist magnitude of the losses. As explained in the paragraph above, Eq. 4.2 will cause higher losses for
low voltage profiles. Therefore, the relation between voltage and P is symmetric, but does not extend equally.
A similar positive or negative power demand causes an equal deviation from the Vg, for the voltage, but
this voltage will cause higher losses if it is below V.. The reason for this symmetry solely for nominal wind
speed cannot be explained. One possible explanation could be that the nominal wind speed is not generating
enough active power to make a significant difference in the current generation between positive and negative
Q demands, to depict a difference in power loss for lower or higher voltage profiles.

Finally, the P;,ss and Qj,s of the branches are compared in order to justify the hypothesis made in Sec. 4.1.
The values in Tab. 5.7 are obtained from Figs. 5.1 and App. A.20. From these values can be concluded that the
hypothesis made in Sec. 4.1 is indeed justified. The Q,,; are significantly higher than the P, as shown in
Tab. 5.7.

Table 5.5: Difference in active power losses between Vyy,4x and Vy,;;, for each o.c. expressed in MW

Operating condition Plosstm - Piossy,,,, [IMW]
Low generation (4 m/s) -0.027303

Nominal generation (7.5m/s) | 0.0311

High generation (14 m/s) 0.155

Table 5.6: Active power losses for different operating conditions expressed in MW

Operating condition Maximum active power losses [MW]
Low generation (4 m/s) 0.03588

Nominal generation (7.5 m/s) | 0.5019

High generation (14 m/s) 1.269

Table 5.7: Maximum active and reactive power losses for each o.c.. This overview visualizes the fact that higher wind speeds, e.g. higher
generation, give rise to higher active power losses as well as reactive power losses.

O.c. Max. P losses (MW) | Max. Q losses (MVATr)
Low generation (4 m/s) 0.03588 1.775
Nominal generation (7.5 m/s) | 0.5019 22.42
High generation (14 m/s) 1.269 50.47

Reactive power injections. From the result of Fig. 5.2, a negative linear relation is seen for the three wind
speeds, between the voltage magnitude and total reactive injected power. The droop relation described by
Eq. 4.6, predicts this behavior. Furthermore, it is not possible to make a differentiation between the Q-relation
for three different wind speeds. This satisfies the hypotheses made in Sec. 4.1, which was explained by the
fact that the droop coefficient R,, does not change for different wind speeds. This coefficient changes if the
system configuration changes. Hence, it will change for solar and hybrid farm results. Additionally, the hy-
potheses based on Eq. 4.6 stated that the higher the allowable range of reactive power demand, the more
the relationship is extended between voltage and injection. This is seen in Fig. 5.2 since the blue graph, for
nominal wind speed and thus highest Q;4,ge extends the most compared to a smaller extension for the red
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Figure 5.1: 3-D plot of the relation of the average voltage magnitude (p.u.), active power losses and random Q demands for the wind
farm. This plot is generated in order to show the relations in a clear and visualizable manner. In this plot the relation of the average
voltage magnitudes (p.u.) and the active power losses is emphasized.

graph, i.e. 14 m/s and the smallest extension for the black graph, i.e. 4 m/s. The difference between exten-
sion for 4 m/s and 7.5 m/s is reasonably small. The max and min for 4 m/s are 38.32 MVAr and 36.69 MVAr.
While for 7.5 m/s this is 39.63 MVAr and 34.72 MVAr. The generation for reactive power is highest for 7.5 m/s.
If the reactive power generation had an influence on the injection, the graph would be most extended for
this wind speed. However, from Egs. 3.5, 3.6, the active power generation increases for an increase in wind
speed. In conclusion, in a linear relation, the higher the active power flow through the system, the higher the
reactive power injections. Lastly, it should be noted that the injections made in the systems are reasonably
high if a maximum demand of 240 MVAr is made in the system. Therefore, it will be interesting to inspect the
components responsible for such behavior.

Reactive power demand. In Fig. 5.3 the relation is seen between voltage and reactive power demand from
the PCC. The same relation is seen when analysing the 3-D relation plot for reactive power losses. This relation
can be described as a positive linear dependence between voltage and power demand. Eq. 4.7 describes an
exponential load model [33]. Using Eq. 4.7 with a k;, it could be derived that the relation shown in Fig. 5.3
describes a constant current load. Since further definition of this term is not part of the scope of this project,
the reader is advised to study [33] for a deepened explanation about the exponential load model concept.

Losses in the system. Since the reactive power losses and injections in the system are relatively high com-
pared to the active power losses, it was decided to inspect which components are responsible for this behavior
of the system. It can be seen from Fig. 5.4 that most losses are formed at branches 1, 4 and 5. The equivalent
branch bus indication are branches 1-2, 3-4 and 5-6. From App. A.3, this is the branch to the PCC and the
branches model for the reactance of the two main transformers. There are several reasons the highest losses
are formed at these branches. Firstly, the reactance of the transformers is 0.0625 p.u., which is very high
compared to other branches of the system. Secondly, these three branches deal with the highest power flows
in the system, using Eq. 4.2, causing more losses. The branch will always pass the total active and reactive
power generation of the system to the PCC. In conclusion, if an accurate model is desired, the effects of the
transformer losses should be inspected for different test conditions.
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Figure 5.2: 3-D plot of the relation of the average voltage magnitude (p.u.), the sum of the reactive power injections of the branches and
random Q demands for the wind farm. This plot is generated in order to show the relations in a clear and visualizable manner. In this
plot the relation of the average voltage magnitudes (p.u.) and sum of the reactive power injections is emphasized.

5.2.2. Shunt reactor on wind farm

When the shunt reactor is connected, the WTG strings will receive the same reactive power setpoints. How-
ever, an additional -12 MVAr is generated by the shunt reactor and delivered to the PCC, making the reactive
power delivered to the PCC more negative. Because of this negative addition of reactive power, the power
factor will never be equal to 1, since the Eq. 4.1 if Q is unequal to 0 MVAr at all times. A lower power factor
at the PCC, indicates that the behavior of the system will become more capacitive. Following the explanation
given in Sec. 4.1, if the PCC behaves as a capacitive element, the average voltage magnitude is lowered. Fur-
thermore, there will be an increase in reactive power losses.

The results are shown in App. A.27, A.28, A.29. The same relations seem to be satisfied as for the wind farm
with the shunt disconnected. Therefore, the hypotheses of Sec. 4.1 will not be analysed for the system config-
uration. Solely, a comparison will be made between the shunt (dis)connection.

With the results plotted in App. A.27, A.28, it can be concluded that the voltage is indeed lowered. Two similar
Q demands are used as reference points to analyse the system behavior for shunt disconnected and con-
nected, namely 3-D sample 1 connected = [-243.5 0.5019  0.9422] and 3-D sample 1 disconnected =
[-242.5 0.5153 0.9361]. However, the voltage difference is so small for similar Q demands made to the
two system configurations, namely AV = 0.0056 p.u., that it could be considered to be negligible. The same is
concluded for the active power losses behavior to be negligible, since AP =0.0134MW.

In App. A.28, the difference in reactive power losses cannot be neglected anymore. Again, two sample points
are used as areference. 3-D sample 2 connected = [-242.4 22.08 0.9425] and 3-D sample 2 disconnected
=[-242.5 24.37 0.9361]. AQ = 2.29MV Ar, making the difference caused by the shunt necessary to take
into account. If this is neglected for reactive power losses, there is the possibility that the wrong optimization
setpoints are calculated.

The voltage- injection relation with the shunt connected in App. A.29, seems to be reasonably the same as the
voltage-injection for the shunt disconnected Fig. 5.2. This was not unexpected, since initially it was thought
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Figure 5.3: 3-D plot of the relation of the average voltage magnitude (p.u.), active power losses and random Q demands for the wind
farm. This plot is generated in order to show the relations in a clear and visualizable manner. In this plot the relation of the average
voltage magnitudes (p.u.) and the random Q demands is emphasized.

that the droop coefficient changes for every update of the system configuration [32]. If it is analysed, what
exactly makes the voltage-injection relation to change, it is the active power flow that influences this. The
shunt reactor solely provides negative reactive power to the system. Hence, the active power flow is not of
influence, since the linear relation is relatively the same.

5.2.3. Solar farm

In App. A.7.7, the data of the test models designed for the solar irradiances of Tab. 4.3, is processed and its
results are plotted. The most important sample points are shown in Tab. 5.8. The data indicate that the effect
the solar farm has on the system behavior is minimal. The average voltage magnitude barely deviates from the
slack node voltage of 1 p.u., which indicates the power flows are so small, that the system is considered to be
stable. In addition, because of this small voltage difference, using Egs. 4.4, 4.3, the losses are very small. The
results prove this estimation to be correct. On the other hand, the results indicate that the losses are higher
for voltage magnitudes above 1 p.u. While the hypotheses predicted higher losses for voltage magnitudes
below 1 p.u. The explanation for this, is that although this is contrary to the expected, the losses are of such
magnitude, that the difference is negligible. Because of this small difference, the results are not sufficient to
disprove the hypotheses. Furthermore, the hypotheses are satisfied for the wind farm and hybrid farm, which
cause more fluctuations in the system behaviour for different generations.

The relations for losses and injections explained in Sec. 4.1 are satisfied. In conclusion, the system behavior
is very stable with the implementation of the solar farm. Therefore, the solar farm can be combined with the
wind farm, without a negative effect on the system behavior. The expectation is that the hybrid farm will not
lead to violation of system constraints if the wind farm did not cause this behavior already. This discussion is
elaborated in Subsec. 5.2.4.

5.2.4. Hybrid farm

Active and reactive power losses. The test models were run for the hybrid farm in the same way as they
were run for the wind farm as described in Sec. 4.2. It was expected that for the hybrid farm the same 3-D
will be visible as shown and elaborated for the wind farm, described in Subsec. 5.2.1. However, the active
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Figure 5.4: Active, reactive, injective losses in the each branch of the wind farm system with a wind speed of 14 m/s. The 2 busses
connected to the specified branch are shown in App. A.16.

Table 5.8: The maximum and minimum of every average voltage magnitude for every o.c. with the active power losses, reactive power
losses and reactive power injections belonging to these voltages. These results correspond to the solar farm visualized in App.A.7.7.

V max.(p.u.) | Ploss (MW) | Qloss (MVAr) | Qinj (MVAr) | Vmin (p.u.) | Ploss (MW) | Qloss (MVAr) | Qinj (MVAr)
Irr.100 W/m2 | 1.001 0.002102 0.05042 19.46 1 0.0009225 |0.01844 19.43
Irr.500 W/mz2 | 1.002 0.01903 0.4438 19.49 0.9995 0.01575 0.3508 194
Irr.800 W/m2 | 1.003 0.045 1.044 19.52 0.9987 0.4098 0.9209 19.37

power generation in each o.c. will be higher for the hybrid farm, since additional power is generated by the
photovoltaic strings. App. A.40 visualizes indeed the same relation as shown in Fig. 5.1 for the wind farm.
However, as illustrated by Tab. 5.9, there is a significant difference in the number of losses. Since the power
generation for the hybrid farm is higher than that of the wind farm, both the active and reactive power losses
will be higher. The exact values are shown in Tab. 5.9. Furthermore, Fig. 5.1 and Tab. 5.9 show that the higher
the generation, the difference between the losses of each farm. These results are in line with the hypotheses

made in Sec. 4.1.

From Tab. 5.10, it can be seen that the boundary voltage magnitudes increase for maximum and minimum
voltage magnitudes. Firstly, the available reactive power is higher for the hybrid farm, since both wind and
solar farm deliver their reactive capacity. Because of this availability, the PCC can make higher reactive power
requests, having a more capacitive or inductive behavior shown in Figs. 4.3, 4.2. Therefore, the voltage mini-
mum and maximum increase according to Sec. 4.1.

Table 5.9: Overview of the active and reactive power losses comparison of the wind and hybrid farm for each o.c..

O.c.

Plossmax W.E (MW)

Plossyax HEE (MW)

Ql0SSmax W.E (MVAr)

Qlossmax H.E (MVAD)

Low gen. (4 m/s)

0.03588

0.04188

1.775

2.207

Nominal gen. (7.5 m/s)

0.5019

0.5266

22.69

25.72

High gen. (14 m/s)

1.269

1.481

56.84

72.5
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Table 5.10: Comparison of Aggregated model wind and hybrid farm boundary voltage magnitudes. Column 1 indicates the wind
operating conditions. W.E are the losses and injections for the wind farm. H.E is the same hybrid farm.

O.c. Vimax W.E (p.w) | Vipax HE (p.u.) | Viyin WE (p.ul) | Viyin HE (poul)
Low gen. (4 m/s) 1.017 1.022 0.9939 0.9941
Nominal gen. (7.5 m/s) | 1.097 1.074 0.9422 0.9292
High gen. (14 m/s) 1.072 1.046 0.9652 0.9506

Reactive power injections For the reactive power injections, it was expected that the same linear relation
will hold as shown in Fig. 5.2 for the wind farm and as explained in Eq. 4.6. As shown in App. A.41, this linear
relation also holds for the hybrid farm. However, the maximum injected reactive power for the hybrid farm is
significantly higher than that of the wind farm as shown in Tab. 5.11. This is in line with Eq. 4.6, since a higher
average voltage magnitude in the hybrid farm results in a larger maximum injected reactive power. The linear
line shown in Fig. 5.2 is extended in App. A.41.

Table 5.11: Maximum reactive power injections for the wind and hybrid farm.

Farm Maximum reactive power injection (MVAr)
Wind farm 41.45
Hybrid farm | 47.97

5.2.5. String level

The test models of the wind farm on string level are expected to visualize the same relations as described in
Subsec. 5.2.1. However, for string level modeling losses in the string are taken into account as described in
Subsec. 3.2.1, while being neglected in the aggregated model. Expected is this will result in higher active and
reactive power losses. The results of the string level modeling and testing are shown in App. A.48. App. A.48
visualizes the same relations derived from the simplified model shown in Fig. 5.1. Hence, the hypotheses of
Sec. A.19 are satisfied for a more complex model of the transmission system. What can already be noticed,
is that the power losses and injections are higher compared to the wind farm aggregated model, as expected.
In Tab. 5.12, the results are put next to each other and analysed. For low wind speed, the difference is not
significant, but rather noticeable by a AP, = 0.9422MW and AQj,ss = 1.6449MV Ar. With increasing wind
speeds this difference becomes significant, especially for the active power losses. For a high generation, the
total active power losses become approximately 11 times higher compared to the aggregated model. When
the aggregated model was used, the smallest diameter for a cable type was 1000 mmz2. On string level, differ-
ent cables are used, ranging from a diameter of 240-630 mm?2. Tab. 3.2 indicates that this decrease in cross-
sectional area results in a higher resistance. The same could be concluded from the basic Eq. 5.2, indicating
a higher resistance for a smaller area. Using Eq. 4.5, one can conclude that this will result in higher system
losses. Additionally, by inspection App. A.55 it can be seen that the branches in the strings cause more losses
compared to the branches of Fig. 5.4, which are close to 0 MW, except for the PCC. The same conclusion is
drawn for the reactive power losses. Furthermore, it is justified by the linear relation explained in Sec. 4.1.

A

Table 5.12: Comparison of Aggregated model wind farm and String level model wind farm losses. Column 1 indicates the wind
operating conditions. W.E are the losses and injections for the aggregated model. String W.E is the same for the string level model.

O.c. Plossmax WE (MW) | Plossmax String WE (MW) | QlosSmax W.E (MVAr) | QloSSmax String W.E (MVAr)
Low gen. (4 m/s) 0.03588 0.1301 1.775 1.785
Nominal gen. (7.5 m/s) | 0.5019 6.383 22.69 28.02
High gen. (14 m/s) 1.269 14.13 56.84 71.87

From Tab. 5.13, the boundary voltage magnitudes have increased for both symmetric sides from 1 p.u.

The reactive power demands are the same for both models. However, due to an increase in losses caused by
the increase in branches, the system will be less stable when trying to satisfy the load demand. Therefore, the
voltages will have a higher AV difference compared to the slack node voltage of 1 p.u.
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Table 5.13: Comparison of Aggregated model wind farm and String level model wind farm boundary voltage magnitudes. Column 1
indicates the wind operating conditions. W.E are the losses and injections for the aggregated model. String W.E is the same for the
string level model.

O.c. Vimax WE (p.u.) | Vipax String WE (p.u.) | Vi WE (pu) | Viyyip String WE (p.u)
Low gen. (4 m/s) 1.017 1.025 0.9939 0.9995
Nominal gen. (7.5 m/s) | 1.059 1.097 0.9422 0.9106
High gen. (14 m/s) 1.034 1.072 0.9652 0.9483

Tab. 5.14 indicate an increase in reactive power injection. This is expected if it is considered, that the
amount of bus bars increase in the system configuration. With an increase in bus bars, the aggregation of re-
active injection in the system will increase as well by 15.28 MVAr. In App. A.50, the droop coefficient of Eq. 4.6
is the same as to the aggregated model of Fig. 5.2. This could be derived from the direction coefficients in the
graph. For both models this is approximately -0.015 p.u./MVAr. Further analysis shall be put to determine if
this was expected, but for the sake of this project, it is not relevant to achieve the project objective.

Table 5.14: Maximum reactive power injections for the aggregated model and string level model.

Farm Maximum reactive power injection (MVAr)
Wind farm 41.45
String level wind farm | 56.73

5.3. Prototype

The test profiles are tested, for which the power flows are shown in App. A.8. The prototype shows that the
system model works as expected, since the 17500 were run in order to find the optimal setpoints and the final
setpoints yield a converging power flow within the physical boundaries of the system [6]. Although not noted
in the Figs., no voltage violations were provoked by the optimal setpoints for the strings. From the Figs. in
App. A.8 it can be seen that the highest reactive power losses occur at the transformers, as was already shown
in Fig. A.55.

Furthermore, to find the optimal setpoints for the test profiles of Tab. 4.5, the shunt reactor had to be con-
nected to the system configuration. Delivering exactly -12 MVAr to the system, this indicates that the system
is constantly generating reactive power that shall be absorbed by the shunt reactor. Moreover, this explains
why the safety branches between main bus bars are connected, i.e. to compensate active or reactive power
generated in the system. This could be to compensate losses or prevent bus voltage violations or branch ap-
parent power limits.

Note, the reactive power values delivered to the PCC are different to the requested power by the PCC indicated
in Tab. 4.5. This is because the optimization algorithm has a higher weighting factor, i.e. more importance,
to reduce the active power losses in the system. Therefore, in all occasions delivering the maximum active
power possible [6].



Conclusion

The project aimed to design a trustworthy model, i.e. as accurate as possible, that can show the effects on
the system behavior for different operating conditions. The different operating conditions vary from nor-
mal generation and load demand to an extremely low or high generation with extremely negative or positive
load demands. The inspection of these conditions is desired, to determine if the requirements formulated
at the PCC are satisfied. When this is not the case, the transmission system is not allowed to deliver power.
This is unwanted and therefore avoided. Hence, if this model proves to satisfy this goal, it could be used by
optimisation algorithms to determine actual optimal setpoints of the system configuration. In this manner,
requirements are satisfied as frequently as possible. Additionally, with an accurate model, inspections could
be made based on the model, concerning future expansion of the transmission system with an increase of
RES.

It was required to design a PV system for the case study used. This PV would be designed based on two
main criterias. Firstly, deliver slightly more apparent power allowed by the system configuration, i.e. consid-
ering the apparent power limits of components, in order to give the control scheme [4] the opportunity to
come up with control solutions. Secondly, the implementation of this PV system has to be done in a realistic
and rule-based manner. Eventually, the design has to result in stable power flows and not violate any voltage
physical constraints.

For the project objectives to be achieved, general requirements were formulated in Chap. 2. If these are
satisfied, the model will prove to be trustworthy. Subsequently, the system model had to update the sys-
tem parameters after every setpoints/ dispatch generation iteration. After each update, power flows are run
according to the procedure explained in Fig. 4.1, to determine for which combination of parameters, e.g.
WTG apparent power generation, reactive power demands by PCC, shunt connection status, the physical
constraints of the system are violated. In addition, the power losses and injections are calculated, since these
are of importance for the optimal setpoint calculation. The original power losses serve as reference values for
this calculation.

To show that the system is able to update itself and provide the information shown in Fig. 1.2 for every node
system configuration, the prototype will consist of snapshots of the results after the power flow is ran for a
combination of power generation and load demand. Then, this is done again after the system parameters
are processed by the optimisation scheme [6]. The result of this optimal power flow is set next to the normal
power flow, depicting the model’s accuracy and optimisation algorithm’s contribution to this calculation.

6.1. Conclusions

In the introduction, Chap. 1, the main problem was divided into smaller research questions. Firstly, to de-
termine when system components were modeled correctly, the non-ideal characteristics were inspected. It
was found that the transformer losses could be modeled by an equivalent leakage reactance. In addition,
the active and reactive capability curves of the WI'Gs were considered. After implementing this behavior,
the system was able to converge for power flows in nominal operating conditions of the wind farm. This is

34
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as expected since the system configuration of the case study [24] was designed such it converges for nominal
load demands and average (nominal) power generation. Furthermore, after comparing with the hand results,
proving that the used tool for system modeling is accurate with maximum allowed power mismatch of le-4
p-u., or 0.01 MW/MVAr. For nominal load demands with a reactive power Q = 0 MVAr, the average voltage
magnitude was close to 1 p.u., i.e. the voltage of the slack node (PCC). If the demand is zero, the PCC does not
behave as a reactive element. Therefore, the voltage magnitude of the left terminal (system configuration)
and the right terminal (PCC) of the reactance model of Fig. 4.3 are equal. In conclusion, the basic character-
istics were modeled correctly.

The non-ideal components’ behavior was modeled to inspect a difference in power generation and losses.
This is indeed the case, based on the reactive power generation range for wind speeds. According to the ca-
pability curve of Fig. 3.4, for high wind speeds, i.e. above 14 m/s, the reactive power of the system would
become lower than for nominal wind speeds in the range of 7-14 m/s. The wind farm results show that for a
wind speed of 14 m/s, the wind farm produces Q = 140 MVAr, compared to Q = 240 MVAr for nominal wind
speed. Furthermore, the results of individual branches loss, show there is an increase of Q loss of = 20 MVAr
at the transformer branch and PCC branch, as expected considering the modeled leakage reactance and the
length and cable type of the PCC branch. In conclusion, components are modeled correctly.

The relation held between voltage magnitudes and power losses seemed to satisfy Egs. 4.3, 4.4. The Figs.
of the 3-D relation plots, clearly showed a parabolic relation symmetric around the voltage of the slack node.
With the results of the wind farm at nominal wind speed as an example, with a voltage higher than 1 p.u., ac-
tive power losses would increase from 0.02554 MW (v = 1.005 p.u.) to 0.4708 MW (v = 1.059 p.u.). For reactive
power losses this increased from 0.2571 MVAr to 22.42 MVAr . With a voltage lower than 1 p.u. the active and
reactive power increases to 0.5019 MW and 22.69 MVAr( v = 0.9422 p.u.). This increase is caused by higher
load demands up to the maximum generation of the strings. In conclusion, the difference in power loss be-
tween voltages higher or lower than the slack node voltage are insignificant compared to a power generation
of = 360 MW. For higher wind speeds, the difference in losses between voltages higher and lower than 1 p.u.
becomes more notable since following from Ohm’s Law lower voltages increase the losses in the system. For
a wind speed of 14 m/s, the AP = 0.155MW and AQ = 6.37MV Ar. For the hybrid farm this difference is in-
creased.

For the reactive injection losses, Eq. 4.6 indicates that the losses would decrease linearly for lower voltages.
Fig. 5.2, for 7.5 m/s, this injection would decrease with a slope of -0.015 p.u./MVAr, i.e. -2e-3 MVAr/V, from
41.45 MVAr (v=1.059 p.u.) to 33.18 MVAr (v=0.9417 p.u.). This difference is significant in magnitude, making
the availability of this relation for purposes of the control scheme important [4].

The relation between load demands and voltage magnitudes has a linearly increasing relation as shown for an
exponential load model of Eq. 4.7. The slope coefficient is 0.125 MVAr/V. For a substation where the voltage
can vary from = 32 —36kV, this relation is needed for control and optimisation schemes.

The relations between the parameters described above are influenced directly by the dispatch profiles. The
effects of active power losses are analysed for three different wind speeds. A low wind speed of 4 m/s, gen-
erates 5 MW. Subsequently, it was expected to see the least amount of losses for low wind speed. The losses
will increase with increasing wind speed since the power generation increase according to Egs. 3.5, 3.6, up
to = 360MW. Using the wind farm as an example, if this reasoning is followed, the maximal active power
losses for the wind speed increases from 0.03588 MW (4 m/s), to 0.5019 MW (7.5 m/s), to 1.269 MW (14 m/s)
and for reactive loss from 1.775 MVAr (4 m/s), to 22.69 MVAr (7.5 m/s), to 56.84 MVAr (14 m/s). The same
increase was seen for losses in the solar farm and hybrid with increasing wind speed and/or solar irradiance.
In conclusion, the hypotheses made in Sec. 4.1 was correct.

The relation between voltage magnitudes and injection losses or load demands, seem to be independent from
the dispatch profiles, since there is no change in the linear coefficient for different wind speeds. However, the
graph of the injection or load demand is extended for nominal wind speed compared to other conditions,
since reactive power generation is maximal in this case. Using Eq. 3.8, for the solar farm, the graph is ex-
tended according to increasing solar irradiance.

For an analysis between a change in system configuration the wind-, solar- and hybrid farm are compared.
The same conclusion was derived as for the comparison of dispatch profiles. The solar farm produces 36
MW, Pjyss = 0.045MW and Qs = 1.044MV Ar. The wind farm produces 363 MW Py, s = 1.269MW and
Qjoss = 56.84MV Ar. The hybrid farm produces 399 MW P, = 1.481 MW and Qs = 72.5MV Ar. In conclu-
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sion, if the available power generation is higher, the apparent power losses increase. For a better overview of
this behavior, see Tabs. 5.10.

Furthermore, the shunt reactor makes the total reactive power flow 12 MVAr more negative for all dispatches.
The wind farm with a nominal wind speed dispatch is used as example. The voltage profile is lowered by
= AV =0.0056p.u.. Subsequently, the maximum losses increase with AP =0.0134MW and AQ =2.29MV Ar.
This difference caused by the shunt shall be taken into account. If this is neglected for reactive power losses,
there is the possibility that the wrong optimisation setpoints are calculated.

Eventually, the analysis of the aforementioned parameters for the modeling of the WTG farm on string
level resulted indeed in an improved model. For the aggregated wind farm under normal o.c., Pjyss,,,, =
0.5019MW and Qqss,,,, = 22.69MV Ar, while for the string level farm P, = 6.383 MW and Qs =
28.02MV Ar. Moreover, the relations of the aforementioned parameters still hold. These results show that
active power losses differ significantly, which can give different results concerning the satisfaction of the re-
quirements at the PCC. In conclusion, modeling on string levels resulted in a more accurate and useful model.

From the results in Chap. 5, it can be concluded that the system is relatively stable. For each of the farms,
none of the busses violate voltage constraints, i.e. lower than 0.8576 p.u. or higher than 1.1424 p.u. Moreover,
no violations are made at the cables, since the apparent power flows are lower than the cable ratings. This
makes the future expansion of the system configuration with additional PV or WTG strings feasible. There is
no violations of the system constraints, i.e. cable ratings or voltage limits to the input of the transformer. In
conclusion, the model on string level can be considered trustworthy for the use of power control at the PCC
and serves as a reference model for future expansion. Mandatory requirements are satisfied such that the
system meets the functional requirements formulated. The project objective has been satisfied. However,
several problems were encountered. Mainly, there were concerns about which system parameters require
more testing models to determine its effects on the system behavior. This is discussed further in Sec. 6.2.

6.2. Recommendations

6.2.1. Discussion
During the research interesting remarks were made about procedures and results. The following points
should be taken into account when carrying out when modeling the power flows:

* When extreme conditions are being tested, probabilistic distributions do not have to be necessarily
implemented, but can rather be used to check whether the extreme conditions can be satisfied.

¢ The cables have to be modeled accurately in order to have meaningful power flows. Branches, which
are not modeled accurately will result in high losses and extreme voltage violations.

6.2.2. Points for future research

For future research, it is recommended to inspect the losses caused by the transformers in the system. The
transformers significantly generate more losses than the other components in the system, seen in Fig. 5.4 as
branches 4 and 5. If a more accurate model is desired, its effect should be analysed carefully. It could be the
case, that a small change in the tap ratio in order to calculate optimal setpoints, yields high losses. Hence,
making the system behavior sensitive and unreliable if not analysed. Furthermore, it is recommended to use
a 3-winding transformer model rather than a 2-winding transformer to improve the accuracy for realistic sys-
tem behavior. The reason the accuracy is improved by this, is because the transformer are responsible for the
limitations in the system for voltage and power flow, making it the weakest component to take into consider-
ation when modeling a similar transmission system.

Another component that is recommended to analyse more carefully, are the WTGs. Although, both aggre-
gated model and individual WTG model are used for analysis, the capability curve used was static. However,
this is not the case, since as explained in Subsec. 3.2.2, the capability curve is a function that changes of reac-
tive power output with the voltage magnitude as the input parameter. For the individual WTG model this is
a negligible effect, due to its small difference in reactive power output. When the aggregated model is used,
this difference increases, making the difference significant. To future research it is recommended to analyse
the effects this function for capability curve has on the complete system behavior.



6.2. Recommendations 37

Furthermore, research shall be put into the behavior of the remaining system components for normal and
extreme operating conditions. This is not analysed during this project, but is particularly of interest, since
it yields which components make the system more unstable or cause highest losses. By determining this
beforehand, less power flows shall be run by the optimisation algorithm. Previously, this algorithm will run
sufficient power flows to determine from which nodes the power flows should be reduced or increased to
determine this optimal setpoint.
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Figure A.1: Overview of interaction between the three components that together form the optimisation unit.
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A.4.1. Cable configurations

3 x 1000 mm2

3 x 1000 mm2

Figure A.6: Cable configuration for a 3x1000mm2 XLPE Al cable. Data from [23].

I

4 x 1000 mm2
4 x 1000 mm2

Figure A.7: Cable configuration for a 4x1000mm2 XLPE Al cable. Data from [23].
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3 x1x1000 mm2

3 x 1 x 1000 mm2

Figure A.8: Cable configuration for a 3x1x1000mm2 XLPE Al cable. Data from [23].
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A.4.2. Branch calculations
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Excel sheet of the branch calculations performed in order to determine the branch resistances, reactances, susceptances

Figure A.9

and rates for the aggregated model.
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A.4. Cable modeling
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Excel sheet of the branch calculations performed

Figure A.10

and rates for the aggregated model.
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formed in order to determine the branch resistances, reactances, susceptances

and rates for the model on string level.
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Excel sheet of the branch calculations performed in order to determine the branch resistances, reactances, susceptances

Figure A.13
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and rates for the model on string level.
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A.4.3. Branch connections to bus
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Figure A.16: The numbering of branches in Matpower corresponding with the branches shown in App.A.3.
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A.5. Capability curves
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Figure A.17: Common case for relation between P and Q of WTG
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A.6. String level overview
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Figure A.19: Visualization of one string connected to bus 7, which is modeled on string level. The same procedure is applied for the
remaining WTG strings. The lengths in bold are the same lengths as was previously for the aggregated model. Yellow busses are WTGs,

blue busses are transformers, green busses are joint terminals.
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A.7. Results

A.7.1. Wind farm Plots
A.7.2. Reactive power losses
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Figure A.20: 3-D plot of the relation of the average voltage magnitude (p.u.), reactive power losses and random Q demands for the wind
farm. This plot is generated in order to show the relations in a clear and visualizable manner. In this plot the relation of the average
voltage magnitudes (p.u.) and the reactive power losses is emphasized.
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A.7.3. Voltage profiles
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Figure A.21: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the wind farm at a wind speed

of 4 m/s. Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.



A.7. Results

61

Voltage magnitude in p.u. for bus numbers
T

115 : : : :
14— —
El
o 1.05— —
S
2 1— o 8 8 8 o -
c
=)
@
€ 0.95— —
>
09— —
| | | | |
0.85 | | | | |
0 5 10 15 20 25 30
Bus number
14 Voltage angles in degrees for bus numbers
- l l E I l 1
121 g g £ E E E g & g H B
: E = E E £ f B g E § £ H
g Ef§ E F ¢ E § E B B g § g
7 - g - - E £ E - EE E E B E E i .
g E £ E B
e g g E B g B ¢ B 5 B 8 B B E B 8 §
Fosr— = —
Do.
o
[0} | - —
206
=4
©
> 04— —
02— _
o | | i \ \ \ \
0 5 10 15 20 25 30
Bus number
Figure A.22: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the wind farm at a wind speed
of 7.5 m/s. Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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Figure A.23: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the wind farm at a wind speed

of 14 m/s. Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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A.7.4. Power flows through transformer and PCC branch
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Figure A.24: Power flow through branch 1-2 for the wind farm. From down to up, wind speeds = 4;7.5;14 m/s. The red line visualizes the

apparent power limit for this branch.
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Figure A.25: Power flow through branches 4-7 and 4-23 for the wind farm. From down to up, wind speeds = 4;7.5;14 m/s. The red line
visualizes the apparent power limit for this branch.
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Figure A.26: Power flow through branches 6-12 and 6-17 for the wind farm. From down to up, wind speeds = 4;7.5;14 m/s. The red line

visualizes the apparent power limit for this branch.
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A.7.5. Wind farm with shunt reactor connection
A.7.6. Power losses
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Figure A.27: 3-D relation of the of the average voltage magnitude(p.u.), active power losses and random Q demands for the wind farm,

in which the shunt reactor is connected. This plot is generated in order to show the relations in a clear and visualizable manner.



V average magnitude (p.u.)

66 A. Appendix
106 — * g,
X 242.6 @o
Y 20.52
Z1.059 @ o .
Q
1.04 — ey
(o] O%%
@,
102 — RS
% [ x 6028
‘% Y 1.012
% 21001
1 b
& x -16.58
Y 0.9898
70999
Ow
098 — °
o
o® o
[+]
a®
096 — o ®®
om0 0% ° °
X 246.8 @
Y 25.48 o 00°
0.94 709346 o 00 0®
X 2425
Y 24.37
709361
092
30 25 20 15 5 0

10
Q loss total (MVAr)

Figure A.28: 3-D relation of the of the average voltage magnitude(p.u.), active power losses and random Q demands for the wind farm,
in which the shunt reactor is connected. This plot is generated in order to show the relations in a clear and visualizable manner.
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Figure A.29: 3-D relation of the of the average voltage magnitude(p.u.), active power losses and random Q demands for the wind farm,
in which the shunt reactor is connected. This plot is generated in order to show the relations in a clear and visualizable manner.
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A.7.7. Solar farm Plots
A.7.8. Power losses
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Figure A.30: 3-D plot of the relation of the average voltage magnitude (p.u.), active power losses and random Q demands for the solar
farm. This plot is generated in order to show the relations in a clear and visualizable manner.
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Figure A.31: 3-D plot of the relation of the average voltage magnitude (p.u.), reactive power losses and random Q demands for the solar
farm. This plot is generated in order to show the relations in a clear and visualizable manner.
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Figure A.32: 3-D plot of the relation of the average voltage magnitude (p.u.), sum of power injections and random Q demands for the
hybrid farm. This plot is generated in order to show the relations in a clear and visualizable manner.
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A.7.9. Power flows through transformer and PCC branch
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Figure A.33: Power flow through branch 1-2 for the solar farm. From down to up, solar irradiance = 100;500;800 W/m2. The red line
visualizes the apparent power limit for this branch.
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Figure A.34: Power flow through branch 4-7 and 4-23 for the solar farm. From down to up, solar irradiance = 100;500;800 W/m2. The red
line visualizes the apparent power limit for this branch.
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Figure A.35: Power flow through branch 6-12 and 6-17 for the solar farm. From down to up, solar irradiance = 100;500;800 W/m2. The
red line visualizes the apparent power limit for this branch.
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Power flow through PCC Branch 1-2
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Figure A.36: Power flow through branch 1-2 for the wind farm for 14 m/s. The red line visualizes the apparent power limit for this

branch.
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Figure A.37: Power flow through branches 4-7 and 4-23 for the wind farm for 14 m/s. The red line visualizes the apparent power limit for

this branch.
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Figure A.38: Power flow through branches 6-12 and 6-17 for the wind farm for 14 m/s. The red line visualizes the apparent power limit

for this branch.
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Figure A.39: 3-D plot of the relation of the average voltage magnitude (p.u.), active power losses and random Q demands for the hybrid
farm. This plot is generated in order to show the relations in a clear and visualizable manner.



V average magnitude (p.u.)

78 A. Appendix
1.08 — O Low generation
O Nominal generation
X 250.1 O High generation
Y 25.72
1,06 — X 159.3 Z29nL *
Y 6273 N
21.046
| %
) KN
1.04 —
? %, X 50.2
Y 2.207
? Z
R | x-03272
1.02 e Y 0.3875
Z1.008
() %
D)
g X -0.7064
1 X 0.7832 jYi2.02 00
Y5721 z1008 §
Yo S | X496
Y 02141
0.98 —| Vs 209941
0.96 — & &
.
X -164.8 &
Y725
0.4 — Z0.9506 s
P
X 2514
092 Y 24.63
[ 209292 m
80 70 60 50 40 10 00

30
Q loss total (MVAr)

Q demand (MVAr)

Figure A.40: 3-D plot of the relation of the average voltage magnitude (p.u.), reactive power losses and random Q demands for the
hybrid farm. This plot is generated in order to show the relations in a clear and visualizable manner.
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Figure A.41: 3-D plot of the relation of the average voltage magnitude (p.u.), sum of power injections and random Q demands for the
hybrid farm. This plot is generated in order to show the relations in a clear and visualizable manner.
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A.7.12. Voltage profiles
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Figure A.42: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the hybrid farm at low
generation (4 m/s and 100 W/mz2). Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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Figure A.43: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the hybrid farm at low
generation (7.5 m/s and 500 W/m2). Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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Figure A.44: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the hybrid farm at low
generation (14 m/s and 800 W/m2). Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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A.7.13. Power flows through transformer and PCC branch
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Figure A.45: Power flow through branch 1-2 for the hybrid farm. From down to up, active power generation: low; normal; high. The red
line visualizes the apparent power limit for this branch
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Figure A.46: Power flow through branches 4-7 and 4-23 for the hybrid farm. From down to up, active power generation: low; normal;

high. The red line visualizes the apparent power limit for this branch
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Figure A.47: Power flow through branches 6-12 and 6-17 for the hybrid farm. From down to up, active power generation: low; normal;

high. The red line visualizes the apparent power limit for this branch
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Figure A.48: 3-D plot of the relation of the average voltage magnitude (p.u.), active power losses and random Q demands for the wind
farm on string level. This plot is generated in order to show the relations in a clear and visualizable manner.
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Figure A.49: 3-D plot of the relation of the average voltage magnitude (p.u.), reactive power losses and random Q demands for the wind
farm on string level. This plot is generated in order to show the relations in a clear and visualizable manner.




88 A. Appendix

X 237
Y 56.73

o

4 mis
7.5m/s
14 m/s

1.08 Z1.097 @

1.06 —

1.04 —

1.02 —

X -33.84

Y 50 X,

709995 @

)
@, @,
)

0.98 —
@

V average magnitude (p.u.)
4

@ X -156.9
0.96 — Y 45.77
)
709483
@,
@
0.94 —

X
@,

092 —
x,

X -237.3
0.9 Y 44.19
‘ 209106

0

58 56 54 52 46 44

Q demand (MVAr)

50 48
Q INJ total (MVAr)

Figure A.50: 3-D plot of the relation of the average voltage magnitude (p.u.), sum of reactive power injections and random Q demands
for the wind farm on string level. This plot is generated in order to show the relations in a clear and visualizable manner.
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A.7.16. Voltage profiles
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Figure A.51: Voltage magnitude and angle for each bus number of App. A.3 after running power flows for the wind farm on string level at
7.5 m/s. Most busses deviate from 1 p.u., except for the slack bus, i.e. bus 1.
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A.7.17. Power flows through transformer and PCC branch
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Figure A.52: Power flow through branche 1-2 for the wind farm modeled on string level. From down to up, wind speeds = 4;7.5;14 m/s.
The red line visualizes the apparent power limit for this branch.
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Figure A.53: Power flow through branches 4-7 and 4-23 for the wind farm modeled on string level. From down to up, wind speeds =

4;7.5;14 m/s. The red line visualizes the apparent power limit for this branch.
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Figure A.54: Power flow through branches 6-12 and 6-17 for the wind farm modeled on string level. From down to up, wind speeds =

4;7.5;14 m/s. The red line visualizes the apparent power limit for this branch.
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Figure A.55: Active, reactive, injective losses in the each branch of the wind farm on string level system with a wind speed of 14 m/s. The

2 busses connected to the specified branch are shown in App. A.16.
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Figure A.56: Power flows through system for test profile 1. The profile description is specified in Tab. 4.5. The first column of the power
flows is for the P/Q power injection in the branch, written in bold. The second column of the power flows is for the P/Q losses in the

branch, written in cursive and bold. Values are in MW and MVAr.
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Figure A.57: Power flows through system for test profile 2. The profile description is specified in Tab. 4.5. The first column of the power
flows is for the P/Q power injection in the branch, written in bold. The second column of the power flows is for the P/Q losses in the
branch, written in cursive and bold. Values are in MW and MVAr.
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Figure A.58: Power flows through system for test profile 3. The profile description is specified in Tab. 4.5. The first column of the power
flows is for the P/Q power injection in the branch, written in bold. The second column of the power flows is for the P/Q losses in the

branch, written in cursive and bold. Values are in MW and MVAr.
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Figure A.59: Power flows through system for test profile 4. The profile description is specified in Tab. 4.5. The first column of the power
flows is for the P/Q power injection in the branch, written in bold. The second column of the power flows is for the P/Q losses in the
branch, written in cursive and bold. Values are in MW and MVAr.
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A.9. MatLab codes
A.9.1. Newton Raphson method

%%hAuthors: F. Rimon and M. Mastouri
%Last edited: 05/06/2020

%This is a method that simulates the hand calculations done to solve a
%Newton Raphson Power flow

%The case study used is a branch of the case study of the Bachelor
Thesis

%hProject of Group 09.01

close all;

clear all;

clc

%% Power flow for Node 1(Bus 24) of Branch 23-24 with Q from samples_Q
data #Dispatch 1000

% %hWorkspace needs to be included

done = 0;

iter = 1; Y%count iterations needed
while (done == 0 )

mag = 5

1
angle = 0;
P_1 = 0.294;
Q_1 = 0.0169;

P1 =(mag*7.1621xcosd(angle-118.6)+7.326*cosd (-80) *(mag~2)) ;
Q1 = (mag*7.1621*sind(angle-118.6) -7.326*sind (-80) *(mag~2));

Calculate derivatives
diff_P1_angle = -7.1621*mag+*sind(angle-118.6) ;
diff_P1l_mag = 7.1621*xcosd(angle-118.6)+7.326*cosd (-80) *2*mag;

diff_Q1_angle = 7.1621*mag*cosd(angle-118.6);
diff_Q1_mag = 7.1621*sind (angle-118.6) -7.326*sind (-80) *2*mag;

equation to be solved

new_P = P_1-P1;

new_Q = Q_1-Q1;

delta_flow = [new_P;new_QJ;

Put derivatives in Jacobian
jacob = [diff_P1_angle diff_P1_mag; diff_Ql_angle diff_Q1l_mag]l;

Solve linear equation

x = linsolve(jacob,delta_flow);

delta_angle_degree = (x(1,:)./(2%pi))*360; Jconvert radian angle to
degree angle

specify new angle and magnitude
new_angle = angle - delta_angle_degree;
new_mag = mag - x(2,:);
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determine if result is below threshold

if (new_P <= 0.1)

done = 1;
iter = iter;
else
done = 0;
mag = new_mag;
angle = new_angle;
iter = iter + 1;
end
end

%hAfter the final answers are determined, insert them manually into
these

%equations to determine the losses in the system.

new_angle = 19.4;

new_mag = 1.0;
Z_1 = 0.02356859504 + 0.134446281%*1;
new_mag_phasor = new_mag*(cosd(new_angle)+sind(new_angle)*i);

0ld_mag_phasor = 0.9776*(cosd(18.5814)+sind (18.5814) *i);
I_23_24 = (new_mag_phasor - old_mag_phasor)/Z_1;

P_loss (abs(I_23_24))"2*real(Z_1);

Q_loss (abs (I_23_24)) "2*ximag(Z_1);

Base = 100;

P_loss_real = P_loss *Base;

Q_loss_real Q_loss *Base;

%% Power flow for Node 2 (Bus 23) of Branch 23-24 with Q from samples_Q
data #Dispatch 1000

%Workspace needs to be included

pA

% done_2 = 0;

% iter_2 = 1; %count iterations needed
% while(done_2 == 0 )

pA

% mag = 1;

% angle = 18;

% P_2 = -0.294;

% Q_2 = -0.0169;

% % solution = nr_method (0.9776,18.5814,0.294,0.000169)

% P2 =(mag*7.18*cosd(angle-119.25)+7.326*cosd (-80) *(mag~2)) ;
% Q2 = (mag*7.18*sind(angle-119.25) -7.326*sind (-80) *(mag~2)) ;

% %hCalculate derivatives
% diff_P2_angle = -7.18*mag*sind(angle-119.25);
% diff_P2_mag = 7.18%cosd(angle-119.25)+7.326*cosd (-80) *2*mag;

% diff_Q2_angle 7.18*mag*cosd(angle-119.25) ;
% diff_Q2_mag = 7.18*sind(angle-119.25) -7.326*sind (-80) *2*mag;

% %equation to be solved
% new_P_2 = P_2-P2;
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% new_Q_2 = Q_2-Q2;
% delta_flow = [new_P_2;new_Q_21;

% %Put derivatives in Jacobian
% jacob = [diff_P2_angle diff_P2_mag; diff_Q2_angle diff_Q2_mag]l;

% %hSolve linear equation

% x = linsolve(jacob,delta_flow);

% delta_angle_degree = (x(1,:)./(2%xpi))*360; Y%convert radian angle to
degree angle

% %hspecify new angle and magnitude
% new_angle = angle - delta_angle_degree;
% new_mag = mag - x(2,:);

% %determine if result is below threshold

% if (new_P_2 <= 0.00001)

A done_2 = 1;

% iter_2 = iter_2;

%

% else

% done_2 = 0;

A mag = new_mag;

A angle = new_angle;

% iter_2 = iter_2 + 1;
% end

% end

%% Power flow for Node 2 of Branch 23-24 with Q from generator pf data
#Dispatch 1000
% % %Workspace needs to be included

% % done = 0;

% % iter = 1; %count iterations needed
% % while (done == 0 )

YA

% % mag = 1.01;

1
% % angle = 20.7;
% h P_1 = 0.294;
% % Q_1 = 0.000256;

% % P1 =(mag*7.1621*cosd(angle-118.6) +7.326*xcosd (-80) *(mag~2));
% % Q1 = (mag*7.1621*sind(angle-118.6) -7.326*sind (-80) *(mag~2));

% % Calculate derivatives
% % diff_P1_angle = -7.1621*mag*sind(angle-118.6) ;
% % diff_Pl_mag = 7.1621%cosd(angle-118.6)+7.326*cosd (-80) *2*mag;

% % diff_Q1l_angle
h % diff_Q1l_mag =

7.1621*mag*cosd(angle-118.6) ;
.1621*sind (angle-118.6) -7.326*sind (-80) *2*mag;

~

% % equation to be solved

% % new_P = P_1-P1;

h % mew_Q = Q_1-Q1;

% % delta_flow = [new_P;new_QJ;
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% % Put derivatives in Jacobian

% % jacob = [diff_P1_angle diff_P1l_mag; diff_Q1l_angle diff_Q1_mag]l;

b h

% % Solve linear equation

% % x = linsolve(jacob,delta_flow);

% % delta_angle_degree = (x(1,:)./(2%pi))*360; %convert radian angle to
degree angle

b h

% % specify new angle and magnitude

% % new_angle = angle - delta_angle_degree;
% % new_mag = mag - x(2,:);

b h

% % determine if result is below threshold
b h

% % if (new_P <= 0.001)

YA done = 1;

% % iter = iter;

b h

%h h else

A done = 0;

b h mag = new_mag;

b h angle = new_angle;

YA iter = iter + 1;

% % end

% % end

% new_angle = 19.7;

% new_mag = 0.9801;

% Z_1 = 0.02356859504 + 0.134446281%1i;

% new_mag_phasor = new_mag*(cosd(new_angle)+sind(new_angle)*i);
% old_mag_phasor = 0.9776*(cosd (18.5814)+sind (18.5814) *i);

% I1_.23_24 = (new_mag_phasor - old_mag_phasor)/Z_1;

% P_loss (abs(I_23_24))"2*xreal(Z_1);

% Q_loss (abs (I_23_24))"2*ximag(Z_1);

% Base = 100;

% P_loss_real
% Q_loss_real

P_loss *Base;
Q_loss *Base;

A.9.2. Wind farm modeling

%Authors: Farley Rimon & Marouane Mastouri
%Last updated: 12/06/2020 (dd-mm-yyyy)

%Modeling PF for a Substation with a Wind-and Solar Park

%A case study is loaded with 13 strings of Wind Turbine Generators and
3

hstrings from a PV-module.

%Step 2 involves the modeling of the power flow in situations. These
are

%useful to determine limiting constraints in the substation's power
flow

%For the test of low generation:
h v=4m/s
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%Q_mean = ddddd

%For the test of nominal generation:
clear

tic

%% Step 1: Load data of the case

mpc_substation_systeml3 = loadcase('system_13_V1');

P_idx = find(mpc_substation_systeml13.gen(:,2)~=0); %Find indexes of
generating strings in generator data

P_wt_idx = P_idx(5:end);

P_pv_idx = P_idx(1:4);

%Indicate branch limits for components that cause the constraints
B_limit_1_2 = 400;
B_limit_4_7 = 185.19;

B_limit_4_23 = 185.19;
B_limit_6_12 = 185.19;
B_1limit_6_17 = 185.19;

%disconnect PV to run only WTIG test
for(i=1:length(P_pv_idx))

mpc_substation_systeml13.gen(P_pv_idx (i) ,8) = 0; Ydisconnect PV to run
only WTIG test

end
%Initialize active power generation

mpc_substation_system13.bus(8,2) = 4
mpc_substation_systeml13.bus(10,2)

mpc_substation_systeml13.bus(12,2) =
mpc_substation_systeml13.bus (14,2)

I
NN NN

.o

o e

mpc_substation_systeml13.branch(54,11) = 0
mpc_substation_systeml3.branch(110,11)
mpc_substation_systeml3.branch(161,11)
mpc_substation_systeml3.branch (209,11)

o e

]
O O O v

we

%Branch status disconnect/connect
“branch_r_status_idx = find(mpc_substation_systeml3.branch(:,11)==0); %
Find indexes of generating strings in generator data

hdefine all constants
HWTG Farm
% type_wtg= 4; Jtotal types of WTG
N_daily_dispatch = 300; Jtotal available wind dispatch profiles
N_strings = 13'; %total Wind Turbine Generators strings
v_c_in = 3 ; Jgeneral cut in speed in m/s
v_r = 14 ; Ygeneral rated speed in m/s, fixed for step 2a
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v_c_off = 25 ; Y,general cut off speed in m/s
for (i=1:N_daily_dispatch)

v_w(i,:) = 14 ; Ynominal wind speed in m/s
end

for(j=1:length(P_wt_idx))

P_wt_max(1,j) = mpc_substation_systeml13.gen(P_wt_idx(j) ,2); %Rated
power in MW for each string

end

for(j=1:length(P_wt_idx))

Q_wt_max(1,j) = mpc_substation_systeml13.gen(P_wt_idx(j),3); %Rated
power in MW for each string

end

%% Step 2: Generate random variables
%%Generate a random wind distribution

% a= 2.54; Y%shape parameter in p.u., the lower the more uniformly
spread, 1.2 is best

% b= T7.86;%scale parameter in m/s, the higher the more the probability
is spread, 12 is best

% rand('twister ',5489); J, Fix seeds of the random number generator

% rng( 'default'); Yspecifies seed for the random number generator,
seed = 0

% v_w = wblrnd(b,a, [N_daily_dispatch, 1]); %Initialise matrix for
random wind speeds

%Convert generated power at rated wind speed

P_wt = zeros(N_daily_dispatch, length(P_wt_max)); %Make matrix for
generated nominal wind speed

for(i=1: length(P_wt_max)) %makes a 1x13
for(j=1: N_daily_dispatch) Ymakes a 96x1
%happly boundary conditions to determine which equation is valid
if(v_w(j) <= v_c_in)
P_wt(j,i) =0;

elseif ( (v_w(j) > v_c_in) && (v_w(j) <= v_r) )
P_wt(j,i)=P_wt_max(i)*(v_w(j)~3-v_c_in~3)/(v_r~3-v_c_in"3);

elseif ((v_w(j) > v_r) && (v_w(j) <= v_c_off))
P_wt(j,i) = P_wt_max(i); %assigns every power to every
dispatch

elseif (v_w(j) > v_c_off)
P_wt(j,i) = 0;
end
end
end

%Initialize active power generation
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P_wt_total = sum(P_wt, 2);
mpc_substation_systeml13.gen(6:end,2) = P_wt(1,:);
mpc_substation_systeml13.bus(1,3) = P_wt_total(l,:);
%mpc_substation_systeml3.gen(1,9) = P_wt_total(l,:);
mpc_substation_systeml13.gen(2:5,2) = 0;

%% %% Random Qs for WTG strings
rc_string_in = zeros(l,length(P_wt_max));

for(i=1:length(P_wt_max))

if (mpc_substation_system13.gen(P_wt_idx(i),3) <= 0.85) %% Type D
rc_string_in(i) = 4.25;

elseif (mpc_substation_system13.gen(P_wt_idx (i) ,3) > 0.85 &&
mpc_substation_systeml3.gen(P_wt_idx (i) ,3) <= 2.65) %% Type A
rc_string_in(i) = 6.625;

elseif (mpc_substation_systeml3.gen(P_wt_idx (i) ,3) > 2.65)

if ((mpc_substation_systeml3.gen(P_wt_idx (i) ,9) <= 4)) %h Type
B
rc_string_in(i) = 6.22222;
elseif ((mpc_substation_systeml3.gen(P_wt_idx(i),9) > 4)) %t Type
C
rc_string_in(i) = 7;
end
end
end
rc_string_end = zeros(l,length(P_wt_max));

for(i=1:length(P_wt_max))
if (mpc_substation_systeml3.gen(P_wt_idx(i),3) <= 0.85) %% Type D
rc_string_end (i) = 4.3;
elseif (mpc_substation_system13.gen(P_wt_idx(i),3) > 0.85 &&
mpc_substation_systeml3.gen(P_wt_idx (i) ,3) <= 2.65) 7% Type A
rc_string_end (i) = 2.095;
elseif (mpc_substation_systeml3.gen(P_wt_idx (i) ,3) > 2.65)
if ((mpc_substation_systeml13.gen(P_wt_idx (i) ,9) <= 4)) %% Type B
rc_string_end(i) = 1.7037;
elseif ((mpc_substation_systeml3.gen(P_wt_idx (i) ,9) > 4)) %% Type C
rc_string_end(i) = 1.357;
end
end
end

P_reg_in = zeros(l,length(P_wt_max));

for(i=1:length(P_wt_max))

if (mpc_substation_system13.gen(P_wt_idx (i) ,3) <= 0.85) %% Type D
P_reg_in(i) = 0.2;

elseif (mpc_substation_system13.gen(P_wt_idx (i) ,3) > 0.85 &&
mpc_substation_systeml13.gen(P_wt_idx (i) ,3) <= 2.65) %% Type A
P_reg_in(i) = 0.4;

elseif (mpc_substation_systeml13.gen(P_wt_idx (i) ,3) > 2.65)
if ((mpc_substation_systeml13.gen(P_wt_idx (i) ,9) <= 4)) %% Type B

P_reg_in(i) = 0.4;

elseif ((mpc_substation_systeml3.gen(P_wt_idx(i),9) > 4)) %% Type C
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P_reg_in(i) = 0.4;
end
end
end

P_reg_end = zeros(l,length(P_wt_max));

for(i=1:length(P_wt_max))
if (mpc_substation_systeml3.gen(P_wt_idx (i) ,3) <= 0.85) %% Type D
P_reg_end (i) = 2.25;
elseif (mpc_substation_system13.gen(P_wt_idx (i) ,3) > 0.85 &&
mpc_substation_systeml13.gen(P_wt_idx (i) ,3) <= 2.65) %% Type A
P_reg_end(i) = 3.675;
elseif (mpc_substation_systeml3.gen(P_wt_idx (i) ,3) > 2.65)
if ((mpc_substation_systeml13.gen(P_wt_idx (i) ,9) <= 4)) %% Type B
P_reg_end (i) = 3.325;
elseif ((mpc_substation_systeml3.gen(P_wt_idx (i) ,9) > 4)) %% Type C
P_reg_end(i) = 3.85;

end
end
end
% rc_string_in = [6.625 6.625 11.969 13.625 6.22 11.969 6.22
6.22 11.2 7.36 6.22 12.25 10.64]; Yspecifies slope
MVAr/MW at beginning for each WIG string
% P_reg_in = [0.1 0.1 0.0544 0.047619 0.1 0.0544 0.1 0.1 0.0606

0.061 0.1 0.0556 0.0556]; %Percentage of total power to reach Q
max in capability curve

% rc_string_end = [1.5 1.5 0.507 3.143 1.48 0.507 1.8519
1.48 0.4408 0.4047 1.48 0.531 0.531]; %specifies slope
MVAr/MW at end for each WTG string
% hnew_Q_max = [0.72 0.72 0.5117 0.596 0.65 0.5117 0.59

0.643 0.547 0.302 0.643 0.4898 0.4898] ' * Q_wt_max; Y%
Calculates new available MVAr at P_wt_max
% P_reg_end = [0.88 0.88 0.372 0.917 0.83125 0.372 0.83125
0.83125 0.3023 0.225 0.83125 0.346 0.346]; %Percentage of
total power to reach final Q in capability curve
a = 0.04; %Percentage of standard deviation, from
papers around from 8% till 29

Q_wt = zeros (N_daily_dispatch, length(P_wt_max));

for i=1:length(P_wt_max)
for j=1:N_daily_dispatch

if (P_wt(j,i) < (P_reg_in(i)*P_wt_max(i)))
Q_wt(j,i) = rc_string_in(i)*P_wt(j,i);
if (Q_wt(j,i) >= Q_wt_max(i))

Q_wt(j,i) = Q_wt_max(i);

end

elseif ((P_wt(j,i) >= (P_reg_in(i)*P_wt_max(i))) && (P_wt(j
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,i) < (P_reg_end(i)*P_wt_max(i))))

Q_wt (j,1i) =
elseif ((P_wt(j
Q_wt(j,i) =

Q_wt_max (i) ;
,i) >=
Q_wt_max (i)

(P_reg_end (i) *P_wt_max (i))))
- rc_string_end (i) .*(P_wt(j,1i)-

P_reg_end (i) *P_wt_max(i));

if (Q_wt (j,
Q_wt (j,
end
end
end
end

Q_dem_tot
Q_mean_wt

sum(Q_wt (1,:));
zeros (1,

for(i=1:N_daily_dispatch)
Q_wt_max_matrix(i,:) =
end

for(i=1:N_daily_dispatch)
Q_std_wt(i,:) =
end

for(j=1:length(P_wt_max))
for(i=1:(N_daily_dispatch))

i) < 0)
i) 0;

Q_wt_max;

unifrnd(1,Q_wt_max_matrix (i,

if (i <= (N_daily_dispatch/20))

Q_mean_wtl(i,j) =

/20)))

-20*%(Q_dem_tot/
elseif ((i > (1*N_daily_dispatch/20))

for(i=1:(N_daily_dispatch/20))

Q_mean_wt2(i,j) =
end

elseif ((i > (2*N_daily_dispatch/20))

/20)))

-18*x(Q_dem_tot/

for(i=1:(N_daily_dispatch/20))

Q_mean_wt3(i,j) =
end

elseif ((i > (3*N_daily_dispatch/20))

/20)))

-16*x(Q_dem_tot/

for(i=1:(N_daily_dispatch/20))

Q_mean_wt4 (i,j) =
end

elseif ((i > (4*N_daily_dispatch/20))

/20)))

-14*x(Q_dem_tot/

for(i=1:(N_daily_dispatch/20))

Q_mean_wt5(i,j) =
end

elseif ((i > (5*N_daily_dispatch/20))

/20)))

-12%x(Q_dem_tot/

for(i=1:(N_daily_dispatch/20))

Q_mean_wt6(i,j) =
end

elseif ((i > (6*N_daily_dispatch/20))

/20)))

-10*x(Q_dem_tot/

for(i=1:(N_daily_dispatch/20))

)

length (P_wt_max)) /20 ;
&& (i <=(2*N_daily_dispatch

length (P_wt_max)) /20;

&& (i <=(3*%N_daily_dispatch

length(P_wt_max))/20;

&& (i <=(4*N_daily_dispatch

length (P_wt_max))/20;

&% (i <=(5%N_daily_dispatch

length(P_wt_max)) /20;

&% (i <=(6%N_daily_dispatch

length(P_wt_max)) /20;

&% (i <=(7*N_daily_dispatch

length(P_wt_max));%matrix with mu for each string
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Q_mean_wt7(i,j) = -8*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (7xN_daily_dispatch/20)) && (i <=(8*N_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt8(i,j) = -6*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (8%N_daily_dispatch/20)) && (i <=(9*N_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt9(i,j) = -4*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (9%N_daily_dispatch/20)) && (i <=(10xN_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt10(i,j) = -2*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (10*N_daily_dispatch/20)) && (i <=(11*N_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt11(i,j) = 0;
end
elseif ((i > (11*N_daily_dispatch/20)) && (i <=(12*N_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt12(i,j) = 2*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (12xN_daily_dispatch/20)) && (i <=(13*
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt13(i,j) = 4*(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (13%N_daily_dispatch/20)) && (i <=(14%*
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt14(i,j) = 6*x(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (14*N_daily_dispatch/20)) && (i <=(15%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt15(i,j) = 8*x(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (15*N_daily_dispatch/20)) && (i <=(16%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt16(i,j) = 10x(Q_dem_tot/ length(P_wt_max))/20;
end

elseif ((i > (16%N_daily_dispatch/20)) && (i <=(17=*
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt17(i,j) = 12x(Q_dem_tot/ length(P_wt_max))/20;
end

elseif ((i > (17*N_daily_dispatch/20)) && (i <=(18%
N_daily_dispatch/20)))



; #Creates random samples for Q

A.9. MatLab codes 109
for(i=1:(N_daily_dispatch/20))
Q_mean_wt18(i,j) = 14x(Q_dem_tot/ length(P_wt_max))/20;
end
elseif ((i > (18*N_daily_dispatch/20)) && (i <=(19%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt19(i,j) = 16x(Q_dem_tot/ length(P_wt_max)) /20
end
elseif ((i > (19*N_daily_dispatch/20)) && (i <=(20%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt20(i,j) = 20x(Q_dem_tot/ length(P_wt_max)) /20
end
end
end
end
for(i=1:length(P_wt_max)) %makes a 1x13
for(j=1:(N_daily_dispatch/20)) Ymakes a 96x1
samples_Q_wt(j,i)= normrnd (Q_mean_wtl1 (i), a*Q_std_wt (i), 11); %
Creates random samples for Q in 96x13, some values violating
the constraints
end
for(j=(1*%N_daily_dispatch/20) : (2xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt2(i), a*Q_std_wt(i), [1, 1])
; hCreates random samples for Q
end
for(j=(2*N_daily_dispatch/20) : (3xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt3(i), a*Q_std_wt(i), [1, 1])
; %hCreates random samples for Q
end
for(j=(3*N_daily_dispatch/20) : (4xN_daily_dispatch/20))
samples_Q_wt (j,i)= normrnd (Q_mean_wt4 (i), a*Q_std_wt (i), [1, 1])
; hCreates random samples for Q
end
for(j=(4*N_daily_dispatch/20) : (bxN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt5(i), a*Q_std_wt(i), [1, 1])
; hCreates random samples for Q
end
for(j=(5*%N_daily_dispatch/20) : (6xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt6(i), a*Q_std_wt(i), [1, 1])
; hCreates random samples for Q
end
for(j=(6*N_daily_dispatch/20) : (7*xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt7 (i), a*Q_std_wt(i), [1, 1]1)
; %Creates random samples for Q
end
for(j=(7*N_daily_dispatch/20) : (8xN_daily_dispatch/20))
samples_Q_wt (j,i)= normrnd(Q_mean_wt8(i), a*Q_std_wt (i), [1, 1])
; hCreates random samples for Q
end
for(j=(8*xN_daily_dispatch/20) : (9%xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt9(i), a*Q_std_wt(i), [1, 1])
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end
for(j=(9%N_daily_dispatch/20) : (10xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wt10(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(10*N_daily_dispatch/20) : (11*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wtl11(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(11*N_daily_dispatch/20) : (12%xN_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt12(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(12xN_daily_dispatch/20) : (13*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wt13(i), a*xQ_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(13*xN_daily_dispatch/20) : (14*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wt14 (i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(14*N_daily_dispatch/20) : (15*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt15(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(15%N_daily_dispatch/20) : (16*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt16(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(16*xN_daily_dispatch/20) : (17*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wt17 (i), a*xQ_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(17xN_daily_dispatch/20) : (18*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd(Q_mean_wt18(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(18*N_daily_dispatch/20) : (19*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt19(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
for(j=(19%xN_daily_dispatch/20) : (20*N_daily_dispatch/20))
samples_Q_wt(j,i)= normrnd (Q_mean_wt20(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q
end
end

%% Step 3: Update case file and run Power Flow

stop =0;

while(stop == 0)
for(i=1:N_daily_dispatch)
for (j=1:length(P_wt_max))
%for (k=1:N_branches_shunt)
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if(i < N_daily_dispatch)
mpc_substation_systeml13.gen(P_wt_idx(j) ,3) = samples_Q_wt (i, j);
mpc_substation_system13.bus(1,4) = sum(samples_Q_wt(i,j));

%run power flow for each dispatch
tStart = cputime;

results_pf = runpf (mpc_substation_systeml13); Jrun power flow
once Q is loaded per dispatch
[results_loss results_inject] = get_losses(results_pf); %losses

%Make matrix to specify branch losses and reactive power
injection

results_loss_matrix = zeros (31, 50); %first row is bus "from",
second row bus "to", third row is loss
bus_from = mpc_substation_systeml13.branch(:,1);

bus_to = mpc_substation_systeml13.branch(:,2);

%“Perform operation only if system converges
if (results_pf.success == 1)

%Save data for each power flow

Vmag(:,i) = results_pf.bus(:,8); %Saves voltage magnitude for
every bus

Vangle (:,i) = results_pf.bus(:,9); %Saves angle magnitude for
every bus

P_flow_1_2(:,i) = results_pf.branch(1,16); %Saves Power flow in
MW for Branch to PCC

P_flow_4_23(:,i) = results_pf.branch(25,16); JSaves Power flow
in MW for Branch to Input transformer 1

P_flow_4_7(:,i) = results_pf.branch(6,16); %Saves Power flow in
MW for Branch to Input transformer 1

P_flow_6_12(:,i) = results_pf.branch(12,16); ’Saves Power flow
in MW for Branch to Input transformer 2

P_flow_6_17(:,i) = results_pf.branch(18,16); %Saves Power flow
in MW for Branch to Input transformer 2

results_loss_real(:,i) = real(results_loss);
results_loss_im(:,i) = imag(results_loss);
results_inject_t(:,1i) = results_inject;
results_loss_matrix = [bus_from bus_to results_loss_real
results_loss_im results_inject_t];
end
elseif (i == N_daily_dispatch)
mpc_substation_systeml13.gen(P_wt_idx(j) ,3) = samples_Q_wt (i
»3)5
mpc_substation_systeml13.bus(1,4) = sum(samples_Q_wt(i,j));
if (results_pf.success == 1)

%Save data for each power flow
Vmag (:,i) = results_pf.bus(:,8);
Vangle(:,i) = results_pf.bus(:,9);
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P_flow_1_2(:,i) = results_pf.branch(1,16); %Saves Power flow in
MW for Branch to PCC

P_flow_4_23(:,i) = results_pf.branch(25,16); %Saves Power flow
in MW for Branch to Input transformer 1

P_flow_4_7(:,i) = results_pf.branch(6,16); %Saves Power flow in
MW for Branch to Input transformer 1

P_flow_6_12(:,i) = results_pf.branch(12,16); ’Saves Power flow
in MW for Branch to Input transformer 2

P_flow_6_17(:,i) = results_pf.branch(18,16); JSaves Power flow
in MW for Branch to Input transformer 2

%Save all the losses generated in each bus/branch for all
%dispatches

results_loss_real(:,i) = real(results_loss);

results_loss_im(:,i) = imag(results_loss);

results_inject_t(:,i) = results_inject;

results_loss_matrix = [bus_from bus_to results_loss_real
results_loss_im results_inject_t];

%Computes location and value of maximum loss

constraints_v_low = Vmag(Vmag < 0.8567); /Note values greater
than minimum p.u.
constraints_v_high = Vmag(Vmag > 1.1424); YJNote values greater

than maximum p.u.

idx_constraints_v_low = zeros (207, N_daily_dispatch); %28 is
amount of busses in the circuit

for (a=1:N_daily_dispatch)

end

idx_constraints_v_low(:,a) = (Vmag(:,a) < 0.8567);
idx_constraints_v_high(:,a) = (Vmag(:,a) > 1.1424);
[idx_r_Q_v_low idx_c_Q_v_1low] = find(idx_constraints_v_low~=0);

%find location in matrix where there is v low
[idx_r_Q_v_high idx_c_Q_v_high] = find(idx_constraints_v_high
~=0);

%Calculate lowest voltage magnitude value on the dispatches

where a
%violation has occured
unique_idx_c_Q_v_low = unique(idx_c_Q_v_low);
unique_idx_r_Q_v_low = unique(idx_r_Q_v_low);
V_lowest = Vmag(:,unique_idx_c_Q_v_low);

for(b=1:1length(unique_idx_c_Q_v_low))
constraints_v_lowest(:,b) = min(V_lowest(:,b));
end

%#Calculate lowest voltage magnitude value on the dispatches
where a
%violation has occured

unique_idx_c_Q_v_high = unique(idx_c_Q_v_high);
unique_idx_r_Q_v_high unique (idx_r_Q_v_high);
V_highest = Vmag(:,unique_idx_c_Q_v_high);
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for(c=1:1length(unique_idx_c_Q_v_high))
constraints_v_highest(:,c) = max(V_highest(:,c));
end
Q_dem_constraints_v_low = samples_Q_wt(idx_c_Q_v_low,: %Find

end
end

end
end
%end

the Q demands for that specific dispatch

Q_dem_constraints_v_high = samples_Q_wt(idx_c_Q_v_high,:);

Find the Q demands for that specific dispatch

P_loss_v_low = results_loss_real(:, idx_c_Q_v_1low);
P_loss_v_high = results_loss_real(:, idx_c_Q_v_high);

Q_loss_v_low = results_loss_im(:, idx_c_Q_v_1low);
Q_loss_v_high = results_loss_im(:, idx_c_Q_v_high);

Q_inj_v_low = results_inject_t(:, idx_c_Q_v_low);
Q_inj_v_high = results_inject_t(:, idx_c_Q_v_high);

end

stop = 1; Jstop while loop

%% Step 4: Plot results in a visable manner

%Print voltage data

figure (1)

subplot(2,1,1)

plot(Vmag,'o');

yline (0.8567, 'r','LineWidth' ,1);
yline(1.1424,'r','LineWidth' ,1);

xlabel ('Bus number', 'FontSize' ,12);

ylabel ('V magnitude (p.u.)','FontSize',12);

title('Voltage magnitude in p.u. for bus numbers', 'FontSize

,12)
hold on;

subplot(2,1,2)

plot (Vangle, 's');

xlabel ('Bus number', 'FontSize',12);

ylabel ('V angle (degrees)', 'FontSize',12);

h

title('Voltage angles in degrees for bus numbers', 'FontSize'

»12)
hold on;

%Print losses data

figure (2)

subplot(3,1,1)
plot(results_loss_real,'o');

xlabel ('Branch #','FontSize',12);
ylabel ('P loss(MW)','FontSize',12);
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title('Active power loss in MW for branch','FontSize',12)
hold on;

subplot (3,1,2)

plot (results_loss_im, 's');

xlabel ('Branch #','FontSize',12);

ylabel ('Q loss(MVAr)','FontSize' ,12);

title('Reactive power loss in MVAr for branch', 'FontSize',12)
hold on;

subplot (3,1,3)

plot(results_inject_t,'o');

xlabel ('Branch #','FontSize',12);

ylabel('Q injected (MVAr)', 'FontSize',12);

title('Reactive power inject in MVAr for branch', 'FontSize',12)
hold on;

figure (6)

plot (P_flow_1_2,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);
yline(B_limit_1_2 ,'r','LineWidth',1);

title('Power flow through PCC Branch 1-2','FontSize',12);
hold on;

figure (7)
subplot(2,1,1)

plot(P_flow_4_7,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_limit_4_7 ,'r','LineWidth',1);

title('Power flow to input Transformer 1 Branch 4-7','FontSize'
,12);

hold on;

subplot (2,1,2)

plot (P_flow_4_23,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_1imit_4_23 ,'r','LineWidth',1);

title('Power flow to input Transformer 1 Branch 4-23','FontSize
',12)

hold on;

figure (8)
subplot(2,1,1)

plot (P_flow_6_12,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_1limit_6_12 ,'r','LineWidth',1);

title('Power flow to input Transformer 2 Branch 6-12','FontSize
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',12)
hold on;

subplot (2,1,2)

plot(P_flow_6_17,"'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);
yline(B_limit_6_17 ,'r','LineWidth',1);

title('Power flow to input Transformer 2 Branch 6-17','FontSize
',12)
hold on;

%Print relation between demand, total system losses and
voltage

%Calculate average voltage for specific Q_demand
v_avg = mean(Vmag);

%Calculate average minimum voltage for specific Q_demand
%this is equal to constraints_v_low

%Calculate total losses for average voltage of each dispatch
P_loss_tot sum(results_loss_real);

Q_loss_tot = sum(results_loss_im);

Q_inj_tot = sum(results_inject_t);

%#Calculate total losses for voltage constraints

P_loss_tot_v_low = sum(P_loss_v_1low);
Q_loss_tot_v_low = sum(Q_loss_v_low);
Q_inj_tot_v_low = sum(Q_inj_v_low);
P_loss_tot_v_low = unique(P_loss_tot_v_1low);
Q_loss_tot_v_low = unique(Q_loss_tot_v_low);
Q_inj_tot_v_low = unique(Q_inj_tot_v_low);

P_loss_tot_v_high = sum(P_loss_v_high);
Q_loss_tot_v_high = sum(Q_loss_v_high);
Q_inj_tot_v_high = sum(Q_inj_v_high);

P_loss_tot_v_high = unique(P_loss_tot_v_high);
Q_loss_tot_v_high = unique(Q_loss_tot_v_high);
Q_inj_tot_v_high = unique(Q_inj_tot_v_high);
%Calculate total Q_demand

Q_tot = sum(samples_Q_wt ,2);

%Calculate total Q_demand for dispatches causing violation

Q_tot_constraints_v_low = sum(Q_dem_constraints_v_low,2);
Q_tot_constraints_v_high = sum(Q_dem_constraints_v_high,2);

Q_tot_constraints_v_low = unique(Q_tot_constraints_v_1low);
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Q_tot_constraints_v_high = unique(Q_tot_constraints_v_high);

%add zeros in order to plot

P_loss_tot_v_low(numel(Q_tot_constraints_v_1low))
Q_loss_tot_v_low(numel (Q_tot_constraints_v_low))
Q_inj_tot_v_low(numel (Q_tot_constraints_v_low)) = 0;

0;
0

>

P_loss_tot_v_high(numel (Q_tot_constraints_v_high))
Q_loss_tot_v_high(numel(Q_tot_constraints_v_high))
Q_inj_tot_v_high(numel (Q_tot_constraints_v_high)) = 0;

0;
0

B

%Plot 3D plot Q demand, P loss and (minimum and maximum)
average voltage

figure (3)

plot3(Q_tot, P_loss_tot, v_avg,'o','Color', 'c', 'MarkerSize'
,5); hplot for avg

hold on;

plot3(Q_tot_constraints_v_low, P_loss_tot_v_low,
constraints_v_lowest,'o','Color', 'r', 'MarkerSize',5); %
plot for v constraints low

hold on;

plot3(Q_tot_constraints_v_high, P_loss_tot_v_high,
constraints_v_highest,'o','Color', 'r', 'MarkerSize',5); %
plot for v comnstraints low

hold on;

grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('P loss total (MW)','FontSize',12);
zlabel ('V average magnitude (p.u.)','FontSize',12);

legend('4 m/s','7.5 m/s', '14 m/s');

%Plot 3D plot Q loss for minimum and average voltage

figure (4)

plot3(Q_tot, Q_loss_tot, v_avg,'o','Color', 'c', 'MarkerSize'
,5); %plot for avg

hold on;

plot3(Q_tot_constraints_v_low, Q_loss_tot_v_low,
constraints_v_lowest,'o','Color', 'r', 'MarkerSize',5); %
plot for v constraints low

hold on;

plot3(Q_tot_constraints_v_high, Q_loss_tot_v_high',
constraints_v_highest,'o','Color', 'r', 'MarkerSize',5); %
plot for v constraints low

hold on;

grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('Q loss total (MVAr)','FontSize',12);
zlabel ('V average magnitude (p.u.)','FontSize',12);
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legend('4 m/s','7.5 m/s', '14 m/s');

%Plot 3D plot for minimum and average

figure (5)

plot3(Q_tot, Q_inj_tot,v_avg,'o','Color', 'c', 'MarkerSize',5);
%plot for avg

hold on;

plot3(Q_tot_constraints_v_low,Q_inj_tot_v_low,
constraints_v_lowest,'o','Color', 'r', 'MarkerSize',5); %
plot for v comnstraints low

hold on;

plot3(Q_tot_constraints_v_high, Q_inj_tot_v_high',
constraints_v_highest,'o','Color', 'r', 'MarkerSize',5); %
plot for v constraints low

hold on;

grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('Q INJ total (MVAr)','FontSize',12);
zlabel ('V average magnitude (p.u.)','FontSize',12);

legend('4 m/s','7.5 m/s', '14 m/s');
toc
A.9.3. Hybrid farm modeling

%Authors: Farley Rimon & Marouane Mastouri
%Last updated: 09/06/2020 (dd-mm-yyyy)

%Modeling PF for a Substation with a Wind-and Solar Park

%A case study is loaded with 13 strings of Wind Turbine Generators and
4

%strings from a PV-module.

clear;
%% Step 1: Load data of the case
mpc_substation_systeml3 = loadcase('system_13');

P_idx = find(mpc_substation_systeml13.gen(:,2)7=0); %Find indexes of
generating strings in generator data

P_wt_idx = P_idx(5:end);

P_pv_idx = P_idx(1:4);

%Indicate branch limits for components that cause the constraints
B_limit_1_2 = 400;
B_limit_4_7 = 185.19;

B_limit_4_23 = 185.19;
B_limit_6_12 = 185.19;
B_limit_6_17 = 185.19;

%define all constants
%WTG Farm
% type_wtg= 4; Jtotal types of WTG
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N_daily_dispatch = 300; Jtotal available wind dispatch profiles

N_strings = 13'; Jtotal Wind Turbine Generators strings
v_c_in = 3 ; Jgeneral cut in speed in m/s

v_r = 14 ; Ygeneral rated speed in m/s, fixed for step 2a
%v_w = 14 ; Ynominal wind speed in m/s

v_c_off = 25 ; Ygeneral cut off speed in m/s
for (i=1:N_daily_dispatch)

v_w(i,:) = 14; Ynominal wind speed in m/s
end
P_wt_max = [29.4 29.4 29.4 16.8 32 29.4 16 28 33 29.15 28 28.8 28.8];

%“Rated power in MW for each string

Q_wt_max = [21.2 18.55 19.15 10.9 22.4 19.15 12.2 19.6 22.4 13.248
19.6 19.6 19.6] ; %Max positive/negative reactive power in MVAr
generated for eacht string 1-13

%PV farm

N_strings_pv = 4; Jtotal strings

P_pv_max = [12 12 12 12]; YMax active power in MW generated per
PV string 1-4

Q_pv_max = (1/3)*P_pv_max; %Max reactive power in MVAr per PV string
1-4

A_pv = 114441.8056; Y%Area in m2 of each PV system , a total of 4 PV
t_sun_h = 11; % Sun hours per day

t_increase_h = 24/N_daily_dispatch; % 15minutes increase per day
needed to go from O to max solar irradiance in W/m2
t_steps = [1:t_increase_h:(6+t_increase_h)];

%Insert season

solar_irr_max= 800; %max solar irradiance in
W/m2

P_module_max = 288; %output per module for
800 W/m2

rc_g_solar_power = (P_module_max)/((10-4)); %rc in W/m2 * 16min from
0 solar irradiance to max in, linear increase
N_modules = 41667; number of modules

P_module_solar = rc_g_solar_power * t_steps;

%Hybrid wind and solar
P_total_max = [P_pv_max P_wt_max];
N_tot_strings = N_strings + N_strings_pv;

%% Step 2: Generate random variables
%%hGenerate a random wind distribution

%a= 2.54; Yshape parameter in p.u., the lower the more uniformly spread
, 1.2 is best

%b= T7.86;%scale parameter in m/s, the higher the more the probability
is spread, 12 is best

%rand ('twister ' ,5489); % Fix seeds of the random number generator

%hrng( 'default '); %specifies seed for the random number generator, seed
=0

%v_w = wblrnd(b,a, [N_daily_dispatch, 1]); %Initialise matrix for
random wind speeds
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%Convert generated power at rated wind speed

% P_wt = zeros(N_daily_dispatch, N_strings); %Make matrix for generated
nominal wind speed

% for(i=1: length(P_wt_max)) %makes a 1x13

A for(j=1: N_daily_dispatch) Y%makes a 96x1

% %%happly boundary conditions to determine which equation is valid

% if(v_w(j) <= v_c_in)

yA P_wt(j,i) = 0;

A

% elseif ( (v_w(j) > v_c_in) && (v_w(j) <= v_r) )

yA

% P_wt(j,i)=P_wt_max(i)*(v_w(j)~3-v_c_in~"3)/(v_r~3-v_c_in"3);

b

% elseif ((v_w(j) > v_r) && (v_w(j) <= v_c_off))

% P_wt(j,i) = P_wt_max(i); Jassigns every power to every
dispatch

yA

% elseif (v_w(j) > v_c_off)

yA P_wt(j,i) = 0;

yA end

yA end

% end

%Summer model for solar

A for(j=1: length(P_pv_max)) Y%makes a 1x4

% k=1;

% for(i=1: N_daily_dispatch) Y%makes a 1000x1

h

% if (i < (4/24)*N_daily_dispatch ) YAssume before 4 am ,
no PV energy generated

% P_pv(i,j) = 0;

h

% elseif ( (i >= ((4/24)*N_daily_dispatch)) && (i < ((10/24)
*N_daily_dispatch)) )%Assume 4 - 10 am , PV power increasing
linearly

% P_pv(i,j) = (P_module_solar(k)*N_modules)*10~-6; %
OQutput active power in MW

A if (P_pv(i,j) > P_pv_max(:,j))

% P_pv(i,j) = P_pv_max(:,j);

h end

yA if (k<length(t_steps))

% k=k+1;

/) end

% elseif ( (i >= ((10/24)*N_daily_dispatch)) && (i <
((21/24)*N_daily_dispatch)) ) Y%Assume 10 am - 9pm , PV max energy
generated

A P_pv(i,j) = P_pv_max(1l,j);

h

% elseif ( (i >= ((21/24)*N_daily_dispatch)) ) Y%Assume 9 pm

-12 am, no PV energy generated
% P_pv(i,j) = 0;



120 A. Appendix

yA end
% end
% end

P_pv_max = [12 12 12 12]; 7Avg active power in MW generated per
PV string 1-4

P_pv_min = [1.5 1.5 1.5 1.5];

P_pv_nom = [7.5 7.5 7.5 7.51;

P_pv = zeros(N_daily_dispatch, length(P_pv_min));

for(i=1:N_daily_dispatch)
P_pv(i,:) = P_pv_max;
end
%Initialize active power generation for wind
P_wt_total = sum(P_wt, 2);
mpc_substation_systeml13.gen(6:18,2) = P_wt(1,:);
mpc_substation_system13.bus(1,3) = P_wt_total(l,:) + sum(P_pv(1l,:)
»2) 53

%initialize normal active power generation for solar
mpc_substation_system13.gen(2:5,2) = P_pv(1l,:);

%Initialize active power generation

%Hybrid wind and solar
P_total = [P_pv P_wt];

%% Step 2c: Generate random Qs with wind speeds and solar irradiance (
fixed tap positions)

%% Random Qs for WTG strings

% rc_string_in = [6.625 6.625 11.969 13.625 6.22 11.969 6.22
6.22 11.2 7.36 6.22 12.25 10.64]; Yspecifies slope
MVAr /MW at beginning for each WIG string
% P_reg_in = [0.1 0.1 0.0544 0.047619 0.1 0.0544 0.1 0.1 0.0606

0.061 0.1 0.0556 0.0556]; %Percentage of total power to reach Q
max in capability curve

% rc_string_end = [1.5 1.5 0.507 3.143 1.48 0.507 1.8519
1.48 0.4408 0.4047 1.48 0.531 0.531]; ’%specifies slope
MVAr /MW at end for each WTG string
% %new_Q_max = [0.72 0.72 0.5117 0.596 0.65 0.5117 0.59

0.643 0.547 0.302 0.643 0.4898 0.4898]"' * Q_wt_max; %
Calculates new available MVAr at P_wt_max
% P_reg_end = [0.88 0.88 0.372 0.917 0.83125 0.372 0.83125
0.83125 0.3023 0.225 0.83125 0.346 0.346]; %Percentage of
total power to reach final Q in capability curve
% a = 0.08; %Percentage of standard deviation, from
papers around from 8% till 27

% Q_wt = zeros (N_daily_dispatch, N_strings);
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for i=1:N_strings
for j=1:N_daily_dispatch
if (P_wt(j,i) < (P_reg_in(i)*P_wt_max(i)))
Q_wt(j,1i) = rc_string_in(i)*P_wt(j,1i);
if (Q_wt(j,i) >= Q_wt_max(i))
Q_wt(j,1i) = Q_wt_max(i);
end
elseif ((P_wt(j,i) >= (P_reg_in(i)*P_wt_max(i))) && (P_wt
(j,i) < (P_reg_end(i)*P_wt_max(i))))
Q_wt(j,1i) = Q_wt_max(i);
elseif ((P_wt(j,i) >= (P_reg_end(i)*P_wt_max(i))))
Q_wt(j,1i) = Q_wt_max(i) - rc_string_end (i) .*(P_wt(j,1
)-P_reg_end (i) *P_wt_max (i));
if (Q_wt(j,i) < 0)
Q_wt(j,i) = 0;
end
end
end
end

Q_mean_wt = zeros(l, N_strings);%matrix with mu for each string
Q_dem_tot = sum(Q_wt(1,:)) ;

for (i=1:N_daily_dispatch)
Q_pv_max_matrix(i,:) = Q_pv_max;
end

for(i=1:N_daily_dispatch)
Q_wt_max_matrix(i,:) = Q_wt_max;
end

for(i=1:N_daily_dispatch)
Q_std_wt(i,:) = unifrnd(1l,Q_wt_max_matrix(i,:));
end

for(j=1:N_strings)
for(i=1:(N_daily_dispatch))
if (i <= (N_daily_dispatch/20))
Q_mean_wt1(i,j) = -20x(Q_dem_tot/ N_strings) /20 ;
elseif ((i > (1*N_daily_dispatch/20)) && (i <=(2xN_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt2(i,j) = -18x(Q_dem_tot/ N_strings)/20;
end
elseif ((i > (2*N_daily_dispatch/20)) && (i <=(3xN_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt3(i,j) = -16x(Q_dem_tot/ N_strings)/20;
end
elseif ((i > (3*N_daily_dispatch/20)) && (i <=(4xN_daily_dispatch
/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt4(i,j) = -14x(Q_dem_tot/ N_strings)/20;
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% end

A elseif ((i > (4*N_daily_dispatch/20)) && (i <=(5*xN_daily_dispatch
/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt5(i,j) = -12x(Q_dem_tot/ N_strings)/20;

% end

yA elseif ((i > (5*N_daily_dispatch/20)) && (i <=(6*N_daily_dispatch
/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt6(i,j) = -10x(Q_dem_tot/ N_strings)/20;

% end

% elseif ((i > (6*N_daily_dispatch/20)) && (i <=(7xN_daily_dispatch
/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt7(i,j) = -8*(Q_dem_tot/ N_strings)/20;

% end

% elseif ((i > (7*N_daily_dispatch/20)) && (i <=(8%N_daily_dispatch
/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt8(i,j) = -6*x(Q_dem_tot/ N_strings)/20;

% end

% elseif ((i > (8*N_daily_dispatch/20)) && (i <=(9%N_daily_dispatch
/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt9(i,j) = -4*x(Q_dem_tot/ N_strings)/20;

% end

elseif ((i > (9*N_daily_dispatch/20)) && (i <=(10%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt10(i,j) = -2x(Q_dem_tot/ N_strings)/20;
end
elseif ((i > (10%N_daily_dispatch/20)) && (i <=(11%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt11(i,j) = 0;
end
elseif ((i > (11*N_daily_dispatch/20)) && (i <=(12%
N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt12(i,j) = 2*x(Q_dem_tot/ N_strings)/20;
end

elseif ((i > (12*N_daily_dispatch/20)) && (i <=(13*

N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt13(i,j) = 4*x(Q_dem_tot/ N_strings)/20;
end

elseif ((i > (13*N_daily_dispatch/20)) && (i <=(14x%

N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wt14(i,j) = 6*x(Q_dem_tot/ N_strings)/20;
end

elseif ((i > (14*N_daily_dispatch/20)) && (i <=(15%

N_daily_dispatch/20)))
for(i=1:(N_daily_dispatch/20))
Q_mean_wtl15(i,j) = 8*(Q_dem_tot/ N_strings)/20;
end
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% elseif ((i > (15*%N_daily_dispatch/20)) && (i <=(16%
N_daily_dispatch/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt16(i,j) = 10*x(Q_dem_tot/ N_strings)/20;

% end

b

% elseif ((i > (16*N_daily_dispatch/20)) && (i <=(17x
N_daily_dispatch/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt17(i,j) = 12*x(Q_dem_tot/ N_strings)/20;

% end

A

% elseif ((i > (17*N_daily_dispatch/20)) && (i <=(18%
N_daily_dispatch/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt18(i,j) = 14*(Q_dem_tot/ N_strings)/20;

% end

YA

% elseif ((i > (18*N_daily_dispatch/20)) && (i <=(19%
N_daily_dispatch/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt19(i,j) = 16*(Q_dem_tot/ N_strings)/20;

% end

A

% elseif ((i > (19*N_daily_dispatch/20)) && (i <=(20%
N_daily_dispatch/20)))

% for(i=1:(N_daily_dispatch/20))

% Q_mean_wt20(i,j) = 20*(Q_dem_tot/ N_strings)/20;

% end

% end

% end

% end

% for(i=1:N_strings) Y%makes a 1x13

% for(j=1:(N_daily_dispatch/20)) %makes a 96x1

% samples_Q_wt (j,i)= normrnd(Q_mean_wtl (i), a*xQ_std_wt (i), [1, 11);
%Creates random samples for Q in 96x13, some values violating the
constraints

b end

A for(j=(1xN_daily_dispatch/20) :(2%*N_daily_dispatch/20))

b samples_Q_wt (j,i)= normrnd (Q_mean_wt2(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

/) end

% for(j=(2xN_daily_dispatch/20) : (3*N_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt3 (i), a*xQ_std_wt(i), [1,
11); %Creates random samples for Q

h end

% for(j=(3xN_daily_dispatch/20) : (4*N_daily_dispatch/20))

% samples_Q_wt (j,i)= normrnd (Q_mean_wt4 (i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

h end

% for(j=(4xN_daily_dispatch/20) :(5%N_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt5(i), a*Q_std_wt(i), [1,
11); %Creates random samples for Q

/) end

% for(j=(5*N_daily_dispatch/20) : (6xN_daily_dispatch/20))
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% samples_Q_wt(j,i)= normrnd (Q_mean_wt6(i), a*Q_std_wt(i), [1,
11); %Creates random samples for Q

A end

yA for(j=(6*N_daily_dispatch/20) : (7*N_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt7 (i), a*Q_std_wt(i), [1,
11); %Creates random samples for Q

/) end

YA for(j=(7*N_daily_dispatch/20) : (8*N_daily_dispatch/20))

yA samples_Q_wt (j,i)= normrnd (Q_mean_wt8(i), a*xQ_std_wt(i), [1,
11); %Creates random samples for Q

/) end

YA for(j=(8*xN_daily_dispatch/20) :(9*N_daily_dispatch/20))

A samples_Q_wt(j,i)= normrnd (Q_mean_wt9 (i), a*xQ_std_wt (i), [1,
11); %Creates random samples for Q

h end

% for(j=(9xN_daily_dispatch/20) : (10*xN_daily_dispatch/20))

yA samples_Q_wt(j,i)= normrnd(Q_mean_wt10(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

h end

% for(j=(10%N_daily_dispatch/20) :(11*N_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt11 (i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

/) end

A for(j=(11*xN_daily_dispatch/20) : (12*N_daily_dispatch/20))

b samples_Q_wt (j,i)= normrnd (Q_mean_wt12(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

/) end

/) for(j=(12*N_daily_dispatch/20) : (13*xN_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt13(i), a*xQ_std_wt (i), [1,
11); %Creates random samples for Q

h end

yA for (j=(13*N_daily_dispatch/20) : (14*N_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt14 (i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

h end

% for(j=(14*N_daily_dispatch/20) : (15*xN_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt15(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

yA end

A for(j=(15*xN_daily_dispatch/20) : (16*N_daily_dispatch/20))

b samples_Q_wt (j,i)= normrnd(Q_mean_wt16(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

/) end

% for(j=(16*N_daily_dispatch/20) : (17*N_daily_dispatch/20))

A samples_Q_wt(j,i)= normrnd (Q_mean_wtl17 (i), a*xQ_std_wt (i), [1,
11); %Creates random samples for Q

h end

b for(j=(17+*N_daily_dispatch/20) : (18xN_daily_dispatch/20))

% samples_Q_wt(j,i)= normrnd (Q_mean_wt18 (i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

A end

yA for(j=(18*N_daily_dispatch/20) : (19%xN_daily_dispatch/20))

h samples_Q_wt (j,i)= normrnd (Q_mean_wt19(i), a*xQ_std_wt(i), [1,
11); %Creates random samples for Q

A end

% for(j=(19*xN_daily_dispatch/20) : (20*N_daily_dispatch/20))
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% samples_Q_wt(j,i)= normrnd (Q_mean_wt20(i), a*Q_std_wt (i), [1,
11); %Creates random samples for Q

yA end

% end

b

h

A

YA

%% Random Q's for PV strings

%1 Assume +-Qmax is 1/3 Pmax

%2 Assume Pmax, Q=0 & P=0, Qmax, extra task)

% for(j=1: length(P_pv_max)) Y%makes a 1x4

pA k=1;

yA for(i=1: N_daily_dispatch) %makes a 1000x1

PA

yA if (i < (4/24)%*N_daily_dispatch ) Y%Assume before 4 am ,
no PV energy generated

yA P_pv(i,j) = 0;

h

T elseif ( (i >= ((4/24)*N_daily_dispatch)) && (i < ((10/24)
*N_daily_dispatch)) )%Assume 4 - 10 am , PV power increasing
linearly

yA P_pv(i,j) = (P_module_solar (k)*N_modules)*10~-6; %
Output active power in MW

v if (P_pv(i,j) > P_pv_max(:,j))

yA P_pv(i,j) = P_pv_max(:,j);

A end

YA if (k<length(t_steps))

% k=k+1;

A end

T elseif ( (i >= ((10/24)*N_daily_dispatch)) && (i <
((21/24)*N_daily_dispatch)) ) Y%Assume 10 am - 9pm , PV max energy
generated

pA P_pv(i,j) = P_pv_max(1l,j);

h

yA elseif ( (i >= ((21/24)*N_daily_dispatch)) ) %Assume 9 pm

-12 am, no PV energy generated

% P_pv(i,j) = 0;

b end

pA end

% end

for(i=1:N_daily_dispatch)
for(j=1:1length(P_pv_max))

Q_pv(i,j) = (1/3)*P_pv(i,]j);

end

end

Q_dem_tot_pv = sum(Q_pv(1l,:));

Q_mean_pv = zeros(l, N_strings_pv);/matrix with mu for each string 1-1

for(j=1:N_strings_pv)
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for(i=1:(N_daily_dispatch))
if (i <= (N_daily_dispatch/10))

Q_mean_pv1(i,j) = -10*x(Q_dem_tot_pv/ N_strings_pv)/10 ;

elseif ((i > (1*%N_daily_dispatch/10)) && (i <=(2*N_daily_dispatch
/10)))

for(i=1:(N_daily_dispatch/10))
Q_mean_pv2(i,j) = -8*(Q_dem_tot_pv/ N_strings_pv)/10;

end

elseif ((i > (2*N_daily_dispatch/10)) && (i <=(3*N_daily_dispatch
/10)))

for(i=1:(N_daily_dispatch/10))
Q_mean_pv3(i,j) = -6*(Q_dem_tot_pv/ N_strings_pv)/10;

end

elseif ((i > (3%N_daily_dispatch/10)) && (i <=(4*N_daily_dispatch
/10)))

for(i=1:(N_daily_dispatch/10))
Q_mean_pv4(i,j) = -4*(Q_dem_tot_pv/ N_strings_pv)/10;

end

elseif ((i > (4*N_daily_dispatch/10)) && (i <=(5*N_daily_dispatch
/10)))

for(i=1:(N_daily_dispatch/10))
Q_mean_pv5(i,j) = -2*(Q_dem_tot_pv/ N_strings_pv)/10;

end

elseif ((i > (5*%N_daily_dispatch/10)) && (i <=(6*N_daily_dispatch
/10)))

for(i=1:(N_daily_dispatch/10))
Q_mean_pv6(i,j) = 0;
end
elseif ((i > (6%N_daily_dispatch/10)) && (i <=(7*N_daily_dispatch
/10)))
for(i=1:(N_daily_dispatch/10))
Q_mean_pv7(i,j) = 2*x(Q_dem_tot_pv/ N_strings_pv)/10;
end
elseif ((i > (7*N_daily_dispatch/10)) && (i <=(8*N_daily_dispatch
/10)))
for(i=1:(N_daily_dispatch/10))
Q_mean_pv8(i,j) = 4*x(Q_dem_tot_pv/ N_strings_pv)/10;
end
elseif ((i > (8%N_daily_dispatch/10)) && (i <=(9*N_daily_dispatch
/10)))
for(i=1:(N_daily_dispatch/10))
Q_mean_pv9(i,j) = 6*(Q_dem_tot_pv/ N_strings_pv)/10;
end
elseif ((i > (9%N_daily_dispatch/10)) && (i <=(10*N_daily_dispatch
/10)))
for(i=1:(N_daily_dispatch/10))
Q_mean_pv10(i,j) = 10x(Q_dem_tot_pv/ N_strings_pv)/10;
end
end
end
end

for i=1:length(Q_mean_pv)
Q_std_pv(i)=unifrnd(1,Q_pv_max(i)); %make a uniform distribution
for the standard deviation string 1-13
end
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for(i=1:N_strings_pv) ’makes a 1x13
for(j=1:(N_daily_dispatch/10)) Ymakes a 96x1
samples_Q_pv(j,i)= normrnd (Q_mean_pvi(i), a*Q_std_pv(i), [1, 11); %
Creates random samples for Q in 96x13, some values violating
the constraints
end
for(j=(1*N_daily_dispatch/10) : (2xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd (Q_mean_pv2(i), a*xQ_std_pv(i), [1, 1])
; %hCreates random samples for Q
end
for(j=(2*N_daily_dispatch/10) : (3xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd(Q_mean_pv3 (i), a*Q_std_pv (i), [1, 11)
; hCreates random samples for Q
end
for(j=(3*xN_daily_dispatch/10) : (4xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd (Q_mean_pv4 (i), a*xQ_std_pv (i), [1, 1])
; %#Creates random samples for Q
end
for(j=(4*N_daily_dispatch/10) : (6xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd (Q_mean_pv5(i), a*Q_std_pv(i), [1, 1])
; hCreates random samples for Q
end
for(j=(5*%N_daily_dispatch/10) : (6xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd (Q_mean_pv6(i), a*xQ_std_pv(i), [1, 1])
; %hCreates random samples for Q
end
for(j=(6*N_daily_dispatch/10) : (7*xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd(Q_mean_pv7 (i), a*Q_std_pv (i), [1, 11)
; hCreates random samples for Q
end
for(j=(7+*N_daily_dispatch/10) : (8xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd(Q_mean_pv8 (i), a*Q_std_pv (i), [1, 1]1)
; #Creates random samples for Q
end
for(j=(8*N_daily_dispatch/10) : (9xN_daily_dispatch/10))
samples_Q_pv(j,i)= normrnd (Q_mean_pv9(i), a*Q_std_pv(i), [1, 1])
; hCreates random samples for Q
end
for(j=(9*N_daily_dispatch/10) : (N_daily_dispatch))
samples_Q_pv(j,i)= normrnd(Q_mean_pv1i0(i), a*Q_std_pv (i), [1,
11); %Creates random samples for Q
end
end

%% Combining PV and Wind

samples_Q_tot = [samples_Q_pv];
Q_total_max = [Q_pv];

constraints_neg_tot = zeros(N_daily_dispatch,N_tot_strings);
constraints_pos_tot zeros (N_daily_dispatch,N_tot_strings);
for(k=1: N_tot_strings)
constraints_neg_tot = samples_Q_tot(samples_Q_tot < -Q_total_max(k))
; %Note values greater than positive max reactive
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constraints_pos_tot = samples_Q_tot(samples_Q_tot > Q_total_max(k));
%Note values greater than negative max reactive
idx_constraints_neg_tot(:,k) = (samples_Q_tot(:,k) < -Q_total_max(k
)); %Note values greater than max reactive
idx_constraints_pos_tot(:,k) = (samples_Q_tot(:,k) > Q_total_max(k
)
end
%% Step 3: Update case file and run Power Flow
stop =0;
while(stop == 0)

for(i=1:N_daily_dispatch)
for (j=1:N_strings)
%for (k=1:N_branches_shunt)

if (i < N_daily_dispatch)
mpc_substation_systeml13.gen(P_wt_idx(j) ,3)

samples_Q_wt (i,j);

for(a=1:4)

mpc_substation_systeml13.gen(P_pv_idx(a),3) = samples_Q_pv(i,a);
end

%mpc_substation_systeml13.bus(1,4) = sum(samples_Q_tot(i,:));
%initialize active power generation
mpc_substation_systeml13.bus(1,4) = sum(samples_Q_tot(i,j));

%run power flow for each dispatch
tStart = cputime;

results_pf = runpf (mpc_substation_systeml13); Y%run power flow
once Q is loaded per dispatch
[results_loss results_inject] = get_losses(results_pf); %losses

%Make matrix to specify branch losses and reactive power
injection

results_loss_matrix = zeros(31, 50); Jfirst row is bus "from",
second row bus "to", third row is 1loss
bus_from = mpc_substation_systeml13.branch(:,1);

bus_to = mpc_substation_systeml13.branch(:,2);

%Perform operation only if system converges
if (results_pf.success == 1)

%Save data for each power flow

Vmag(:,i) = results_pf.bus(:,8); /Saves voltage magnitude for
every bus

Vangle(:,i) = results_pf.bus(:,9); %Saves angle magnitude for
every bus

P_flow_1_2(:,i) = results_pf.branch(1,16); %Saves Power flow in
MW for Branch to PCC

P_flow_4_23(:,i) = results_pf.branch(25,16); YSaves Power flow
in MW for Branch to Input transformer 1

P_flow_4_7(:,i) = results_pf.branch(6,16); %Saves Power flow in
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MW for Branch to Input transformer 1

P_flow_6_12(:,i) = results_pf.branch(12,16); ’Saves Power flow
in MW for Branch to Input transformer 2

P_flow_6_17(:,i) = results_pf.branch(18,16); YSaves Power flow
in MW for Branch to Input transformer 2

results_loss_real(:,i) = real(results_loss);
results_loss_im(:,i) = imag(results_loss);
results_inject_t(:,1) = results_inject;
results_loss_matrix = [bus_from bus_to results_loss_real
results_loss_im results_inject_t];
end
elseif (i == N_daily_dispatch)
mpc_substation_systeml13.gen(P_wt_idx(j) ,3) = samples_Q_wt(i,j);
for(a=1:4)
mpc_substation_systeml3.gen(P_pv_idx(a) ,3) = samples_Q_pv(i,a);
end
mpc_substation_system13.bus(1,4) = sum(samples_Q_tot(i,j));
if (results_pf.success == 1)

%#Save data for each power flow

Vmag(:,i) = results_pf.bus(:,8);

Vangle(:,i) = results_pf.bus(:,9);

P_flow_1_2(:,i) = results_pf.branch(1,16); %Saves Power flow in
MW for Branch to PCC

P_flow_4_23(:,i) = results_pf.branch(25,16); ’Saves Power flow
in MW for Branch to Input transformer 1

P_flow_4_7(:,i) = results_pf.branch(6,16); %Saves Power flow in
MW for Branch to Input transformer 1

P_flow_6_12(:,i) = results_pf.branch(12,16); ’Saves Power flow
in MW for Branch to Input transformer 2

P_flow_6_17(:,i) = results_pf.branch(18,16); YSaves Power flow
in MW for Branch to Input transformer 2

%Save all the losses generated in each bus/branch for all
%dispatches

results_loss_real(:,i) = real(results_loss);

results_loss_im(:,i) = imag(results_loss);

results_inject_t(:,1i) = results_inject;

results_loss_matrix = [bus_from bus_to results_loss_real
results_loss_im results_inject_t];

%Computes location and value of maximum loss

constraints_v_low = Vmag(Vmag < 0.8567); %Note values greater
than minimum p.u.
constraints_v_high = Vmag(Vmag > 1.1424); YNote values greater

than maximum p.u.

idx_constraints_v_low = zeros (28, N_daily_dispatch); %28 is
amount of busses in the circuit
for (a=1:N_daily_dispatch)
%Vliow is ..... for shunt connected
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%Vliow is ..... for shunt disconnected
%Vhigh is ..... for shunt connected
%Vhigh is ..... for shunt disconnected
idx_constraints_v_low(:,a) = (Vmag(:,a) < 0.8567);
idx_constraints_v_high(:,a) = (Vmag(:,a) > 1.1424);
[idx_r_Q_v_low idx_c_Q_v_1low] = find(idx_constraints_v_low~=0);
%find location in matrix where there is v low
[idx_r_Q_v_high idx_c_Q_v_high] = find(idx_constraints_v_high
~=0) ;
end
%Calculate lowest voltage magnitude value on the dispatches
where a
%violation has occured
unique_idx_c_Q_v_low = unique(idx_c_Q_v_low);
unique_idx_r_Q_v_low = unique(idx_r_Q_v_low);
V_lowest = Vmag(:,unique_idx_c_Q_v_low);
for(b=1:1length(unique_idx_c_Q_v_low))
constraints_v_lowest(:,b) = min(V_lowest(:,b));
end
%Calculate lowest voltage magnitude value on the dispatches
where a
%violation has occured
unique_idx_c_Q_v_high = unique(idx_c_Q_v_high);
unique_idx_r_Q_v_high = unique(idx_r_Q_v_high);
V_highest = Vmag(:,unique_idx_c_Q_v_high);
for(c=1:1length(unique_idx_c_Q_v_high))
constraints_v_highest(:,c) = max(V_highest(:,c));
end
yA constraints_v_lowest_repeat = repelem(constraints_v_lowest,
length(constraints_v_low));
pA constraints_v_highest_repeat = repelem(constraints_v_highest,

length(constraints_v_high));

Q_dem_constraints_v_low = samples_Q_tot(idx_c_Q_v_low,:); %Find
the Q demands for that specific dispatch

Q_dem_constraints_v_high = samples_Q_tot(idx_c_Q_v_high,:); %
Find the Q demands for that specific dispatch

P_loss_v_low = results_loss_real(:, idx_c_Q_v_low);
P_loss_v_high = results_loss_real(:, idx_c_Q_v_high);

Q_loss_v_low = results_loss_im(:, idx_c_Q_v_1low);
Q_loss_v_high = results_loss_im(:, idx_c_Q_v_high);

Q_inj_v_low = results_inject_t(:, idx_c_Q_v_low);
Q_inj_v_high = results_inject_t(:, idx_c_Q_v_high);

end
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end
end

end
end

stop = 1; Ystop while loop

%% Step 4: Plot results in a visable manner

%Print voltage data

figure (1)

subplot (2,1,1)

plot (Vmag,'o');

yline (0.8567, 'r','LineWidth' ,1);

yline(1.1424,'r','LineWidth' ,1);

xlabel ('Bus number', 'FontSize',12);

ylabel ('V magnitude (p.u.)','FontSize',12);

title('Voltage magnitude in p.u. for bus numbers', 'FontSize
,12)

hold on;

subplot (2,1,2)

plot (Vangle, 's');

xlabel ('Bus number', 'FontSize',12);

ylabel ('V angle (degrees)','FontSize',12);

title('Voltage angles in degrees for bus numbers', 'FontSize'
,12)

hold on;

%Print losses data

figure (2)

subplot (3,1,1)

plot (results_loss_real,'o');

xlabel ('Branch #','FontSize' ,12);

ylabel ('P loss(MW)','FontSize',12);

title('Active power loss in MW for branch','FontSize',12)
hold on;

subplot (3,1,2)

plot(results_loss_im,'s"');

xlabel ('Branch #','FontSize',12);

ylabel('Q loss(MVAr)','FontSize' ,12);

title('Reactive power inject in MVAr for branch', 'FontSize',12)
hold on;

subplot (3,1,3)

plot(results_inject_t,'o');

xlabel ('Branch #');

ylabel ('Q injected (MVAr)', 'FontSize',12);

title('Reactive power inject in MVAr for branch', 'FontSize',12)
hold on;

figure (6)

plot(P_flow_1_2,'0"');
xlabel ('Dispatch', 'FontSize' ,12);
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ylabel ('Power flow (MW)','FontSize',12);

yline(B_limit_4_7 ,'r','LineWidth',1);

title('Power flow to input Transformer 1 Branch 4-7','FontSize'
,12);

hold on;

figure (7)
subplot(2,1,1)

plot(P_flow_4_7,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_limit_4_7 ,'r','LineWidth',1);

title('Power flow to input Transformer 1 Branch 4-7','FontSize'
,12) 55

hold on;

subplot(2,1,2)

plot (P_flow_4_23,'0"');

xlabel ('Dispatch', 'FontSize',12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_1imit_4_23 ,'r','LineWidth',1);

title('Power flow to input Transformer 1 Branch 4-23','FontSize
',12)

hold on;

figure (8)
subplot(2,1,1)

plot (P_flow_6_12,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_limit_6_12 ,'r','LineWidth',1);

title('Power flow to input Transformer 2 Branch 6-12','FontSize
',12)

hold on;

subplot (2,1,2)

plot (P_flow_6_17,'0"');

xlabel ('Dispatch', 'FontSize' ,12);

ylabel ('Power flow (MW)','FontSize',12);

yline(B_limit_6_17 ,'r','LineWidth',1);

title('Power flow to input Transformer 2 Branch 6-17','FontSize
',12)

hold on;

%Print relation between demand, total system losses and voltage

%Calculate average voltage for specific Q_demand
v_avg = mean(Vmag) ;

%Calculate average minimum voltage for specific Q_demand

%this is equal to constraints_v_low
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%Calculate total losses for average voltage of each dispatch

P_loss_tot = sum(results_loss_real);
Q_loss_tot = sum(results_loss_im);
Q_inj_tot = sum(results_inject_t);

%Calculate total losses for voltage constraints

P_loss_tot_v_low = sum(P_loss_v_1low);
Q_loss_tot_v_low = sum(Q_loss_v_1low);
Q_inj_tot_v_low = sum(Q_inj_v_low);

P_loss_tot_v_low unique (P_loss_tot_v_low);
Q_loss_tot_v_low = unique(Q_loss_tot_v_low);
Q_inj_tot_v_low = unique(Q_inj_tot_v_low);

P_loss_tot_v_high sum(P_loss_v_high);

Q_loss_tot_v_high = sum(Q_loss_v_high);
Q_inj_tot_v_high = sum(Q_inj_v_high);

P_loss_tot_v_high = unique(P_loss_tot_v_high);
Q_loss_tot_v_high = unique(Q_loss_tot_v_high);
Q_inj_tot_v_high = unique(Q_inj_tot_v_high);
%Calculate total Q_demand

Q_tot = sum(samples_Q_tot ,2);

%Calculate total Q_demand for dispatches causing violation

Q_tot_constraints_v_low = sum(Q_dem_constraints_v_low,2);
Q_tot_constraints_v_high = sum(Q_dem_constraints_v_high ,2);
Q_tot_constraints_v_low = unique(Q_tot_constraints_v_1low);
Q_tot_constraints_v_high = unique(Q_tot_constraints_v_high);

%add zeros in order to plot

P_loss_tot_v_low(numel (Q_tot_constraints_v_low))
Q_loss_tot_v_low(numel (Q_tot_constraints_v_low))
Q_inj_tot_v_low(numel (Q_tot_constraints_v_low)) = O0;

Il
o O

P_loss_tot_v_high(numel (Q_tot_constraints_v_high)) = 0;
Q_loss_tot_v_high(numel (Q_tot_constraints_v_high)) = 0
Q_inj_tot_v_high(numel (Q_tot_constraints_v_high)) = 0;

%Plot 3D plot Q demand, P loss and (minimum and maximum)
average voltage
figure (3)

r', 'MarkerSize'

plot3(Q_tot, P_loss_tot, v_avg,'o','Color',
,6); hplot for avg
hold on;
plot3(Q_tot_constraints_v_low, P_loss_tot_v_low,

constraints_v_lowest,'o
constraints low

,'Color

>

1

r

1
B

'MarkerSize',5);

%plot for v
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yA hold on;

yA plot3(Q_tot_constraints_v_high, P_loss_tot_v_high,
constraints_v_highest ,'o','Color', r', 'MarkerSize',5); %plot for
v constraints low

pA hold on;

grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('P loss total (MW)','FontSize',12);
zlabel ('V average magnitude (p.u.)','FontSize',12);

legend ('Low generation', 'Nominal generation', 'High generation'
);
%Plot 3D plot Q loss for minimum and average voltage
figure (4)
plot3(Q_tot, Q_loss_tot, v_avg,'o','Color', 'r', 'MarkerSize'
,5); %plot for avg
hold on;
% plot3(Q_tot_constraints_v_low, Q_loss_tot_v_low,
constraints_v_lowest,'o','Color', 'r', 'MarkerSize',5); %plot for v
constraints low
pA hold on;
% plot3(Q_tot_constraints_v_high, Q_loss_tot_v_high',
constraints_v_highest,'o','Color', 'r', 'MarkerSize',5); %plot for
v constraints low
yA hold on;
grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('Q loss total (MVAr)','FontSize',12);
zlabel ('V average magnitude (p.u.)','FontSize',12);

legend ('Low generation','Nominal generation', 'High generation'
);
%Plot 3D plot for minimum and average
figure (5)
plot3(Q_tot, Q_inj_tot,v_avg,'o','Color', 'r', 'MarkerSize',65);
%plot for avg
hold on;
% plot3(Q_tot_constraints_v_low,Q_inj_tot_v_low,
constraints_v_lowest,'o','Color', 'r', 'MarkerSize',5); %plot for v
constraints low
yA hold on;
% plot3(Q_tot_constraints_v_high, Q_inj_tot_v_high',
constraints_v_highest,'o','Color', 'r', 'MarkerSize',5); %plot for

v constraints low
% hold on;

grid on;

xlabel ('Q demand (MVAr)', 'FontSize',12);
ylabel ('Q INJ total (MVAr)','FontSize',12);
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zlabel ('V average magnitude (p.u.)','FontSize',12);

legend ('Low generation', 'Nominal generation', 'High generation'

)
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