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Abstract

Large-scale solar photovoltaic (PV) power plants are consolidated as an alternative
to conventional energy sources. However, these plants require large land areas which
can be a challenge for those land-limited regions such as islands or countries with
high population densities. Another issue of high capacity PV plants is to deal with
elevated operating temperatures that negatively affect to the modules efficiency.

Therefore, to overcome these issues, installing PV modules over unused water sur-
faces has become a feasible option. These floating photovoltaic plants or commonly
named ”floatovoltaics” are currently a trend in Asian countries, whose installed capac-
ity is continuously increasing. Floating solar energy possesses important advantages
as an increase in the energy yield due to lower operating temperatures, reducing power
losses or water quality improvement.

The objective of this Master Thesis (MTh) is to analyze the electrical perfor-
mance of a 50 MW floating photovoltaic (FPV) power plant. It will be sited over a
hydropower reservoir in Spain, in order to evaluate its grid-connection impact into
the Spanish electrical network. The assessment will consist on carrying out steady
and dynamic studies of the plant to check the compliance of the operating conditions
established in the Spanish network code.

Out of these studies, it is concluded that the proposed FPV plant results in full
compliance with the network connection requirements.
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Chapter 1

Introduction

1.1 Thesis Motivation

The development of renewable energies still has a lot of room for improvement. In the

last years, photovoltaic generation costs have been reduced significantly, while greater

modules effectiveness have been achieved. These motivate for a future scenario, with

a massive penetration of renewable energies towards a future decarbonised power sys-

tem. However, the design of large-scale PV power plants present several challenges:

land availability and acquisition, complex civil and geo-technical studies or the plant

site [1], [2] are some of them.

Therefore, to overcome these issues, a new technology has emerged: floating solar

photovoltaic (FPV) plants or ”floatovoltaics”. It consists on placing the solar mod-

ules over floating platforms in unused water surfaces such as irrigation canals, water

ponds or reservoirs. An example of a small FPV plant, located in Japan is presented

in figure 1-1.

Currently, floating solar photovoltaic plants have been developed mainly in Asian

countries (China, Japan, Indonesia and Taiwan), but other small-scale plants has

been tested in France, United Kingdom, Norway and Portugal[1].
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Figure 1-1: Kawarayama IKE - 1,428 kWp floating solar plant in Japan [3]

Thus, floatovoltaics could be an important opportunity for Spain to become the

European leader in renewable energies. Factors aiming this event are the expected

national energy transition, with significant investments, not only in renewable power

plants but also, in energy storage or sustainable transportation. On February 22nd

2019, the Spanish Government presented the foundations to accomplish this energy

transition in the Energy and Climate Integrated National Plan (PNIEC) [4].

By analyzing the PNIEC report, the expected power capacity increase by year

2030 is of 53 GW, from which 32.1 GW are destined to photovoltaic energy. This

opens a new scenario for the PV energy market, which currently only counts with 4.7

GW installed. Additionally, since Spain has several hydropower facilities and water

reservoirs, floating solar photovoltaics seems to be a technical alternative to achieve

the energy transition objectives.

1.2 Description of a floating solar photovoltaic plant

The design and operation of a floating photovoltaic (FPV) plant and the one of a

land-based PV plant are very similar. The main difference relies on the electrical

18



equipment, which is installed on floating platforms [1], [5]. A general layout of a FPV

plant is represented in figure 1-2.

Figure 1-2: General layout configuration for a floating PV plant [1]

The PV modules generate electricity in direct current (DC) and all the energy

from the arrays is collected at the combiner boxes. They are connected to central or

string inverters [5] 1 to convert the current into AC. For this thesis, central inverter

configuration is used, following an arrangement similar to the one exposed in figure

1-3a.

However, the most critical components in a FPV plant are the floating platforms,

mooring lines and the anchoring system, being the main elements that rises the overall

investment costs. In the majority of large-scale FPV plants, the common floating

platforms used are the pure float floating system shown in figure 1-4a [1] or the

pontoon-type float presented in figure 1-4b. The anchoring of the platform generally

depends of the conditions where the plant is going to be installed: water profile,

depth, land conditions and water level variations.

1Central inverters are generally used for large scale plants, whereas string inverters are used for
lower capacities. The difference between these two inverter configurations is represented in figure
1-3. This tendency is currently changing because of inverter costs.

19



Structures
PV Strings

Multi-string 
inverter

Central inverters

• 10‐250kW, three‐phase, 

Module  inverters

• 50‐180W, each panel has 

String (Multi)inverters

• 1.5‐5 kW, typical residential 

AC bus

, p ,
several strings in parallel

• High efficiency, low cost, 
low reliability, not optimal 
MPPT

its own inverter enabling 
optimal MPPT

• Lower efficiency, difficult 
maintenance

application

• Each string has its own inverter 
enabling better MPPT 

Th t i h diff tMPPT

• Used for power plants

maintenance

• Higher cost/kWp
• The strings can have different 

orientations

• Three‐phase inverters for 
power<5kW

4

High efficiency Mini‐central PV inverters (8‐15 kW) are also emerging for modular configuration in medium and 
high power PV systems

(a) Central inverter

Structures
PV Strings

Multi-string 
inverter

Central inverters

• 10‐250kW, three‐phase, 

Module  inverters

• 50‐180W, each panel has 

String (Multi)inverters

• 1.5‐5 kW, typical residential 

AC bus

, p ,
several strings in parallel

• High efficiency, low cost, 
low reliability, not optimal 
MPPT

its own inverter enabling 
optimal MPPT

• Lower efficiency, difficult 
maintenance

application

• Each string has its own inverter 
enabling better MPPT 

Th t i h diff tMPPT

• Used for power plants

maintenance

• Higher cost/kWp
• The strings can have different 

orientations

• Three‐phase inverters for 
power<5kW

4

High efficiency Mini‐central PV inverters (8‐15 kW) are also emerging for modular configuration in medium and 
high power PV systems

(b) String inverter

Figure 1-3: Inverter’s configuration in a large-scale FPV plant: a) Central inverter,
b) String inverter

(a) Pure float floating system [1]

(b) Pontoon type floating system [6]

Figure 1-4: Main floating structures used in FPV plants: a) pure float, b) pontoon
structure
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1.2.1 Situation of floating photovoltaics in the global market

Floatovoltaics came up for the first time in 2007, with a small pilot project in Japan.

After that, several countries such as France, UK, United States or China followed this

new technology with small testing systems. But it was not until 2013 when floating

PV plants up to 1 MWp started to be deployed in countries such as Japan, Korea,

Indonesia, Taiwan and China [1]. Some European countries have also tested it with

small-scale plants in UK, Netherlands or Portugal, in which EDP became the first

utility to install floatovoltaics combined with a hydropower plant.

Currently, with the reduction of generation costs and modules efficiency’s increase,

capacity of FPV plants have reached more than several tens of megawatts. China

has become the world leader in this technology, installing plants with more than 100

MWp in 2018 [1], [7]. Countries of Southeast Asia (Taiwan, Viet Nam and Indone-

sia) are also planning to install several GWs of floating photovoltaics in future years.
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Figure 1-5: Evolution of global installed floating solar photovoltaic capacity
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In figure 1-5, it can be observed the evolution of the FPV capacity installed since

2007. As it was commented, floatovoltaics several research projects were developed in

2013. However, it is in 2016 when the technology breaks with the economic barriers,

becoming an energy generation alternative. During the last two years, FPV capacity

increased 453 and 512 MWp respectively, reaching a global installed capacity over 1

GWp. This upward trend indicates that floating solar energy is being consolidated

in the global energy market, increasing the opportunities for a higher penetration of

renewable energies into electrical grids.

1.3 Potential advantages of floatovoltaics

The energy performance of floating solar modules have been analyzed in several

projects since 2007. Results from several projects as [8], [9], conclude that the energy

performance is improved. As explained by Wysocki in [11], this is due to the cooling

effect of the water, which contributes to decreasing the operating cell temperature.

Wasynczuk analyzed in [12] the dynamic behaviour of a small-scale PV system

against different ambient conditions. In figure 1-6a, the I-V curve of the PV array is

characterized by Wasynczuk, where it is determined that the maximum power for each

condition takes place at the lower temperature (T = 28◦C). Generally, these electrical

characteristics are given by the manufacturers in their solar module’s datasheet. As

example, figure 1-6b represents the temperature cell dependence of a solar module

from the manufacturer Jinko Solar. The green curve represents the maximum output

power generated by the cell. As long as the cell temperature is reduced, the voltage

increase rate is greater than the current decrease one. As consequence, the output

power is higher for lower temperatures.

In 2016, the Portuguese utility EDP, developed a pilot project where they com-

bined a 220 kW floating photovoltaic installation with an existent hydropower plant.

According to their results, the efficiency of the modules was measured to be 10%
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(a) I-V characteristic curve for a PV array
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Figure 1-6: Solar cell power dependence on ambient conditions: a) PV array I-V
characteristic curve, b) Cell temperature dependence

higher compared to a ground-mounted PV system, achieving higher energy yields

than expected [13]. Additionally, other potential advantages of floating solar involve:

• Water quality is improved, since algae growth is decreased due to the platform’s

shadow [14]

• The shadow generated by the platform, also reduces evaporation, contributing

to keep water levels [15]

• In case of adding floatovoltaics to hydropower plants, they can use the existent
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electrical infrastructure

• The hybridization with pumped-storage hydropower plants set up a massive

energy storage technology [9]

On the other hand, still there are important drawbacks regarding to this technology.

The capital costs of FPV are higher compared to land-based PV plants because of

the need of floating platforms, moorings and marine electrical components [1], [5],

[16]. Nevertheless, it is expected that installation costs will drop in coming years due

to economies of scale. Another issue is the lack of specific regulations regarding to

water treatment licenses and environmental impacts.

1.4 Objectives

Once the topic of this project has been presented, the objective of the thesis is to

analyze the grid interconnection impact of a 50 MW floating photovoltaic plant. The

FPV plant will be located over the Almendra’s reservoir, located in Salamanca, Spain.

An aerial view of the geographic site of the plant is included in figure 1-7.

Almendra’s
reservoir

Figure 1-7: Geographical aerial view of the FPV plant’s location
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The choice of this location is due to the fact that it is one of the largest reservoirs in

Spain, where the Villarino’s hydropower plant is installed. This hydropower plant is

the third biggest one, with a capacity of 857 MWp [17]. In addition, the surroundings

are a non-mountainous area, being appropriate for a photovoltaic plant.

Therefore, the main purpose of this master thesis is to study if the FPV plant

is able to comply with the network connection and operating requirements estab-

lished by the Spanish transmission grid operator, REE 2, in the ”Procedimiento de

Operación 12.2 ” dated on October 2018 [18] 3

To analyze the plant’s performance, the software DigSILENT PowerFactory 2019

will be used to carry out the simulations.

To achieve the aforementioned objective, several stages have to been done previ-

ously:

1. Understanding of the interconnection and operating requirements in the Spanish

and European grid codes. These include: reactive power compliance, energy

quality (harmonics, flicker), active power control, voltage-ride-through (VRT),

voltage and frequency ranges.

2. Modelling of a floating photovoltaic plant in the software DigSILENT Power-

Factory for electrical studies.

3. Dynamic modelling of solar inverters in PowerFactory. This includes the mod-

elling of the power plant controller (PPC), inverter protections and control

systems for dynamic simulations.

4. Interpreting the obtained simulation results to determine the degree of compli-

ance of the connection requirements defined in P.O. 12.2.

2REE: Red Eléctrica de España. Spanish transmission grid operator
3Although it is not yet approved by the MITECO, it unifies the interconnection conditions re-

quired to the electricity generation modules for network connection from the Commission Regulation
(EU) 2016/631 in force since of 14 April 2016, adapting it to the particular conditions of Spain.
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1.5 Structure of the thesis

The present thesis is organized into 6 chapters, with the following contents:

• Chapter 1: This is an introductory chapter to the master thesis topic, describ-

ing the basics of a floating photovoltaic plant. Additionally, the master thesis

objectives are established.

• Chapter 2: In this chapter, the network code requirements for the FPV plant

grid connection are described, following both the P.O. 12.2 and the Commission

Regulation (EU) 2016/631 [19].

• Chapter 3: Along this chapter, the steady state studies are carried out. These

studies include: power flow, reactive power compliance, short-circuit study and

energy quality assessment.

• Chapter 4: During this chapter, the dynamic model in PowerFactory of the

PV inverters considered will be described.

• Chapter 5: Throughout this chapter, dynamic simulations will be carried out,

analyzing its performance in accordance with the operation requirements defined

in chapter 2.

• Chapter 6: Finally, the conclusions obtained along this master thesis are com-

prised in this chapter. Additionally, alternatives and proposals for improvement

in future works will be discussed.
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Chapter 2

Grid Interconnection Requirements

The European Commission published on 14th April 2016, the Commission Regulation

(EU) 2016/631 1, which ensures a security energy supply, facilitating the energy

trading between countries, by setting a network code on requirements for the grid

connection of power generators [19].

The code establishes different operating conditions for the grid connection of

power-generation facilities. Despite of this, each national transmission grid opera-

tor must prepare their corresponding network code, complying with the minimum

operating requirements defined in Commission Regulation (EU) 2016/631.

In the case of Spain, REE proposed the new P.O. 12.2 [18], setting more restrictive

grid connection conditions. Although it is pending of approval, it is expected to enter

into force as soon as possible [20]. Therefore, during this thesis, the network con-

nection requirements used, are those considered in the ”Procedimiento de Operación

12.2 ” 2, dated on October 2018 and which is available in [18].

1All EU member countries have a period of 2 years since its publication to adapt their grid codes
to the requirements set in the Commission Regulation (EU) 2016/631

2After consulting several companies, it is concluded that the P.O. 12.2 is being applied for the
plants whose inverters procurement has been made after March 2018.
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2.1 Category of the Floating PV plant

First of all, it is necessary to identify the significance of the plant under study. This

will determine the different operating conditions that the plant must fulfill. Accord-

ing to the Commission Regulation (EU) 2016/631, the plant’s evaluation will depend

on the capacity and the voltage level at its point of interconnection (POI/PCC) [19].

The threshold limits may vary depending on the synchronous area where the plant is

going to be located and should be arranged. These boundaries should be confirmed

by the corresponding Transmission System Operator (TSO).

From Table 1 in [19], Spain belongs to ”Continental Europe Area”. Hence, four

categories can be distinguished in Table 2.1 in accordance with P.O. 12.2.

Table 2.1: Evaluation of the FPV plant category

Category Power at PCC Voltage at PCC

A 0.8 kW ≤ P ≤ 100 kW < 110 kV
B 100 kW ≤ P ≤ 5 MW < 110 kV
C 5 MW ≤ P ≤ 50 MW < 110 kV
D P < 50 MW ≥ 110 kV

The point of interconnection for the FPV plant, will be a 132/220 kV substation

from Iberdrola S.A. Therefore, from Table 2.1, the category of the plant is deduced to

be type D. Thus, following connection and operating requirements must be referred

to power-generating modules of type D, in accordance with the prerequisites defined

in [18] and [19].

2.2 Energy Quality

The evaluation of energy quality consists on the measurement of the main electrical

waveforms (voltage and current) at the PCC. To analyze the quality of the power

injected to the electrical system, it will be considered the following studies: flicker,

harmonic distortion and voltage phase unbalance.
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During section 2.2.1, the planning levels for the energy quality are referred to

section 4.1.2 from P.O. 12.2 [18]. These levels are treated as reference values to

ensure the electromagnetic compatibility of the plant.

2.2.1 Voltage disturbance planning levels

• Flicker: the flicker planning levels are the ones set in the IEC 61000-3-7 [21],

with the following values:

– Pst ≤ 1.0

– Plt ≤ 0.8

• Harmonics: with the aim of ensuring a good waveform quality, the planning

levels corresponding to the voltage harmonic content are set in IEC 61000-3-6

[22] and are pointed out in Table 2.2. Therefore, the voltage harmonic content

Table 2.2: Voltage harmonic planning levels at grid interconnection points

Odd Harmonics
Even Harmonics

no multiple of 3 multiple of 3

Harmonic
order

Harmonic
voltage
(%)

Harmonic
order

Harmonic
voltage
(%)

Harmonic
order

Harmonic
voltage
(%)

5 2 3 2 2 1.4

7 2 9 1 4 0.8

11 1.5 15 0.3 6 0.4

13 1.5 21 0.2 8 0.4

17 ≤ n ≤ 49 1.2 · 17
n 21 < n ≤ 45 0.2 10 ≤ n ≤ 50 0.19 · 10

n + 0.16

Total Harmonic Distortion (THD) : 3.00 %

at each frequency should be lower than the defined limits. In addition, voltage

Total Harmonic Distortion (THD) must be lower than 3.00 %. Otherwise, an

harmonic filter is needed.

• Voltage phase unbalance: according to IEC 61000-3-13 [23], the degree of
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unbalance (µ) is measured in %, is the ratio of the negative sequence voltage

and the positive sequence voltage. Thus, the planning levels are set to:

– µ ≤ 1% for short duration level

– µ ≤ 2% for very short duration level

2.3 Frequency Requirements

In this section, the technical requirements regarding to frequency variations that

the FPV plant must satisfy are described. General requirements are established in

Article 22 from the Commission Regulation (EU) 2016/631 [19], to guarantee the

safety and control of the whole electrical system.

2.3.1 Frequency ranges

Frequency variations can cause important consequences to the performance of the

power plant. For this reason, the TSO must define operating frequency ranges in

which the plant must remain connected to the grid. These frequency boundaries are

defined in Table 2.3.

Table 2.3: Minimum operating time periods as function of the grid frequency

Frequency
Range [Hz]

Operation
time period

47.5 - 48.5 30 minutes
48.5 - 49 unlimited
49 - 51 unlimited
51 - 51.5 30 minutes

However, the values shown in Table 2.3 will depend also on the voltage level at

PCC. Therefore, figure 2-1 represents the minimum time periods that the plant must

remain connected at different frequencies and voltage levels at the PCC. When the

operating conditions (VPCC and frequency) are inside the red boundary, the plant

could operate unlimited. However, if the operating point moves out this boundary,
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Figure 2-1: Operating time periods of the plant at different frequency values when
the voltage level at PCC is between 110 kV and 300 kV

but still is inside the green one, the plant must remain connected 30 or 60 minutes,

according to the operating conditions. Outside the green threshold, the plant must

be disconnected from the grid.

2.3.2 Regulation mode power-frequency limited - overfre-

quency (MRPFL-O)

The power generating modules must be capable of activating their active power-

frequency control following the criteria defined by the TSO. As defined in P.O. 12.2,

control activation frequency is set to 50.2 Hz with an statism of 5%.
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2.3.3 Regulation mode power-frequency limited - underfre-

quency (MRPFL-U)

Similarly for the overfrequency condition, the power generating modules must manage

the active power when the frequency decreases. In the P.O. 12.2, the control activation

frequency is set to 49.8 Hz with an statism of 5%.

2.4 Voltage requirements

2.4.1 Voltage ranges

As the FPV plant has category D, the power plant controller (PPC) should be able to

regulate the power generating modules to withstand the voltage levels compressed in

Table 2.4, extracted from PO.12.2. These values are in accordance with the voltage

limits of table 1 from the Commission Regulation (EU) 2016/631 [19].

Table 2.4: Minimum operation time periods when voltage level at PCC is between
110 kV and 300 kV

Voltage
Range [pu]

Operation
Time

0.85 - 0.90 60 min
0.90 - 1.118 unlimited
1.118 - 1.15 60 min

Thus, the maximum voltage at PCC that can be withstand is 1.15 pu during one

hour. This maximum voltage will set the boundary to identify possible over-voltages

in the system. On the other hand, the minimum voltage so that the plant remains

under operation is set to 0.85 pu for one hour. If the voltage goes below Vmin, a low

voltage-ride-through scenario is identified.

2.4.2 Current injection control

During Voltage-Ride-Through (VRT) conditions, the FPV plant must control the

voltage at PCC by injecting or absorbing current. According to section 5.2.3 in the
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P.O. 12.2 [18], the current control will be activated if there is a voltage disturbance

such that the voltage magnitude at PCC is out of the limits (Vmin 6 VPCC 6 Vmax)

specified in Table 2.4.

In addition, the following considerations have to be taken into account:

• Vmax is the maximum voltage considered in Table 2.4 that the plant will support

without disconnecting from the grid (1.15 pu)

• Vmin is the minimum voltage considered in Table 2.4 that the plant will support

without disconnecting from the grid (0.85 pu)

2.4.3 Reactive power requirements

The Commission Regulation (EU) 2016/631 defines a boundary for which the power

modules shall be capable of injecting/absorbing the required reactive power at its

maximum capacity. However, is the TSO who shall specify the reactive power re-

serves to keep the voltage level at PCC within the requisites.

These boundaries are represented in figure 2-2, which shows the voltage edges

at the point of common coupling, complying with the reactive power as function

of the maximum power capacity (Pmax) of the plant. Each TSO shall specify their

corresponding U-Q/Pmax profile, that should be inside the inner envelope included

in figure 2-2 [19]. In Spain, the corresponding voltage boundary for the FPV plant

under study, is given by the red boundary in figure 2-2. As consequence, the voltage

range at the PCC in order to comply with the reactive power requirements is between

0.95 pu and 1.05 pu.

Generally, any power plant operates below its maximum capacity, Pmax as they

are limited to the contracted power. Thus, the plant must comply with the reactive

power requirements while ensuring that the voltage level at the point of interconnec-

tion stays within the defined threshold. Therefore, boundaries of P-Q/Pmax profiles,

as function of the active power, should also be considered. The black curves from
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Figure 2-2: U-/Q/Pmax profile for a photovoltaic plant

figure 2-3 are the boundaries set by the Commission Regulation (EU) 2016/631 and

the red curve, is the enveloped that applies in P.O. 12.2 [18].

Therefore, the FPV plant should be capable to inject or absorb enough reactive

power to comply with the P/Q curve shown in red in figure 2-3, while ensuring that

the voltage at PCC is within the limits of figure 2-2. Additionally, from figure 2-3,

when the plant is exporting its nominal active power, the plant should manage any

operating point within power factor range of 0.958 leading (inductive) to 0.958 lagging

(capacitive).

Q

Pmax

= 0.300 (2.1)

cosφ = cos(atan(0.300)) ≈ 0.958 (2.2)
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Figure 2-3: P-Q/Pmax profile for a power park module

2.5 Robustness requirements

2.5.1 Low-voltage ride through (LVRT)

Regarding robustness requirements, during low-voltage situations, the voltage profile

at PCC should comply with figure 2-4b. This voltage profile set by REE, can be

compared with 2-4a defined in Commission Regulation (EU) 2016/631 [19].

It can be observed that the LVRT profile for the considered FPV plant is more

restricted when applying the P.O. 12.2. As result, a LVRT scenario is detected if the

voltage at PCC goes down 0.85 pu. In the case that the voltage gets to zero level, the

LVRT control mode of the plant will try to recovery it. If the voltage level remains

during 150 ms at 0 pu then, the FPV plant must disconnect from the grid.
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(b) Low voltage ride through profile defined in P.O. 12.2

Figure 2-4: Fault ride through profile for type D photovoltaic plants

Alternatively, the maximum allowed duration for operating with a LVRT condition

is 1.5 seconds. After that, the plant must disconnect immediately from the grid. For

different low-voltage magnitudes, the control of the protections of the plant must trip

according to the curve from figure 2-4b.
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2.5.2 Over-voltage ride through (OVRT)

Alternatively, the grid voltage could increase over its operating limits. This will cause

an over-voltage ride through (OVRT) scenario. In consonance with section 5.3.3 in

[18], the floating photovoltaic plant should be capable of remaining connected and

operating in steady state inside the OVRT boundary included figure 2-5.

1000

1.20

0 50

Vmax

t (ms)

End point of
the OVRT

U (p.u.)

OVRT 
boundary

Figure 2-5: Over-Voltage Ride Through profile

The protections in the plant will detect an overvoltage if the voltage at PCC

exceeds Vmax, which has been defined in Table 2.4 to be 1.15 pu. If the overvoltage

increases over 1.20 pu then, the plant must disconnect immediately. For voltage

levels between Vmax and 1.20 pu, the voltage profile from figure 2-5 must be followed

to avoid grid disconnection.
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Chapter 3

Steady State Results

3.1 Modelling of the FPV plant

The present study considers an existing electrical network as well as its corresponding

system to which the floating PV plant is connected. The voltage at PCC is 132 kV,

corresponding to the voltage level of the Iberdrola’s switching substation. An equiv-

alent single line diagram of the plant is presented in figure 3-1. For a more detailed

representation, the reader can consult the diagram included in Appendix C.

The nominal capacity of the FPV plant is 50 MW, consisting of a total of 16

central inverters up to 58 MVA@40◦C of nominal power coupled to the PCC. The in-

verters are the model HEMK 660V FS3510K from Power Electronics (PE). It should

be mentioned that the size of the inverters has no impact on the conclusions, since

it is a common practice to apply equivalence power flow and dynamic models to

reduce data assimilation. However, for a complete explanation of how to model a

photovoltaic plant, the document WECC Guide for Representation of Photovoltaic

Systems in Large-Scale Load Flow Simulations [24] can be consulted.

For each inverter, an associated two winding step-up transformer (rated to 3.8

MVA) rises the voltage from the LV terminal up to 30 kV as seen in figure 3-1. The

generation units, are divided in 4 medium voltage (MV) collector circuits, with four
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FPV Circuit 2 FPV Circuit 3 FPV Circuit 4

Figure 3-1: Floating Photovoltaic plant equivalent single line diagram

power stations per circuit. A 15 km overhead (OV) high voltage transmission line

will connect the step-up plant’s substation with the point of interconnection.

The FPV plant incorporates a Power Plant Controller (PPC) responsible in turn

for managing the reactive power contribution of the FPV plant at the PCC [24], [25].

The PPC will control the generation units to fulfill with the operating requirements.

All the technical data of the electrical equipment needed to model the plant is

included in Appendix A.
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3.2 Load Flow Studies

The load flow studies are undertaken to examine most demanding scenarios set in

P.O. 12.2. These scenarios can be identified in section 2-3 and 2-4 of the present

document. Also, the power flow study serves for analyzing the maximum circuit and

transformer loading conditions and voltage profile across the studied network.

The operating voltage ranges at the PCC in which the FPV should control the

reactive power, were defined in figure 2-2, to vary between 0.95 pu and 1.05 pu. So

then, if the nominal voltage level is 132 kV, the steady state voltages considered dur-

ing the studies are between 125.4 kV and 138.6 kV.

The power ratings of all the inverter stations should be enough to guarantee the

contracted active power at the PCC while complying with the reactive power flow.

Moreover, the electrical equipment should be capable of exporting/importing the

maximum power from/to all inverter station units, without exceeding the thermal

ratings of the cable circuits and inverter transformers.

Figure 3-2: HEMK inverter reactive power capability curve
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In order to meet the reactive power requirements, the plant has been designed in-

cluding only one source of reactive power, that are the PV inverters. According to the

data sheet provided by Power Electronics [26], the inverter can operate continuously

anywhere within the area below the curves from figure 3-2. The figure corresponds

to the reactive power capability curve for different voltage levels at its terminal.

Since the power factor may vary from 0.958 inductive to 0.958 capacitive, the

following two operating conditions are expected to result in onerous loading conditions

for the plant:

1. exporting Qmax with power factor 0.958 inductive and voltage 1.05 pu at PCC;

2. importing Qmax with power factor 0.958 capacitive and voltage 0.95 pu at PCC.

3.2.1 Power Flow Sign convention

In order analyze the power flow results, it is recommended to establish a sign conven-

tion for the power flow and to be consistent throughout the studies. For this thesis,

Generator Convention is applied, where active power output from a generator has

positive flow. In PowerFactory, both FPV inverters and the external grid are man-

aged as generators [27]. Therefore, the direction of the power flow will be as the one

presented in figure 3-3.

P +
𝑄 +

P −
𝑄 −

P +
𝑄 +

P −
𝑄 −

External
Grid

FPV 
Inverter

Figure 3-3: Active/Reactive power flow sign convention

When the power factor at the external grid is lagging then, reactive power flow is

out of the generator, i.e. out of the inverters, and is considered to be positive flow
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in the same direction as active power flow. Consequently, the inverter is producing

reactive power (capacitive).

Alternatively, a leading power factor means that reactive power flow is going into

the generator and considered to be negative flow, i.e., with opposite direction than

active power flow. As the generator is absorbing reactive power, it is treated as an

inductive element.

Additionally, if the operating condition is with unity power factor then, there is

no reactive power flow from or out of the generation sources.

3.2.2 Initial Conditions

Before starting with the power flow study, specific operating conditions for the plant

must be defined.

• The on-load tap changer of the power transformer from the FPV plant’s 132/30

kV substation is activated to automatically control the voltage at the MV ter-

minal. The tap changer is located in the primary winding at the high voltage

side of the transformer and it is set to fix a voltage level of 1 pu at the 30 kV

SE Terminal (see Appendix C).

• At the power station transformers (30/0.66 kV), the tap position is fixed at its

neutral position (tap = 0).

• The reactive power injected/absorbed by the inverters is limited such that the

voltage at their terminals do not exceed the operating voltage limits (0.90 pu

- 1.10 pu). These limits are given by the inverters reactive power capability

shown in figure 3-2.
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3.2.3 Power Flow Results

This section presents the results of the power flows considered in this study. The

selected operating scenarios correspond to the most restrictive operating conditions

identified in the network code. Besides the local normative, also the standards IEEE

Std 141 [28] and IEEE Std 399 [29] are specifically applied for the calculation of the

power flows. Additionally, two more scenarios have been added, corresponding to a

voltage level at PCC of 1 pu.

The nomenclature to identify each power flow scenario is the following:

• Scenario A: UPCC = 0.95 pu. - cos φ = 0.958 capacitive

• Scenario B: UPCC = 0.95 pu. - cos φ = 0.958 inductive

• Scenario C: UPCC = 1 pu. - cos φ = 0.958 capacitive

• Scenario D: UPCC = 1 pu. - cos φ = 0.958 inductive

• Scenario E: UPCC = 1.05 pu. - cos φ = 0.958 capacitive

• Scenario F: UPCC = 1.05 pu. - cos φ = 0.958 capacitive

Power flow results are comprised in Table 3.1, which represents the voltage pro-

files, and Table 3.2 which shows the thermal loading of the conductors and power

transformer.

From Table 3.1, it can be observed that the FPV plant voltage ranges from 1 pu

to 1.0404 pu at the inverter terminals and the voltage at the 30 kV terminals from

the power stations is stabilized around 1 pu. Therefore, all voltages are within the

continuous operating limits, that were considered to be ± 10% of nominal voltage for

all scenarios considered.
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Table 3.1: Voltage profile of FPV plant under different operating conditions

Scenario
VPCC Inverters [pu] PS Terminals [pu] 30kV ST Transformer
[pu] Max Min Max Min Terminal Tap Position

A 0.95 1.0054 1.0041 1.0057 1.0044 1.0064 -6

B 0.95 1.0391 1.0370 1.0046 1.0024 1.0007 0

C 1 1.0037 1.0023 1.0042 1.0028 1.0010 -2

D 1 1.0398 1.0377 1.0055 1.0034 1.0017 4

E 1.05 1.0021 1.0007 1.0028 1.0014 1.0005 2

F 1.05 1.0404 1.0383 1.0064 1.0043 1.0026 8

On the other hand, Table 3.2 gives the thermal loading’s of the lines and substation

transformer. It is observed that the loading of the collector circuits can be up to

55.5% loading, which still has enough margin until reaching the current capacity of

the cables. The loading in the transmission line varies depending on the operating

Table 3.2: Electrical equipment loading’s of FPV plant under different operating
conditions

Scenario
VPCC Power MV lines [%]

HV Line [%]
Substation

[pu] Factor Max Min Transformer [%]

A 0.95 capacitive 51.909 21.092 30.157 91.90

B 0.95 inductive 55.760 22.613 30.048 91.50

C 1 capacitive 52.084 21.170 28.711 87.50

D 1 inductive 55.593 22.545 28.542 91.20

E 1.05 capacitive 52.076 21.617 27.306 85.30

F 1.05 inductive 55.434 22.481 27.178 91.00

conditions, achieving a maximum thermal loading of 30.16 % in scenario A. Moreover,

the power transformer, rated at 60 MVA, has enough capacity to withstand the most

demanding scenarios without overloading1.

1Generally, power transformer have temporary overloading capability.
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3.3 Reactive Power Capability Study

Another important study is to determine if the plant has reactive power capability

to comply with the required conditions defined in P.O. 12.2 [18]. Thus, several PQ

assessments at the point of common coupling have been carried out for different volt-

age levels.

It was assumed that the power factor at the PCC varies from 0.958 inductive

to 0.958 capacitive and the tap position of the 132/30 kV transformer is automat-

ically adjusted to maintain a voltage level of 1.00 pu at the 30 kV terminal of the

substation. Common voltage levels for MV terminals are between 0.90 pu and 1.10 pu.

The FPV plant has been modelled as in figure C-1, where each component of the

system has been defined according to their operating characteristics. The inverters

are supposed to operate within their capability curve shown in figure 3-2, in order to

maximize the output power under the most unfavourable operating conditions.

3.3.1 PQ Curve at UPCC = 0.95 pu

In figure 3-4, the PQ curve of the floating PV plant is showed when the voltage level

at the point of interconnection is 0.95 pu. The blue line represents the PQ power

requirements established in P.O. 12.2 and the red line represents the threshold limits

that the plant may potentially achieve if the solar resource is enough.

It can be noticed that the FPV plant is able to achieve any requested operating

scenario at VPCC = 0.95pu with a power factor varying from 0.958 inductive to 0.958

capacitive.
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Figure 3-4: PQ curve at 0.95 pu voltage at PCC

3.3.2 PQ Curve at UPCC = 1.00 pu

Similarly, figure 3-5 represents the reactive power capability when the voltage level

at PCC is 1.00 pu. The inverters have enough reactive power capacity to meet the

reactive requirements.

3.3.3 PQ Curve at UPCC = 1.05 pu

The remaining scenario required by P.O. 12.2 to analyze the reactive power com-

pliance is when the voltage level at PCC is 1.05 pu. In the same way as previous

scenarios, several load flows were made varying the power factor from 0.958 inductive

to 0.958 capacitive, to analyze the reactive power of the plant. Figure 3-6 shows

that the plant is able to inject/absorb the required reactive power according to the

requirements established by the transmission grid operator.

Therefore, it can be observed that the most onerous condition for the FPV plant

to meet the reactive power requirement (blue curve) corresponds to figure 3-4, when
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Figure 3-5: PQ curve at 1 pu voltage at PCC

the voltage at the PCC is at 0.95 pu while maintaining 0.958 lagging power factor at

the PCC.

Consequently, since the reactive power capability curves enclose the reactive power

requirements, the proposed design does not need additional reactive compensation

elements.

3.4 Short-Circuit Analysis

The short-circuit study is developed based on the regulation IEC 60909-0 [30], con-

sidering the following types of short-circuits:

1. Three phase short-circuit

2. Two-phase short-circuit

3. Two-phase to ground short-circuit

4. Single phase to ground short-circuit
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Figure 3-6: PQ curve at 1.05 pu voltage at PCC

The IEC 60909 is based on the nominal dimensions of the operating point of a system

and uses correction factors for voltages and impedance to deploy conservative results.

For the calculation of the maximum short-circuit currents, an overvoltage factor of

1.1 at the MV terminals is assumed.

The short-circuit currents in the FPV plant are calculated to:

• Measure the ability of circuit breakers or any protection devices to interrupt

fault currents

• Check the ability of all equipment on the system to withstand the mechanical

forces associated with such fault currents

The short-circuit base case uses all available generation to ensure that the maximum

possible current level is achieved. For this project, the short-circuit fault level of the

grid has been assumed as a mean value for 132 kV voltage levels, to be 15 kA2.

2This value has been obtained from a Spanish utility. Generally, the owner of the POI bus should
provide information about its short-circuit contributions.

49



Out of the short-circuit study, it is possible to conclude that the ratings of the in-

volved equipment shall withstand at a minimum, the following short-circuits currents,

expressed in Table 3.3.

Table 3.3: Maximum short-circuits currents

Three Phase short-circuit

Ik” (kA) Ib (kA) Ip (kA)

132 kV 15.248 15.248 37.652
30 kV 9.150 9.150 23.415
0.660 kV 49.375 49.375 117.499

Two Phase short-circuit

Ik” (kA) Ib (kA) Ip (kA)

132 kV 12.990 12.990 32.076
30 kV 6.848 6.848 17.638
0.660 kV 38.714 38.831 92.275

Two Phase to ground short-circuit

Ik” (kA) Ib (kA) Ip (kA)

132 kV 15.281 15.281 37.038
30 kV 6.870 6.870 17.655
0.660 kV 38.831 38.831 92.275

Single Phase to ground short-circuit

Ik” (kA) Ib (kA) Ip (kA)

132 kV 15.468 15.468 37.038
30 kV 1.067 1.067 2.619
0.660 kV 0 0 0
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3.5 Energy Quality Study

3.5.1 Flicker Assessment

A guidance to set the limits for flicker emissions resulting from the connection of new

loads is provided by Engineering Recommendation (ER) P28 in [31]. In general, the

severity of flicker values in a FPV plant for short term flicker (Pst) and long term

flicker (Plt) are inversely proportional to the network fault level.

According to ER P28, for a planning assessment it is recommended a limit of 1

for Pst and 0.8 Plt, that matches with the limits defined in section 2.2. Referring to

IEC 61400-21 [32], two types of flicker emissions can be identified:

Flicker during continuous operation

The flicker emissions from a static generator during continuous operation are de-

fined as the normal operation of an inverter, excluding the ”cut-in” and ”cut-off”

operations. The flicker results are shown as continuous flicker short-term severity

(Pst) value and long-term severity (Plt). The short-term and long-term flicker factors

during continuous operation are mathematically described by equation 3.1.

Pst = Plt = c(ψk, va) ·
Sn

Sk

(3.1)

where c is the flicker coefficient, ψk is the grid impedance angle, Sn is the rated

apparent power of the inverter and Sk is the short-circuit power of the grid.

Flicker during switching operation

The flicker emissions from PV generators during switching operations can be defined

as the operation of the inverter during cut-in and cut-off. The flicker switching results

are shown as Pst and Plt. The short-term flicker disturbance factor during switching

51



operation is defined as in equation 3.2.

Pst = 18 ·N0.31
10 · kf (ψk) · Sn

Sk

(3.2)

where N10 is defined as the number of switching operations in 10 minutes and kf is

the flicker step factor.

Alternatively, the long-term flicker disturbance factor is given by equation 3.3.

Plt = 8 ·N0.31
120 · kf (ψk) · Sn

Sk

(3.3)

where N120 is defined as the number of switching operations in 120 minutes and kf is

the flicker step factor.

3.5.2 Flicker Results

All calculations were undertaken for flicker emission assessment at the PCC for differ-

ent voltage levels (0.95 pu, 1.00 pu and 1.05 pu), following the methodology provided

in IEC 61400-21 [32].

Based on the flicker coefficients for the inverters given by the manufacturer [34] and

the short-circuit current at PCC, flicker emission assessment can be computed. The

values obtained for short term flicker (Pst) and long term flicker (Plt) are presented

in Table 3.4.

Table 3.4: FPV flicker results for different voltage levels at PCC

UPCC =0.95 pu UPCC = 1.00 pu UPCC = 1.05 pu

Pstcont 0.0045932 0.0043745 0.0041757
Pltcont 0.0045932 0.0043745 0.0041757
Pstsw 0.0123618 0.0117730 0.0112377
Pltsw 0.0118699 0.0113045 0.0107904

The maximum flicker during continuous operation is Pstcont = 0.0045932 and for

switching operation Pstsw = 0.0123618. Since these values are lower than the plan-

ning limits in P.O. 12.2 then, no significant voltage fluctuation distortion is expected.
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3.6 Harmonic Study

The harmonic voltage and current distortion levels are determined based on repre-

sentative harmonic current injection levels provided by PE [33]. The objectives of the

harmonic study are to:

1. determine possible resonance frequencies of the FPV plant under different op-

erating conditions;

2. determine the impact of the resonance conditions in the FPV plant on the

individual and total harmonic voltage distortion levels at the PCC.

Voltage harmonic distortion results at PCC are presented by means of a bar

diagram, where solid bars in red represents the percentage harmonic voltage for each

individual harmonic at the point of common coupling. The striped bar represents the

threshold limits according to IEC 61000-3-6, that were expressed in Table 2.2. This

standard proposes a second summation law, mathematically described by equation

3.4.

Uh =∞

√√√√ N∑
m=0

U∞h,m (3.4)

where Uh is the harmonic voltage obtained from aggregating all N generation sources

of harmonic order h.

With the IEC 61000-3-6, negative sequence and zero-sequence harmonics are con-

sidered into the positive sequence. Therefore, the highest voltage harmonic distortion

is achieved, obtaining the worst scenario for the voltage harmonic distortion.

Additionally, the voltage Total Harmonic Distortion (THD) will be calculated. It

is defined mathematically by equation (3.5)

THD =

√
V 2
2 + V 2

3 + V 2
4 + ...+ V 2

n

V1
(3.5)

where
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• THD: Total Harmonic Distortion

• Vn: Voltage magnitude for each harmonic component

• V1: Fundamental voltage component

3.6.1 Resonance analysis

A frequency scan of the floating FPV plant impedance, as viewed from the 132 kV

PCC terminal, has been performed to identify any possible harmonic resonance that

could appear under different operating conditions. Peaks (poles) and troughs (zeros)

can be generated in the impedance frequency at different harmonic frequencies by

the capacitance of the collector system cables, transformer and transmission system

inductance. Poles create resonance points that could result in very high voltage dis-

tortion if an harmonic excitation current is applied at that same frequency from a

source, such as the PV inverters. On the other hand, zeros create resonance points

that can attract harmonic currents of that same frequency if it exists.

The impedance-frequency scan was assessed to identify harmonic resonance mag-

nitudes and frequencies at which they might appear. Figure 3-7 shows the resulting

network impedance up to the 50th harmonic. It can be observed that the connection

of the FPV plant could create a parallel resonance close to 29th harmonic order. How-

ever, since there is not high harmonic current injection from the inverters at the same

frequency, it is not expected to generate significant voltage waveform disturbances at

PCC.

54



50,0040,0430,0820,1210,160,200 [-]

2.0E+03

1.5E+03

1.0E+03

5.0E+02

0.0E+00

-5.0E+0..

[Ohm]

PCC Client: Network Impedance, Magnitude

29.200  
1545.516 Ohm

50,0040,0430,0820,1210,160,200 [-]

120,00

80,00

40,00

0,00

-40,00

-80,00

[deg]

PCC Client: Network Impedance, Angle

Floating Photovoltaic Plant - 50 MW Z-phi

  1 p.u. voltage @ PCC 

  Date: 17/04/2019 

  Annex:   /3

Figure 3-7: Frequency scan of network impedance at PCC at 132 kV

3.6.2 Voltage Distortion Analysis

Voltage harmonic distortion analysis is typically performed to evaluate the severity

of any resonance condition identified in the resonance analysis. During the analysis,

it has been considered the FPV plant to export 50 MW to the grid, with a 0.958

lagging power factor, corresponding to most unfavourable condition.

Distortion analysis at UPCC = 0.95 pu

The voltage distortion result when the voltage level at PCC is 0.95 pu is shown in

figure 3-8. As it is observed, for each individual harmonic, the required harmonic

levels are satisfied.
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Figure 3-8: Voltage distortion analysis of the FPV plant @PCC 0.95 pu

Distortion analysis at UPCC = 1 pu

Similarly, figure 3-5 shows the voltage distortion when the voltage level at the exter-

nal grid is 1 pu.

No individual harmonics have been detected above the allowed values.

Distortion analysis at UPCC = 1.05 pu

At last, figure 3-10 presents the results of the voltage distortion when the PCC voltage

is at 1.05 pu. As in previous operating scenarios, from figure 3-10 it is deduced that

the individual harmonics are within the limits defined by P.O. 12.2.

Therefore, since the harmonic voltage levels of the FPV complies with the limits

then, also fulfills with the harmonic voltage levels set the Commission Regulation

(EU) 2016/631. The resonance pole identified in figure 3-7 along with the harmonic

voltages, result in a very limited harmonic voltage distortion, meeting in any case

with the harmonic thresholds set for the plant.
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Figure 3-9: Voltage distortion analysis of the FPV plant @PCC 1 pu

Additionally, Table 3.5 collects the resulting Total Harmonic Distortion (THD)

for the different voltage levels.

Table 3.5: Voltage THD results for different voltage levels at PCC

Scenario Voltage THD

UPCC = 0.95 pu 0.3632 %
UPCC = 1.00 pu 0.2559 %
UPCC = 1.05 pu 0.2099 %

Since the maximum voltage THD obtained is 0.3632 %, which is quite below the

planning limits specified in Table 2.2 (3.00 %), it can be concluded that the energy

quality of the FPV stays within all the required limits.

The resultant FPV harmonic assessment can be translated to the voltage and

current waveforms distortion shown in figure 3-11. In the top plot, it can be seen

that the voltage distortion is practically negligible corresponding to a low voltage

Total Harmonic Distortion value.
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Figure 3-10: Voltage distortion analysis of the FPV plant @PCC 1.05 pu

0,0400,0320,0240,0160,0080,000 [s]

300,0

180,0

60,00

-60,00

-180,0

-300,0

Cub_2: Output voltage at PCC [kV]

0,0400,0320,0240,0160,0080,000 [s]

400,0

240,0

80,00

-80,00

-240,0

-400,0

External Grid: Output current at PCC [A]

Floating Photovoltaic Plant - 50 MW Waveform Distortion

    

  Date: 29/04/2019 

  Annex:   /4

Figure 3-11: Main output waveforms at PCC. Top: Output voltage. Bottom: Output
current
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The bottom curve in figure 3-11, represents the current injected into the grid. In

this case, the harmonic currents coming from the inverters generate slight disturbances

during the peak values.

3.7 Phase Unbalance

The maximum negative phase sequence component of the phase voltage of the power

system should remain below 1 % as prescribed in section 2.2 of the present docu-

ment. As can be seen in figure 3-12, the negative sequence voltage (u2) is considered

negligible.

Grid\PCC Client.ElmTermGrid\PCC Client.ElmTerm:
  m:u2              = 0,          p.u.  (Negative Sequence Voltage)
  m:Z               = 5,589926    Ohm   (Network Impedance, Magnitude)
  m:phiz            = 84,28326    deg   (Network Impedance, Angle)

Figure 3-12: Negative sequence voltage u2, at PCC

Therefore, from the power quality assessment, it can be concluded that the FPV

plant does not introduce abnormal waveforms and is in alignment with the energy

quality requirements stated in section 2.2. Additionally, it also complies with the

energy quality requirements from [19]. Consequently, it is not necessary the design

of harmonic filters.
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Chapter 4

Dynamic modelling of a PV

inverter

This chapter presents an introduction of how to model dynamically a PV inverter

in DigSILENT PowerFactory. Each inverter is independently modelled depending

on the project conditions. Therefore, the modelling procedure is made following the

steps indicated by the inverter’s manufacturer.

4.1 Dynamic Model Overview

In DigSILENT PowerFactory, the dynamic model of a solar inverter is composed by

two different parts [27]:

1. Static generator (for grid studies) or DC current source + PWM converter (for

detailed studies)

2. DSL1 model for the inverter controller

The dynamic model consists on several ”slots” connected in different configura-

tions according to the model. The number of the slots and its configuration is in-

dependent of the inverter’s manufacturer and project conditions. These connections

comprises the so called ”inverter’s frame”.

1DSL stands for DigSILENT Simulation Language
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The corresponding frame for the inverter model FS3510K is presented in figure

4-1. The frame contains the general arrangement of the dynamic model and its

slots composition. Some of these slots are PowerFactory built-in models as electrical

measurement systems or current sources and the other slots are DSL user-defined

models, which generally represents the control of the inverters and the Phase-Locked

Loop (PLL) used for grid synchronization.

Slot PQmeas

Slot Vmeas

Slot Vmeas
POI

Slot PQmeas
POI

Slot PLL

Slot PLL POI

Slot 
PPC

Slot 
Controller

Slot 
Protections

Slot Static
Generator

pmeas

qmeas

iqramp

idramp
Id_ref

Iq_refPcmd

Qcmd

cosref
sinref

fmeas1

umeas_poi

pmeas_poi

qmeas_poi

Figure 4-1: HEMK 660V FS3510K inverter’s frame

According to figure 4-1, the dynamic model of the HEMK 660V FS3510K inverter

is composed by the following slots:

PQ Meas Measures the output power in pu

Vmeas Measures the inverter output voltage in pu

PQmeas POI Measures the power at the point of interconnection in pu

Vmeas POI Measures the voltage at the point of interconnection in pu

PLL Allows the grid synchronization

PLL POI Measures the grid frequency at the point of interconnection

Static Generator Contains the electrical data of the inverters
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Controller Includes the inverter control

Protections Includes the inverter voltage and frequency protections

PPC Contains the control algorithms for the Power Plant Controller

4.1.1 Common Model Controller

The control algorithms are include in the slot Controller. A general overview of the

different blocks embraced in the inverter controller is represented by figure 4-2. Each

block reference holds their specific dynamic control equations. The functions included

v v

umeas LPF

Init

PPC

VRT

Id_lpf FR

Current
Limit

umeas_poi

pmeas_poi

qmeas_poi

umeas

pmeas

qmeas

um_lpf

idramp

Iq_ref

Iq_cmd

idref idref1

fmeas

Id_ramp

Iq_lpf

dip_wrn

Id_lim

Iq_lim

Figure 4-2: Inverter’s Common Model Controller

among these block references are:

umeas LPF filters the measured inverter voltage

Init Initializes the model by calculating the initial values from the power flow

PPC Controls the voltage, active and reactive power at PCC and generates the

reactive current command

VRT Includes the voltage-ride-through (VRT) control equations

id lpf Low-pass filter for active current
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FR Contains the equations for frequency response variations

Current Limits Controls the current limits depending on the PQ priority

The inverter controller block diagram is shown in figure 4-3. Its response will

depend on the power plant controller (PPC) status. If it is enabled (PPC = 1) then,

the inputs to the controller are the active and reactive power commands (PCMD,

QCMD) calculated internally by the PPC. On the other hand, when is disabled (PPC

= 0), the inverters are the ones who will generate the power references. There are two
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Figure 4-3: Controller block diagram

Voltage-Ride-Through (VRT) blocks that will detect an over-voltage or low-voltage

situation. These blocks are responsible of helping the grid voltage to recover the

steady state values after a voltage disturbance. The inverters will inject reactive

current during a LVRT to increase the voltage at the external grid. On the other

side, during an OVRT, the inverters will absorb reactive current to support the grid

voltage. The active and reactive current references, Irefd and Irefq respectively, are

filtered to avoid undesired frequency components and external noise that could be

present from the measurement devices. The blocks ’P RAMP’ and ’Q RAMP’ will

control the ramp rates of the current magnitudes to adjust it to the desired control

response. Finally, the controller will send the active and reactive current orders to

the static generators, which in this case are the inverters.
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4.1.2 Common Model Protections

Similar to the Common Model Controller, the inverter’s Protections Model is pre-

sented in figure 4-4. The block references included in this model are in charge of

detecting any voltage or frequency deviation out of the defined limits. As an exam-

ple, if an over-voltage is detected at the inverter’s terminal over its operating limit,

the voltage flag (flagV ) is activated and the corresponding protection trips.

V Protection

F Protection

Dispatcher
Protec

Flag

u

fmeas

Id_cmd

Iq_cmd

flagV

flagF

Id_ref

Iq_ref

Figure 4-4: Inverter’s Common Model Protections

The description of each block reference is as follows:

V Protection Includes the overvoltage and low-voltage protections

F Protection Includes the frequency protections

Dispatcher Protec Sets currents references to 0 when a protection is activated
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4.1.3 Power Plant Controller

The other user-defined block is the slot PPC, in which the Power Plant Controller

algorithms are included. The PPC can be modelled to operate with different power

reactive control modes at the point of common coupling:

1. Voltage control

2. Reactive power control

3. Power Factor control

that are selected depending on the operating requirements demanded by the TSO.
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Figure 4-5: Power Plant Controller block diagram

The PPC block diagram is exposed in figure 4-5. The outputs are the active and

reactive power commands for the inverter, expressed in per unit values. For the reac-

tive power calculation, QCMD
INV , the algorithm depends on the reactive power control

mode. The inputs could be the measured voltage at PCC (VPCC), the reference power

factor and active power at PCC (cos φ, PPCC) or the reactive power at PCC (QPCC).

Additionally, there is a fourth option in which the PPC is disabled. In this case, the

inverter’s reactive power command are the desired values entered in the model.
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When the PCC Voltage Control (VPCC) is enabled, this control will try to sup-

port the controlling the voltage at PCC by injecting reactive power (capacitive) to

increase VPCC , or consuming reactive power (inductive) to decrease VPCC . This con-

trol is achieved by means of a PI controller whose parameters depends on the external

grid characteristics, in special, the short-circuit ratio. The gains of this controller are

set in Appendix B.

The reactive power control (QPCC) is based on a close loop control, measuring the

reactive power at PCC. This control is also done by means of a PI controller. The

reactive power control can be done by keeping it constant at a specified value or it

can be controlled as function of the voltage, according to a specified droop. In this

second control mode, an additional dead band can be included as shown in figure

4-6. While the reference voltage is within the dead band, the reactive power is kept

constant

Re
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e 
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[M

VA
r]

Qmax

Qsetp

Qmin

Dead
band

Umin

Umax

Voltage [p.u.]

Slope = Qdroop

Figure 4-6: Reactive power control: Q(V) - characteristic

The last control option is the Power Factor Control which also is based on a close

loop control, measuring the power factor and active power at PCC. The gains of the
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corresponding PI controller are included in Appendix B. There exists two control

modes of power factor: constant power factor an cosphi(P)-characteristic. The first

one keeps the power factor constant at the specified value, whereas the cosphi(P)-

characteristic follows a specified profile as the one shown in figure 4-7. In this case,

the controlled power factor is determined from the characteristics curve for a certain

power flow.

cos 𝜑
0.958

P/Pn

Overexcited

1

0.958

Underexcited

1

Figure 4-7: Power Factor control mode: cosphi(P) - characteristic

At the same time, when the PPC is enabled, it will calculate the active power

command for the inverters from the frequency variation (∆f) measured at the point

of common coupling. The function of the ’Frequency Response’ block is to determine

the amount of power needed to compensate such frequency variation. Similar to the

reactive power control, if the PPC is disabled then, the inverters active power are the

ones entered manually.

The model parameterization of the inverter controller, protections and the PPC

is included in Annex B.
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Chapter 5

Transient State Assessment

5.1 FPV Plant Dynamic Model

When modelling a renewable generation plant for dynamic studies, i.e. fault ride

through, the level of detail in relation with the number of modules and inverters to

be lumped in an equivalent machine, along with its ratings, the number of step-up

transformers, equivalent low voltage and medium voltage collector circuits has to be

determined.

In order to simplify the study, a single-equivalent inverter with its associated step-

up transformer has been used to model dynamically the whole Floating Photovoltaic

plant. To obtain this representation, it has been followed the reference published by

Western Electricity Coordinating Council (WECC) [24], which is generally used as a

guideline in the industry for simulating dynamic behaviour of photovoltaic plants.

132 kV ST Terminal

30 kV PS Terminal
PCC/POI

LV Inverter Terminal30 kV ST Terminal

  
  

 

 

 Proyecto:           
 Gráfico: Grid

Transmission Line
132/30 kV Power Transformer

V~

External Grid

Equivalent MV Circuit

PE HEMK 660 FS3510K
30/0.66 kV Step-Up Transformer

Figure 5-1: Equivalent FPV plant model for dynamic studies

To model a plant with N lumped inverters in PowerFactory, an equivalent static
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generator is modelled with the rating of a single inverter multiplied by the total

number of inverters (N). The same method is applied for the equivalent step-up

transformers of the power stations. Additionally, the external grid is substituted by

an AC voltage source element. Therefore, the equivalent single-line diagram used for

the dynamic studies is presented in figure 5-1.

5.2 Active Power Curtailment

The FPV plant will incorporate a SCADA system responsible of sending orders to

the plant controller. This section will simulate an external command received by the

plant from the SCADA, derating the contracted active power output of the facility

to manage the corresponding curtailment.

Table 5.1 gathers several successive active power curtailments that are going to

be studied, considering that the plant is exporting 50 MW.

Table 5.1: Active power curtailment sequences

Curtailment Order (pu) Time Event

0.85791582 49 MW @PCC t = 5 s

0.84029362 48 MW @PCC t = 7 s

0.82302894 47 MW @PCC t = 9 s

0.84029362 48 MW @PCC t = 15

0.85791582 49 MW @PCC t = 17 s

0.87603306 50 MW @PCC t = 19 s

In certain operating conditions, to meet with Ramp Rate requirements, a smooth

transition is necessary by means of controlled steps. Therefore, to analyze the FPV

plant Ramp Rate performance, two different scenarios have been proposed.

The first one, represented in figure 5-2, collects several power curtailments ensuring

a smooth step-down and step-up transition of 1 MW/s from one output level to

another. It can be highlighted that the output active power follows satisfactorily the

orders given by the inverters.
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Figure 5-2: Active power curtailment events with Ramp Rate of 1 MW/s
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Figure 5-3: Active power curtailment events with Ramp Rate of 0.5 MW/s
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Similarly, the output active power from figure 5-3 follows the inverter power com-

mands. However, it can be noticed that in this case, the smooth transition between

one power level to the next one is faster. In this case, the Ramp Rate is set to 1

MW/s.

Therefore, when the FPV plant receives orders from the SCADA system to make

active power variations, the plant is able to carry out these with smooth transitions

and at different ramp rates in agreement with the European grid code requirements.

5.3 Reactive Power Control

This section shows the control of the reactive power at the PCC. In this case, it is

necessary to define a Station Controller in the PowerFactory model in order to manage

the reactive power variations. Therefore, the station controller will be responsible of

controlling the reactive power. Nonetheless, it is also possible to control the voltage

at PCC by the station controller.

Table 5.2: PPC reactive power reference variations

Reactive Power Control

Time (s) Qref(MVAr) Pref(MW) Time (s) Qref(MVAr) Pref(MW)

t1 = 5 5 50 t7 = 80 0 35

t2 = 20 14.96 50 t8 = 95 20 35

t3 = 35 0 50 t9 = 110 0 35

t4 = 50 -5 50 t10 = 125 -20 35

t5 = 65 -14.96 50 t11 = 140 -20 50

t6 = 75 -14.96 35 t11 = 140 0 50

The different events considered are shown in Table 5.2, which corresponds to the

simulations results presented in figure 5-4. The top plot represents the voltage mag-

nitude at PCC. It can be observed that follows the same waveform variation than

the reactive power, included in the bottom plot. The PPC sends the corresponding

reactive power commands represented in Table 5.2. The inverter’s control is able to
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manage this power variation in a smoothly transition without overshoot or oscilla-

tions. At t = 75 s, a reduction in the active power is desired which is also managed

by the plant’s control. When the FPV plant is exporting below its maximum power
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24,00
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Transmission Line: Active Power @PCC (MW)
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Figure 5-4: PPC reactive power control at PCC. In top figure: VPCC (pu). Bottom
figure includes: Qcmd

inv (MVAr), QPCC (MVAr), P cmd
inv (MW), PPCC (MW)

then, the TSO can require the plant to inject or absorb more reactive power. This

scenario is analyzed at t = 95s and t = 125 s. It is observed that the dynamics of the

FPV plant are able to follow smoothly different reactive power references.

5.4 Power Factor Control

This section presents the power factor control resulting from the power flow through

the PCC. The PPC calculates a reactive power set-point from the power factor and

the measured current active power. Hence, the reactive power is controlled by the

PPC to the new set-point at the PCC. Figure 5-5 shows how the PCC is able to

regulate the reactive power control according to different power factor set-points.

The first variations correspond to most demanding operating conditions: exporting
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Table 5.3: PPC power factor set-points variations

Power Factor Control

Time (s) PFref Pref(MW) Time (s) PFref Pref(MW)

t1 = 10 -0.958 50 t7 = 105 1 40

t2 = 30 0.958 50 t8 = 110 -0.94 40

t3 = 50 -0.9805 50 t9 = 115 -0.94 30

t4 = 70 0.9805 50 t10 = 12 0.90 30

t5 = 90 -0.9889 50 t11 = 150 -0.90 30

t6 = 100 1 50

maximum active power and power factor of 0.958 leading/lagging. Both conditions

are analyzed, being the FPV able to stand such operating variations. Other power

factor set-points are considered, reflected in Table 5.3. Additionally, an active power

reduction to 30 MW is analyzed, reducing the power factor set-point within the limits

of figure 2-3.
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Figure 5-5: PPC Power factor control. Top figure: PF reference. Bottom figure:
QPCC (MVAr), P ref

inv (MW), PPCC (MW)
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5.5 Voltage Droop Control

Although is not a requirement, the PPC is capable of controlling the voltage at PCC

with a droop control. Hence, the PPC calculates a reactive power set-point from

a built-in Q-U characteristic curve. With this control mode, the PPC manages the

reactive power at PCC when the grid voltage varies within the operating limits.

Table 5.4: Voltage command values at PCC

Voltage Droop Control

Time (s) VPCC(pu) Time (s) VPCC(pu)

t1 = 10 1.05 t8 = 105 0.975

t2 = 20 1.035 t9 = 110 1

t3 = 30 1.01 t10 = 115 0.975

t4 = 40 1 t11 = 12 1

t5 = 50 0.99 t12 = 150 1.035

t6 = 60 0.975 t13 = 150 1.05

t7 = 70 0.95 t14 = 150 1

Similar to the reactive power control, it is needed to define a station controller in

the PowerFactory model. Therefore, the Q set-point is set to zero value. A voltage

dead band is considered between the voltage limits 0.99 pu and 1.01 pu. It means

that during the dead band, no further reactive power variation is done.

The control performance can be analyzed in figure 5-6, which includes the voltage

magnitude at PCC and the total active and reactive power from the inverters. The

voltage commands through the simulation are indicated in Table 5.4. As there is no

voltage control at PCC, when new orders are established, there is certain overshoot

before reaching the steady state value. However, this overshoot is not significant for

the FPV control. The active power generated by the inverters remains constant at

50 MW, suffering slight disturbances when the grid voltage changes.

On the other hand, the PPC manages the reactive power from the inverters as
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Figure 5-6: PPC voltage droop control. Top figure: PCC voltage (pu). Bottom
figure: Qinv (MVAr), Pinv (MW)

can be seen in the blue curve from figure 5-6. When the grid voltage goes over its

nominal value (1 pu), the reactive power from the inverters changes from exported

to absorbed. That is, in order to compensate a voltage increase, the inverters absorb

reactive power. Alternatively, if voltage goes down 1 pu, the inverts inject more

reactive power in the system to compensate.

The voltage droop dead band can be perceived between the time interval 30-60

seconds. According to Table 5.4, the dead band occurs inside this period and from

figure 5-6, no reactive power variation is noticed as expected.

5.6 Active Power - Frequency Control

This section studies the active power - frequency control mode. Several load varia-

tions are considered at the external grid, that will cause frequency perturbations. The

inverter’s control should counteract by injecting more active power (in the case that

frequency decreases) or reduce active power generation (when frequency increases).
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The simulation time is set to 100 seconds and the reactive power control mode

is set to constant reactive power. Additionally, the initial operating conditions con-

sidered are the FPV plant exporting its nominal active power with unity power factor.

Figure 5-7 shows two different study cases for active power - frequency control. In

figure 5-7a, a load decrease is done in several steps. When the load is reduced, grid

frequency increases. This causes that the inverter’s active power control is activated,

reducing its output power until restoring the power - frequency balance. As it is

defined in section 2.3.1, no power control is expected until the frequency goes out the

frequency regulation limits (49.8 Hz - 50.2 Hz).

It can be observed in figure 5-7a that the active power is not reduced until the

grid frequency rises up to 50.2 Hz, as expected according to P.O. 12.2 requirements.

Furthermore, for each load variation, the inverters control are able to achieve steady

state operating condition at different frequencies. The maximum frequency reached

is below 51.5 Hz. Hence, the overfrequency trip protection is not activated.

However, as defined in Table 2.3, if grid frequency goes down 47.5 Hz, or over

51.5 Hz, the FPV plant must disconnect immediately. This situation is considered in

figure 5-7b. In this case, the considered load variations are more strict, causing abrupt

frequency variations than in figure 5-7a. As consequence, as soon as grid frequency

rises to 51.5 Hz, the inverter’s protections must disconnect immediately as it does.

As it is indicated in figure 5-7b, for a frequency value of 51.501 Hz, the active power

is zero since the inverters are uncoupled from the grid.
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Figure 5-7: Active power - frequency control. a) Case 1: without grid disconnection,
b) Case 2: with grid disconnection
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5.7 Active Power Reduction for Over Frequency

This section is similar to previous one. However, the difference is that in this case,

frequency variations are directly given by the external grid (AC voltage source as

shown in figure 5-1) and are not caused by load variations as is considered in section

5.6.

The inverters will reduce its active power at the PCC at a frequency of 50.2

Hz onward, following the dynamics established in section 2.3.1, with a maximum

operating frequency of 51.5 Hz. No dead band has been considered for the control.

Table 5.5 embraces the different frequency events that take place in this simulation.

The simulation results are presented in figure 5-8. At the beginning, the FPV is

Table 5.5: Grid over-frequency set-point

Over-frequency Control

Time (s) Frequency (Hz) Time (s) Frequency (Hz)

t1 = 10 50.15 t6 = 40 50

t2 = 15 50 t7 = 60 51.5

t3 = 20 51 t8 = 65 50

t4 = 25 50 t9 = 70 51

t5 = 30 51 t10 = 75 50

initialized from its nominal values to a steady state operating condition, exporting 50

MW and 14.96 MVAr. While the frequency does not exceed 50.2 Hz, the frequency

response control is not activated as required in P.O. 12.2. However, the inverters

reduce their active power when the frequency measured at the grid is 50.5 Hz at t =

20 s. Also, it can be observed that once the frequency recovers to its nominal value,

the plant also recovers the operating point prior the over-frequency. The reactive

power, in this case injected to the grid, suffers slight oscillations when the frequency

changes, but do not suppose problems to the FPV plant’s control.
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Figure 5-8: Active power reduction during over-frequencies

5.8 Voltage Ride Through Assessment

During Voltage Ride Through (VRT) event, the inverter should inject reactive current

(iq > 0) or absorb it (iq < 0), depending if it is a LVRT or OVRT respectively. The

inverter control response depends on the variables Klvrt and Kovrt
1, which represent

the reactive current injection gain during under and over voltage respectively. These

variables are included in the Common Model Controller.

As the objective of this section is to analyze the behaviour of the FPV plant

against sudden voltage disturbances at the PCC, it is important to have present the

robustness requirements described in section 2.5 which defines the trip points of the

protections.

The inverters shall withstand such voltage conditions and bring back the FPV

plant to a steady state condition with enough speed and stability.

During the following simulations, the plant has been considered coming from a

steady state while it is injecting 50 MW to the grid.

1Inverter control parameters are included in Appendix B.

80



5.8.1 Over-voltage Ride Through (OVRT) simulations

In order to analyze the behavior of the FPV while facing overvoltage disturbances,

several simulations have been developed at the PCC terminal. As the inverter model

does not incorporate enough high voltage relay levels, it is necessary to set the high

voltage relay levels for each simulation, despite the fact that the substation will have

sufficient voltage relays and voltage levels to fully comply with the grid code. From

Table 5.6: Different OVRT cases considered in the study

VORT [pu] Event
duration
[ms]

Voltage
recovery

Result

Case 1 1.21 Permanent 1.21 FPV disconnects

Case 2 1.20 400 1 FPV disconnects

Case 3 1.20 40 1 FPV remains connected

Case 4 1.15 850 1 FPV remains connected

figure 2-5, an OVRT condition is detected if the voltage at PCC exceeds Vmax, which

has been defined to be 1.15 pu. If the voltage reaches 1.20, the FPV plant must

disconnect from the grid if the event duration is longer than 50 ms or should discon-

nect immediately in the case that the voltage rises over 1.20 pu. On the other hand,

the maximum duration that the plant should be capable to operate during an OVRT

event is 1000 ms, only if the voltage is 1.15 pu. Four different simulations have been

carried out in order to study the OVRT plant response. The characteristics for each

simulation case are given in Table 5.6.

In case 1, the voltage increases up to 1.21 pu at PCC. Consequently, the FPV

plant protections should trip at the time that they detect that the voltage has ex-

ceeded the limits. Figures 5-9a and 5-9b show the inverters control response, discon-

necting immediately from the grid as expected. This disconnection can be identified

in the inverter waveforms from figure 5-9b, in which at the time the OVRT is occurred,

the output current goes down to zero.
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Figure 5-9: Case 1 - Over voltage 1.21 pu at PCC
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During case 2, it has been considered that the voltage rises to 1.20 pu, during 400

ms. The maximum operating duration at this voltage level for the plant is 50 ms. As

result, the FPV must disconnect from the grid as it does. This is verified in figures

5-10a and 5-10b. The main waveforms at the PCC are shown in figure 5-10a, where

it can be observed how the voltage rises to 1.20 pu. As consequence of this voltage

increase, both active and reactive power increase in absolute value while the plant

remains connected to grid. After 50 ms, the relays trip and the inverters disconnect

as observed in figure 5-10b.

The same voltage level at PCC is considered in case 3. However, the event

duration is 40 ms, which is below the maximum time allowed for the FPV to operate

at this level. Hence, the FPV remains connected to the grid, recovering the steady

state operating values after the OVRT event. FPV plant response can be analyzed in

figures 5-11a and 5-11b. It can be observed that the power flows tend to recover their

operating conditions before the OVRT is occurred. It is considered that the FPV is

operating with an inductive power factor. Thus, the inverters absorb reactive current

during the OVRT trying to recover the voltage level at PCC. After the disturbance

is cleared, the inverters are capable to recover the nominal operating conditions.

The last OVRT event is case 4, in which the voltage at PCC goes up to 1.15

pu. At this voltage, the FPV plant will be capable to operate during 1000 ms. Since

the disturbance is present only 850 ms then, the FPV plant must remain connected

to the grid, as it does. Figure 5-12a represents the behaviour at the PCC, where in

effect, the FPV plant remains connected. The inverters are capable to counteract

to the overvoltage by reducing the output active power as can be observed in figure

5-12b. As the plant is considered to operate with a capacitive power factor then,

during the OVRT event, the inverters also reduces their capacitive reactive current

to later, recover the steady state operating conditions exporting 50 MW to the grid.
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(a) Case 2: PCC main waveforms: voltage, active and reactive power flow, active and
reactive currents

(b) Case 2: Inverter main waveforms: voltage, active and reactive current

Figure 5-10: Case 2 - Over voltage 1.20 pu at PCC
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(a) Case 3 - PCC main waveforms: voltage, active and reactive power flow, active and
reactive currents:

(b) Case 3 - Inverter main waveforms: voltage, active and reactive current

Figure 5-11: Case 3 - Over voltage 1.20 pu at PCC
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(b) Case 4 - Inverter main waveforms: voltage, active and reactive current

Figure 5-12: Case 4 - Over voltage 1.15 pu at PCC
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5.8.2 Low-voltage Ride Through (LVRT) simulations

To analyze the performance of the FPV plant against low-voltage disturbances, four

different simulations have been studied at the PCC, with different conditions in ac-

cordance with the low-voltage-ride-through (LVRT) boundary of figure 2-4.

A LVRT condition is identified when the voltage level goes down 0.85 pu at the

PCC. According to P.O. 12.2 conditions, if a fault is produced, generating a zero-

voltage level, the plant has 150 ms to recover, otherwise it must disconnect from the

grid. If the voltage level is at 0.85 pu, the plant is allowed to operating in this condi-

tion during 1.35 seconds as defined in figure 2-4. The characteristics of the different

LVRT cases considered are comprised in Table 5.7. Cases 1 and 2 simulates a zero-

Table 5.7: Different LVRT cases considered in the study

VLV RT [pu] Event
duration
[ms]

Voltage
recovery

Result

Case 1 0.00 100 1 FPV remains connected

Case 2 0.00 300 1 FPV disconnects

Case 3 0.50 500 1 FPV remains connected

Case 4 0.50 1000 1 FPV disconnects

voltage fault with different disturbances duration. Whereas in case 1, the protections

do not trip as the fault is cleared in 100 ms, in case 2 the FPV plant is disconnected at

the time the LVRT exceeds the allowed length of time for this voltage level at the PCC.

Similar approach is followed in cases 3 and 4. The voltage goes down to 0.55 pu

with event time periods of 500 ms and 1000 ms respectively. Since the maximum

time for a 0.55 pu disturbance is calculated from the LVRT boundary of figure 2-4 to

be approximately 800 ms, the FPV plant will remain connected to the grid in case 3

while it should disconnect from the grid in case 4.

During a LVRT, the inverter will inject capacitive reactive current (iq > 0) in

order to support the grid to recover the steady state voltage. It is important to
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mention that the inverter control model has two different response modes against

LVRT events, given by the expressions (5.1) and (5.2).

LV RT mode = 0 [Id = 0, Iq = K · V ] (5.1)

LV RT mode = 1 [Id = Iprevd , Iq = Iprevq +K · V ] (5.2)

In this thesis, LVRT mode = 0 is considered. This means that during a LVRT event,

the inverters active current will reduce to 0 and they will inject the enough reactive

current to stabilize the grid voltage.

The main waveforms corresponding to the FPV plant response from case 1 are

shown in figure 5-13a, which represents the behaviour at the PCC and in figure 5-13b

which presents the voltage, active current and reactive current at the inverters. As

it was explained, it can be observed in this last figure how the active current output

from the inverters is reduced, while all injected current is reactive, in order to help the

grid to recover the voltage. Since the duration of the fault is lower than 150 ms, the

plant remains connected to the grid and is capable to operate in normal conditions

exporting 50 MW as seen in figure 5-13a.

On the other hand, in case 2, the FPV plant is disconnected as is deducted from

figures 5-14a and 5-14b. The active current does not completely go to zero value as

defined by ((5.1)) because of the losses through the conductors. However, after 150

ms of LVRT duration, the inverters are completely removed.

In case 3, a similar control response is obtained to the one in case 1, as it is

observed in figures 5-15a and 5-15b. The difference is that the voltage disturbance

level is at 0.55 pu, but since the duration is lower than the maximum allowed as

indicated in Table 5.7, the FPV plant does not disconnect during the LVRT event.

On the other hand, the voltage level in case 4 is the same as in previous case,

but in this scenario, disturbance is expected to persists more time than the allowed

one. Therefore, the protections of the plant must trip, disconnecting it from the grid,

as is deduced from figures 5-16a and 5-16b.

88



2,001,601,200,800,400,00 [s]

1,100

0,880

0,660

0,440

0,220

0,000

PCC/POI: Voltage @PCC [p.u.]

 1.000 p.u.

2,001,601,200,800,400,00 [s]

55,00

44,00

33,00

22,00

11,00

0,000

Transmission Line: Active Power @PCC [MW]

Transmission Line: Reactive Power @PCC [Mvar]

14.986 Mvar

50.019 MW

2,001,601,200,800,400,00 [s]

0,300

0,240

0,180

0,120

0,060

0,000

Transmission Line: Positive sequence active current [p.u.]

 0.271 p.u.

2,001,601,200,800,400,00 [s]

0,300

0,240

0,180

0,120

0,060

0,000

Transmission Line: Positive sequence reactive current [p.u.]

 0.081 p.u.

D
Ig
S
IL
E
N
T

(a) Case 1 - PCC main waveforms: voltage, active and reactive power flow, active and
reactive currents

2,001,601,200,800,400,00 [s]

1,200

0,960

0,720

0,480

0,240

0,000

PE HEMK 660 FS3510K: Inverter voltage [p.u.]

 1.038 p.u.

2,001,601,200,800,400,00 [s]

1,000

0,800

0,600

0,400

0,200

0,000

PE HEMK 660 FS3510K: Positive sequence active current [p.u.]

 0.844 p.u.

2,001,601,200,800,400,00 [s]

1,000

0,800

0,600

0,400

0,200

0,000

PE HEMK 660 FS3510K: Postive sequence reactive current [p.u.]

 0.412 p.u.

D
Ig
S
IL
E
N
T

(b) Case 1 - Inverter main waveforms: voltage, active and reactive current

Figure 5-13: Case 1 - Low voltage 0.0 pu at PCC
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(a) Case 2 - PCC main waveforms: voltage, active and reactive power flow, active and
reactive currents
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(b) Case 2 - Inverter main waveforms: voltage, active and reactive current

Figure 5-14: Case 2 - Low voltage 0.0 pu at PCC

90



2,0001,6001,2000,8000,4000,000 [s]

1,100

0,880

0,660

0,440

0,220

0,000

PCC/POI: Voltage @ PCC [ p.u.]

 1.000 p.u.

2,0001,6001,2000,8000,4000,000 [s]

60,00

44,00

28,00

12,00

-4,000

-20,00

Transmission Line: Active Power @PCC [MW]

Transmission Line: Reactive Power @PCC [Mvar]

-15.517 Mvar

49.875 MW

2,0001,6001,2000,8000,4000,000 [s]

0,300

0,234

0,168

0,102

0,036

-0,030

Transmission Line: Positive sequence active current [p.u.]

 0.273 p.u.

2,0001,6001,2000,8000,4000,000 [s]

0,300

0,220

0,140

0,060

-0,020

-0,100

Transmission Line: Positive sequence reactive current [ p.u.]

-0.085 p.u.
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(b) Case 3: Inverter main waveforms: voltage, active and reactive current

Figure 5-15: Case 3 - Low voltage 0.50 pu at PCC
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Figure 5-16: Case 4 - Low voltage 0.50 pu at PCC
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Floating photovoltaic plants or floatovoltaics, are a recent technology with only 10

years of development. Nonetheless, its high potential is noticeable in the renewable

energies market, with several large-scale FPV plants being deployed in the last years.

A higher energy yield due to lower cell operating temperatures and the exploitation

of unused water surfaces such as hydropower plant reservoirs are the main advantages

of floatovoltaics.

The objective of the present Master Thesis was to evaluate the grid impact of a 50

MW Floating Photovoltaic (FPV) Plant connected to the Spanish electrical network.

To analyze the performance, the electrical behaviour of the plant must comply with

the grid connection requirements defined by REE in ”P.O. 12.2 ”, dated October 2018.

From the studies carried out throughout the project, it can be concluded that

the FPV plant does not bring any new steady-state voltage disturbance and that the

Spanish transmission network is capable to import the generated power by the FPV

plant at any time. From the energy quality assessment, it is figured out that the

power quality of the PV plant is in alignment with P.O. 12.2 directions and does not

introduce abnormal waveforms.
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During the dynamic simulations, it was observed that the FPV plant will not pose

significant risk to the Spanish transmission network, even though worst case scenarios

were considered in many studies.

Therefore, out of these studies it can be concluded that the connection of the

proposed 50 MW Floating Photovoltaic Power plant results in full compliance with

the Spanish grid code requirements ”Procedimiento de Operación 12.2 - Instala-

ciones de generación y de demanda: requisitos mı́nimos de diseño, equipamiento,

funcionamiento, puesta en servicio y seguridad”, dated October 2018 and conse-

quently, also complies with the ”Commission Regulation (EU) 2016/631 of 14 April

2016 establishing a network code on requirements for grid connection of generators”.

6.2 Future Works and Challenges

Although several large-scale floating solar energy projects have been developed, still

there are certain challenges to deal with in coming years. One of them is the spec-

ulation about the costs, which are expected to go down with economies of scale.

Another issue is the environmental impact that could be caused in the water. An

environmental impact report is specific for each FPV plant, relying on the coun-

try’s regulations. Finally, regarding the operation of the plant, challenges are set out

about the electrical safety and operation and maintenance of the electrical equipment.

On the other hand, another challenge for floatovoltaics is the lack of specific reg-

ulations. For the time being, applications and licenses are generated in the same

way as on-ground PV. Therefore, in order to encourage the deployment of floating

photovoltaic plants, new regulations have to be arranged, including aspects as en-

vironmental impact and water rights for the installation of a floating photovoltaic

system.
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However, floating solar energy opens new opportunities for technologies that are

in continuous development. This is the case of bi-facial solar panels. Basically, they

have a photovoltaic layer in the back, generating up to 7% more electricity with the

reflected rays due to the albedo. Water has one of the most variable albedo coeffi-

cients, between approximately 40-70%. Consequently, a floating solar plant composed

by bi-facial PV modules, can achieve an energy yield up to 21% higher than a com-

mon ground-mounted PV plant.

Another alternative is to combine floatovoltaics with existent pumped-storage

hydropower plants. These hybrid systems can become the solution for large-scale

energy storage, as the excess solar energy generated will be used to feed the water

pumps, pumping the water from the lower reservoir to the higher one [9]. In this way,

floating solar capacity will be able to import electricity to the electrical system but

also, it will be used to store energy continuously.
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Appendix A

Technical data of the FPV

electrical equipment

The electrical parameters for the medium voltage collector circuits and the overhead

transmission line are given in Table A.1.

In Tables A.2 and A.3 the useful technical for modelling the step-up 30/0.66 kV

and 132/30 kV, respectively, are presented.

The relevant information extracted from the datasheet of the inverters is included

in Table A.4.

For the energy quality studies, it is necessary to know the harmonics current con-

tribution flicker coefficients from the inverters. The harmonic currents have been

obtained after several tests performed according to IEC 61000-3-12. The flicker coef-

ficients have been measured at 100 % of the nominal power of the inverter, at inverter

start-up and shut-down complying with IEC 61000-4-15. These information is priv-

ileged and confidential. Therefore, its content cannot be included without a written

authorization of Power Electronics España.
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Table A.1: MV and HV cables technical data

Cable ID Imax

[A]
R20◦C

ac

[Ω/km]
X+

[Ω/km]
R0

[Ω/km]
X0

[Ω/km]
C+

[uF/km]

1x95 mm2 2XS2YRAA - 30 kV 292 0.1930 0.1288 0.9650 0.4508 0.17

1x150 mm2 2XS2YRAA - 30 kV 366 0.1240 0.1225 0.7316 0.3675 0.1900

1x240 mm2 2XS2YRAA - 30 kV 475 0.0754 0.1100 0.5504 0.1853 0.2300

LA 280 HAWK - 132 kV 660 0.1190 0.3800 0.6283 1.3000 0.0094

Table A.2: Power Station Transformer electrical data

Step-Up Transformer

Voltage Ratio [kV] 30/0.66

Quantity [ ] 16

Power Rating [kVA] 3,800

Winding Type [ ] 2-winding

Cooling Type ONAN/ONAF ONAN

Vector Group [ ] Dy11

Short-circuit impedance [%] 6.75

Load loss [kW] 35

No load loss [kW] 2.69

Tap changer [ ] ± 2x2.5%

X/R ratio [ ] 7.25
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Table A.3: Substation Transformer 132/30 kV electrical data

Power Transformer

Voltage Ratio [kV] 132/30

Quantity [ ] 1

Power Rating [MVA] 60

Winding Type [ ] 2-winding

Cooling Type ONAN/ONAF ONAF

Vector Group [ ] YNd11

Short-circuit impedance [%] 12.5

Copper losses [kW] 166.6255

No load losses [kW] 75

Tap changer [ ] ± 10x1.25%

X/R ratio [ ] 45

Table A.4: PV Inverter ratings and technical characteristics

Solar PV Inverter

Inverter Model [ ] FS3510K

Quantity [ ] 16

Rated AC Voltage [V] 660

Operating Grid Voltage [V] 660± 10%

Maximum DC Voltage [V] 1500

Rated Power [kVA/kW] 3630@40◦C
3510@50◦C

Frequency [Hz] 50/60

Power Factor [ ] Adjustable
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Appendix B

Inverter Parameterization

In this section, the inverter’s dynamic model described in Chapter 4 is parameterized.

This appendix refers to the inverter controller (Table B.1), PPC (Table B.2) and

protections (Table B.3) variables parameterization.
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Table B.1: User defined inverter Controller parameterization

Variable Value Description

ramp up p out 500 Active power ramp up LVRT recovery [%/s]

PPCon 1 =0 (PCC off), =1 (PCC on)

Pref 1 Inverter active power reference [pu]

Qref 1 Inverter reactive power reference [pu]

Kp qi 1 Q controller: proportional gain

Ki qi 10 Q controller: integral gain

Plim 1 Active power limitation [pu]

Qlim cap 1 Capacitive reactive power limitation [pu]

Qlim ind 1 Indutive reactive power limitation [pu]

PQ priority 1 =1 (P priority); =0 (Q priority)

ramp up p 100 Active power ramp up [%/s]

ramp down p -100 Active power ramp down [%/s]

ramp up q 20000 Reactive power ramp up [%/s]

ramp down q -20000 Reactive power ramp down [%/s]

Tp 0.01 Active current lag time [s]

Tq 0.01 Reactive current lag time[s]

lvrt th 0.85 LVRT threshold [pu]

hvrt th 1.2 HVRT threshold [pu]

K lvrt 2 LVRT K factor

K hvrt 0.5 HVRT K factor

LVRT mode 0 =0(Id=0); =1 (Id = Idprev)

hyst 0.05 LVRT hysteresis

Tv 0.02 Voltage measurement lag time [s]
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Table B.2: User defined Pwer Plant Controller (PPC) parameterization

Variable Value Description

Pref poi 1 POI P reference [pu]

FRon 1 =0 (FR disabled), =1 (FR enabled)

fon 50.2 Positive activation frequency [Hz]

foff 49.8 Negative activation frequency [Hz]

fn 50 Rated frequency [Hz]

K fr 50 FR slope [/Hz]

Tf 0.01 Frequency measurement lag time [s]

Tpc 0.01 Active power command lag time [s]

PPC Qcont 1 0 (disabled), 1 (Vpoi), 2 (Qpoi), 3 (PFpoi)

Vref poi 1 POI voltage reference (PPC Qcont=1)

Kp v 10 V poi controller: proportional gain

Ki v 10 V poi controller: integral gain

Qref poi 1 POI reactive power reference (PPC Qcont=2)

Kp q 0.1 Qpoi controller: proportional gain

Ki q 2 Qpoi controller: integral gain

PFref poi 0 POI power factor reference (PPC Qcont=3)

vsat 0.9 PPC saturation threshold

Tv 0.01 POI voltage measurement lag time [s]

Tq 0.01 POI reactive power measurement lag time [s]

Tqc 0.01 POI reactive power command lag time [s]
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Table B.3: Voltage and Frequency Protections parameterization

Variable Value Description

PRon 1 1 (Prot.Enabled), 0 (Prot. Disabled)

v hf 1.2 Voltage High-Fast Limit [pu]

v hs 1.15 Voltage High-Slow Limit [pu]

v ls 0.85 Voltage Low-Slow Limit [pu]

v lf 0 Voltage Low-Fast Limit [pu]

Tv hf 0.05 Delay for Voltage High-Fast Limit [s]

Tv hs 1 Delay for Voltage High-Slow Limit [s]

Tv ls 1.35 Delay for Voltage Low-Slow Limit [s]

Tv lf 0.15 Delay for Voltage Low-Fast Limit [s]

f hf 1.03 Frequency High-Fast Limit [pu]

f hs 1.02 Frequency High-Slow Limit [pu]

f ls 0.97 Frequency Low-Slow Limit [pu]

f lf 0.95 Frequency Low-Fast Limit [pu]

Tf hf 0 Delay for Frequency High-Fast Limit [s]

Tf hs 1800 Delay for Frequency High-Slow Limit [s]

Tf ls 1800 Delay for Frequency Low-Slow Limit [s]

Tf lf 0 Delay for Frequency Low-Fast Limit [s]
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Appendix C

FPV plant single line diagram

This appendix shows a detailed single line diagram of the floating PV plant modelled

in PowerFactory.
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Figure C-1: Floating Photovoltaic Plant detailed single line diagram
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