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Abstract

As solar generation increases globally, there exists a need for innovation and increased
operational flexibility. In Photovoltaic Power Plants (PVPPs) and Large Scale Photovoltaic
Power Plants (LS-PVPPs) the challenges increase due to the necessity to integrate them into
the electrical system. To ensure the stability and reliability in the electricity supply, power
systems require complex dynamic analysis. Therefore, to carry out these analysis, modelling
and simulation tools are needed. This thesis focuses on the control and operation of PVPPs in
OpenModelica, a free and open-source modelling and simulation environment based on
Modelica language. In the later part, OpenModelica potential in large-scale power system-
oriented models is investigated. These issues are addressed by a literature review concerning
photovoltaic power systems and OpenModelica functionality, a theoretical analysis of a
photovoltaic inverter and a LS-PVPP, and detailed simulations. The models are tested under
variations in the active and reactive power requirements. The results show an optimal dynamic
response and the capacity to perform independent active and reactive power controls. As an
outcome, OpenModelica is a promising tool for power system modelling and simulation even
though existing barriers and difficulties must be overcome.
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Pac
Ppc
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Vi Tertiary voltage
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Preface

The burning of fossil fuels to provide energy supply is still the largest source of the world’s
greenhouse gas emissions, representing 68% of the total amount according to the European
Commission [1].

Nowadays, renewable energy is increasing its importance in the energy mix of most countries.
In particular, photovoltaic technology is becoming more widely used globally and represents a
bigger part of the European Union energy mix. It is a powerful technology to develop a
decarbonized power sector and sustainable energy supply. Between 2010 and 2018 the
benchmark average net cost of electricity from photovoltaic systems decreased by over 75%
[1]. In 2018, the EU output of photovoltaic electricity reached 127 TWh, amounting to nearly
4% of its gross electricity production [2]. Additionally, in 2019 the solar market has increased
over 100% in the EU, more than any other power generation technology [3].

However, as solar generation increases globally, there exists a need for innovation and
increased operational flexibility. In Photovoltaic Power Plants (PVPPs) and Large Scale
Photovoltaic Power Plants (LS-PVPPs), the challenges increase as a result of the necessity to
integrate them into the electrical system. Due to the variability of renewable resources, without
adequate control, PVPPs can not be adequately integrated into the electrical grid as
conventional power plants do.

To ensure the stability and reliability in the electricity supply, power systems require complex
dynamic analysis. Therefore, to carry out these analysis, modelling and simulation tools are
needed.
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Chapter 1

Introduction

This chapter addresses a literature review about photovoltaic (PV) power systems with the
focus in grid connected systems. PVPPs internal configuration, collection grid topologies and
electrical components as inverters and transformers are presented. The design and simulation
of the models of study are developed in OpenModelica. Therefore, new approaches and new
trends to handle large-scale Modelica power systems-oriented models are described together
with available modelling concepts and parallel simulation capabilities. Finally, the thesis
objectives and research questions are detailed.

1.1 Photovoltaic Power Systems

The PV power systems are commonly classified according to their operational requirements,
configuration and connection to other power sources or electrical loads [4].

1.1.1 Stand-alone PV systems
Stand-alone PV systems are intended to be used in off-grid applications. Are an economical and

efficient electricity supply for rural area customers or locations where grid expansion is
complicated and expensive [5].

1.1.2 Hybrid PV systems

Hybrid PV systems consist of a combination of a PV module and complementary engine-driven
storage and/or battery storage. They offer high flexibility and reliability compared to stand-
alone PV systems due to the two or more different energy sources. Therefore, hybrid systems
often require more complex controls than stand-alone PV systems.

1.1.3 Grid connected PV systems

Grid connected PV systems represent 99% of the overall power installed, compared to stand-
alone systems [6]. Grid connected PV power generation systems are commonly divided
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according to their power rating: small scale, medium scale and large scale [7]. Generally, small
scale systems generate less than 100 kW and are used in residential applications. Then,
medium scale systems generate between 100 kW and 1MW and are located in small PV farms.
Finally, large scale systems comprise power levels from 1 MW to hundreds of MW [6].

The integration of LS-PVPPs into the utility grid can have a significant impact on its stability
and operation. Hence, many countries have established new requirements for grid integration
of LS-PVPPs to permit a smooth interaction between the electrical system and these power
plants [8]. Grid codes define the mandatory requirements for power system operation in order
to maintain the stability and reliability of the transmission system. The first grid code
exclusively for PVPPs and LS-PVPPs interconnected with the transmission grid was setin 2008
in Germany by the German Association of Energy and Water Industry (BDEW) [9]. Grid codes
have been adapted considering the increase in PV generation. Hence, updated grid codes
demand that LS-PVPPs provide ancillary services such as fault ride-through, active and reactive
power management and voltage and frequency support to ensure a more reliable and secure
grid [10]. Therefore, the principal technical challenges for the interconnection of these plants
to the electrical system are [11]: (i) active power control, (ii) frequency support, (iii) reactive
power control and (iv) voltage support.

1.2 Photovoltaic Power Plant configuration

Photovoltaic output power depends on the connection of the internal components and the
collection grid configuration. According to the system location, cost, reliability and power
rating a certain internal connection topology and AC collection grid topology will be selected.

1.2.1 Internal connection topology

The connection between the PV panels with PV inverters and transformers comprises three
basic topologies: central, string, and multi-string [12,13]. The configuration is chosen in each
particular case regarding the power output, location, cost, efficiency, and reliability. In PVPPs
and LS-PVPPs, the most widely implemented technology is the central PV inverter
configuration connected to the internal power plant grid through a three-winding transformer
(Fig. 1.1) [6]. In this case, the power rating ranges from 0.1 to 1.5 MW and the output AC voltage
is comprised between 270 and 400 V [14].

8%
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DC DC

AC AC

w { 1w

Figure 1.1: Central PV inverter topology

1.2.2 Collection grid topology

Regarding collection grid topologies for PVPPs and LS-PVPPs, they have been very little
documented. However, collection grid topologies can be divided into three main technologies:
radial, string, and star [14]. In the star collection topology, each inverter is connected directly
to the main feeder or collector (see Fig. 1.2). This topology reduces cable lengths aiming to have
similar losses between them. This configuration offers high system reliability but at a high cost.

MV HV

GRID

Figure 1.2: Star collection grid configuration
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1.3 Electrical components

The electrical components of PVPPs are in charge of converting solar energy to electricity,
connecting the plant to the grid and assuring a suitable performance. Two of the main
components involved in this duty are photovoltaic inverters and transformers.

1.3.1 PV inverters

The PV inverters are power electronic devices that convert direct current to alternating
current. In the case of PVPPs, the PV inverters generate alternating grid-compliant current
from the PV modules. The typically established inverter topologies are the neutral point
clamped (NPC) and the cascaded H-bridge (CHB) [15].

Currently, the most used technology in commercial PVPPs and LS-PVPPs is the one stage DC-
AC [16]. The principal duties of a PV inverter are to provide a low-loss conversion, a power
optimization, temperature management, and reliable monitoring both of the power plant yield
and the power grid [17]. In the recent years, interest in PV inverters that can support ancillary
services has grown, which is a crucial aspect to overcome the challenges caused by the growth
of LS-PVPP connected to the electrical system [10].

1.3.2 Transformers

In most PVPPs and LS-PVPPs, there are two types of transformers. The first one increases the
voltage from the inverter output low voltage (LV) to medium voltage (MV) ranging from 13.8
kV to 46 kV [18]. Commonly, if the PV inverter has a power rating above 0.5 MW a three-
winding transformer is used [20]. This transformer consists of one medium voltage winding in
the primary and two low voltage windings in the secondary and tertiary. The existing vector
groups are [19]: Dy,y,, Dd,d,, Yd,d,, YNy,y, and YNd,d,. The second one steps up the
voltage from medium voltage to high voltage (HV), connects the PVPP to the grid, and provides
galvanic isolation. The existing vector group is Yy.

1.4 OpenModelica

OpenModelica is an open-source modelling and simulation environment intended for
industrial and academic usage based on Modelica language. Its long-term development is
supported by a non-profit organization - the Open Source Modelica Consortium [21]. Modelica
language is a non-proprietary, object-oriented, equation-based language to conveniently
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model complex cyber-physical systems [22,23]. Consider that OpenModelica is in continuous
development.

Current power systems modelling and simulation tools are very powerful but with their own
format and structure. Therefore, instead of imposing a modelling tool, a common language can
be proposed. Equation-based languages such as Modelica can be used to disconnect the
dependency between the power system tool and the power system model, and to provide an
open standard implementation. Hence, Modelica-based models can be exchanged and
validated between different Modelica tools.

1.4.1 Solving large-scale Modelica power system-oriented models

Modelica capability to build larger and more complex models is increasing. Therefore, is crucial
to focus on the quality of the solvers to handle large-scale models and stiff electrical systems.
In [24] the open-source power systems libraries available are reviewed (2017).

OpenModelica solvers, when confronted with large-scale models with a significant number of
algebraic systems of equations (more than 1000 unknowns) or a high number of states (more
than 1000), can confront serious efficiency issues. The authors of [25] present the state of the
art and future perspectives in solving large-scale Modelica models together with some
promising research trends to address the challenges of efficient simulation of these models.

A feasibility study of the modelling and simulation of large-scale electrical power systems using
Modelica is conducted in [26]. The authors of [27] carry out an analysis of simulation speed
and improvements of Modelica models for building energy systems. An approach to speed up
Modelica models simulation is presented.

More recently, in [28] newly implemented techniques and strategies to efficiently compile and
simulate large-scale Modelica models are exposed together with its experimental results. The
system size of Modelica-based models is continuously increasing and the conventional way of
generating simulation code including e.g. matching and index reduction, sorting, and tearing,
must be adjusted to this trend.

By default, OpenModelica transforms a Modelica model into an Ordinary Differential Equation
(ODE) representation to perform a simulation by using numerical integration methods [29].
However, in order to speed up the compilation and simulation, Differential Algebraic Equation
(DAE) solvers can be employed as an alternative to ODE solvers. In power systems simulations,
tests have shown that DAE solvers can have better performance and be several orders of
magnitude faster than traditional ODE solvers when simulating models with large algebraic
loops, such as power grid models [30]. The whole equation system of a model is passed to the
DAE integrator which reduces the workload in the post-optimization phase of the
OpenModelica Compiler (OMC) back-end [29]. In [31] the authors claim a strategy for DAE
mode simulations of large-scale electrical models is presented. Nevertheless, the outcome of
using DAE or ODE mode highly depends on each specific case [28]. The authors of [32] discuss
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the use of the DAE mode in industrial power systems simulations in OpenModelica and its
future perspectives.

Last year, a possible roadmap to towards a high-performance Modelica compiler to achieve
high efficiency and optimization in simulation execution was presented in [33]. Finally, the
current possibilities for solving Modelica models are described in [29].

1.4.2 FMI and TLM-Based Simulation and Co-simulation

The fundamental concept of Transmission Line Modelling (TLM) is based on modelling a
system in a way that the components can be somewhat numerically independent from each
other. This permits to each component or subsystem to solve its own equations independently
of the rest of the system. The current centralized solvers algorithms restrict often the
possibilities to speed up simulations. Through distributed solver algorithms using the
Transmission Line Modelling (TLM) method, the computation time could be decreased by an
efficient distributed simulation [34]. However, TLM may be unsuitable for very stiff systems,
such large electrical systems with a high number of resistors, inductances or capacitors
connected to each other [35].

Currently, OpenModelica is working to provide a generalized simulation framework based on
the Functional Mock-up Interface (FMI) co-simulation and TLM-based interfaces [36]. The
OMSimulator is a FMI-based co-simulation tool that supports ordinary and TLM connections.
Large-scale simulations using models from multiple sources using the FMI standard are
supported [37]. For example, sharing dynamic system models between different simulation
environments such as Matlab-Simulink® and OpenModelica.

1.4.3 Parallelization of equation-based Modelica models

The size and complexity of modelled systems are continuously increasing. These models
require a high-performance execution to obtain acceptable simulations execution times.
Constant advances in multi-core CPU’s offer high computational power. Hence, to take
advantage of the available computational power, modern modelling environments need to
provide different parallelization and optimization options. The main idea behind
parallelization is to divide the computational work between the processors of a multi-core
system to speed up simulations. However, parallelization of equation-based object-oriented
languages is not an easy task.

Regarding the Modelica community, most of the attempts in this direction come from
Linkdping University PELAB. There have been a few parallelization capabilities in
OpenModelica, some of them still work. Others are obsolete and some are being improved.



Control and Simulation of Photovoltaic Power Plants in OpenModelica 19

Manual parallelization approaches can be error-prone, tedious and may require previous
knowledge about parallel programming language even though the users working on different
areas may not have knowledge about it. Therefore, an automatic parallelization approach
would be suitable. The author of [38] presents solutions to the research problem regarding
automatic parallelization methods in equation-based object-oriented languages with the focus
in the Modelica context.

Following the same strategy that was put forward in [38], the author of [39] presents an
algorithm to distribute over parallel CPU cores the solution of the DAEs stemming from object-
oriented models that can be effective in the case of generalized physical networks. It is
suggested to build a task graph parallelization based on the Block Lower Triangular (BLT)
representation of a model. More recently, in [40] the ideas exposed in [39] are implemented
into the OMC and evaluated, followed by the comparison of the different scheduling algorithms
efficiency.

Currently, regarding OpenModelica, the first available alternative is the HPCOM
implementation [41], based on Task-Graph-Based Parallelization. However, it is still under
construction and may not be fully operational. In [42] selected models have been tested using
this method and has shown that is able to speed up simulations for some models, even though
for electrical systems further research is required.

The authors of [43] present a technology to automatically parallelize Modelica model equations
together with an electrical example that is discussed in detail. In [34] another automatic
parallelization approach using TLM is presented. However, this approach is not generally
applicable, even when applicable or suitable, concerning parallelization, it requires specific
way of modelling according to [44]. Moreover, this approach highly depends on the modeller,
that must introduce the appropriate TLM components in the model to obtain performance
benefit [39].

Finally, the ParModelica parallelization implementation [44] is currently being updated and
integrated into the current OMC. The master branch it is supposed to be merged soon.
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1.5 Objectives and Research Questions

The aim of this thesis is to develop a LS-PVPP model and its control system in OpenModelica.
Thus, explore OpenModelica as an open-source alternative to commercial software in power
and control systems. Moreover, investigate its robustness and scalability in modelling large-
scale electrical systems. The main objectives can be summarized as:

* Design a PV inverter model based on the Voltage Source Converter
= Designa 128 MW Large Scale Photovoltaic Power Plant model based on real industry case

= Simulate both designed models and analyse their dynamic behaviour under variations in
the active and reactive power requirements

= Explore OpenModelica potential in large power system-oriented models simulation and
investigate parallelization capabilities

The design and simulation of the different studies are developed exclusively in OpenModelica.

Therefore, the work conducted on this thesis is intended to answer the following research
questions:

1. How the dynamic response of a Voltage Source Converter a is affected by variations of the
active and reactive power reference values?

2. How the dynamic response of a LS-PVPP is affected by the active and reactive power set-
points required by the Transmission System Operator?

3. Can OpenModelica become a reliable and capable simulation tool to study the proposed
power systems and large-scale electrical models?
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Chapter 2

System modelling

This chapter presents the theoretical aspects to build the different systems and models in
OpenModelica. The chapter focuses on three main elements: the PV inverter and its local
control system; the PV generator configuration that consists of two inverters connected to the
internal PVPP grid through a three-winding transformer; and a model and control system of a
LS-PVPP.

In this study, both the PV inverter and the LS-PVPP are operated in the PQ mode in such a way
that they follow defined active and reactive power set-points.

2.1 PV inverter model

The PV inverter under analysis is a Voltage Source Converter (VSC). The VSC is able to control
independently active and reactive power and to inject reduced harmonic currents to the grid
permitting the use of light filters [45]. [tis based on Insulated-Gate Bipolar Transistors (IGBTs)
in order to provide fast switching frequency to modulate the desired output voltage. As shown
in Fig. 2.1, it consists of three parallel branches or legs, one per phase, and two IGBT switches
in each branch. The middle point of each branch is connected to the grid through an inductive
filter.

Therefore, considering computation time, because of the need to set a very low simulation step-
size due to the relatively high switching frequency, that will lead to low simulation speed, an
average value model of the VSC will be used.

The average model is derived decoupling the DC and AC sides of the converter as represented
in Fig. 2.1. The DC side is modelled as a current source and a capacitor while the AC side is
replaced by a three-phase voltage source controlled by the converter control system. Assuming
the VSC lossless model, the power balance can be computed as

Ppc Py
[y = —= = 2.1
b= TR (2.1)
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where Ej is the DC bus voltage and P, is the active power exchanged between the grid and
the converter.

Controlled
voltage source
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Figure 2.1: Voltage Source Converter average model

2.2 Dynamic control

The control scheme of the VSC is based on a cascade control system. The design of the
controllers is carried out by the Internal Model Control (IMC) method [46, 47]. Basically, it
consists on cancelling the internal dynamics of the plants and impose the desired ones. This
control enables the converter to inject the required active and reactive power to the grid.

The traditional vector control is the most widely used control method of VSCs, where the three-
phase currents and voltages are transformed into the rotating direct-quadrature synchronous
reference frame. The VSC local control scheme is shown in Fig 2.2. This control consists of a
Phase Locked Loop (PLL), an inner current control, a voltage modulation block, and an outer
control. The inner loop is designed to achieve short settling times while the outer loop purpose
is to attain optimal regulation and stability. Both the current loop and the power loop are set
to follow first order dynamics.

The DC side of the converter has been modelled and a DC voltage regulator has been tested.
However, in the following sections it is considered as a fixed Ep voltage source.
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Figure 2.2: Inverter local control scheme

2.2.1 Instantaneous power theory in the synchronous reference frame

Considering the instantaneous power theory in the synchronous reference frame, which
consists in transforming the voltages in the abc frame to the qd0 domain using the Park
transformation, the apparent power of a three-phase system is [45]:

S=P+jQ=3 .qu .qu* (2.2)

Decomposing the real and the complex parts, the active and reactive power can be expressed
as functions of the voltages and currents in the qd0 frame:

3
3 . .
Q =E'(Uq‘ld—vd‘lq) (2.4)

If the PLL is suitably synchronized with the system then v¢ is equal to zero. Consequently, the
current references can be expressed as
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ig=="—% .
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*

Q

7 (2.6)

Il
wl N

where P* and Q* are the active and reactive power references.

2.2.2 Phase Locked Loop

The Phase Locked Loop technique is a method used to synchronize the phase angle between
the converter reference qd0 frame and the grid qd0 frame [48]. It uses a PI controller to
compensate the error between the reference v; and the calculated v, (Fig. 2.3)

PI controller

vy=20 w 7]
d Kf(S) PLL l PLL
+ s
Va4
- T(0)
Uq
I Vabe

Figure 2.3: Phase Locked Loop

In order to design the PLL controller, the system is linearized assuming the small-angle
approximation. The controller can be defined as [49]

1

‘L'_ + s
Ky (s) = kbt % (2.7)

where 7p;; is the PLL time constant. The PI parameters can be determined by

/TPLLkI;LLEm (2.8)
kPLLE

W, = /u (2.9)
TpLL
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where E,, is the admitted peak voltage value, § is the desired damping ratio and w, is the
angular velocity of the electrical grid.

2.2.3 Inner Current Control

The inner current control determines the reference voltages that must be applied to the
converter. The converter voltage equations can be obtained using the equivalent scheme
illustrated in Fig. 2.4.

v N L, N v
O——wW———)
0 fui-l_ %’mv\ +;§ 0
e @— ’\/n\/\, N ) O Uz
Vs VN Y

Figure 2.4: Average model of the converter AC side

The system equations without the neutral point can be expressed in the matrix form as

‘r‘l O 0 ll 0 0
vlabc - Uzabc = [O n 0] iabc +10 ll 0] Eiabc (2'10)
0 0 4] 0 0 ll

and in the synchronous reference frame as

q q . .
vV, [ 4] - we ] [lq] [ll 0] d [lq]
= , —1. 2.11
[vld—vzd —l; " we n g Tlo nlarliy (2.11)

Where vlq and v are the converter voltages, v, and v¢ are the grid voltages, igand iy are the
currents in the qd0 reference and the w, is the angular velocity of the grid. Notice that there
exists a cross-coupling between i, and i;. To overcome the cross-coupling a feedback loop
control is used. Since the control is designed to decouple the currents that in the synchronous
reference frame are originally coupled, the following decoupled structure is proposed to
compensate the dynamic coupling between the two control loops [46, 47]:
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Finally, the converter is able to produce the desired voltages by setting the decoupled
expressions

~q q . i
vt rw iy

*
1=
"

2.12
ﬁld+vzd—ll-w-iq ( )
where ﬁlq and D¢ are the outputs of the PI controller. The controller is given by
; o "
F(s)=ky‘+—=—+ (2.13)
S Ticc  Ticc ™S
Then comparing both expressions the PI parameters can be stated as
. L
ky¢ =— (2.14)
Ticc
. 7
kice =L (2.15)
Ticc

where T;.. is the closed loop current controller time constant and [; and r; are the converter
coupling inductance and coupling resistance.
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2.2.4 Voltage modulation

The voltage modulation block transforms the reference voltages v; and v; provided by the
inner current control with the corresponding modulation technique to supply the required
three phase voltage v, to the converter. The VSC is able to apply the reference voltages by
modulating them using Pulse Width Modulation (PWM) techniques. However, as stated before
the thesis will be conducted using an average value model. Therefore, the implemented
averaged voltage modulation block is shown in Fig. 2.6 where 0 < M < 1 is the modulation
index.

" Mo
v = v v
qd Ij M _/— M <1 qd T 1 (6 ) abe

My

Figure 2.6: Voltage Modulation block

However, in appendix B, Space Vector Pulse Width Modulation (SVPWM) is presented together
with its Modelica implementation.

2.2.5 Outer control

The outer controller is responsible for the active and reactive power control which determines
the current references, iy and ig, for the inner current controller. A closed-loop control is used
to regulate the power injected into the grid. The active and reactive power are measured after
the inverter filters and their values are compared with their references. Then, Pl-based
controllers compute the ig and i; reference currents as shown in Fig. 2.7.
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Figure 2.7: Active and reactive power controller

Concerning the controller design, due to the general cascade control applied, the outer
controller time constant must be slower than the lower control system. The v, grid voltage
variations are considered negligible and the v¢ is not taken into account due to the PLL setting.

The controller is given by

F — kOC kloc _ TiCC 1
) =kp+——=—F—+——F— (2.16)
TOC ] 7 ] vZ TOC . 7 ] vZ ] S

Then comparing both expressions the PI parameters can be stated as

T;

~
Q
[

hp® = p (2.17)

~
(=]
a
N W
<

oc __
ko€ =

7’—OC

(2.18)

N w| =
Q

where 7, is the outer controller time constant.
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2.3 PV generator model

The proposed PV generator consists of two PV inverters connected to the internal PVPP grid
through a three-winding transformer as mentioned in Section 1.2. The three-winding
transformer must be designed for asymmetrical load flow in the low voltage systems to ensure
permanent operation and for feed-in with one single inverter [19].

A Dy1ly1 vector group transformer is implemented, according to SMA [19]. As can be seen in
Fig. 2.8 both low voltage windings are connected in star configuration (Y) while the medium
voltage winding is connected in delta configuration (D). The D structure has its voltages lagging
30 degrees in comparison to the voltages in the Y windings.

—H

i
il
EHEHEE AC Internal grid

PVPP
PV inverter )\

e
|

PV inverter

i

Figure 2.8: PV generator configuration

2.4 Large Scale Photovoltaic Power Plant

Even though there is no clear classification on PV power plant size regarding the installed
capacity, the considered one in this study could be classified as LS-PVPP, ranging from several
megawatts to gigawatts [50,51]. The PV plant model taken as a reference is the Templin
Photovoltaic Power Plant in Brandenburg, Germany, which aims to provide renewable energy
to the greater Berlin area.
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2.4.1 Power Plant configuration

The Templin Photovoltaic Power Plant covers a total area of 214 ha [52] and consists of 114
SMA Sunny Central 900CP XT PV inverters with a total peak power of 128 MWp [53]. The PV
inverters are grouped in PV generators as shown in Section 2.3. The collection grid topology
has not been documented but a star configuration has been implemented (see Fig. 2.9). Each
group of four PV generators is connected to an intermediate collector from the internal PVPP
grid. Notice that one group consists of five PV generators, to sum up to a total of 114 inverters.
Then, each intermediate collector is connected to the Point of Common Coupling (PCC). Finally,
the connection between the PCC and the transmission grid is implemented through a MV/HV
two-winding transformer. To summarize, the LS-PVPP model consists of 114 VSCs, 57 three-
winding transformers, 1 two-winding transformer and 71 transmission lines.
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Figure 2.9: LS-PVPP diagram under study
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2.4.2 Power Plant control

The control of the LS-PVPP is responsible for the regulation of the active and reactive power
injected into the electrical system considering the Transmission System Operator (TSO)
requirements [54]. Although each PV inverter can perform its own local control according to
the active and reactive power references, it is necessary to coordinate the PV inverters to fulfil
the desired set-points at the PCC. The active and reactive power are measured at the PCC to
assure that the power references are achieved compensating all internal losses. Therefore, the
power plant control (PPC) acts as a master to drive all the inverters and it represents the
highest level in the overall cascade control system.

The present approach only considers the active power curtailment and the reactive power set-
point given by the TSO and it does not take into account any information about the available
power.

The proposed active power control system is divided in the controller and the dispatch system
as illustrated in Fig. 2.10. The controller is a Pl-based that computes the total active power,

Pﬁg;al, that must be generated by all the inverters. Then, the dispatch system distributes the

total reference active power among all the controllable inverters. The total Pfg)fal is divided by
the total number of PV inverters, Npy, , to obtain P,.r; that is sent to each i inverter. This

method is used since all inverters in the plant have the same nominal power, as described in
the previous section, and are considered to be fully operational.

The proposed reactive power control follows the same approach as the active power control,
as shown in Fig. 2.11. Each PV inverter i receives its local reactive power reference Qr¢f;.

Controller Dispatch s PV inverter 1
Pmax
Prgo Pﬁj}ﬁ“l 1 Press PV inverter 2
PI
+ _ rd NPVIP’['I)
P]’J’HT[ )
PPVPP PV inverter n

Figure 2.10: Active power plant control
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Figure 2.11: Reactive power plant control

The controller design is carried out by the IMC method and is given by

ppc
. T 1
F(s) =kpP“ + ‘S ==

Tppc  Tppc ™S

Then comparing both expressions the PI parameters can be stated as

kPPe — Toc
P
Tppc
ppc _
ki ==
ppc

where 7, is the power plant controller time constant.

(2.19)

(2.20)

(2.21)
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Chapter 3

Simulation results

This chapter describes the simulations performed in OpenModelica and their respective results
are presented.

= (Case study 1: the PV generator is simulated under different active and reactive power
references given to the local control of each PV inverter.

= (Casestudy 2: the LS-PVPP is simulated according to the variations in active and reactive
power set-points given by the TSO.

The simulations of both cases studies have been performed using 5 different integration
methods, also called solvers, and their respective total simulation times are presented together
with some basic numerical statistics. Three basic explicit solvers (Runge-Kutta, fixed step-size,
order 4; Heun, fixed step-size, order 2; and Euler, fixed step-size, order 1) and two implicit
solvers (DASSL, Backward Differentiation Formula (BDF) method, step-size control, order 1-5;
and IDA, BDF method with sparse linear solvers, step-size control, order 1-5) are tested. DASSL
is the default solver in OpenModelica. Further characteristics and specifications of each solver
can be found in [29].

OpenModelica 1.14.1 has been used to run the simulations on a laptop with an Intel i7-8550U
and 8 GB of RAM.

3.1 PV generator

The PV generator described in Section 2.3. is tested under variations of the active and reactive
power references given to each inverter. Each PV inverter is operated independently and the
active and reactive power are measured in the low voltage side. The PV generator is rated at 2
MW and is connected to the internal PVPP medium voltage grid of 20 kV as shown in Fig. 3.1.
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Figure 3.1: PV generator under study

As areference, the inverter model SMA Sunny Central 900CP XT [55] has been selected and its
basic technical data is summarized in Table 3.1. The inverter switching frequency, coupling
resistance and inductance have been chosen according to the average value model design. The
inverter local control system parameters are calculated following the procedures mentioned
in Section 2.2. and are summarized in Table 3.2.

Regarding the calculations to set the PLL parameters:

* The damping ratio is setto £ = 0.707

= The angular velocity of the electrical grid. The grid frequency is fixed to f = 50 Hz,

rad

thereforew, =2 - f = 314'16T

= The admitted peak voltage. If the low voltage grid is in star connection and its voltage

is the same as the inverter output AC voltage, then E,,, = % V2 =330.68V

Concerning the PV generator modelling, according to the manufacturer [19] if there is a
neutral-point terminal on the low voltage side, this neutral point terminal must not be

grounded or connected. However, for the numerical stability of the simulation, it has been
grounded.
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Table 3.1: Inverter parameters. DC side as a voltage source

Parameters Symbol Value Units
Inverter nominal AC power S 900 kVA
Inverter nominal DC voltage Epc 722 Vv
Inverter nominal AC voltage (phase-to-phase) Veums 405 Vv
Inverter switching frequency fow 10 kHz
Coupling resistance 4] 5.55 m()
Coupling inductance L 60 uH
Table 3.2: Inverter local control parameters
Component Parameters Value Units
kEtE 1.34 rad/Vs
PLL
TpLL 4.5
kice 0.06 H/s
Inner current controller kiee 5.55 Q/s
Ticc 1
kp¢ 0.0002016 vt
Outer controller k¢ 0.2016  v~1l.s71
Toc 10

3.1.1 Active and reactive power dynamic response

In order to test the inverter response, changes in active and reactive power references are

applied to each single inverter as described in Table 3.3.

Reference and measured values of active and reactive power are illustrated in Fig. 3.2 and Fig.
3.3. These power values change accordingly to the reference values described in Table 3.3. The
output current and the voltage in the abc frame of a single inverter are plotted in Fig. 3.4 and
Fig. 3.5. The current injected to the internal PVPP medium voltage grid and its voltage in the

abcframe are illustrated in Fig. 3.6 and Fig. 3.7.



36 Control and Simulation of Photovoltaic Power Plants in OpenModelica
Table 3.3: Active and reactive power references
Time [s] Active power reference [kW] Reactive power reference [kvar]
0 600 0
0.4 200 0
0.5 200 -300
1 900 -500
1.5 500 0
1000 : : . .
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_Pac
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5
==
— 600
<=
2
)
o,
-GEJ 400
=)
<<
200 - 8
D L 1 | | 1 1
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Figure 3.2: Reference and measured active power injected to the grid
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.1.2 Integration methods comparison and numerical statistics

Integration method Step-size Tolerance Time Total simulation

time
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3.2 Large Scale Photovoltaic Power Plant

The inverter parameters are set as in Section 3.1. The LS-PVPP model under analysis is the one
presented in Section 2.4. The PPC parameters are summarized in Table 3.5. As the PPC
represents the highest level in the cascade control system, its time constant has to be the
highest. The time constant should be set according to the grid code established by the German
Association of Energy and Water Industry (BDEW). However, due to the simplification of the
PPC and simulation duration issues, is set to 100 ms, ten times higher than the lower system,
in this case, the local active and reactive power control of each inverter.

Table 3.5: Power plant control parameters

Component Parameters Value Units
kgpc 0.1 p.u.
kPPe 10 st

Power Plant Control
Tppe 100 ms

vam,, 114 inverters

According to [42] and the data provided by SMA the Dylyl three-winding transformers
parameters are summarized in Table 3.6.

Table 3.6: Three-winding transformer data

Vp [KV] Vs [kV] Ve [kV] Sn [MVA] r+jx[p.u.]
2 (Primary) 0.0077 +j0.051
20 0.405 0.405 1 (Secondary) 0.0089 +;0.051

1 (Tertiary)  0.0089 + j0.051

The two-winding MV /HV transformer parameters are described in Table 3.7. The vector group
of this transformer is Yy. Both sides of the transformer are grounded.

Table 3.7: Two-winding transformer data

V, [kV] V, [kV] S, [MVA] r+ix [p.u.]
110 20 128 0.003 +0.116
‘E\
)
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The plant is assumed to be connected to a transmission grid with the characteristics described
in Table 3.8 according to [57].

Table 3.8: Equivalent grid data

Voltage [kV] Short circuit power [MVA] Short circuit ratio (X/R)
110 6000 10

Considering the 214 ha of extension of the Templin Photovoltaic Power Plant and the star
collection grid configuration described in Section 2.4, the cables length and impedances
(according to Nexans [58]) are described in Table 3.9 and Table 3.10. The capacitance effect
has been neglected due to solver issues and simulation execution. Table 3.9 summarizes the
impedance values of the lines that connect the PV generator to its respective intermediate
collector, and Table 3.10 the impedance values of the lines that connect each collector to the
PCC.

Table 3.9: Transmission lines data from PV generator to intermediate collector forn =1 to 14

Node 1 Node 2 Line length [km] Line R[Q] Line X[mQ]
Al Bn 0.2 0.026 0.0672
A2 Bn 0.2 0.026 0.0672
A3 Bn 0.2 0.026 0.0672
A4 Bn 0.2 0.026 0.0672
A5 Bn 0.2 0.026 0.0672

Table 3.10: Transmission line data from intermediate collector to the PCC

Node 1 Node 2 Line length [km] Line R[Q] Line X[mQ]
B1, B8 PCC 2.2 0.286 0.739
B2, B9 PCC 2 0.26 0.672
B3,B10 PCC 1.8 0.234 0.605
B4,B11 PCC 1.6 0.208 0.538
B5,B12 PCC 1.4 0.182 0.469
B6,B13 PCC 1.2 0.156 0.403
B7,B14 PCC 1 0.13 0.336
Yo
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3.2.1 Active and reactive power dynamic response

In order to test the power plant response, changes in active and reactive power set-points
according to the TSO are described in Table 3.11. The set-points and the measured values at
the PCC of the active and reactive power are illustrated in Fig. 3.8 and Fig. 3.9. These power
values change accordingly to the reference values.

The output current and the voltage of a single inverter in the low voltage side in the abcframe
are plotted in Fig. 3.10 and Fig. 3.11. The output current of a single PV generator in the abc
frame is illustrated in Fig. 3.12. The measured voltage in the PV generator - internal PVPP grid
connection in the abcframe is plotted in Fig. 3.13. Finally, the measured current and voltage at
the PCC in the abcframe are shown in Fig. 3.14 and Fig. 3.15.

Table 3.11: TSO active and reactive power set-points

Time [s] Active power reference [MW] Reactive power reference [Mvar]
0 70 0
0.4 70 -25
0.6 100 -25
1 100 0
1.4 60 0
1.5 60 -50
120 .
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Figure 3.8: Active power response
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Figure 3.15: Measured voltage at the PCC

3.2.2 Integration methods comparison and numerical statistics

The model statistics after passing the front-end and creating the data structures used by the
back-end are:

= Number of equations: 75458
=  Number of variables: 75458
=  Number of states: 1030

Therefore, the model can be classified as large-scale as defined in [25]. Due to performance
issues and problems encountered that will be mentioned in the discussion section, the
simulation has been carried out without implementing the inductances in the transformers.
The model compilation takes an average of 40 minutes from the total simulation time. The total
simulation time by using each integration method is summarized in Table 3.12.

Table 3.12: Integration methods and total simulation times comparison of the LS-PVPP model

Integration method Step-size Tolerance Time Total simulation time
Euler 100 us 1-107% 2s 1h 08 min
Runge-Kutta 100 us 1-107* 2s 2h 13 min
Heun 100 us 1-107* 2s 2h 01 min
DASSL 100 us 1-107* 2s Stopped after 20 h
IDA 100 us 1-107* 2s Stopped after 20 h
4o

m
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Chapter 4

Discussion

In this chapter, the dynamic response of the PV generator and the LS-PVPP under the active
and reactive power step references is analysed. The objective is to determine whether the time
response of each controller satisfies the specifications set in the design. Then, briefly discuss if
the inverter performance conforms to the manufacturer specifications.

Finally, a section concerning troubleshooting and numerical issues, comparison between the
different integration methods used, problems encountered during the modelling and
simulation of the systems is presented along with an analysis regarding TLM and
parallelization capabilities.

4.1 Case study 1

As expected, the active and reactive power response match the first order dynamics. Then, it
must be verified that both responses settle to 98 % of its reference value within 4-7,.s
according to the first order systems response criterion [59]. Approximately, according to the
detailed active and reactive power response of a single inverter illustrated in Fig. 4.1:

= Active power: 99.5 %
= Reactive power: 98 %

Can be considered that both responses fulfil the set time constant specifications. However, if a
more accurate response is required the PI parameters can be re-tuned manually. The trial-and-
error approach is also a valid method even though could be time-consuming.

Another issue to consider is that in the controller design process the v, has been considered
constant. However, in reality this is not the case, since there are variations even though they
are quite slight.

On the other hand, regarding the inverter AC generated current, according to [55] the
maximum output current is 1411 A. The inverter rated power is 990 kVA even though the
parameters have been set according to the nominal AC power of 900 kVA.
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Therefore, the maximum admitted peak value is 1411- V2 = 1995.45 A. Between instant t = 1
and t = 1.5 the apparent power injected is

S=4P2+Q?=1029.5kVA (4.1)

The generated current (see Fig. 4.2) is slightly higher than the maximum output current
because the power reference values are also slightly higher than the 990 kVA rated power.
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4.2 Case study 2

The results show a good response and the capacity to perform independent active and reactive
power control.

The same concept as in case study 1 is considered. Both responses match the first order
dynamics. Then, it must be verified that both responses settle to 98 % of its reference value
within 4 - 7,,,,. s according to the first order systems response criterion [59]. According to the
active and reactive power measured at the PCC as plotted in Fig. 4.3:

= Active power: 97 %
= Reactive power: 98.25 %

Therefore, can be considered that the implemented power plant control fulfils the time
response specifications.
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Figure 4.3: Active and reactive power response

4.3 Troubleshooting and numerical issues

Modelling

First, regarding the LS-PVPP model, if the transmission lines that connect the B nodes to the
PCC converge directly to the PCC electrical three-phase plug, the linear system becomes
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singular and cannot be solved. Therefore, the lines have been connected to four different plugs
and later on connected to the PCC.

Moreover, regarding the same issue, some problems and errors have been encountered when
using the positive and negative electrical three-phase plugs. For example, positive-positive or
negative-negative connections. To avoid these errors, the neutral plug has been used in the PV
generator - three-winding transformer, the B nodes - transmission lines, and the PCC plug
connections.

As mentioned in Section 3.1, the low voltage windings of the three-phase must be grounded to
execute successfully the simulation.

Solvers

In the PV generator model, the simulation times using Euler solver (the fastest) and the IDA
solver (the slowest) differ by 50%. The explicit solvers are faster than the implicit ones.

The main reason why the explicit solvers are at least 10 times faster than the implicit ones in
the simulation of the LS-PVPP model is that they avoid computing the dense Jacobian. In [28] a
similar issue is more deeply discussed. Therefore, it may not be optimal the use of implicit ODE
solvers for these types of systems. In the PV generator model simulation, the Jacobian is not as
large and dense, and consequently, the simulation times between using explicit and implicit
integration methods are considerable similar.

The slow simulation may be also caused by numerical instabilities in the significantly stiff
equation system formed at the PCC. Even though the system can be simulated, it remains close
to numerical singularity and it becomes hard to solve for the solver. In the LS-PVPP not only
the large number of equations (75458) and states (1030) but the structure of this type of
systems, where all the PV generators are connected to the same point (the PCC) has probably
a considerable impact in the simulation time. Moreover, the large number of resistances and
inductances can lead to a lot of redundant equations. However, the redundancy between these
components could be exploited to speed up the compilation [32].

Consider that only 2 seconds simulations are performed. Even so, at least one hour is required
to simulate the LS-PVPP model using the Euler solver (fastest method). Furthermore, the type
of models analysed are more complex in real industry cases. For example, in the LS-PVPP
model, only by adding the inductances in the transformers, and implementing PI section
transmission lines the number of equations and states increase to 88310 and 1441,
respectively. Then, the system becomes much stiff and cannot be solved.

For that reason, new solving methods and approaches and/or different ways of modelling
should be researched.

On the other hand, the precision of the simulations results is not affected by the type of solver
used, probably because the step-size is set to 100 us and the work is conducted with 20 ms
period waves.
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DAE mode

Regarding the DAE mode exposed in Section 2.1.1, it has been considered as a possibility to
improve the simulation performance and to reduce the simulation time. However, both the LS-
PVPP and the PV generator models have been tested under the DAE mode but it seems like
some function intMod does not work yet and the simulation cannot be executed. Even though
the DAE mode is operational, it does not have the same coverage as regular Ordinary
Differential Equations (ODE) mode currently. DAE mode should be better for big systems with
many nonlinear loops even though it does not run models that do not run under ODE mode
since it will have the same problems with some issues such as dynamic differential index.

Index reduction

In general terms, index reduction can be stated as the following: if algebraic constraints are put
in two states (e.g. setting them equal) index reduction takes place because two states must be
independent of each other to be states. If they are algebraically coupled one of them has to be
aregular algebraic variable and not a state for the whole system to make sense.

An index reduction example from the PV generator test model where (see Fig. 4.4): PV_unit is
the PV generator that consists of two PV inverters and a three-winding transformer; T1 is the
Dy1ly1l three-winding transformer; L1 is the inductance in the medium voltage side of the
transformer in delta connection; Lc is the VSC coupling inductance; n12 and n13 are the ratios
of the primary voltage to the secondary and tertiary.

For each phase, the same process is carried out even though only one is exposed.

Index Reduction neccessary!
MSS subsets:

205

204

203

FHEFFFFFFFFFFFF-MESS-FFFFFFFFFFRIEF
Indices of constraint equations: 203

203
Constraint equation to be differentiated:
0.0 = PV_unit.T1.L1.inductor[1].i + PV_unit.VSC1.Lc.inductor[1].i / PV_unit.T1.core.n12 + PV_unit.WVSC2.Lc.inductor[1].i / PV_unit.T1.core.n13
Differentiated equation:
0.0 = der(PV_unit.T1.L1.inductor[1].i) + der(PV_unit.VSCl.Lc.inductor[1].i) / PV_unit.T1.core.n12 + der(PV_unit.VSC2.Lc.inductor[11.i} / PV_unit.T1.core.n13

Figure 4.4: Index reduction example in OMC

The reason why the LS-PVPP model simulation with the inductances both in the three-winding
and two-winding transformers cannot be executed may be due to some problems with index
reduction which lead to an assertion at initialization.

There are constraints due to the connection topology. In this case, in the star connection of the
low voltage windings of the three-winding transformers. If this is not recognized by the back-
end, then sooner or later some singular equations will be found, which seems to be the case. In
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this context, tests have shown that exactly the same model implemented with a Yy transformer
fails to execute and, on the contrary, if a Dd structure is implemented, the simulation is able to
run.

In [60] there is ongoing work to solve this issue. In [61] a similar numerical issue regarding
index reduction is deeply discussed. Notice that OpenModelica is in constant development.

However, a deep understanding of the back-end process is required to understand most of the
processes carried out to understand how simulations are executed [62].

Initialization

To be able to solve the models is important to provide as many sensible start values as possible
to make the initialization stable. Since there is index reduction going on, all of the states in the
system need to be initialized properly. Otherwise, there may be an initialization problem.
However, an overdetermination in the start values can lead to an inconsistent initialization
problem.

The slow simulation times could also be caused by possible instabilities in the initialization
problem, apart from the solver’s issues mentioned in the previous subsection.

Regarding the LS-PVPP model simulation, if no start values are provided, the OMC needs to
assume fixed start values for 342 variables (see Fig. 4.5), which could lead to an assert at
initialization and a following simulation execution failure. However, by setting sensible start
values to the current flowing through the primary winding of the three-winding transformers,
the assumed start values decrease to 171, making the initialization problem simpler.

Figure 4.5: Assuming fixed start values initialization warning

The LS-PVPP model with inductances in the three-winding and two-winding transformers
breaks because it fails at initialization even though sensible start values are set: solving the non-
linear system fails and the simulation terminates by an assertion at initialization. Currently,
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there is ongoing work to solve this issue. Probably this could be also solved by some form of
diode implementation.

If the LS-PVPP model is simulated implementing PI section lines and the complete three-
winding and two-winding transformers models, the unfixed start variables increase to 753 (see
Fig. 4.6). Therefore, the system initialization becomes much instable.

Figure 4.6: Assuming fixed start values initialization warning 2

TLM and Parallelization

First, regarding the TLM approach, it may be unsuitable for very stiff systems such as large
electrical systems with a high number of resistors, inductances or capacitors connected to each
other [35]. Moreover, TLM may not be the optimal parallelization approach because each
model should be adapted to this way of modelling.

The HPCOM parallelization implementation [40, 42, 62], which is still under construction and
may not be fully operational, has been tested in the simulation of the PV generator model
described in Section 3.1. If the same method is tested in the LS-PVPP model, the simulation
execution fails. It is mostly an automatic implementation that is enabled by the flag -hpcom
given to the OMC. Basically, the method consists in dividing the model into several independent
parts and identifying their relationships among each other. The representation of these parts
is called a task graph. These tasks are created based on the BLT structure, derived from the
right-hand side of the model equations.

First, without applying any parallelization method, the task graph generated from the ODE
system in the PV generator simulation is shown in Fig. 4.7. Can be noticed that there is an
uneven distribution of the tasks and a central element, one big torn non-linear system, acts as
a bottleneck during the solving of the model.

Then, the PV generator model is tested under the HPCOM implementation. In Fig. 4.8. and Fig.
4.9 is shown that the task graph has the same structure than the task graph generated without
applying any parallelization method, the same big torn non-linear system appears. Therefore,
any speed-up is achieved. Moreover, if this torn non-linear system is partitioned, the simulation
execution fails.
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Finally, even though the task graph parallelization approach is able to reduce the simulation
time for some models [40], it may not be the optimal method to address the studied power
system models, which have a high number of strongly connected components (see Fig. 4.10).
However, consider again that OpenModelica parallelization capabilities are in constant
development.

Figure 4.7: Task graph generated in the PV generator model simulation
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Figure 4.10: BLT representation of the PV generator model
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Chapter 5

Conclusions and Future Research

This thesis has introduced the principles of a PV inverter based on the VSC, its local dynamic
control, and its integration in a LS-PVPP. These principles enabled the design and simulation
of a PV generator and a LS-PVPP models. The PV generator model has been tested under
different active and reactive power reference values given to each inverter. The LS-PVPP model
has been tested under variations in the active and reactive power set-points according to the
TSO requirements. The results show an optimal dynamic response of both models and the
capacity to perform independent active and reactive power controls.

Several difficulties have come across during the simulation and operation of large-scale
models. Besides, runtime compilation and simulation are slow in large-models. OpenModelica
performance in the studied power system models may not be still competitive with the
domain-specific tools. However, consider OpenModelica limited resources compared to
conventional commercial power systems software.

Regarding the power system models of study, task graph-based parallelization approach
may not be a suitable method to speed up simulations.

Further research should implement the PV inverter considering the PV array to study the
dynamic behaviour of the LS-PVPP under different solar irradiance conditions. Also, test the
performance of the inverters under asymmetrical loads. Moreover, improve the LS-PVPP
control considering communication delays for PPC and frequency and voltage support to
comply with the grid codes. Besides, future studies should include PI section transmission
lines that consider the capacitive effect of real cables and a more realistic electrical grid
model.

As an outcome, OpenModelica is a promising tool for power system modelling and simulation
even though existing barriers and difficulties must be overcome.
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Chapter 6

Environmental impact

Photovoltaic power deployment is expanding rapidly, especially large installations, which raise
concerns about the environmental impact caused by the integration of large scale photovoltaic
facilities. Even though power from PV has a low global warming potential (GWP) according to
several life cycle assessments (LCA) summarized in [63], the integration of these systems can
require a complex set of environmental trade-offs. To understand the real environmental
impact of the integration of these large photovoltaic facilities, the whole life cycle of the plant
needs to be considered, from the extraction of the raw materials to the decommissioning and
disposal of the PV system.

PV power plants have negative repercussions in the ecosystem, particularly in wildlife and
habitat, land use, soils and water resources. The principal influence on biodiversity is due to
the land occupation by the PVPPs and LS-PVPPs. Therefore, itis crucial to investigate and select
the most appropriate location for these systems to avoid these problems [64].

Additionally, the use of hazardous materials in the manufacturing of the PV panels or inverters,
among others, have to be taken into account together with the operation processes.

Finally, concerning the decommissioning stage, proper waste management (PV panels and
other equipment) must be ensured to cause the minimum adverse environmental impact.
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Chapter 7

Budget

The project budget is presented. The project has lasted from the 15t of February to the 22nd of
June, 5 months length.

Table 7.2 shows the costs and hours associated with each phase of the project.

Table 7.1: Budget associated to human resources

Concept Price per hour Hours Total
Research 40€/h 250 10000
Development 40€/h 200 8000
Simulations 40€ /h 200 8000
Writing 40€/h 150 6000
Total 32000 €

Table 7.2 shows the costs associated with hardware and software resources.

Table 7.2: Budget associated to hardware and software resources

Concept Price per unit Units Total
Computer 600 € 1 600
OpenModelica Free 1 Free
Total 600

Therefore, the total cost of the projectis of 32600 €.
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Appendix A

Park and Clarke transformations

A.1 Park transformation

The Park transformation converts the time-domain components in the abc reference of a three-
phase system to time-invariant direct-quadrature synchronous frame [31]. It is given by

[quo] [ dO] xabc (A.l)

[Xapel [ do]_l[quo] (A.2)

The transformation matrix can be written as

i 21 21\ T
cos(0) cos (9 — ?) cos (0 + ?)
2 21 21
Taao(6) = 3| sin(8)  sin (9 - ?) sin (e + ?) (A3)
1 1 1
2 2 2
and its inverse,
cos(8) sin(8) 1
21 . 21 1
Tq—d10 ) = cos (9 - ?) sin (0 - ?) (A4)
0+ sin(0+25) 1
cos ( 3 ) sm( 3 )
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A.2 Clarke transformation

The Clarke transformation permits to transform sinusoidal three-phase to an orthogonal a0
reference frame. Therefore, the Clarke transformation is defined as

[xaﬁo] = [Taﬁo][xabc] (A.5)

[xabc] = [Taﬁo]_l[xaﬁo] (A-6)

Where x4 is the three-phase quantities vector in the abc frame and x,p, is a vector with the
transformed quantities in the a0 frame. The transformation matrix can be written as

_1 1 1_
2 2
2l V3 V3
1 1 1
L2 2 2
and its inverse,
1 0 1
5| 1 V3 )
Tego = 3| 2 2 (A.8)
1 3 )
2 2
IE\
oy
SRt
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Appendix B

Space Vector Pulse Width Modulation

The Space Vector Pulse Width Modulation (SVPWM) technique is one of the most popular
modulation approaches for two-level converters due to a high DC bus voltage use and it is well
suited for digital implementation [45]. The concept of the SVPWM relies on the representation
of the converter output AC voltages as space vectors [65]. Considering a two-level three-phase
converter, 23 = 8 switching states are obtained. The distribution of the voltage vectors for the
eight switching states in the af8 reference can be represented as

(010) (110)

Sector 11
E,
3 Dc

Sector 111

Sector IV

3
(001) (101)

Figure B.1: Space Vector hexagon representation

Where vy and v, are denominated as zero vectors and v; to vz are denominated as active
vectors. SVPWM is based on the application of these vectors during each switching period of
duration Ty = 1/f5,,.

To calculate the connection time for each vector the reference voltage module and angle are

computed as
Vier = /vé + v} (B.1)
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va
Orer = arctan% (B.2)
If the angle is not located in the first sector, it can be reduced to it by
s
Osec1 = Qref ) n—1) (B.3)
where n is the sector where the desired voltage is.
The modulation times t1 and t2 for the vectors 1 and 2 can be calculated as [28]
‘/§Vref . (T
t; = T T sin (§ - Hsecl) (B.4)
V3V, ,
l, = ZE;Zf Ts sin(Osec1) (B.5)
The rest of the period is distributed as
t‘UO = tv7 =T — tl - tz (B6)

A continuous SVPWM Modelica code to generate the inverter switching pattern has been
developed in Modelica language. The code has been first developed and tested in Python and
afterwards translated to Modelica. The height and width of the saw tooth signal used to
compare the corresponding commutation with the time are equal to T;. Regarding the
converter branches (Fig. 2.1), sa represents the first (gates s1 and s2); sb represents the
second (gates s3 and s4); and sc represents the third (gates s5 and s6). Then, the Modelica

classes to generate the switching pattern for the converter are presented:

class ab_reference
Modelica.Blocks.Interfaces.Reallnput Valfa annotation( | ...);
Modelica.Blocks.Interfaces.RealInput Vbheta annotation( | .. H
Modelica.Blocks.Interfaces.RealOutput Vref annotation( [ ...):
Modelica.Blocks.Interfaces.RealOutput thetaref annotation( [ ...):

Real u;
constant Real pi = Modelica.Constants.pirs
algorithm
if Valfa == 0.0 then
thetaref := 0.5 * pi;
Vref := Vbetar
else
u := Vbeta / Valfa;
thetaref := atan(u):
Vref := sqgrt(Valfa ~ 2 + Vbeta *~ 2);
end if;
annotation( | ...)~

end ab reference;




70

Control and Simulation of Photovoltaic Power Plants in OpenModelica

class svpwm

Modelica.Blocks.

Modelica.Blocks

Modelica.Blocks.
Modelica.Blocks.
Modelica.Blocks.

Interfaces.RealInput signal annotation( |
.Interfaces.Reallnput Vref annotation( |
Interfaces.RealInput Thetaref annotation( [ .
Interfaces.RealOutput sa annotation( |
Interfaces.RealOutput sb annotation(

Modelica.Blocks.

Interfaces.RealOutput sc annotation( |

parameter Real Ts;
parameter Real Edc;

constant
Real tO0;
Real tl;
Real t2;
Real vectort[7];
Real v1[7];
Real v2[7];
Real v3[7]1;
Integer nj;
Real vcumsuml[7];
Real thetarefl;

algorithm

//sector I
if 0 <= Thetaref and Thetaref < pi / 3 then

Real pi Modelica.Constants.pi;

thetarefl := Thetaref;

n = 1;

tl = sqrt(3) * Vref / (2 * Edc) * Ts * sin(pi / 3 - Thetaref);

t2 = sqgrt(3) * Vref / (2 * Edc) * Ts * sin(Thetaref);

t0 := Ts - tl - t2;

vectort := (t0 / 4, t1 / 2, t2 / 2, tO / 2, t2 / 2, t1 / 2, t0 / 4};

vcumsum := {vectort[1l], wvectort[l] + wvectort[2], vectort[l] + vectort[2] + vectort[3], vectort[l] +

vectort[2] + vectort[3] +
+ vectort[2] + vectort[3]
vectort[4] + vectort[5] +
vl := {0, 1, 1, 1, 1,
vz := {0, 0, 1, 1, 1,
v3 := {0, 0, 0, 1, 0O,
for i in 1:7 loop
if signal < vcumsum[i]
sa vi[il;
sb v2[i];
sc v3[i];
break;
end if;
end for;
end if;
//sector II
if pi / 3 <= Thetaref and Thetaref < 2 * pi / 3 then

vectort[4], vectort[l] + wvectort[2] + wvectort[3] + vectort[4] + vectort[5],
+ vectort[4] + wectort[5] + vectort[e],
vectort[6] + vectort[7]};

1, 0}

0, 0};

0, 0};

vectort[1l] + vectort[2] + vectort[3] +

then

n = 2;

thetarefl := Thetaref - pi / 3 * (n - 1);

tl := =sqrt(3) * Vref / (2 * Edc) * Ts * sin(pi / 3 - thetarefl);

t2 := sqgrt(3) * Vref / (2 * Edc) * Ts * sin(thetarefl);

t0 = Ts - tl - t2;

vectort := {t0 / 4, tl1 / 2, t2 / 2, t0 / 2, t2 / 2, t1 / 2, t0O / 4};

vcumsum {vectort[1l], vectort[l] + vectort[2], vectort[l] + wvectort[2] + wvectort[3], vectort[l] +

vectort[2] + wvectort[3] +
+ vectort[2] + vectort[3]
vectort[4] + wvectort[5] +

vectort[4], vectort[1l] + wvectort[2] + vectort[3] + vectort[4] + vectort[5],
+ vectort[4] + vectort[5] + wvectort[6],
vectort[6] + wvectort[7]};

vectort[1l] + wvectort[2] + vectort[3] +

vl := {0, O, 1, 1, 1, O, 0};
v2 := {0, 1, 1, 1, 1, 1, O};
v3 := {0, 0, 0, 1, 0, 0, O};
for i in 1:7 loop
if signal < vcumsum[i] then
sa := v1[i];
sb 1= v2[i];
sc := v3[i];
break;
end if;
end for;
end if;
u"*”u
Yy
WS
b

vectort[1]

vectort[1]
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Listing - Continued

//sector III
if 2 * pi / 3 <= Thetaref and Thetaref < pi then

n = 3;

thetarefl := Thetaref - pi / 3 * (n - 1);

tl := sqgrt(3) * Vref / (2 * Edc) * Ts * sin(pi / 3 - thetarefl);
t2 := sqgrt(3) * Vref / (2 * Edc) * Ts * sin(thetarefl);

t0 := Ts - tl - t2;
vectort {t0 / 4, t1 / 2, t2 / 2, t0 / 2, t2 / 2, t1 / 2, t0 / 4};
vcumsum := {vectort[l], wvectort[l] + vectort[2], vectort[l] + wvectort[2] + vectort[3], vectort[l] +
vectort[2] + vectort[3] + vectort[4], vectort[l] + vectort[2] + vectort[3] + vectort[4] + vectort[5], vectort[l]
+ vectort[2] + vectort[3] + wvectort[4] + vectort[5] + wectort[6], wvectort[l] + vectort[2] + vectort[3] +
vectort[4] + vectort[5] + vectort[6] + vectort[7]};
vl := {0, 0, 0, 1, 0, O, O};
== {0, 1, 1, L, 1, 1, 0};
== {0, 0, 1, 1, 1, 0, O};
for i in 1:7 loop
if signal < vcumsum[i] then
sa := v1[i];
sb = v2[i];
sc = v3[i];
break;
end if;
end for;
end if;
//sector IV
if (-pi) <= Thetaref and Thetaref < (-2 * pi / 3) then

n := 4;
thetarefl := Thetaref - pi / 3 * (n - 1);
tl := sqrt(3) * Vref / (2 * Edc) * Ts * sin(pi / 3 - thetarefl);

t2 sqrt(3) * Vref / (2 * Edc) * Ts * sin(thetarefl);

t0 := Ts - tl - t2;

vectort := {t0 / 4, t1 / 2, t2 / 2, t0 / 2, t2 / 2, t1 / 2, t0 / 4};

veumsum := {vectort[l], vectort[l] + vectort[2], vectort[l] + vectort[2] + vectort[3], vectort[l] +
vectort[2] + vectort[3] + vectort[4], vectort[l] + vectort[2] + vectort[3] + vectort[4] + vectort[5], vectort[l]
+ vectort[2] + vectort[3] + vectort[4] + vectort[5] + vectort[e], vectort[l] + vectort[2] + vectort[3] +
vectort[4] + vectort[5] + vectort[6] + vectort[7]};

vl o, 0, 1, 0, 0, O};
v2 0, 1, 1, 1, 0, 0};
v3 1, 1, 1, 1, 1, 0};

for i in 1:7 loop
if signal < vcumsum[i] then
sa = v1[i];
sb = v2[i];
sc = v3[i];
break;
end if;
end for;
end if;
//sector V
if (-2 * pi / 3) <= Thetaref and Thetaref < (-pi / 3) then
n := 5;
thetarefl := Thetaref — pi / 3 * (n - 1);
tl := sqrt(3) * Vref / (2 * Edc) * Ts * sin(pi / 3 - thetarefl);
t2 sqrt(3) * Vref / (2 * Edc) * Ts * sin(thetarefl);
t0 :=Ts - tl - t2;
vectort {t0 / 4, t1 / 2, t2 / 2, t0 / 2, t2 / 2, t1 / 2, t0 / 4};
voumsum {vectort[l], wvectort[l] + vectort[2], vectort[l] + wvectort[2] + vectort[3], vectort[l] +
vectort[2] + vectort[3] + vectort[4], vectort[l] + vectort[2] + vectort[3] + vectort[4] + vectort[5], vectort[l]
+ vectort[2] + vectort[3] + vectort[4] + vectort[5] + vectort[e], vectort[l] + vectort[2] + vectort[3] +
vectort[4] + vectort[5] + vectort[6] + vectort([7]};
vl := {0, O, 1, 1, 1, 0, 0};
v2 {o, o, 0o, 1, 0, 0, 0};
v3 := {0, 1, 1, 1, 1, 1, O};
for i in 1:7 loop
if signal < vcumsum[i] then
sa := v1[i];
sb = v2[i];
sc := v3[i];
break;
end if;
end for;
end if;
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Listing - Continued

//sector VI

vectort[2] +
+ vectort[2]
vectort[4] +

vectort[3] +
+ vectort[3]
vectort[5] +

sa v1i[i];
sb v2[i];
sc 1= v3[i];
break;
end if;
end for;
end if;
equation

annotation( [ ...);
end svowm:

<= Thetaref and Thetaref < 0 then

if (-pi / 3)
n := 6;
thetarefl := Thetaref - pi / 3 *
tl := sqgrt(3) * Vref / (2 *
t2 := sqgrt(3) * Vref / (2 *
t0 :=Ts — tl — t2;
vectort := {t0 / 4, tl / 2,
vcumsum := {vectort[l]

vectort[1l] + vectort([2],
vectort[4],
+ wvectort[4] + vectort[5] + vectort[6]
vectort[6] + vectort([7]};

vl := {0, 1, 1, 1, 1, 1, 0};
v2 {0, 0, 0o, 1, 0, 0, O};
v3 := {0, 0, 1, 1, 1, 0, 0};
for i in 1:7 loop

if signal < vcumsum[i] then

(n - 1);

Edc) * Ts * sin(pi / 3 - thetarefl);
Edc) * Ts * sin(thetarefl);

t2 / 2, t0 / 2, t2 / 2, t1 / 2, t0 / 4};

vectort[l] + wvectort[2] + vectort[3], vectort[l] +
vectort[1l] + wvectort[2] + wvectort[3] + vectort[4] + vectort[5], wvectort[l]
vectort[1l] + vectort[2] + wvectort[3] +

class switching pattern
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
Modelica.Blocks.Interfaces.
algorithm
if sa == 1 then
sl

56
end if;

annotation( [ ...):

end switching pattern;

RealInput sa annotation( L W)
RealInput sb annotation( | ;
ReallInput sc annotation( | ...):

BooleanOutput sl annotation( | -)
BooleanOutput s2 annotation( | L)
BooleanOutput s3 annotation( [ -)
BooleanOutput s4 annotation( | L)
BooleanOutput s5 annotation( [ L)
BooleanOutput 56 annotation( [...);




