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Abstract 

This master thesis project represents an improved model of a grid connected three phase, single 

stage PV system implemented in SIMPOW program. The proposal model consists of a PV 

generator employing a PWM converter in order to interface the AC network. The main objective 

of the project is to introduce the main components of the represented model as well as the 

required controller schemes. In order to achieve the accurate performance of the PV system with 

respect to the integration grid, both AC and DC side network are equipped with controller 

facilities, optimizing the system operation. The control facilities, implemented on the DC side, 

are mainly focusing on regulation of the output DC voltage of the generator depending on the 

requirements of the system. The newly proposal MPPT model represents an improved 

optimization strategy for the DC voltage extraction corresponding to various environmental 

conditions. The AC side controllers are designed considering the PV system dynamic 

contribution on the grid as well as its participation in reactive power provision to the network. To 

study the accuracy of the dynamic operation of the system, several case studies have been 

performed on AC and DC side. The results of those studies have been discussed considering their 

simulation diagrams. 
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1 Introduction 
 

To stop global warming which is going to be the disaster of modern life, the carbon dioxide emission 

out of the energy production should be reduced significantly. However the increasing global population 

and extra coming demands of developing countries makes the energy reduction quite impossible.  

The alternative would be to increase the efficiency of energy usage. Renewable energies are the only 

option to cover the energy demand while sustaining environmental issues. Wind power, hydro power, 

biomass, solar and geothermal energy are sources of renewable energies [1]. Among all of those 

sources, the sun is the most significant one since the earth‟s total energy absorption of solar irradiation 

is approximately 3,850,000 exajoules (EJ) per year. In the following years, the efficiency of solar 

energy has been increased continuously while the cost of generation has been decreased.  

There are two different strategies to derivate electricity out of the solar energy.  

 Solar Thermal, which employs the sun irradiation usually to heat the water. The steam out of 

the hot water would be used in electricity production. 

 Photovoltaics, which extracts electricity directly from the sun irradiation by use of solar panels. 

 

 

 
Fig.1.1 Solar cell production by region [2] 

http://en.wikipedia.org/wiki/Joule#Multiples
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Considering a photovoltaic cell as a device which converts the light into electric current, all desired 

generator sizes can be realized. Many photovoltaic applications are built for off-grid sites. However 

since the early 1990s tens of thousands of gird connected generators have been installed in several 

countries. The increasing penetration of solar generation has been shown in Fig.1.1. 

Photovoltaic solar power in Europe 

In Europe, 21.9 GW of grid connected photovoltaic system installed in 2011 which is a considerable 

increased value compared to 13.4 GW of installation in 2010. The solar power share in 2011 was 

around 3.6% in Italy, 3.1% in Germany and 2.6% in Spain. Fig.1.2 shows the increasing penetration of 

photovoltaic installation in European Union from 2010 to 2011, [3].   

 

 
 

Fig.1.2 Photovoltaic capacity connected in European union during the years 2010, 2011 (MW/year), [3] 
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Energy costs 

Financial incentives for photovoltaic have always been inspiring producers to install PV generating 

systems. The price of PV modules per MW has fallen since summer 2008 as a result of the encouraging 

governmental policies. The price of PV generation has fallen even below that of nuclear power since 

2011. The average cost of PV production decreased from $3.50/watt to $2.43/watt during 2011, [4]. 

 

1.1 Project Objective 

 

Nowadays the exponential increase in photovoltaic power penetration comes along with a higher 

demand of researches for lower cost and higher efficiency. To meet this demand the possibility of 

conditional prediction of irradiation and temperature is required. That would define the proper size of a 

PV generator and the converter as well as design of controller blocks to extract maximum efficiency 

out of a PV module.  

The PV system interaction with the external grid or other PV generators is another issue which is of 

high interest.  

 

The contents of the project are focusing on the two main conversion parts of a PV system. The DC side 

of the PV system consists of PV modules to derivate the DC current out of the sun irradiation. The PV 

system then interfaces the AC network via a converter.  

As the next step the DC side of the system is equipped with the controllers such as Maximum Power 

Point Tracking (MPPT) or active power control. The impact of the PV system on the grid operation is 

provided by extra controllers installed on the AC side.  

SIMPOW program is employed in order to develop the proposal model. Finally the simulation results 

of system performance are discussed. 

 

1.2 Project Outline 

 

 Background, in chapter 2 a brief overview of a general PV system is explained. Different types 

of a PV system as well as its electrical requirement facilities are introduced. Finally the PV 

system performance based on the external grid operation is discussed and regarding that, the 

requirements of the grid are stated.  

 

 Model description, chapter 3 is dedicated to explain the modeling detail of the proposal PV 

system. After a brief description of the employed software tool, the proposal model of the PV 

system connected to an external grid is implemented in SIMPOW. The modeling methodology 

of the system is divided to three subsystems, the converter, the DC network and the AC 

network. Considering the relevant subsystem, PV array is explained base on illustrating 

parameter definition methods and other components of the system such as the DC capacitor, 

voltage source converter and voltage regulators are introduced. External controllers of the PV 
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system are also indicated in chapter 3. The proposal model mainly focuses on the improved 

model of MPPT function.   

 

 Results analysis, chapter 4 studies the performance of the proposal model considering several 

case studies. 

 

 Conclusion, the report is ended summarizing the conclusion of this project study. The possible 

future work leading to more development in this respect is discussed. 
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2  Background 
 

Photovoltaic (PV) is the method of attaining electric power through conversion of solar radiation into 

direct current electricity. The basic element of photovoltaic technology is the solar cell. They are made 

of the same kinds of semiconductor materials used in the microelectronics industry. Those materials are 

able to exhibit a property known as the photovoltaic effect, (the photoelectric effect was first noted by a 

French physicist, Edmund Bequerel, in 1839, who found that certain materials would produce small 

amounts of electric current when exposed to light). The most common material used in a solar cell is 

silicon. In a solar cell, a thin semiconductor wafer forms an electric field which results in two layers of 

positive and negative charges.  

When a PV cell is exposed to the sunlight, which is composed of photons, it absorbs some part of the 

photons. By absorption, the energy of the photon is transferred to an electron in an atom, making that 

able to escape from its position. Since the conductor is attached to the positive and negative side, the 

electron can be captured to be part of the electric current. Connecting the two layers to an external load, 

electrons flow through the circuit, producing electricity. 

An individual PV cell may produce up to 1-2 watts. 

 

Fig.2.1 Operation of a basic PV cell 

 

Considering the idea of photovoltaic, PV modules are made up of a combined package of solar cells in 

order to increase the power output. Several modules will be connected in series/parallel to produce the 

desired level of voltage and current. 

2.1 Electrical characteristics of PV system 

 

To identify a PV unit, there is an I-V characteristic of that available. A typical shape of an I-V curve 

shows the basic points such as short circuit current, open circuit voltage and the maximum power point 

[5].  
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Fig.2.2 Typical PV characteristic 

 Short circuit current (   ), is the maximum current flowing while the output terminals of the 

PV cells are short circuited. The value of this current is highly proportional to the level of solar 

irradiation (see Fig.2.3). It is almost 5/15 per cent higher than the current of maximum power 

point [6].  

 
Fig.2.3 Irradiation dependence of PV cells 
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 Open circuit voltage (   ), is the maximum voltage which provides the PV cell while its 

terminals are open circuited. The value of this voltage is inversely proportion to the temperature 

of the PV array (see Fig.2.4). 

 

 
 

Fig.2.4 Temperature dependence of PV cells 

 

 

 Maximum power point (MPP), is the point shown in the I-V curve where the PV cell is 

provided with the maximum possible electric power. The voltage of this point is called the 

maximum power voltage (   ) and the related current is the maximum power current (   ). 

The amount of maximum power is highly influenced by the level of irradiation as well as the 

ambient temperature of the PV.  

Maximum power point is one of the aims of this proposal to be achieved during the PV system 

operation. 

 

 Rated power output, is output of a PV under standard condition. Considering STC categories 

of PV modules, standard condition is described for the following situation:  

G= 1000 W/m2, T= (      °C, AM= 1.5 AM, where G is the vertical irradiance, T is the 

ambient temperature and AM indicates the air mass [6].  
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As it was mentioned earlier, a number of PV cells are being wired in series to achieve the desired 

voltage and in parallel to increase the current. The combination of PV cells forms modules and they 

finally assemble into arrays. 

 

 
 

Fig.2.5 Different I-V curves as a result of PV modules interaction 

 

I-V curve characteristic of several PV array is shown in the Fig.2.5. It is shown that each curve is a 

combination of the indicated series and parallel smaller parts.  

2.2 Categorization of PV systems 

 

PV systems can be classified into two groups, 

 

Stand-alone PV systems 

 

These types of PV systems are independent of the utility grid, being implemented in rural or remote 

areas. They may also be used in conjunction with a wind turbine.  

They would be divided in to subgroups of direct-coupled system where a PV system is directly 

connected to a dc load without any capability of energy storage and stand-alone system with battery 

when there is a battery bank available to store the energy which exceeds the load demand or to supply 

the load when it requires more than the generated power.  
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Grid connected PV systems 

 

As its name describes, the PV systems connected to the utility grid belong to this group. The 

connection would be done through several intermediate levels. Initially the PV generator DC voltage 

will be passed through a boost DC-DC converter if necessary to achieve the acceptable voltage level. 

The boosted DC voltage will interface the utility grid by means of a Voltage Source Converter. 

 

Considerable increasing of this type of PV system penetration is providing a serious demand of 

proposing comprehensive models. The models should contain proposal controller blocks which focus 

mainly on the DC and AC side operation of the PV system. They should be capable of representing 

realistic power system simulation studies.  

 

2.3 PV Inverters 

 

In a photovoltaic system, inverters are used in order to transform the DC power output of PV 

generators to the grid synchronized AC power. In other word, in a PV system the DC and AC network 

are interfaced via an inverter.  

 

Typical requirements of PV inverters are: 

 Efficiency > 95% (High efficiency) 

 Maximum Power Point Tracking (MPPT) 

 Standard requirements of grid connection,   

      Grid monitoring and synchronization 

      Active anti islanding algorithms 

      Isolating, leakage current monitoring, DC current injection monitoring 

      High power quality, [7]-[8]    

 

Maximum Power Point Tracking (MPPT)  

 

Each PV cell has a complex relationship between its environmental conditions and the maximum 

power it can generate. Solar irradiation and temperature are the most effective parameters which 

maximum output power of PV cells are dependent up on. Considering Fig.2.6, it can be shown that 

there exists a maximum value for each     curve corresponding to its optimum voltage [9]. 

 

MPPT is a function to find the optimum voltage regarding any new solar condition for temperature or 

irradiance. By means of MPPT one can issue the reference voltage by regulating the voltage in a way 

that the maximum possible power could be extracted from a PV generator. The reference voltage would 

later define the input value to the DC voltage regulator block.  
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Fig.2.6 Irradiation and temperature impact on     characteristics of PV array 

 

 

There are several techniques in the literature used in order to illustrate the function of MPPT. The 

Artificial Neural Network (ANN) [10], the fuzzy-logic [11], Perturb and Observe (P&O) and 

Incremental Conductance method [12] are examples of different applied MPPT techniques. 

   

Among all proposed strategies, P&O and IC are seemed to be the two methods which have been 

employed wildly. The concept of each of these two methods is discussed in chapter 3. 

 

2.4 PV system Configurations 

 

According to the type of inverter connections to the system, three different configurations of PV 

systems can be realized, 

 

 Central inverters: In this configuration, several PV strings are connected in parallel. It is 

suitable for 10 kW-250 kW of total three phase generation (see Fig.2.7).  

The advantages of central inverter connection are high efficiency and low cost, however it has a 

low level of reliability. 

 
 

Fig.2.7 Central inverter [7] 
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 Multi inverters: The typical residential application is for 1.5 kW-5 kW. According to this 

configuration, each PV string has its own enabling inverter MPPT. 

 

 

 
Fig.2.8 Multi inverter [7] 

 

 Module inverters: The typical application is for 50 kW-180 kW production. Each panel has its 

own inverter enabling MPPT. Low efficiency and difficult maintenance can be counted as 

drawbacks of using this model.  

 

 
Fig.2.9 Module inverters [7] 

 

2.5 Requirements of the grid 

 

The recent policies designed by feeds in tarrif has been offering long term contracts to renewable 

energy producers encouraging them to accelerate investment of those technologies. Among all those 

technologies, solar energy has been awarded a higher per-kWh price rather than for instance wind 

power due to its higher cost of generation. This issue has caused a significant increase in installation of 

grid connected PV system which has called for better understanding of those systems. 
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In order to satisfy the utility grid‟s requirements it is needed to modify the proposal models which 

could improve the simulation study results of the system. This task has been developed in recent years.  

In this chapter the main requirement of the grid and control strategies of a PV system to achieve those 

requirements has been discussed.   

 

Previous to 2009, PV generators were not been allowed to stay connected to the system during grid 

disturbances. They could not therefore participate in the system improvement during a fault condition. 

Today, due to the increasing penetration of PV systems, they have to meet required technical 

specifications in order to ensure the stability of the system. They should not only be able to stay 

connected to the grid during a disturbance, but also support the grid through reactive power injection 

during steady state condition contributing to voltage control and injection of short circuit current during 

a fault condition. 

 

2.6 German grid codes 

 

The highest penetration of PV system including production, installation and integration, has been 

established in Germany, Spain and Italy. Therefore each of those countries has been following their 

own national grid codes. However all European countries are recommended to satisfy the EU 

standards, 

 

 EN 50160:Voltage characteristics of electricity supplied by public distribution systems 

 EN 50438: Requirements for the connection of micro-generators in parallel with public low-

voltage distribution systems [13]   

 

Among those three major countries, German grid code is found to be the most updated one. Hence it 

has been used as the reference code to satisfy the grid requirement in various studies. Despite 

renewable plants connected to low or medium grids which are not contribute to the stability of the grid, 

PV plants connected to the utility grid should stay connected to that during a disturbance and support 

the grid in order to maintain its stability. The major requirements of the utility grid according to 

German code have been described in the following sections. 

 

Dynamic grid support 

 

By Low Voltage Ride Through (LVRT) capability, one means that an electric system would remain 

connected to the grid in case of any temporary voltage drops or load changes. The objective of LVRT 

for a PV system as a renewable power generation is accessible if proper dynamic support of the grid is 

provided.  

 

The PV system should satisfy one of the following options during a low voltage ride through [14]. 

 Stay connected to the utility grid 
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 Provide the required reactive power in order to improve the voltage stability of the system 

 

The PV system will also perform under one of the optional conditions as follows during a certain fault. 

 

 Being disconnect during a fault and reconnected immediately after the clearance of the fault 

 Stay connected to the grid during the fault 

  Stay connected to the grid during the fault while supporting the grid by reactive current 

injection 

 

Among the introduced options during a certain fault, the first strategy has been applied up till now for 

the designed PV systems. 

 

 

 
 

Fig.2.10 Limiting voltage curves in a fault condition [14] 

 

Fig.2.10 shows the limiting curves of voltage for a renewable system during a fault. For any voltage 

drops with durations less than 150ms, the PV system should not be disconnected from the grid. The 

disconnection happens when the condition places under the blue line. Considering borderline 1 and 2, it 

should be mentioned that voltages above borderline 1 would not lead to disconnection or instability, 

while below borderline 2 a short time disconnection is required. In the area below borderline 1 and 

above borderline 2, the system should be capable of LVRT, [14]. 
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Fig.2.11 Principle of voltage support during a fault condition [14] 

 

Fig .2.11 shows how the PV system would support the grid during a symmetrical fault by injecting 

reactive power. Voltage deviations which happen between       would count as a value of the dead 

band when there is no requirement of reactive current injection. If the voltage drop happens out of this 

dead band, the power system is supposed to supply reactive current demand of the grid. The required 

reactive current may reach 100% of the rated current in necessary conditions. The system should act 

with in a time period of 20ms of the fault.  

 

 

Active power control 

 

The PV system should be capable of active power reduction in order to avoid overload situation, 

potential danger to the system operation, islanding and instability of the system [14].  It is a task for the 

network operator to temporarily limit the fed in power or disconnect the generation plant.  

The active power reduction can be held up to 10% of the network connection capacity per a minute 

without requiring disconnection of the plant. 
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Fig.2.12 Active power reduction in case of over frequency [14] 

 

According to Fig.2.12, the active power reduction should be done with a negative gradient of 40% of 

the generator‟s instantaneously connection power capacity per Hertz in a case that system frequency 

increases to more than 50.2 Hz. The active power is allowed to increase again if the frequency reaches 

back to less than 50.05 Hz. The power increment should happen in a way to avoid the frequency to 

exceed 50.2 Hz, [14].  

 

Reactive power control (regarding static grid support) 

 

During steady state situations there are possibilities of low voltage fluctuations which should be kept 

within the acceptable limits. PV systems are designed to provide active power. However to supply the 

static grid support, reactive power exchanges between the plant and the utility grid is recommended to 

a very limited extend. The inverters of PV system have been oversized in order to meet the demand of 

reactive power injection [6]. 

 

The PV system may carry out this task through one of the following options: 

 

 Constant reactive power 

  Constant power factor 

  Dynamic power factor 

  Droop-based control strategy 

 

The concept of each strategy is discussed in chapter 3. 
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3 Model Description and Implementation in SIMPOW 
 

In this project the main schematic of a single stage PV system has been developed according to Fig.3.1. 

The PV system consists of PV arrays, dc-bus capacitor, voltage source converter, regulators and control 

systems [15]-[16].  

 

 

 
Fig.3.1 Schematic of PV system connected to the power system 

 

 

This model is later utilized for system analysis of power flow and dynamic simulations. 

  

The interconnection of DC side with the AC network is provided by a PWM converter. The input 

commands to this converter are defined by number of regulators and external controllers (see Fig.3.2). 

 

In the following sections it is tried to introduce general function of SIMPOW. The basic diagram of 

Fig.3.1 is then implemented in SIMPOW according to division of the system to three different 

subsystems, power electronic converter, AC network system, DC network system. The constitutive 

elements and controllers of each subsystem are explained in each section. 
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Fig.3.2 Control blocks of the PV system 

 

3.1 Introduction to the tool 

 

SIMPOW is a tool developed by STRI AB, used as the software for power system simulations with the 

main focus on dynamic simulation. The static and dynamic digital models of most power system 

elements are being documented in order to be used for power flow calculations and dynamic 

simulations in the time domain. Electrical state variables of a power system are described in phasor 

context of voltages and currents of AC network and their mean values for the DC network [18]. 

Basic functions 

Dynamic Simulation Language, DSL, is used as a facility making the tool extendable. Therefore the 

user would be able to implement any element model of the system. Hence it makes the program to be 

capable of long term dynamic simulations as well as very fast transient conditions. 

In order to give accurate results, SIMPOW uses numerical techniques to solve a system of differential 

and algebraic equations. 

The first step to analyze a power system is to design a model of that describing the system component 

parameters and to set values to those parameters by means of introducing input data files to the created 

data groups.  
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Fig.3.3 Basic functions of a SIMPOW program [18] 

 

Fig.3.3 shows the main schematic parts of the program and the relation between each part. OPTPOW 

refers to the power flow function which uses the static single phase model of the system to establish the 

network topology. In this topology, loads and production sources are described by means of their active 

and reactive power injections, transmission lines by means of their admittances and etc. The result of 

power flow calculations out of the OPTPOW files are the steady state solutions for the introduced 

system providing initial values for the dynamic simulations. 

DYNPOW represents the dynamic model of the system by introducing dynamic models of the system 

elements. The dynamic function uses the supplementary stored model of the network from OPTPOW 

results and also the dynamic element models from the input data files in order to calculate state 

variables‟ initial values. It would later perform time simulations for dynamic analysis of the system 

[18]. 

Communication between modules 

It is not possible to exchange information directly between two or more DSL component. Global 

variables are used in order to provide the communication between different functions (see Fig.3.4). 

They can be accessible for all system processes and must have unique names for the entire parts of the 

system [18]. 
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Fig.3.4 Global variable [18] 

 
The main objective of this project is to give a brief structural overview of the subsystems, (see Fig.3.2), 

which are already documented in SIMPOW such as VSC, voltage magnitude and phase angle regulator, 

as well as introducing the proposal control strategies which are later implemented in SIMPOW by 

means of DSL files. 

 

3.2 Power electronic converter 

 

The objective of this VSC is to provide adequate interaction between the AC and DC networks to 

which it has been connected. For this purpose, the converter injects currents to the network where the 

injection currents are function of the terminal bus voltages.  

 

To provide the equations of VSC which results in desirable AC voltage phasor and DC voltage average 

value, the injection currents are given as functions of those desired parameters and also the control 

variables determined by VSC controllers. 

 

Hence the connection of VSC to the electrical network can be explained considering two terminals.  

 

 The AC terminal, at which it interfaces with the AC network;  

 The DC terminal, at which it interfaces with the DC network; 
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The detailed schematic of this VSC is shown in Fig.3.5. It can be seen that the converter consists of 

thyristors and diodes connected to each other in an antiparallel direction. Thyristors are of GTO type. 

The output AC voltage can be obtained as a result of proper turning on and off of switches by means of 

Pulse With Modulation (PWM) method [18]. 

 

From the figure the output terminal AC voltage,  ̅  , can be defined as, 

 

 ̅     ̅      ̅                         (3.1) 

 

where  ̅          is the total impedance of VSC and has been assumed as part of the line 

impedance during this thesis.  ̅   also can be expressed as, 

 

 ̅     
√ 

 
                                     (3.2)      

 

where   and     are voltage magnitude and phase angle of the ac terminal bus voltage  and     
        

        
 , where          is the base voltage value of the DC bus and          is the base voltage of the 

AC bus [18]. 

 

 
Fig.3.5 three-phase model of a voltage source converter [18] 

 

 

Considering equation (3.2) it is obvious that the output AC voltage achieves the desirable voltage 

magnitude and phase angle results if VSC receives proper orders from voltage magnitude and phase 

angle regulators. Hence the converter can be considered as a controllable voltage source (see Fig.3.6). 
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Fig.3.6 Voltage source converter regulators [18] 

 

Since the converter is assumed to be lossless, the active power into the DC terminal is equal to that 

from the converter at the AC terminal, 

 

             (                       )     (3.3)      

 

where        and        are the real and imaginary parts of the AC current respectively.    illustrates the 

AC voltage magnitude and the negative sign of the DC side indicates the direction of the input power to 

the converter while the positive sign of the AC side shows that the output power from the converter is 

of interest [18]. 

 

Considering equations (3.2) and (3.3),   and     which are the AC voltage amplitude factor and phase 

angle respectively can be ordered out of the designed regulators (see Fig.3.7). 

 

 

 
 

Fig.3.7 Voltage source converter configuration in positive sequence [18] 
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3.3 AC network 

 

Voltage magnitude regulator  

 

To control the AC voltage amplitude a regulator has been shown in Fig.3.8. The input to this regulator 

is the difference between the actual voltage magnitude and an ordered voltage value. The ordered value 

for the voltage is defined as the summation of an additional control signal,      , and the initial value 

of the voltage,     . In order to prevent over voltages to happen,      is added to the input signals. 

     is a limitation signal which will be calculated automatically based on the documentary procedure 

of an overload limiter in SIMPOW and will be imposed to a specific output parameter of the voltage 

source converter [18]. 

 

The differential input voltage would pass an implemented integrator which can be modified according 

to its various applications. The output of the regulator is the amplitude factor, by which the AC voltage 

magnitude would be controlled. 

 

 

 
Fig.3.8 Voltage magnitude regulator [18] 

 

 

The additional control signal imposed to the regulator can be illustrated either based on a user defined 

controller,      , or according to the judgmental rules of an external implemented control block. 

The option of „user defined control‟ employs a table of constant voltage values as the input signal to the 

regulator. This strategy is not of interest in this project. However it will mainly focus on proposing 

different control strategies in order to adjust the additional command signals to the regulator.  
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The external controller employed in in this respect is the constant AC voltage control which is shown 

in Fig.3.9. The strategy of constant AC voltage control is intended to control the AC voltage based on 

the ordered value of the voltage,        . Hence the input to the controller is the set value of the voltage 

magnitude and the actual measured amplitude of the voltage at AC bus. The differential signal will pass 

a modified PI controller and the output indicates       . The concept of this controller can be found in 

form of a DSL file called „uacref‟ in appendix 7.1. 

  

In Fig.3.9,     is the power oscillation damping signal which is dedicated as an optional input signal, 

enabling the system to be stabilized facing possible oscillations in an extended power system, which 

can be demanded as a future working prospect.     has been given a zero value by which it is 

deactivated in this project. 

 

 
Fig.3.9 AC voltage control (DSL file name: uacref) 

 

 

Voltage magnitude regulator with control of reactive power  

 

Regarding the criterion for voltage stability [20], a positive reactive power injection to the AC bus 

would result in increasing of the voltage magnitude and the opposite would happen for the negative 

reactive power injection. According to that, one can say that any changes in the reactive power 

transferred on the line connected to the AC bus is highly proportion to the changes of  voltage 

magnitude of the AC bus. Regarding that, a second strategy to control the voltage magnitude is 

considerable. This technique is illustrated as the reactive power control strategy. 

  

Fig.3.10 shows the regulator of reactive power on the AC line. The same as AC voltage magnitude 

regulator, the input to the regulator is the difference between the actual measured reactive power of the 

line and an ordered reactive power value.      is the control signal which is automatically calculated by 

means of an overload limiter available in the program‟s documentary. This signal is added to the input 

signals in order to prevent happening of over voltages [18].  

 

According to Fig.3.10 the differential input signal will pass an integrator. The final output of the 

regulator indicates the voltage amplitude factor. Therefore the regulator intends to control the AC 

voltage in a way to achieve the ordered value of reactive power. 



26 
 

 
Fig.3.10 Voltage magnitude regulator with control of reactive power [18] 

 

The additional control signal imposed to the regulator can be illustrated either based on a user defined 

controller,    , or according to the judgment rules of an external implemented control block. 

The same as AC voltage regulator, the option of „user defined control‟ is not of interest. However it is 

intended to implement an external controller by means of a DSL file called „qref‟ in order to adjust the 

additional command signal to the regulator. The concept of this DSL function can be found in appendix 

7.1 as well as its performance which can be realized according to the block diagram of Fig.3.11. 

  

According to Fig.3.11, the input to the controller is the set value of the reactive power,        , and the 

actual measured value of that,        , on the AC line. The same reason illustrated in Fig.3.9 for the 

summation of     with the input signals is valid here. This signal is given a zero value in this project. 

  

The differential value will pass a modified PI controller and the output indicates      .  

 

 
Fig.3.11 Reactive power control (DSL file name: qref) 
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The set value given to         can be extracted out of one of the following optional strategies,  

 

a. Constant reactive power 

b. Unity power factor 

c. Dynamic power factor 

d. Droop-based control strategy 

The proper technique will be selected according to the requirements of the system. 

 

Constant reactive power 

 

In case of fixed reactive power control, normally the control system tries to keep the reactive power 

injection equal to the initial value of that. 

 

                        (3.4) 

 

where   is the initial value of reactive power. However, the set value of the reactive power controller 

can be changed according to the requirements of the system. 

 

Unity power factor operation 

 

As its name indicates, the controller intends to keep the amount of power factor equal to one, 

 

                        (3.5) 

 

The reactive power will be calculated as a function of power factor and active power, 

 

                          (3.6) 

 

where    represents the active power injection from the converter to the AC network. 

Hence the reference value given to        , will be zero. 

 

Most of currently installed power systems have no contribution on reactive power supply by unity 

power factor implementation. However the recent standards have considered an amount of reactive 

power supply by definition of non-unity power factor.  

In this project the simulation result of the system performance regarding the unity power factor strategy 

is skipped to be shown since it can be considered as a subset of constant reactive power control. 

 

Dynamic power factor operation 

 

By this method the power factor and type of the reactive power is depended up on the active power 

production. In comparison with constant power factor, this method prevents unnecessary reactive 
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power provision. A drawback of this strategy is that the power factor would be defined regardless of 

the voltage profile.  

Fig.3.12 shows the concept of this method [16]. In the figure   represents    , the active power 

injected to the AC line, while P.F. represents the power factor. 

 

 
Fig.3.12 Dynamic power factor characteristic [16] 

 

According to Fig.3.12 the amount of value given to         would be defined by means of the following 

judgment rules, 

 

                     (3.7) 

 

where           is the minimum limit for the power factor,    is the base power which is assumed to 

be valid for the entire system and    is the new base value in this respect. To define the required power 

factor, the measured active power per-unit value will be altered to the new base value of   . 

 

The following conditional rules will derivate the required absolute value of power factor as well as the 

value which should be given to        . 

 

 If    ⁄      then the required power factor will be in the capacitive region, 

 

                           ⁄                  (3.8) 

 

             ⁄                 (3.9) 

 

 If    ⁄      then the required power factor will be in the inductive region, 

 

                             ⁄                  (3.10) 
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             ⁄                 (3.11) 

 

where      
√       

    
 and the value given to        is per-unit value based on    and can be directly 

imposed to the input signal of the reactive power controller.     

 

Droop-based control strategy  

 

Droop based control strategy defines reactive power demand based on the voltage deviations in the 

system. According to Fig.3.13 for voltage fluctuations within the dead band, there is no reactive power 

injection commanded which eliminates the unnecessary production or absorption of reactive power 

[16]. 

 

 

 
Fig.3.13 Droop control strategy  [16] 

 

According to Fig.3.13, 

                     (3.12) 

 

                      (3.13) 

 

where           is the minimum limit for the power factor,    is the base power which is assumed to 

be valid for the entire system and    is the new base value in this respect.      
√       

 

     
 and 

    is the maximum extractable reactive power. 

 

In Fig.3.13,    ⁄  represents the per-unit measured value for the AC voltage, where       which is 

the voltage on the AC terminal bus, and   is the base value of voltage magnitude on the AC bus.  
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Considering a dead-band interval as follows,  

 

               (3.14) 

               (3.15) 

 

The value imposed to        will be calculated according to the following conditional rules, 

 

 If    ⁄      then 

 

                         (3.16) 

 

 If        ⁄    then  

 

                            ⁄                    (3.17) 

 

 If      ⁄    then  

 

                   (3.18) 

 

 If      ⁄      then  

 

                             ⁄                    (3.19) 

 

 If        ⁄  then  

 

                          (3.20) 

 

 

 

3.4 DC network 

 

PV Generator  
 

In a PV system the main basic device is a PV cell. To form an array, multitude numbers of PV cells are 

connected in series and in parallel as it was discussed in section 2.1. PV generator contains of one or 

several PV arrays connected to each other. 

 

Among different kinds of proposed equivalent circuits for a PV cell, the single-diode circuit is the one 

which offers both simplicity and accuracy. Therefore this model is mostly used in power system 



31 
 

simulation studies. Other proposed models are a two-diode circuit which is used in case of low voltage 

and irradiance, also a three-diode circuit for small size PV cells [15]. 

 

Eventually all equivalent circuit models are extendable from a PV cell to a PV generator. 

 

 
Fig.3.14 Single-diode equivalent circuit of a real PV cell [15] 

 

 

Fig.3.14 shows a single-diode equivalent circuit of a PV cell which is composed of five parameters. A 

non-irradiated PV cell shows the same electrical behavior of a diode. A combination of the diode and a 

current source would indicate a PV cells behavior under different conditions of irradiation, temperature 

and load. The series connected resistance,   , represents the structural resistance of a PV cell which is 

indeed the voltage drop while charged carriers are being transferred from p-n junction to the external 

contacts.    is the parallel resistance modeling the leakage currents of p-n junction. 

 

Parameter definition 
 

Equation (3.21) is the main equation of a PV cell representing the relationship between current and 

voltage [17].   and   are the output terminal current and voltage while    is the terminal current of an 

ideal PV cell.  

 

                                   (3.21) 

with        (
     

  
) ; 

 

   is the summation result of current source    and diode current    with respect to their direction. It is 

also shown in Fig.3.15.   

 

                                  (3.22) 
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Fig.3.22 The net cell current I composed of            [17] 

 

  

The diode current can be expressed by, 

 

        ( 
        

   )             (3.23) 

 

where    is the saturation current of the diode and   is the ideality factor.   illustrates the inverse 

thermal voltage as, 

 

     
 

    
                       (3.24)      

 

                   ⁄   ; is the Boltzmann‟s constant, 

                     ; is the electron charge, 

  is the temperature of p-n junction. 

   also represents the number of connected series PV cells composing a PV module. 

 

              and    are the five parameters of the circuit which must be determined. 

 

  is commonly given a value between 1.0 and 2.5 depending on the PV device type. 

    is a linear function of irradiation, G, and also depends on the temperature, T. Therefore it can be 

approximated in a short circuit condition as: 

 

                      
 

  
            (3.25) 

 

   depends only on temperature and it can be approximated during the open circuit situation as follows, 

 

      
            

 
 
 

(            )
  

                  (3.26) 
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The definition strategy of the two remain parameters (   and   ) is explained in the following section. 

   

It should be mentioned that PV array manufacturers provide experimental datasheets of electrical 

characteristics instead of an     curve. This information is provided considering the standard 

conditions for temperature and irradiance. The datasheets contain the information about the open circuit 

voltage,     and short circuit current,    , the maximum power,     , the voltage of the maximum 

power point,     and the current of that point,    , the open circuit coefficient of the voltage,    and 

the short circuit current coefficient,   .  

 

 

Adjusting           

 

The commonly determination of the circuit resistances is based on varying    and    until the     

curve fits its experimental data for the maximum power voltage and current. This method is not 

considered in this thesis since it is not a strong accurate way to obtain    and    separately. This model 

forgets to take care of     to match the experimental data too.  

To achieve a good     curve,    and    has been determined using another proposed method based 

on the fact that there should be an only pair of  {     } that warranties to have the experimental 

maximum power at point            of the     curve [17].  

 

 

 
Fig.3.23 Plotted     curves for different values of    and     [17] 

 

 

Hence this method aims to find the only value of    and    in order to make the equilibrium point of 

the      curve,       , equal to its experimental value,       , happening at          . 



34 
 

Fig.3.23 shows different maximum power points for different values of     and   . 

In Fig.3.24 corresponding     curves show that all those curves cross the experimental MPP at  

         . 

 

 

 
 

Fig.3.24 Plotted     curves for different values of    and     [17] 

 

 

Achieving               requires iterative increasing of     from zero value. Fig.3.24 shows how 

increasing of    makes        to change until it reaches       . Adjusting the final value of resistances 

does not need to plot the     curve for each step since the peak power value is only required.  

When resistance determination is done, to plot the      and     curves it is required to solve the 

equation (3.21) for           and          . Since          and         , equation (3.21) 

would be solved using numerical methods. 

 

MATLAB codes regarding adjustment of    and    are given in appendix 7.2. 

 

Norton equivalent circuit 

 

Fig.3.25 shows the Norton equivalent circuit of the introduced single-diode circuit for a PV module 

[15].  
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Fig.3.25 Norton equivalent circuit of a PV module [15] 

 

    is the equivalent current source, 

      
  

     
                   (3.27) 

where  

        ( 
 

 
 
          

       )            (3.28) 

 

    is the Norton equivalent resistance, 

 

                              (3.29) 

 

The equivalent circuit would be extended for a PV generator considering number of series      and 

parallel      modules. Fig.3.26 shows the equivalent circuit of a PV generator. 

 
Fig.3.26 Norton equivalent circuit of a PV generator [15] 

 

In Fig.3.26, 

 

          (  
  

     
)                     (3.30) 

        
   

  
(     )                      (3.31) 

 

DC capacitor 

 

The DC terminal of VSC is normally connected to a capacitor which acts as an energy storage. The 

energy of the capacitor is supplied by the PV generator. 

 

According to the Kirchoff‟s law, sum of the currents at the DC bus would be zero. Therefore the 

differential current to the capacitor would be obtained as a result of subtracting the output DC current 

from the PV current. The DC voltage value is proportional to the integration of this current according 

to equation (3.32). 

 

     
 

 
 ∫                            (3.32) 
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Fig.3.27 DC capacitor 

 

Since PV power changes proportional to    , one can say that the DC voltage can be varied according 

to the integration of the active power changes. This implies the basic idea of the active power control 

which would be discussed in further detail.  DC capacitor can therefore be considered as the dynamic 

source of active power which is employed in order to control the active power through the line. The 

capacitor being discharged leads to a decrement in the DC voltage in a case that decreasing of active 

power is demanded [18]. 

 

 

Phase angle regulator 

 

As it was discussed earlier in section 3.3, the DC voltage over the capacitor would change proportional 

to the changes of active power since the capacitor is the dynamic source of active power provision. 

According to equation (3.3), active power can be controlled by imposing proper phase angle of the AC 

voltage to the converter. The DC voltage would therefore be controlled as a result of proportional 

response to this phase angle control. 

 

Fig.3.28 shows the schematic diagram of the phase angle regulator. The input to the regulator is the 

difference between the actual DC voltage and an ordered voltage value. The ordered value for the DC 

voltage is defined as the summation of an additional control signal and the initial value of the voltage, 

    . The limitation signal,     , which is extracted out of an overload limiter, is imposed to the 

regulator in order to prevent the converter to be overloaded. The concept of the limiter block can be 

found in [18]. The differential input voltage would pass an implemented integrator which can be 

modified according to its various applications. The output of the regulator is the phase angle factor, by 

which the DC voltage would be controlled. 
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Fig.3.28 Voltage phase angle regulator [18] 

 

The additional control signals imposed to the regulator can be defined either base on a user defined 

controller,     , or according to the judgment rules of an external implemented control block. 

Since the option of user defined control is not of interest in this project, the additional command signal 

has been defined by means an external DC voltage controller. The concept of this controller is included 

in a DSL function, called Ipv_dyn, in appendix 7.1. This DSL function mainly represents the required 

equations of the PV generator explained in section of parameter definition. It also includes all proposal 

DC voltage control functions. 

  

The main schematic diagram of the DC voltage controller is shown in Fig.3.29.  

 

 
Fig.3.29 DC voltage control (included in DSL file name: Ipv_dyn) 

 



38 
 

 

According to Fig.3.29 the input to the controller is the set value of the DC voltage,        , and the 

actual value of that,        , measured on the DC bus. The     signal is disabled in this project by 

means of zero value. The differential value will pass a modified PI controller and the output 

indicates      . 

 

The set value to the controller,        , can be defined by means of three optional strategies, 

a. Constant DC voltage control 

b. Active power control 

c. MPPT 

 

The proper technique will be activated according to the requirements of the system. The concept of 

each method is explained in the following sections. 

 

Constant DC voltage control  

 

The first strategy is to change the set value of the DC voltage to a constant required value. Normally 

the control system tries to keep the DC voltage equal to the initial value of that. 

 

                        (3.33) 

 

However this value can be changed depending on the requirements of the system.  

  

Active power control 

 

Since active power value is highly proportional to the amount of the DC voltage, the main purpose of 

this controller is to illustrate a reference value for the DC voltage according to the changes of active 

power. 

It is commonly used in case that there is a requirement of decreasing active power from its maximum 

value by means of changing the voltage to a proper value. The schematic of an active power controller 

is shown in Fig .3.30.  

 

 
Fig.3.30 Active power control 
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The difference between the ordered value of active power,        , and the actual measured value of 

power on the AC line,        , will pass a PI controller to illustrate the set value of the DC voltage as 

an output signal. 

 

Maximum Power Point Tracking (MPPT)  

 

As it was mentioned earlier in chapter 2, MPPT is a function employed to find the optimum voltage 

output of each PV cell regarding any new solar condition for temperature or irradiance. 

By means of MPPT one can issue the reference voltage by regulating the voltage in a way that the 

maximum possible power could be extracted from a PV generator. The reference voltage would be 

imposed to the set value of the voltage in DC voltage controller of Fig.3.29. 

  

Among all proposal techniques of MPPT optimization, the concept of P&O and IC method are 

described as the two wildly employed strategies in the literature. After discussing the advantages and 

drawbacks of each technique, IC method has been employed to derivate the MPPT function in this 

project. 

 

Perturb and Observe (P&O) method 
 

P&O strategy is the most frequent used method in literature due to its simplicity and convenience. 

The only two applied parameters of a PV module are PV voltage and current. The algorithm of this 

method can be found according to Fig.3.31.     

 

 
 

Fig.3.31 Flowchart of the P&O algorithm [15] 
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This is obvious that P&O method works based on the relationship between PV output voltage and 

power. It aims to obtain the maximum output power regardless of which environmental condition the 

PV generator is operating at while accomplishing the criteria of           ⁄    [19]. 

By means of iteratively observing and comparing the output power of a PV module, the slope 

        ⁄   can be calculated as follows, 

 
    

    
    

               

                
                (3.34) 

 

where                    .  

Based on the algorithm, if the changes in the voltage and power happens in the same direction which 

results in         ⁄   , then the command deviation of the voltage,   , would be as the same of the 

last cycle. On the other hand if         ⁄    , which means that the voltage and power changes are 

not of the same polarity, then the voltage would be changed in the opposite direction of the last cycle 

[15]. 

The advantages of P&O method are its simple structure and easy implementation .However there are 

several drawbacks of using this strategy as follows, 

 

 Considering steady weather condition, Fig.3.32 shows point A as starting point of the     

curve, which is moved to point B due to a positive perturbation of voltage,    , and results in 

decrement of the output power. 

 

 

 
Fig.3.32 The separation diagram of maximum power point for P&O method [19] 
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Following the P&O algorithm,     is the required value to be commanded as the voltage 

deviation for the next step. However if the weather condition changes at the moment, solar 

irradiation increases for instance, the new power curve would be    and point A will be moved 

to point C instead of point B. This rapid environmental change will result in increasing of the 

output power and according to the P&O judgment rules, the voltage would be moved forward 

due to a positive command of    . If the solar irradiation changes continue, the operating 

point will be pushed farther and farther away from the maximum point.  

 

 Another drawback for this method can be mentioned as oscillations of tracked power around its 

maximum point. More detailed description regarding this issue can be found in [9].  

 

Incremental conductance method 
 

The incremental conductance optimization procedure is based on comparing the measured incremental 

conductance and instantaneous conductance. When the equality of these two values is accomplished by 

the judgment rules of the IC method, the maximum power point would be achieved as a result of that.  

 

To understand the algorithm of this strategy, the slope         ⁄  is expressed as follows, 

 

        ⁄  
         

    
        

    

    
           (3.35)      

 

Therefore the condition of         ⁄    can be rewritten as, 

 
    

    
 

   

   
                    (3.36)      

 
    

    
 

   

   
  , illustrates the condition of the operating point of a     curve to be at the right hand 

side of the MPP and 
    

    
 

   

   
   represents left hand side of the MPP as the current condition for the 

operating point. To obtain the maximum power point based on the judgment rules, IC method tries to 

regulate the difference between 
    

    
     

   

   
 based on the flowchart algorithm of Fig.3.33. 

The flowchart steps starts from PV current and voltage measurements. Comparing the values of each 

cycle to the values of the previous cycle will illustrate three possible situations. 

 

 If  
    

    
 

   

   
 is negative and less than a certain value of –  , then according to the earlier 

discussion , the operating point would be at the right hand side of the MPP and     is the 

required imposed command to the next step of the voltage deviation.  
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 If 
    

    
 

   

   
 is positive and larger than a certain value,  , then the operating point is at the left 

hand side of the MPP and the next step of the voltage deviation will be a positive value,    . 

 

 The MPP will be achieved once  
    

    
 

   

   
 is smaller than   in absolute value.  

 

In the flowchart algorithm,    
  is the output value of the DC voltage which will be imposed to         

of the voltage source controller. 

It should be mentioned that the value of    would highly effect the speed of the process. More 

information in this respect can be found in [15]. 

 

 
 

Fig.3.33 Flowchart of the IC algorithm [15] 

  

 

Based on the flowchart algorithm, there is a need of comparing two different steps of both voltage and 

current to calculate      and     .  

 

                                     (3.37) 



43 
 

                                       (3.38) 

 

The concept of previous proposal models in the literature is based on implementing discrete time 

algorithm. Those algorithms set up a first time delay in order to calculate        and        considering 

a specified interval.          and          are on the other hand obtained based on a second time 

delay implemented on        and       , [9]. 

 

The proposal models result in considerably accurate optimization in the PV system whenever it faces 

dynamic disturbances. The problem shows when it comes to system initialization for instance. Using a 

second time delay to derivate          and          from        and        respectively will not 

result in differences of their values.          and          will still have the same values of        

and        of the previous cycle. Considering a value less or greater than the maximum power voltage 

set to the DC bus of the PV generator during the power flow calculations, there would be no possibility 

of optimization procedure since no deviation in         and         will be detected.  

 

To satisfy the maximum power point tracking operation, a new strategy has been proposed in this 

project. The difference of this new model is in adjustment of          and         . 

 

 
Fig.3.34 MPPT strategy scheme 

 

 

 

According to Fig.3.34,     and     are the measured values of voltage and current from the PV module. 

Imposing a time delay to those input signals illustrates a value for        and       . To derivate 

         and         , a small voltage deviation is added to       , instead of using a second time 

delay. 
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                                    (3.39)                

 

Considering          as the voltage value of the new operating point,          will be calculated 

according to equation (3.21) for each cycle. Equation (3.21) is included in DSL function of PV 

generator, Ipv_dyn.    

 

According to the proposal strategy,        and          both has the same time delay imposed to the 

measured value,    . 

 

       and          on the other hand are function of        and         , providing the condition 

of equation (3.21) in each cycle.  

 

Since     is a constant value, there would be always a certain value for 
    

    
 

   

   
 which will be 

employed to illustrate the conditions of  
    

    
 

   

   
 , respective to  . 

The value of     is considered to be less than   , therefore the calculated slopes are of more accurate 

results. 
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4 Results analysis 
 

The single line diagram of a test power system, which has been implemented in SIMPOW, is shown in 

Fig.4.1. A 2MVA PV generator is connected to a 0.5 kV low voltage bus (ACBUS1). A short 

transmission line connects ACBUS1 to ACBUS2 representing the internal impedance of the voltage 

source converter. The voltage on ACBUS2 would be step up to 12.5 kV at BUS2 using a two winding 

transformer. BUS1 is the infinite bus connected to BUS2 via a two parallel short transmission line. The 

whole system assumed to be lossless.  

 

System specification of this configuration has been defined in section 7.3 and the implemented model 

in SIMPOW is illustrated by means of data groups explained in appendix 7.1. 

 

 
Fig.4.1 Single line diagram of the test system 

 

4.1  Irradiation change, constant DC voltage control 

 

In order to predict the performance of the system encountering environmental changes, the solar 

irradiation, G, has been changed from          ⁄  to        ⁄  at 4
th

 second of the simulation 

time. 

 

Fig.4.2 shows the irradiation changes. 
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.  

Fig.4.2 Solar irradiation 
 

According to the description of phase angle regulator in chapter 3, it would regulate the phase angle of 

the AC side in a way to keep the DC voltage equal to its set value. Since a constant DC voltage 

controller is used to define the reference value of the DC voltage, the voltage comes back to the set 

value of the controller immediately after the disturbance.  Fig.4.3 (a) justifies the accuracy of the 

regulator‟s performance. 

 

 
Fig.4.3 (a) DC voltage, (b) Active power 
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The active power on the other hand decreases as a result of irradiatin change (see Fig.4.3 (b)). The fact 

is that active power is a function of both DC voltage and DC current. Since the DC current of PV 

system is highly proportion to the amount of irradiation, the active power decreases due to the 

reduction in the amount of DC current, however the voltage has kept constant in this case.  

 

Fig.4.4 shows the result of AC voltage simulation and the corresponding reactive power injection due 

to selection of constant AC voltage control strategy.  

According to the figure, the AC voltage, which has been supposed to increase due to the active power 

reduction, has kept back to the set value of the controller. 

 

 
Fig.4.4 (a) AC voltage, (b) Reactive power 

 

 

 

In case of constant reactive power control, the voltage magnitude regulator intends to regulate the AC 

voltage in a way to keep reactive power equal to its set value,        .  

Fig.4.5 shows how the AC voltage and reactive power changes.  
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Fig.4.5 (a) AC voltage, (b) Reactive power 

 

Dynamic power factor is another optional strategy employed to control the reactive power. 

Considering the active power reduction due to irradiation change and also the dynamic power factor 

strategy which is shown in Fig.3.12, the AC voltage regulator is intended to regulate the voltage in a 

way to keep the power factor within 0.9 inductive and capacitive with respect to the conditional rules of 

dynamic power factor diagram described in section 3.3.  

 

The per-unit value of the active power in Fig.3.12 is calculated based on          . According to 

Fig.4.6 (a), before the disturbance happens, the initial value of the active power is equal to 0.7493 p.u. 

Corresponded point to the dynamic power factor characteristic gives    ⁄  
      

   
        p.u. 

which is subjected to the conditional rules of inductive region. The absolute value of the resulting 

power factor will be 0.9335. Hence, 

                 
√       

    
        

 

Therefore the value imposed to         will be,  

 

             ⁄                                 

 

The active power decreases down to 0.3664 p.u. due to the irradiation change. According to the same 

procedure, corresponded point to the dynamic power factor diagram has the value of     ⁄  
      

   
 

       p.u. which is emplaced in capacitive region and the absolute value result of power factor would 

be 0.9814. 

                 
√       

    
        

Therefore the value imposed to         will be,  
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             ⁄                                

 

The simulation results, shown in Fig.4.6 (b), justifies the accurate performance of the reactive power 

controller.  

 

Fig.4.6 (a) Active power, (b) Reactive power  

 

The performance of droop-based control strategy is explained in chapter 3. The purpose of 

implementing this technique is to command the set value of the reactive power proportion to the AC 

voltage deviation. Considering a dead-band for the reactive power; deviation of voltage within the 

dead-band is permitted. The value of the dead-band has been set to 3% during this thesis. 

 

 

Fig.4.7 (a) AC voltage, (b) Reactive power 
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In this specific case of disturbance, since the voltage fluctuation is within the dead-band, zero value for 

the reactive power is desired. The voltage magnitude regulator though, has regulated the AC voltage in 

order to keep the reactive power equal to zero after the disturbance. Fig.4.7 (a) and 4.7 (b) show the AC 

voltage and reactive power results, respectively. 

 

4.2  Irradiation change, MPPT 

 

Considering maximum power voltage as the initial value from the power flow result, in order to predict 

the performance of MPPT encountering a serious disturbance, the solar irradiation, G, has been 

changed from          ⁄  to        ⁄  at 4
th

 second of the simulation time. Constant AC voltage 

control is the activated strategy employed to regulate the AC voltage in this section. 

 

It is shown in Fig.4.8 (a) that almost immediately after the disturbance happens, the DC voltage starts 

to find its maximum power voltage corresponding to the new environmental condition. It should be 

mentioned that the operation of MPPT function starts after a very small time delay which can be 

neglected.  As it was discussed earlier in chapter 3, this interval has been considered to calculate the 

start point of the IC algorithm from the measured values. 

   

Fig.4.8 (b) shows the active power result on the AC line. It is obvious that the active power is 

decreased and a ripple can be observed due to the sudden reduction of irradiation. MPPT function 

immediately starts to find the point at which the maximum active power can be extracted with respect 

to the new irradiance condition. The observed oscillations in the active power are produced due to the 

performance of the capacitor shunted to the DC bus. According to the discussion of section 3.4, the 

capacitor exchanges active power with the system during the dynamic procedure of MPPT.  

 

 
Fig.4.8 (a) DC voltage, (b) Active power 
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Comparing the results of Fig.4.8 to Fig.4.3, it is obvious that employing MPPT increases the amount of 

extracted active power up to its maximum value. However the DC voltage has achieved a lower value 

in this case compared to the one in constant DC voltage control strategy. This fact, neglecting small 

oscillations imposed to the system using MPPT, would justify the contribution of this optimizing 

function in improvement of the system efficiency.  

 

The performance of MPPT function is corresponded to the     characteristic curves related to each 

irradiation level. It is shown in Fig.4.9 how the maximum power point has been shifted from one curve 

to another. In the figure,     is the active power output of the PV generator.  

 

 

 
Fig.4.9 Corresponded results to the     curves 

 

 

Since MPPT is based on the IC method, corresponding the result of the DC voltage and current to the 

    characteristic of PV generator would be helpful to understand the function of MPPT. 

It is shown in Fig.4.10 that the operation point is dropped from its initial value to a new point of 

          ⁄   characteristic and decreases due to the sudden changes of irradiation. The MPPT 

function starts to find the optimized value for voltage and current immediately after the disturbance. It 

is obvious in the figure that MPPT smoothly leads the operating point to the optimized value and the 

current follows the rules of equation (3.21) in each step. 
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Fig.4.10 Corresponded results to the     curves 

 

4.3 Temperature change, MPPT 

 

Temperature change has been applied to the system since this is the parameter which highly affects the 

amount of DC voltage. Considering     curves for two different environmental conditions,        

and      , would help to a better understanding of MPPT optimization since the amount of voltage 

deviation is more considerable in this case rather than that of irradiation changes. The temperature has 

been increase up to     at 4
th

 second of the simulation time. 

 

Fig.4.11 (a) and 4.11 (b) show that after the disturbance, DC voltage and active power are leaded to the 

optimized value of those respectively. 
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Fig.4.11 (a) DC voltage, (b) Active power 

 

The extracted power and current out of the generator are employed to derivate the corresponding result 

to the     and     characteristic curves related to each temperature level. The results regarding the 

    and     diagram are shown in Fig.4.12 and Fig.4.13 respectively. 

 

 

 
Fig.4.12 Corresponded results to the     curves 
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Fig.4.13 Corresponded results to the     curves 

 

4.4  Decreasing initial value of the DC voltage from    , MPPT 

  

In order to validate the performance of MPPT function regardless of steady environmental condition, 

the set value for the DC voltage has been decreased from the maximum power voltage, 1.3676 kV per a 

module (0.8045 p.u. for PV generator) , down to 0.5 kV per a module (0.2936 p.u. for PV generator) 

during the power flow calculation. 

.  

 
Fig.4.14 Corresponded result to the     curve 
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 As it is shown in corresponding     curve of Fig.4.14, MPPT function improves the DC voltage from 

its initial value to 0.8043 p.u. The final value of the voltage is defined based on the IC method 

algorithm for MPPT and it is quite the same as maximum power voltage which is 0.8045 p.u.  

 

4.5 1% reduction in external grid voltage 

 

To study the performance of the PV system when it faces a disturbance on the AC side, the external 

grid voltage has been decreased to 1% of its initial value at t=2 sec. In this section, the constant DC 

voltage control is activated for the phase angle regulator. 

 

 

Fig.4.15 (a) AC voltage, (b) Reactive power 

 

Fig.4.15 shows the result of AC voltage and reactive power injection due to implementing of constant 

AC voltage control strategy. It is shown that the AC voltage of the PV system is kept back to the set 

value of the voltage controller after the disturbance.  

 

 

Fig.4.16 shows the result of AC voltage and reactive power in case of activating constant reactive 

power control strategy for the voltage magnitude regulator. It is shown in the figure that the amount of 

reactive power injection to the network is kept back to the set value of the relevant controller 

immediately after the disturbance. 
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Fig.4.16 (a) AC voltage, (b) Reactive power 

 

Employing dynamic power factor strategy to control the reactive power, the set value imposed to the 

reactive power controller will be defined as a function of active power. Considering dynamic power 

factor rules described in chapter 3, the per-unit value of the active power in Fig.4.17 (a) will be re-

calculated based on          .  

 

Since the active power is kept back to its set value after the disturbance due to the constant DC voltage 

control strategy, corresponded point to the dynamic power factor characteristic will be,    ⁄  
      

   
        p.u. before and after the disturbance, which results to an absolute power factor value 

equal to 0.9335. This operational point is emplaced in the inductive region of the diagram. Hence, 

 

                 
√       

    
        

 

Therefore the value imposed to         will be,  

 

             ⁄                                 

 

Fig.4.17 (b) shows the result of reactive power changes. 
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Fig.4.17 (a) Active power, (b) Reactive power 

  

4.6 10% reduction in external grid voltage 

 

To study the result of droop-based control strategy out of the dead-band interval, a higher amount of 

voltage drop has been considered on the external grid. In this case the voltage of the external grid is 

dropped down to 10% of its initial value at t=2 sec. 

 

Fig.4.18 shows the result of AC voltage and reactive power control. Since the AC voltage deviation 

stands in the capacitive region of the diagram in Fig.3.13, the value imposed to         in the reactive 

power controller will be defined as,  

 

         ⁄    then  

 

                            ⁄           

 

For    ⁄        ,         will be equal to             which will be injected to the external system. 
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Fig.4.18 (a) AC voltage, (b) Reactive power 

 

4.7 Active power control validation 

 

Active power control is a technique employed in order to regulate the DC voltage of the converter in 

order to provide the system with the required active power. This option is selected when there is a need 

of intentional reduction of active power to the grid regardless of the constant solar condition. 

 

In order to meet this demand, the additional control signal imposed to the phase angle regulator will be 

defined by means of the active power controller. The concept of this active power controller has been 

explained in chapter 3. To obtain a lower value of active power, the desired value of the active power 

would be commanded as the set value of the controller,        . The output of the controller then 

defines a new value for       which will be to the phase angle regulator.  

 

To verify the performance of this technique, 15% reductions in active power at t=2 sec value have been 

considered. 

  

It is shown in Fig.4.19 that DC voltage is controlled proportional to the active power controller‟s 

command and the required amount of active power production is achieved by the PV system. 
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Fig.4.19 DC voltage regulation result using active power control 
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5 Conclusion and future work 

 
The project presents a developed model of grid connected PV system in SIMPOW. The system 

operation is improved by means of controllers illustrated based on the existing models in literature and 

also newly proposal models in some parts. 

The PV system interfacing converter is of PWM type which is available in the program document. The 

converter‟s input signals are imposed out of the designed controllers. DC voltage control, active power 

control and MPPT function are implemented on the DC side of the inverter while AC voltage control 

and reactive power control are operating regarding the AC terminal.  

Constant DC voltage control strategy is illustrated as the first control option of converter‟s phase angle 

regulator. The converter therefore regulates the DC terminal voltage to the set value of the controller 

which is defined depending on the requirement of the system. 

Operation point of the system can be optimized encountering any new environmental condition using 

MPPT function. The designed MPPT procedure is based on the judgment rules of IC method. The 

proposal model represents an accurate optimizing regulation of the extracted voltage and current out of 

the PV generator. Hence the maximum active power relevant to the new environmental condition will 

be attained.  

Active power control is mainly used to provide the required DC voltage out of the PV generator in 

order to extract lower amount of active power demanded by the grid. 

The voltage magnitude regulator of the voltage source converter can be selected to perform base on 

either AC voltage control or reactive power control depending on the requirements of the system. In 

case of AC voltage control, the voltage amplitude on the AC terminal of the converter will be regulated 

to the set value of the controller.  

Reactive power control is another strategy providing performance of voltage magnitude regulator. 

Activating this type of regulator would lead to an AC voltage result intending to regulate the reactive 

power to the imposed set value of the controller. The set value of reactive power controller can be 

defined based of four optional strategies, constant reactive power, unity power factor, dynamic power 

factor, droop-based control. Proper selection of an optional technique depends on the requirements of 

the system. Droop-based control strategy is a smart choice in case of considerable AC voltage 

fluctuations for instance, since the reactive power set value would be defined as a function of voltage.   

 

Regarding the final adjustment of the aforementioned proposal model for PV system, a prospect of 

future work in this respect can be suggested: 

 The development of MPPT optimizer leading to minimized amount of oscillations imposed to 

the AC network can be of interest. Considering Fig.4.11, 4.12 and 4.13, it is obvious that in 
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order to achieve the optimized point on the     curve a large number of slopes on the     curve 

are calculated and a derivative component of those are compromised to an absolute value of   

according to the conditional rules of IC method in section 3.4. The considerable oscillations of 

Fig.4.11 can be minimized by means of calculating an optimized value for  . 

 

 Study of a new model can be demanded to include two or more paralleled PV systems. 

 

  The current simple model of the test system can be replaced by a more realistic one including 

synchronous generators and local loads. 

 

 Considering an extended test system, a power system stabilizer would be of interest to stabilize 

an unstable mode of the system. The     signal would be employed in order to receive the 

proper tuned damping value. Provision of this signal can be made in external controllers as it is 

shown in Fig.3.9, 3.11 and 3.29. 

 

 Derivation of a new model can be considered based on the standards of a different grid code. 

 

 A realistic solar irradiation function can be of interest for the future studies.   
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7 Appendices 

7.1 SIMPOW file for the PV system 

 

General description 

All quantities are almost in per unit based on the following units: 

 

- Base power, valid for the entire system:        

AC side: 

- Base voltage:          (phase-neutral) 

- Base current per phase :      
  

    
    

- Base impedance per phase :      
    

    
     

DC side: 

- Base voltage:          (phase-neutral) 

- Base current per phase :      
  

    
    

- Base impedance per phase :      
    

    
     

 

OPTPOW file 

The data for the proposed PV system for its power flow calculation is given in the following data 

group: 

 NODES 

 TRANSFORMERS 

 LINES 

 MISCELLANEOUS 

 PWM COVVERTERS 

 SHUNTS 

 POWER CONTROL 

 

Data group NODES 

N                   

Name of the node beginning in col. 1-4. 

UB n              

Base voltage of the node (phase-phase) in kV. 

TYPE n         

Type of node. Default = AC. 

                      =AC AC-node 

                      =DC DC-node 

 

Data group TRANSFORMERS 
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N   M              

The two names of the associated nodes, separated by white space. The first node name must begin in 

col 1-4. 

NO                  

Identification number for parallel transformers. Default = 0. 

SN                  

Base power in MVA. 

UN1               

Nominal voltage for the first winding in kV. 

UN2               

D:o for the second winding in kV. 

ER12             

Short circuit resistance between winding 1 and 2 in p.u. of transformer base power and the nominal 

voltages mentioned above. 

EX12             

Short circuit reactance between winding 1 and 2 in p.u. of transformer base power and the nominal 

voltages mentioned above. 

 

Data group LINES 

N   M              

The two names of the associated nodes, separated by white space. The first node name must begin in 

col 1-4.  

NO                 

Identification number for parallel lines. Default = 0 

L                     

Line length in length unit. Default = 1. 

R                     

Resistance per length unit. 

X                     

Reactance per length unit 

 

Data group MISCELLANEOUS 

The PV generator function has been written as a DSL file for power flow purposes. Parameter 

definition of a PV generator would be done based on the given manufacture data as it was discussed in 

chapter 3. Those required data will be introduced to the DSL part as external variables or they are 

already set to constant values in DSL file. 

Data group for the PV generator is given as follows, 

PARAMETERS: 

N                                  

Name of the miscellaneous beginning in column 1-4.Must be given. 

TYPE=dsl/Ipv_opt/  

The main function of PV generator is given in the format of a DSL file. 
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T                                

Temperature ( ) 

G                                

Irradiance (    ⁄ ) 

Ms                              

Number of series PV cells per module 

Ns                               

Number of series rolls in each string 

Np                              

Number of parallel modules in each row 

Rs                               

Series resistance of each PV cell (ohm) 

Rp                              

Parallel resistance of each PV cell (ohm) 

Ki                               

Current temperature coefficient (  ⁄ ) 

Kv                              

Voltage temperature coefficient (  ⁄ ) 

alfa                             

Diode ideality factor 

Vocr                          

 Module open circuit voltage (STC) (V) 

Iscr                             

Module short circuit current (STC) (A) 

Vmpr                         

Module maximum-power voltage (STC) (V) 

Impr                           

Module maximum-power current (STC) (A) 

 

Data group PWM CONVERTERS 

As the function of PWM voltage source converter has been discussed in chapter 3, it was mentioned 

that the main objective of this VSC is to provide adequate interaction between the AC and DC 

networks to which it has been connected. 

The parameter definition of this VSC is done in OPTPOW file by identifying the base values of DC 

and AC voltages, the information of connection terminal buses and required data in order to do the 

power flow calculations. The concept of the converter regulators and external controllers are defined 

later in DYNPOW file. 

 

NNVSC          

An ID, of the PWM converter (VSC converter). It has to be the first data item with its first character in 

column 1 - 4. 

NNAC            
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The ID of the AC node to which the PWM converter is connected, from the data group NODES. 

NNDC            

The ID of the DC node to which the PWM converter is connected, from the data group NODES. 

SN                   

The rated power of the PWM converter, in MVA. 

UN                  

The rated AC voltage of the PWM converter, in kV. 

R                     

Internal resistance per phase, seen from the AC terminals in pu. 

 

Data group SHUNTS 

The DC capacitor would be identified under this group. PV generator also is considered as a current 

source which is introduced as a negative load connected to the same bus. The concept of this negative 

load is to inject the same current of a PV generator to the system. 

N                              

Name of the associated node beginning in col 1-4. 

NO                           

Identification number for parallel shunt impedances. Default = 0. 

 

1.Simple DC shunt: 

R                              

Resistance in ohm. 

C                              

Capacitance in F. 

 

2.Shunt impedance as a DC production source: 

TYPE=dsl/Ipv_inj/    

The main function for this current production source is given in format of a DSL file. 

 

Data group POWER CONTROL 

Data group power control defines the state of the network by means of specification of production 

sources, transformer regulations, DC orders, etc.  

 

PARAMETERS (for the production source): 

 

N                             

Name of the associated node beginning in col 1-4. 

TYPE                     

Node 

RTYP                     

SW for swing bus 

U                             
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Voltage of the bus in kV 

FI                            

Phase angle in degrees 

 

PARAMETERS (for the power control of voltage source converter): 

 

NNVSC                   

The ID of the PWM converter, which was given in the data group PWM CONVERTERS. It has to be 

the first data item with its first character in column 1 - 4. 

TYPE = PWM        

The type of the controllable system element is a PWM converter. 

CKNODE                

The ID of the AC node, which is used as reference for the phase angle of the internal AC voltage of the 

PWM converter. 

 

The magnitude and the phase angle, relative the phase of CKNODE, of the internal AC voltage of a 

PWM converter may be controlled with the following objectives: 

 

I. The magnitude of the voltage of an AC node and the voltage of a DC node are controlled on 

constant values. 

RTYP = UUD            

means that the magnitude of the voltage of an AC node and the voltage of a DC node are controlled on 

constant values. (Corresponds to the phase angle regulator and the magnitude regulator respectively) 

U                                 

The reference value of the magnitude of the AC voltage which is controlled, in kV. 

CNODE                      

The ID of the AC node, the voltage of which is controlled. Default: The AC node of the PWM 

converter. 

CMIN                          

The lower limit of the amplitude factor of the AC voltage of the PWM converter  in pu. . 

CMAX                         

The upper limit of the amplitude factor of the AC voltage of the PWM converter  in pu. . 

UD                             

The reference value of the DC voltage which is controlled, in kV. 

CDCNODE               

The ID of the DC node, the voltage of which is controlled. Default: The DC node of the PWM 

converter. 

 

II. The reactive power from terminals of the PWM converter and the voltage of a DC node are 

controlled on constant values. 

RTYP = QUD            
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means that the reactive power from terminals of the PWM converter and the voltage of a DC node are 

controlled on constant values. 

Q                               

The reference value of the reactive power of the PWM converter, in Mvar. 

CMIN, CMAX        

As defined above. 

UD                            

The reference value of the DC voltage which is controlled, in kV. 

CDCNODE              

The ID of the DC node, the voltage of which is controlled. Default: The DC node of the PWM 

converter.  
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Example of OPTPOW  

PV_VSC.optpow 

** 

CONTROL DATA 

 H = 0.4 !default 0.5 

! XTRACE = 1 ! or 2 default 0 

END 

 

GENERAL 

  SN = 2 

END 

 

NODES 

 BUS1   TYPE=AC  UB=12.5 

 BUS2   TYPE=AC  UB=12.5 

 ACBUS1 TYPE=AC  UB=0.5 

 ACBUS2 TYPE=AC  UB=0.5 

 DCBUS  TYPE=DC  UB=1.7 

END 

 

TRANSFORMERS 

ACBUS2 BUS2 NO=1 SN=2 UN1=0.5 UN2=12.5 ER12=0 EX12=0.1 

END 

 

LINES 

BUS2   BUS1   NO=1 TYPE=11 R=0  X=0.1     L=1 

BUS2   BUS1   NO=2 TYPE=11 R=0  X=0.1     L=1 

ACBUS1 ACBUS2 NO=1 TYPE=11 R=0  X=0.0001  L=1 

END 

 

GLOBAL 

 I_dc type=real 

 U_dc type=real 

END 

 

 

MISCELLANEOUS 

 001 DCBUS n=1  type=dsl/Ipv_opt/Ipv=I_dc Udc=U_dc 

                T=25 G=1000 Ms=54 Ns=52 Np=144  

                Rs=0.229 Rp=586.8183 Ki=0.0032 Kv=-0.123 alfa=1.3 

                Iscr=8.21 Vmpr=26.3 Impr=7.61 Vocr=32.9  

END 
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DSL-TYPE 

  Ipv_inj(bus,Ipv) 

  Ipv_opt(n1,T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr,Udc,Ipv) 

END 

 

 

PWM CONVERTER 

VSC ACBUS1 DCBUS SN=2 UN=0.5 R=0 

END 

 

SHUNT 

DCBUS NO=1 type=dsl/Ipv_inj/Ipv=I_dc 

DCBUS NO=2 R=1.E9 C=5000.E-6 

END 

 

POWER CONTROL 

BUS1 TYPE=NODE RTYP=SW U=12.5 FI=0 

 

ACBUS2 BUS2 NO=1  TYPE=TREG RTYP=UFI U=12.5 FI=0 

VSC TYPE=PWM RTYP=UUD CKNODE=BUS2 CNODE=ACBUS1 CMIN=0 CMAX=1   

    U=0.5 UD=1.3676 

 

!VSC TYPE=PWM RTYP=QUD CKNODE=BUS2 CMIN=0 CMAX=1   

!     Q=0 UD=1.3676  !LINE=ACBUS1  ACBUS2 NO=1        

END 

END 

 

DSL functions: 

 

Ipv_opt: 

PROCESS  Ipv_opt(bus,T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr, 

&                Vocr,Udc,Ipv) 

 

dc        bus 

EXTERNAL  T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr 

REAL      T/*/,G/*/,Ms,Ns,Np/*/,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr 

REAL      Tr/25/,Gr/1000/,q/1.60217646e-19/,kb/1.3806503e-23/ 

REAL      Ii,V,Vt,Igr,Ig,Io,Rpv,Igpv,Ppv 

REAL      Udc,Ipv  ! Output variables 

STATE     Ii 

PLOT      Ipv,Udc,Ppv 
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Udc=U(bus)*UBASE(bus)  !Udc=Vpv kV 

V=Udc*1000/Ns !V 

Vt=(Ms*alfa*kb*(T+273.15))/q 

Igr=Iscr*(Rs+Rp)/Rp 

Ig=(Igr+Ki*(T-Tr))*(G/Gr) 

Io=(Iscr+Ki*(T-Tr))/(exp((Vocr+Kv*(T-Tr))/(Vt))-1) 

Rpv=Ns*(Rs+Rp)/Np 

 

IF (START) THEN 

  Ii= Impr 

ELSE 

  Ii: Ii-Ig+Io*(exp((Rp/(Rs+Rp))*(V+Ii*Rs)/(Vt))-1)=0 

endIF 

 

Igpv=(Np*Ii*Rp/(Rs+Rp))/1000 !kA 

 

Ipv=Igpv-(Udc/Rpv) !kA 

 

Ppv=Udc*Ipv !MW 

 

 

END 

 

 

Ipv_inj: 

 

process Ipv_inj(bus,Ipv) 

dc bus 

 

dc_current i_pv/bus/ 

external Ipv 

real     Ipv 

 

I(i_pv): I(i_pv) =Ipv/(SBASE/UBASE(bus)) !pu 

 

End 
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DYNPOW file 

The configuration of the proposed model has been implemented during the OPTPOW file by 

introducing the main circuit components. Here in DYNPOW function, supplementary component such 

as regulators and controllers which are affecting the dynamic performance of the system are described.  

 

Supplementary data groups needed for dynamic simulations of PV system are given as follows: 

 SHUNT 

 PWM CONVERTERS 

 REGULATORS 

 MISCELLANEOUS 

 TABLES 

Data group SHUNTS 

The dynamic performance of the PV generator would be implemented through a current source which 

is introduced as a negative load shunted to the DC bus. This negative load would inject the same 

generated current out of the PV generator to the system.  

N                                  

Name of the associated node beginning in col 1-4. 

NO                               

Identification number for parallel shunt impedances. Default = 0.  

TYPE=dsl/Ipv_inj/    

The main function for this current production source is given in format of a DSL file. 

 

Data group PWM CONVERTERS 

Considering the OPTPOW file for PWM converter, here in DYNPOW file further information 

regarding dynamic performance of the converter is given. The converter later would be developed 

through introducing external controllers. 

NNVSC 

The ID of the PWM converter, which is given for the Optpow-function. It has to be the first data item 

with its first character in position 1-4. 

TYPE= DSLS/VSCREG/ 

Refers to the DSL process for voltage source converter capable of controlling basic phase angle (see 

Fig.3.12.) 

K  

Gain of the proportional part of the internal phase angle regulator, in radian/radian . 

TI  

Time constant of the integral part of the internal phase angle regulator, in s/(radian/radian). 

CREG  

Identification number, which refers to a regulator in the data group REGULATORS, for control of the 

magnitude of the internal AC voltage of the PWM converter. 
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CNODE   

The ID of an AC node, the voltage of which is controlled by CREG. 

TREG  

Identification number, which refers to a regulator in the data group REGULATORS, for control of the 

phase angle, relative the phase of CKNODE, of the internal AC voltage of the PWM converter. 

CKNODE  

The ID of the AC node, the phase angle of which is used as reference for the phase of the internal AC 

voltage of the PWM converter. 

TF  

Time constant of a measuring filter for the phase angle of CKNODE, in s. TF=0 is allowed. 

SWB  

Integer for choice of voltage for triggering blocking-deblocking of the voltage source converter. 

SWB=0 means that the AC voltage of the converter is used. (SWB=1 means that the DC voltage of the 

converter is used) 

UB1    UB2  

Level of the voltages in p.u. of the base AC or DC voltages of the converter used to trigger blocking 

and deblocking respectively.  

ILIM  

Limit for the AC current, rms value, pu . Used for control of the voltage magnitude and phase angle. 

KLT  

Gain of the current limit regulator for the phase angle, in rad/pu . 

TILT  

Time constant for the integrator of the current limit regulator for the phase angle, in s. 

TFLT  

Time constant for the output filter of the current limit regulator for the phase angle, in s. 

KLM  

Gain of the current limit regulator for the magnitude, in (pu of UBASE )/(pu of SN/Ub). 

TILM  

Time constant for the integrator of the current limit regulator for the magnitude, in s. 

TFLM  

Time constant for the output Þlter of the current limit regulator for the magnitude, in s. 

DZ  

Loss angle of the network impedance seen from the converter, degrees. 

DFLT 

Output signal from the current limitation regulator for the phase angle is automatically created. 

     is Used as input to the phase angle regulator. 

DFLM 

Output signal from the current limitation regulator for the voltage magnitude is automatically created . 

      is Used as input to the voltage regulator. 

 

Data group REGULATORS 
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CREG, regarding voltage magnitude regulator: 

 

Considering chapter 3, two different options for the voltage magnitude regulator are described, 

1. AC voltage control  

2. Reactive power control  

 

In case of voltage magnitude regulators, there is an optional control system for blocking and 

deblocking state shown in Fig.7.1. 

 

 
Fig.7.1 Blocking/deblocking in CREG [18] 

 

            are the level of DC voltage in p.u. of the base DC voltage of the converter used to trigger 

blocking and deblocking respectively. In this case blocking refers to the situation when the AC terminal 

is short circuited during a disturbance. During a block state     is commanded to the converter. 

 

In this project, during a disturbance, AC voltage has been used for triggering blocking and deblocking. 

Though                  are required in order to avoid blocking in this case. 

 

 

1.The first option is to regulate the AC voltage magnitude directly  

KCREG 

The identification number of the CREG. It has to be the first data item with its first character in 

position 1-4. 

TYPE = DSL/TAUU/ 

In order to control the specified CNODE voltage which has been introduced in PWM CONVERTERS 

parameters. 

K 

Proportional gain of PI controller in pu/pu 

TI  

Internal time constant of the PI regulator in s/(pu/pu)  

CMIN    CMAX  

Minimum and maximum value, respectively, of the amplitude factor  

TF  

Time constant of a AC voltage measuring filter in s. ( TF=0 is allowed.) 

UB1   UB2  
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Level of the DC voltage in p.u. of the base DC voltage of the converter used to trigger blocking and 

deblocking respectively.  

To avoid the blocking, UB1<0 is required. 

TFB  

Time constant used for the blocking- deblocking, in s. 

TFB=0 is allowed. 

DFLM  

is name of the input parameter which is used in both optional regulators. It is calculated based on sum 

of the values out of the overload limiter and the ordered value to the regulator. Hence in case of the AC 

voltage regulator: 

 

                   (7.1)                              

Output signal from the current limitation regulator,    , for the voltage magnitude is automatically 

created .  

TAB1 

Identifies the number of a table in data group TABLES where a number of voltage magnitude are 

described as a function of time, in pu of CNODE.  

 

2.The second strategy is to regulate the voltage magnitude by means of controlling the reactive power 

of the AC line connected to the AC node.  

KCREG 

The identification number of the CREG. It has to be the first data item with its first character in 

position 1-4. 

TYPE = DSL/TAUQ/ 

In order to control the reactive power injection to the node from the connected transmission line. 

K 

Proportional gain of PI controller in radian/pu 

TI  

Internal time constant of the PI regulator in s/(radian/pu)  

CMIN    CMAX  

Minimum and maximum value, respectively, of the amplitude factor  

TF  

Time constant of a reactive power measuring filter in s. ( TF=0 is allowed.) 

UB1   UB2  

Level of the DC voltage in p.u. of the base DC voltage of the converter used to trigger blocking and 

deblocking respectively.  

To avoid the blocking, UB1<0 is required. 

TFB  

Time constant used for the blocking- deblocking, in s. 

TFB=0 is allowed. 

SW = 1 

Selector for transmission line. 
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NREG  

Identifies the two nodes of transmission line where the injection reactive power to the first node is 

controlled. 

DFLM  

Output signal from the current limitation regulator for the voltage magnitude is automatically created. 

      is Used as input to the voltage regulator. It also includes the ordered value of the external 

controller in case where a different reference value for the reactive power is required. The controller 

would define this value based on one of the reactive power control strategies described in chapter 3. 

TAB1 

Identifies the number of a table in data group TABLES where a number of reactive power values are 

described as a function of time, in pu of   . 

 

 

TREG, regarding phase angle regulator: 

 

During a disturbed situation, special control for the voltage source converter must be considered. Hence 

the concept of blocking/deblocking system is introduced for a converter. 

Corresponding that controller, in case of a DC voltage regulator, level of the AC voltage in p.u. of the 

base AC voltage of the converter is used to trigger blocking and deblocking state respectively. When 

the magnitude of the AC voltage reduces to a value lower than     , the voltage source converter 

would be blocked in such a way that it operates open-circuited. During a block state the voltage phase 

angle relative its reference value will be zero,     .( If open-circuit operation of converter is 

avoided then       is required.) 

 

 

 
Fig.7.2 Blocking/deblocking in TREG [18] 

 

KTREG 

Identifies number of TREG introduced in data group PWM CONVERTERS. 

It has to be the first data item with its first character in position 1-4. 

TYPE = DSL/TETUD/ 

In order to control the DC voltage of the voltage source converter. 

K  

The proportional gain of the PI controller (radian/pu) 

TI  
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PI regulator‟s time constant (s/(radian/pu)) 

TF  

The time constant for the DC voltage measuring block (s).TF=0 is allowed. 

AMIN     AMAX  

Minimum and maximum value, respectively, of the angle, in degrees  

                        

UB1      UB2  

Level of the AC voltage in p.u. of the base AC voltage of the converter used to trigger blocking and 

deblocking respectively.  

TFB  

Time constant for the AC voltage measuring block in (s) used in the blocking-deblocking 

TFB=0 is allowed.  

DFLT  

is name of the additional input signal to this regulator, 

 

                                 (7.2) 

Output signal from the current limitation regulator,    , for the phase angle is automatically created. 

TAB1  

Identifies the number of a table in data group TABLES where a number of DC voltage values are 

described as a function of time, in p.u. of DC terminal voltage of the converter.  

 

Data group MISCELLANEOUS 

In this group of data dynamic function of PV generator as well as all external controllers are identified 

as individual DSL files. 

N                                  

Name of the miscellaneous beginning in column 1-4.Must be given. 

 

PARAMETERS FOR: 

 

PV Generator: 

 

TYPE=dsl/Ipv_dyn/  

The main function of PV generator is given in format of a DSL file. It has been initialized during the 

OPTPOW-function. Function of the PV generator includes different types of DC voltage control 

strategy. 

Considering. The controller parameters are introduced to the DYNPOW file as: 

DangCI  

Refers to the output command of the current limitation regulator for the phase angle which is calculated 

automatically by the converter. 

Sgn,sgn1 

Integer parameters which are being used to illustrate which controller type is demanded. 

(sgn,sgn1): (0,0)=constant DC voltage control; (0,1)=Active power control; (1,:)= MPPT control 
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dudcref 

Output command of the controller which is used as the additional control signal imposed to the phase 

angle regulator 

 

Constant DC voltage control 

Tu 

Time constant for the PI controller. 

K1 

Proportional parameter of the PI regulator 

Ku 

Proportional constant of the controller 

 

Active power control 

Alfap 

A variable factor used as an option to change the desired active power as a factor of its initial value.  

Tp 

Time constant for the PI controller. 

Kp1 

Proportional parameter of the PI regulator 

Kp 

Proportional constant of the controller 

 

MPPT 

Tmppt 

Time constant for the PI controller. 

Kmppt1 

Proportional parameter of the PI regulator 

Kmppt 

Proportional constant of the controller 

Dev,Dev0,Eps 

The values given to these parameters illustrate the specified parameters explained in section 3.6.1.  

Dev=    in p.u. of the base voltage of the DC bus. 

Dev0=    in p.u. of the base voltage of the DC bus. 

Eps=    

 

 

Measuring block 

TYPE=dsl/pqi/ 

Refers to the function which measures the required value of active and reactive power and current 

injection from the line to the first node of connection and also the magnitude of voltage on the first 

node of connection. 
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LINE 

Identifies the two nodes of transmission line on which the value of active and reactive power injection 

to the first node are desired. 

 

AC voltage Control 

 

Constant AC voltage control 

Considering Fig.3.21, the parameters of controller are introduced to the DYNPOW file as: 

TYPE=dsl/uacref/ 

DUCI  

Output signal from the current limitation regulator for the voltage magnitude is automatically created . 

Tuac 

Time constant for the PI controller. 

K1 

Proportional parameter of the PI regulator 

Kuac 

Proportional constant of the controller 

Uacrefout 

Output command of the controller which is used as the AC voltage magnitude order to the voltage 

magnitude regulator 

 

Reactive power control 

The parameters of reactive power controller are introduced to the DYNPOW file as: 

TYPE=dsl/qcref/ 

DUCI  

Output signal from the current limitation regulator for the voltage magnitude is automatically created. 

Pffix,pflim,pflim2 

Power factor limits used in each type of reactive power control strategy 

Db 

Defines the dead band value in case of Droop-based control strategy 

Tq 

Time constant for the PI controller. 

K01,K11,K21 

Proportional parameter of the PI regulator 

Kq0,Kq1,Kq2 

Proportional constant of the controller 

Sgn1, sgn 

Selector options used to define which control strategy is desired 

Uacrefout 

Output command of the controller which is used as the additional control signal imposed to the voltage 

magnitude regulator 
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Example of DYNPOW 

 

PV_VSC.dynpow 

** 

CONTROL DATA 

 TEND=10 

! DEND=-1 

!nprd 5000 

END 

 

GENERAL 

 FN=50 

END 

 

NODES 

BUS1 TYPE 1 

END 

 

GLOBAL 

 I_dc        type=real 

 U_dc        type=real 

 PAC         type=real 

 QAC         type=real 

 IAC         type=real 

 UAC         type=real 

 dudcref     type=real 

 duacref     type=real 

 duqref      type=real 

 DUCI        type=real 

 DangCI      type=real 

END 

 

SHUNT 

DCBUS NO=1 type=dsl/Ipv_inj/Ipv=I_dc 

END 

 

PWM 

VSC  TYPE= DSLS/VSCREG/ 

     TF= 0.001 K=0 TI=0 

     CREG= 33  CNODE=  ACBUS1 

     TREG= 44  CKNODE= BUS2 

     SWB= 0    UB1= 0.6 UB2= 0.8 TFB= 0.001 
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     ILIM= 1.2 KLT= 0.02 TILT= 0.03 TFLT= 0.02 

     DZ= 5 KLM= 0.02 TILM= 0.03 TFLM= 0.02 

     DFLM= DUCI DFLT= DangCI       

END 

 

REGULATORS 

22 TYPE=DSLS/TAUQ/ CMIN= 0 CMAX= 1 TF= 0.001 K=0 TI= 0.005 

                   UB1= -0.6 UB2= -0.8 TFB= 0.001 

                   SW=1 NREG=ACBUS1 ACBUS2 No=1 

                   TAB1= 0  DFLM=0  !duqref  

 

33 TYPE=DSLS/TAUU/ CMIN= 0 CMAX= 1 TF= 0.002 K= 15 TI= 0.001 

                   UB1= -0.6 UB2= -0.8 TFB= 0.001 

                   TAB1= 0  DFLM=0 ! duacref  

 

44 TYPE=DSLS/TETUD/ AMIN= -180 AMAX= 180 TF= 0.001 K=15 TI= 0.001 

                   UB1= 0.6 UB2=0.8  TFB= 0.005 

                   TAB1= 0  DFLT=dudcref  

END 

 

MISCELLANEOUS 

 

 

!         ~~~~~~~~~~~~~~~~~~~~~~~~          DC voltage regulation          

~~~~~~~~~~~~~~~~~~~~~~~~ 

 

001  type=dsl/Ipv_dyn/DangCI=DangCI 

! 

!                        ...Constant DC voltage control... 

! 

                      tu=0.001         ku =-1.67    k1=-0.0085 

! 

!                           ...Active power control... 

!               

                      plinin =PAC      alfap=1                                    

                      tp=0.05          kp =-0.05     kp1=-1     

! 

!                                ...   MPPT  ... 

!  

                      dev0=0.001       dev=0.005                              

                      eps=0.007        tmppt=0.01    

                      kmppt=-1         kmppt1=-1 
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! 

! ...Selector flags: (sgn,sgn1)=(0,0):Constant DC voltage ;(sgn,sgn1)=(0,1):Active power control 

!                    (sgn,sgn1)=(1,:):MPPT... 

! 

                      sgn=1            sgn1=1  

!   

                      Ipv=I_dc Udc=U_dc dudcref=dudcref 

 

               

 

002  type=dsl/pqi/ line=ACBUS1 ACBUS2 no 1 

     PACout= PAC   QACout= QAC  IACout= IAC  UACout= UAC 

 

 

!         ~~~~~~~~~~~~~~~~~~~~~~~~          AC voltage regulation          

~~~~~~~~~~~~~~~~~~~~~~~~ 

 

004  ACBUS1 n=1 type=dsl/uacref/ DUCI=DUCI          

                      tuac=0.01     kuac =10     k1=10         

                      uacrefout=duacref 

 

!         ~~~~~~~~~~~~~~~~~~~~~~~~          Reactive power control          

~~~~~~~~~~~~~~~~~~~~~~~~ 

 

005  ACBUS1 n=1 type=dsl/qref/ pin=PAC  qin=QAC   DUCI=DUCI  

                         pffix=1   pflim=0.9  pflim2=0.9 db=0.03 

                         tq=0.001   

                         kq0=1     k01=1 

                         kq1=1     k11=1 

                         kq2=1     k21=1     

                         sgn1=0    sgn=0    uqrefout=duqref 

 

 

 

  

                                 

END 

 

DSL-TYPE 

 Ipv_inj(bus,Ipv) 
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 Ipv_dyn(n1,T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr, 

       tu,ku,k1,plinin,alfap,tp,kp,kp1,dev0,dev,eps,tmppt,kmppt,kmppt1, 

       DangCI,sgn/I{0,1}:1/,sgn1/I{0,1}:1/,udc,Ipv,dudcref) 

 

 pqi(acsi,acsu,PACout,QACout,IACout,UACout) 

 

 uacref(n1,tuac,kuac,k1,DUCI,uacrefout) 

 

 qref(n1,pin,qin,pffix,pflim,pflim2,tq,kq0,k01,kq1,k11,kq2,k21, 

      sgn1/I{0,1}:1/,sgn/I{0,1}:1/,db,DUCI,uqrefout) 

 

END 

 

COMMANDS 

! 

END 

 

FAULTS 

!F1 TYPE=3PSG NODE  BUS2  

END 

 

RUN INSTRUCTIONS 

END 

 

STORE INSTRUCTION 

 TYPE=NODE * VAR=U  

 TYPE=NODE DCBUS VAR=UDC 

 TYPE=LINE ACBUS1 ACBUS2 VAR=P1 Q1 

END 

END 

 

 

DSL functions 

 

Ipv_dyn 

 

PROCESS  Ipv_dyn(bus,T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr, 

&             tu,ku,k1,plin,alfap,tp,kp,kp1,dev0,dev,eps,tmppt,kmppt,kmppt1, 

&             DangCI,sgn,sgn1,udc,Ipv,dudcref) 

 

dc        bus 

EXTERNAL  T,G,Ms,Ns,Np,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr 
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EXTERNAL  tu,ku,k1 

EXTERNAL  plin,alfap,tp,kp,kp1  

EXTERNAL  dev0,dev,eps,tmppt,kmppt,kmppt1,DangCI,sgn,sgn1 

integer   sgn,sgn1 

REAL      T/*/,G/*/,Ms,Ns,Np/*/,Rs,Rp,Ki,Kv,alfa,Iscr,Vmpr,Impr,Vocr 

REAL      Tr/25/,Gr/1000/,q/1.60217646e-19/,kb/1.3806503e-23/ 

REAL      tu,ku,k1 

REAL      dev0,dev,eps,tmppt,kmppt,kmppt1,DangCI 

REAL      plin,alfap/*/,tp,kp,kp1 

REAL      udcref/*/ 

REAL      pref/*/,pmea,umea,dp 

REAL      Ipvnew,udcnew,Ipvold,udcold,udcout 

REAL      Vnew,Iinew,Igpvnew,Ppvnew,absa,a,dIpv,dudc,du,dux,uy,ux 

REAL      tdlay0/0.005/ 

REAL      Ii,V,Vt,Igr,Ig,Io,Rpv,Igpv,Ppv 

REAL      udc,Ipv,dudcref                                            ! Output variables 

STATE     Ii,Iinew,udcold,Ipvold,udcout,dux 

 

PLOT      Ipv,udc,Ppv,G,T,dudcref,udcold,du,dux 

PLOT      pref,plin,udcref 

 

umea=u(bus) 

pmea=-plin 

 

Udc=U(bus)*UBASE(bus)  !Udc=Vpv kV 

V=Udc*1000/Ns !V 

Vt=(Ms*alfa*kb*(T+273.15))/q 

Igr=Iscr*(Rs+Rp)/Rp 

Ig=(Igr+Ki*(T-Tr))*(G/Gr) 

Io=(Iscr+Ki*(T-Tr))/(exp((Vocr+Kv*(T-Tr))/(Vt))-1) 

Rpv=Ns*(Rs+Rp)/Np 

 

Ii: Ii-Ig+Io*(exp((Rp/(Rs+Rp))*(V+Ii*Rs)/(Vt))-1)=0 

 

Igpv=(Np*Ii*Rp/(Rs+Rp))/1000 !kA 

 

Ipv=Igpv-(Udc/Rpv) !kA 

Ppv=Udc*Ipv !MW 

 

udcold: udc-udcold=tdlay0*.d/dt.udcold        

Ipvold: Ipv-Ipvold=tdlay0*.d/dt.Ipvold 
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if(start)then 

 

    udcref = umea     

    pref = pmea 

    dp  = 0     

    du=0 

    dux=0 

    dudcref=0+DangCI 

 

 

... Set value for Udcref... 

 

elseif (sgn.eq.0.and.sgn1.eq.0)then 

 

                    

        du = (udcref -umea) 

        dux : du= tu*.d/dt.dux 

        ux = (ku*du+k1*dux)                   

        dudcref=((ku*du+k1*dux)+DangCI)   

 

... Active Power Control ... 

 

elseif (sgn.eq.0.and.sgn1.eq.1)then 

 

 

        !dp = (pref -pmea) 

        dp = (alfap*pref -pmea) 

        du=dp 

        dux : dp= tp*.d/dt.dux 

        ux = (kp*dp+kp1*dux)                   

        dudcref=((kp*dp+kp1*dux)+DangCI)   

 

... MPPT ...   

 

else 

          udcnew = udcold + dev0*ubase(bus) 

          Vnew=Udcnew*1000/Ns !V 

 

          Iinew: Iinew-Ig+Io*(exp((Rp/(Rs+Rp))*(Vnew+Iinew*Rs)/(Vt))-1)=0 

 

          Igpvnew=(Np*Iinew*Rp/(Rs+Rp))/1000 !kA 
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          Ipvnew=Igpvnew-(Udcnew/Rpv) !kA 

          Ppvnew=Udcnew*Ipvnew !MW    

 

 

          dudc=udcnew-udcold 

          dIpv=Ipvnew-Ipvold    

          

  

            if(dudc.eq.0) then  

 

                if(dIpv.eq.0) then 

                   du=0 

 

                else 

                   if(dIpv.gt.0) then 

                      du=dev 

 

                   else 

                      du=(-dev) 

 

                   endif 

                endif        

 

 

            else 

       

                absa=sqrt(((dIpv/dudc)+(Ipv/udc))**2) 

                a = ((dIpv/dudc)+(Ipv/udc))                

 

                if(absa.lt.eps) then 

                   du=0 

 

                else 

                   if(a.gt.0) then 

                      du=(dev) 

 

                   else 

                      du=(-dev) 

 

                   endif 

                endif 
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            endif  

          

        dux : du= tmppt*.d/dt.dux                  

        dudcref=((kmppt*du+kmppt1*(dux))+DangCI)     

endif 

end 

 

 

pqi: 

 

process pqi(acsi,acsu,p,q,i,u) 

ac_signal acsi,acsu 

real     p,q,i,u 

 

plot     p,q,i,u 

 

p  =  (xpre(acsu)*xpre(acsi)+xpim(acsu)*xpim(acsi)) 

q  =  (xpim(acsu)*xpre(acsi)-xpre(acsu)*xpim(acsi)) 

i  =  sqrt(xpre(acsi)**2+xpim(acsi)**2) 

u  =  sqrt(xpre(acsu)**2+xpim(acsu)**2) 

end 

 

 

uacref: 

 

process uacref(b1,tuac,kuac,k1,DUCI,duacref) 

 

ac b1 

 

external  tuac,kuac,k1,DUCI 

real      tuac,kuac,k1,DUCI 

real      ure,uim,umea,uacref/*/ 

real      du,uy,ux,dux 

real      duacref 

state     dux 

 

plot     uacref,umea,duacref,du 

 

ure = upre(b1) 

uim = upim(b1) 
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umea  = sqrt(ure**2+uim**2) 

 

if (start) then 

 

    uacref = umea 

    du  = 0 

    duacref = 0+DUCI   

    dux = 0 

    

...PI-regulator... 

 

else 

           

        du = (uacref -umea) 

        dux : du= tuac*.d/dt.dux 

        ux = (kuac*du+k1*dux)                   

        duacref=((kuac*du+k1*dux)+DUCI)   

     

endif 

 

end 

 

qref: 

 

process qref(b1,plin,qlin,pffix,pflim,pflim2,tq,kq0,k01, 

&             kq1,k11,kq2,k21,sgn1,sgn,db,DUCI,duqref) 

 

ac  b1 

 

external plin,qlin,pffix,pflim,pflim2,tq,kq0,k01 

external kq1,k11,kq2,k21,sgn1,sgn,db,DUCI 

real     plin,qlin,pffix,pflim,pflim2,tq,kq0,k01 

real     kq1,k11,kq2,k21,db,DUCI 

real     pf,tan,p 

real     ure,uim,ub,umea,pmea,qmea,l,h,qmax 

real     qref,dux,dq,duqref                                                    

integer  sgn1,sgn 

state    dux 

 

plot     ub,pmea,qmea,qref,duqref ,pf 
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ure = upre(b1) 

uim = upim(b1) 

 

ub  = sqrt(ure**2+uim**2) 

 

umea = ub 

 

pmea = -plin 

 

qmea = -qlin 

 

if (start) then 

 

  qref= qmea 

  dq = 0 

  duqref = 0+DUCI 

  pf = sqrt((plin**2)/(plin**2+qlin**2)) 

   

 

 

else 

 

 

     if (sgn1.eq.0.and.sgn.eq.0) then 

 

           tan = sqrt((1-pffix**2)/(pffix**2))       

         if(pffix.lt.0) then                ! Capacitive 

           qref = pmea*tan 

         else 

           qref = -pmea*tan 

         endif                              ! Inductive 

         

        pf = pffix 

        dq = (qref -qmea) 

        dux : dq= tq*.d/dt.dux                  

        duqref=((kq0*dq+k01*dux)+DUCI) 

 

      

 

     elseif (sgn1.eq.0.and.sgn.eq.1) then 

        

     p=pmea/(sqrt(pflim**2)) 
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             if (p.le.0.5) then 

 

                 pf=((1-pflim)/(0.5-0))*(p-0.5)+1 

                 tan=sqrt((1-pf**2)/(pf**2)) 

                 qref = pmea*tan 

             else 

                 pf=((pflim-1)/(1-0.5))*(p-0.5)+1 

                 tan=sqrt((1-pf**2)/(pf**2)) 

                 qref = -pmea*tan 

             endif  

            

        dq = (qref -qmea) 

        dux : dq= tq*.d/dt.dux                  

        duqref=((kq1*dq+k11*dux)+DUCI)        

      

    else  

 

 

          tan = sqrt((1-pflim2**2)/(pflim2**2)) 

          qmax = tan*(sqrt(pflim**2))             ! Q/pn = f(u)  so  Q=pf*f(u)                   

 

         l = 1-db 

         h = 1+db 

      

         if (umea.lt.0.9) then 

               qref=qmax 

         elseif (umea.ge.0.9.and.umea.le.l) then 

               qref = (qmax/(db-0.1))*(umea-1+db) 

         elseif (umea.gt.l.and.umea.lt.h) then 

               qref = 0 

         elseif (umea.ge.h.and.umea.le.(1.1)) then 

               qref = -(qmax/(db-0.1))*(umea-1-db) 

         else 

               qref = -qmax 

         endif 

        

        pf = sqrt((pmea**2)/(pmea**2+qmea**2))  

        dq = (qref -qmea) 

        dux : dq= tq*.d/dt.dux                  

        duqref=((kq2*dq+k21*dux)+DUCI) 
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    endif 

 

 

endif 

    

end 

 

 

 

7.2 MATLAB files for the PV module’s parameter definition: 

 

Rs & Rp: 

 
clear, 

tole=1e-6; 

  

Tr=25; %celcius 

Gr=1000; %W/m2 

Ms= 54; 

Np=144; 

Ns=52; 

Iscr=8.21; %A 

Vocr=32.9; %V 

Impr=7.61; %A 

Vmpr=26.3; %V 

Pmaxe=200.143; %W 

Kv=-0.123; %V/K 

Ki=0.0032; %A/K 

Cdc=5000e-6; %F 

q=1.60217646e-19; % C 

kb=1.3806503e-23; % J/K 

  

T=Tr; 

G=Gr; 

  

TKr=T+273.15; %Kelvin 

alfa=1.3; 

Vt=alfa*Ms*kb*TKr/q; %  the thermal voltage 

  

Io=(Iscr+Ki*(T-Tr))/(exp((Vocr+Kv*(T-Tr))/Vt)-1); 

  

epsmax_p=1; 

Rs=0; 

Rp=(Vmpr/(Iscr-Impr))-((Vocr-Vmpr)/Impr); 

VV=[0:0.1:Vocr]; 
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options_solve=optimset('Display','off','TolX',tole,'TolFun',tole,'Max

Iter',10); 

  

ans2=[]; 

while (epsmax_p > tole) & Rp >0  

    Rs=Rs+0.01; 

    Igr=Iscr*((Rs+Rp)/Rp); 

    Ig=(Igr+Ki*(T-Tr))*(G/Gr); 

    Isc=(Iscr+Ki*(T-Tr))*(G/Gr); 

    tal=Vmpr*(Vmpr+Impr*Rs); 

    nam=Vmpr*Ig-Vmpr*Io*exp((Vmpr+Impr*Rs)/Vt)+Vmpr*Io-Pmaxe; 

    Rp=tal/nam; 

    X0=Iscr; 

    for ii=1:length(VV), 

        V=VV(ii); 

        

[II,fval,EXITFLAG]=fsolve('solve_I',X0,options_solve,Ig,Io,V,Vt,Rs,Rp

); 

        if EXITFLAG~=1, disp('FSOLVE did not converge to a root'), 

ans1=[ii V], break, end 

        I_PV(ii)=II; 

        P_PV(ii)=V*II; 

        X0=II; 

    end, 

    Pmax=max(P_PV); 

    epsmax_p=abs(Pmax-Pmaxe); 

    ans2=[ans2;Rs Rp epsmax_p]; 

end, 

  

min_eps=min(ans2(:,3)); 

mm=find(ans2(:,3)==min_eps);  

Rs=ans2(mm,1); 

Rp=ans2(mm,2); 

 

 

PV module: 

 
clear, 

  

tole=1e-6; 

  

Sbase=2; %MVA 

Ubase=1.7; %kV 

Ibase=Sbase/Ubase; %kA 

Tr=25; %celcius 

Gr=1000; %W/m2 

Ms= 54; 

Np=144; 

Ns=52; 
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Iscr=8.21; %A 

Vocr=32.9; %V 

Impr=7.61; %A 

Vmpr=26.3; %V 

Pmaxe=200.143; %W 

Kv=-0.123; %V/K 

Ki=0.0032; %A/K 

Cdc=5000e-6; %F 

TKr=Tr+273.15; %Kelvin 

q=1.60217646e-19; % C 

kb=1.3806503e-23; % J/K 

alfa=1.3; 

Vt=alfa*Ms*kb*TKr/q; %  the thermal voltage 

  

T=Tr; 

G=Gr; 

Ig=(Iscr+Ki*(T-Tr))*(G/Gr); 

Io=(Iscr+Ki*(T-Tr))/(exp((Vocr+Kv*(T-Tr))/Vt)-1); 

  

options_solve=optimset('Display','off','TolX',tole,'TolFun',tole,'Max

Iter',10); 

  

%X0=[0.229 ; 586.8183 ]; 

%s_z=size(X0); 

%ns=s_z(1,1); 

%[R_R,fval,EXITFLAG]=fsolve('solve_RR',X0,options_solve,ns,Ig,Io,Vt,V

mpr,Impr); 

%if EXITFLAG~=1, disp('FSOLVE did not converge to a root'), end 

%Rs=R_R(1)  

%Rp=R_R(2) 

  

Rs=0.229; 

Rp=586.8183; 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Igr=Iscr*((Rs+Rp)/Rp); 

Ig=(Igr+Ki*(T-Tr))*(G/Gr); 

  

VV=[0:0.1:Vocr]; 

X0=Iscr; 

  

for nn=1:length(VV), 

    V=VV(nn); 

    

[II,fval,EXITFLAG]=fsolve('solve_I',X0,options_solve,Ig,Io,V,Vt,Rs,Rp

); 

    I_PV(nn)=II; 

    P_PV(nn)=V*II; 
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    X0=II; 

end, 

  

max_PV=max(P_PV); 

mm=find(P_PV==max_PV); 

Vmpp=VV(mm); 

Impp=I_PV(mm); 

ANS_1=[max_PV Vmpp Impp] 

  

figure(1) 

plot(VV,I_PV,VV(mm),I_PV(mm),'ro') 

xlabel('V'),ylabel('I_{PV}') 

axis([0 35 0 9]) 

     

figure(2) 

plot(VV,P_PV,VV(mm),P_PV(mm),'ro') 

xlabel('V'),ylabel('P_{PV}') 

axis([0 35 0 205]) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

options_solve=optimset('Display','iter','TolX',tole,'TolFun',tole,'Ma

xIter',10); 

V=Vmpp; 

X0=Impp; 

[Ii,fval,EXITFLAG]=fsolve('solve_Ii',X0,options_solve,Ig,Io,V,Vt,Rs,R

p); 

Ieq=Ii*Rp/(Rs+Rp); 

Req=Rs+Rp; 

Igen_eq=Np*Ieq; 

Rgen_eq=Req*Ns/Np; 

  

Udc=Ns*V/1000; %kV 

Ipv_eq=((Igen_eq/1000)-Udc/Rgen_eq); %kA 

Ppv_eq=Udc*Ipv_eq; %MW 

  

Udcpu=Udc/Ubase; %pu 

Ipv_eqpu=Ipv_eq/Ibase; %pu 

Ppv_eqpu=Udcpu*Ipv_eqpu; %pu 

  

ANS_2=[Udc Ipv_eq Ppv_eq ; Udcpu Ipv_eqpu Ppv_eqpu]  

 

Functions: 
function [g_x]=solve_I(X,Ig,Io,V,Vt,Rs,Rp); 

  

g_x=zeros(1,1); 

  

I=X; 

  

a1=V+Rs*I; 
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exp_=exp(a1/Vt); 

  

g_x=I-Ig+Io*(exp_-1)+(a1/Rp); 

 

 

function [g_x]=solve_Ii(X,Ig,Io,V,Vt,Rs,Rp); 

  

g_x=zeros(1,1); 

  

I=X; 

  

a1=V+Rs*I; 

a2=Rp/(Rs+Rp); 

exp_=exp(a1*a2/Vt); 

  

g_x=I-Ig+Io*(exp_-1); 

 

 

function [g_x]=solve_RR(X,ns,Ig,Io,Vt,Vmpr,Impr); 

  

g_x=zeros(ns,1); 

                     

Rs=X(1); 

Rp=X(2); 

  

a1=Vmpr+Rs*Impr; 

exp_=exp(a1/Vt); 

  

b1=(Io*exp_/Vt)+(1/Rp); 

b2=1+(Rs*Io*exp_/Vt)+(Rs/Rp); 

  

  

g_x(1)=Impr-Ig+Io*(exp_-1)+(a1/Rp); 

g_x(2)=Impr-Vmpr*(b1/b2); 
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7.3 Parameters used for the PV system in MATLAB and SIMPOW files 

 

           

 

Power system nodes (Fig.4.1) Base voltage value 

DCBUS (DC side voltage of PV)                          1.7 kV 

ACBUS1 (AC side voltage of PV) 0.5 kV 

ACBUS2 0.5 kV 

BUS2 12.5 kV 

BUS1 12.5 kV 

 

 

Transmission lines (Fig.4.1)  Resistance         Impedance 

Line 1 (BUS2-BUS1) 0 p.u.                 0.1 p.u. 

Line 2 (BUS2-BUS1) 0 p.u.                 0.1 p.u. 

Line 3 (ACBUS1-ACBUS2)  0 p.u.                 0.0001 p.u. 

 

 

Transformer (Fig.4.1) Value 

Nominal power 2.0 MW 

Voltage ratio 0.5 kV/12.5 kV 

Resistance 0 p.u. 

Impedance 0.1 p.u. 

 

 

PV generator Value 

Short circuit current per module,     8.21 A 

Open circuit voltage per module,     32.9 V 

Maximum power current,      7.61 A 

Maximum power voltage,      26.3 V 

Temperature at STC,        

Irradiance at STC,           ⁄  

   0.0032 A/K 

   -0.123 V/K 

Number of series PV cells per module, 
   

54 

Number of parallel modules in each row,  
   

144 

Number of series rows in each string,  
   

52 

  1.3 

Defined    0.229 ohm 

Defined    586.8183 ohm 
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Shunted capacitor Value 

Capacitance 5000 e-6  p.u. 

Resistance 1 e9  p.u. 

 

DC voltage control (Fig.3.29) Value 

            -1.67 

              (0.001/(-0.0085))  

 

 

Active power control (Fig.3.30) Value 

            -0.05 

               (0.05/(-1))  

   1 

 

 

MPPT (section 3.4) Value 

                     0.001 p.u. 

                   0.005 p.u. 

                 0.007 

kmppt (SIMPOW) -1 

Tmppt/kmppt1 (SIMPOW) (0.01/(-1))  

Tdelay (first time delay) 0.005 sec 

 

AC voltage control (Fig.3.9) Value 

              10 

                (0.01/(10)) sec 

 

Reactive power control (Section 3.3) Value 

   1 

  1 

  1 sec 

Unity power factor (sgn1,sgn)=(0,0)  

Pffix= power factor 1 

Dynamic power factor (sgn1,sgn)=(0,1)  

Pflim=power factor limit 0.9 

Droop control strategy (sgn1,sgn)=(1,:)  

Pflim2=power factor limit 0.9 

db=dead-band 0.03 
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