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Executive summary 
 
This report documents the work that has been carried out from January 2016 to June 2017 by 
MIGRATE WP5 (Power Quality in Transmission Networks with high PE Penetration) under task 5.2. 
This report constitutes the deliverable D5.2 – “Simulation models for power-quality studies in 
power-electronics rich power networks”, in fulfilment of the requirements defined by the grant 
agreement No 691800.   
 
Work Package 5 focuses on the evaluation of power quality (PQ) issues expected in future 
transmission networks due to high penetration of power electronic (PE) devices. Critical aspects of 
power quality in today transmission networks have been analysed and presented in the deliverable 
D5.1 [1], published in January 2017. As the report suggests, the main concerns arising from the 
increasing penetration of PE devices in power systems are in the areas of harmonic distortion and 
power fluctuations causing voltage and frequency variations in the grid. 
 
In the context of Power Quality, adequate models are required in order to investigate the potential 
adverse effects of PE-based devices in future transmission networks. Development of these models 
has been the focus of Task 5.2. The aim of this document is to describe the methodology adopted 
during this task, to give clear and detailed explanations of the models developed and to show their 
behaviour under a defined set of representative conditions (i.e. the “testing scenarios”). 
 
The models presented in this report include the following: 

o High voltage direct current system (HVDC),  
o Static compensator (STATCOM),  
o Static-var compensator (SVC),  
o Wind-turbine generators (WTG type 3 and 4), 
o Solar photovoltaics (PV) and  
o Battery storages (BS).  

 
For each device, three types of models with different level of detail and complexity have been 
developed: the electromagnetic transient (EMT) model, the average RMS model and the harmonic 
load-flow model.  
 
• The EMT model captures the detailed topology of the PE device with all electrical elements and 

control algorithms that are necessary for its functional operation. This model represents the 
device in the greatest level of detail and, therefore, forms the basis for the development and 
validation of the simplified average and harmonic load-flow models.  

For the purposes of this project, a representative topology for each PE device (amongst a wide 
variety of different topologies and implementations currently available) has been selected. This 
approach has been adopted in order to provide a generic, yet representative, model and more 
importantly, to propose a methodology for EMT modelling of PE devices for PQ studies.  
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The EMT models presented in this report are based on the following representative topologies: 

o Multi-modular converter (MMC) topology for the HVDC and STATCOM, 
o 2-level voltage source converter for the solar photovoltaics and battery-storage 

converter, 
o Back-to-back 2-level converters for wind turbine generators, Type 3 and 4 and 
o Thyristor-switched reactor as a main controllable PE element of the SVC. 

 
The developed EMT models offer a detailed insight into the PE devices operation and provide 
the required input data (i.e. device dynamics, harmonic generation…) to develop the simplified 
“average” and “harmonic load-flow” models (Figure 0-1). These simplified models adequately 
represent different aspects of power quality phenomena and are more suitable for simulations 
of large systems. The EMT models, on the other hand, can be used for time domain simulation 
in cases where detailed operation points, control algorithms and internal variables are of 
interest, for example in the investigation of controller interactions. 

 

 
Figure 0-1: Representation of the simplifications of the detailed EMT model of the MMC-based 

HVDC converter  
 

Some of the EMT models developed in this task have been validated against “black-box” 
models provided by equipment manufacturers. This assessment has highlighted some minor 
differences in the dynamic and harmonic performance of individual devices. The differences 
arise due to diverse control algorithms and control parameters, size of coupling circuits and 
other parameters which are designed to optimize the device’s performance for specific 
operating conditions. This finding emphasizes the wide range of possible topology and control 
algorithms implementations available for the same device and highlights the need for adopting 
a probabilistic approach in the assessment of Power Quality. Notwithstanding that, both sets of 
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EMT models compared reasonably well and demonstrated the validity of the generic models 
developed for the purposes of this project.  

 
• The average models were developed in line with the detailed EMT models. The “averaging” 

simplification refers to replacing the detailed converter topology with equivalent voltage or 
current sources with the purpose of reducing complexity and simulation times. The average 
models successfully reproduce the dynamic behaviour of the EMT model in a narrow bandwidth 
around the fundamental power frequency and are therefore suitable for time-domain electro-
mechanical dynamic simulations.   

 
• The harmonic load-flow models represent the individual PE devices in the frequency domain 

by means of a Norton equivalent circuit. This type of model is suitable for steady-state 
harmonic propagation studies and allows for complex, frequency-dependent parametrization of 
the Norton equivalent circuit. Figure 0-2 illustrates an example of a frequency-dependent 
Norton equivalent (harmonic current and harmonic admittance) derived from the detailed EMT 
model at various operating points. 

 

 
Figure 0-2: Sample of the frequency scan results of the Norton equivalent circuit for the EMT model 

of the wind turbine generator; analysis in different operating points at variable ac voltage and 
constant active power 

 
In line with the Task P5.2 requirements, the following aspects of the modelling were addressed: 

- Quantify the different levels of harmonics injection associated with various PE-
based equipment.  

 
The quantification of the harmonic injections was carried out based on the responses of the 
detailed EMT models developed within this task.  
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The harmonic injections of individual devices were monitored during steady state simulations of 
selected operating conditions, which gave a broad range of possible harmonic injections for each 
device. These harmonic injections were used as the basis for parametrization of probabilistic 
harmonic load-flow models.    
 

- Quantify the power fluctuations measured at the points of common coupling of 
renewable power sources including wind, solar.  

 
Power fluctuations of renewable power sources can occur due to a change of wind speed or solar 
radiation. With an increased share of wind turbine generators and photovoltaics generators in the 
grid, the power fluctuations may become relevant. Variations in a time frame of up to several 
minutes are considered for the analysis. With regard to this time frame, average models of the PE 
based devices are applicable for the simulation. Average models describe the operation of the 
devices at the fundamental frequency which allows for use of larger simulation time-steps and 
consequently faster dynamic simulations. 
 
In this report, average models for each single PE device are presented along with generic control 
algorithms. These models are validated by simulations. The simulation results are in accordance 
with the results obtained by the EMT models. Additional simulation scenarios are developed for the 
wind turbine generators type 3 and type 4 as well as for the photovoltaics generator. These 
simulation scenarios show the power fluctuations caused by variations of wind speed and solar 
radiation over periods of several minutes. 
 

- Quantify how harmonics injection and overall harmonics level in the network vary 
with time using a probabilistic approach.  

 
By using a probabilistic methodology for harmonics propagation, the spatial and temporal variation 
of harmonics in the network can be easily captured. Appropriate models of harmonic sources (PE 
devices) are described herein for the purpose of implementation of the proposed probabilistic 
methodology. The methodology is illustrated for the case of the generic test network. 
 
All the models, developed within Task 5.2, will be used within the future activities within WP5: 

- In Task 5.3 disturbances propagation will be studied based on the average and harmonic 
load-flow models. 

- In Task 5.4 the PQ level in future transmission networks, with a high share of PE devices, 
will be studied. Again, based on the average and harmonic load-flow models. To reach the 
desired level of PE devices variety, the re-parametrization of the existing EMT models will 
be carried out. 

- In Task 5.5 mitigation solutions will be proposed and the analysis will be based also on the 
modification of the EMT models control algorithms. 
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The key contributions of Task 5.2 can be summarised as: 

- Development of detailed EMT models of PE devices, as the basis for average and harmonic 
load-flow models and for further use within the WP5 tasks. 

- Methodology and development of the average models of PE devices. 

- New, multi-parameter based scanning of the detailed EMT models to deliver frequency-
dependent parameters for equivalent circuits of the PE devices. 

- Development of harmonic load-flow models and simulation approach capable of 
probabilistic assessment of harmonic propagation throughout a power system. 

 
The developed models are available for the following simulation platforms: 

- detailed EMT and average models: PSCAD and  
- harmonic load-flow models: PowerFactory DIgSILENT. 
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Nomenclature 
 
P  active power 
Q  reactive power 
S  apparent power 
Sk  short-circuit power 
U,V,u,v  voltage  
Udc  DC voltage 
I,i  current 
B  susceptance 
L  inductance 
ω  angular speed 
α  alpha – firing angle (with TCR) 
C  capacitance  
Theta, phi phase angle of fundamental frequency 
f  frequency 
Z  impedance 
Z1  positive-sequence impedance 
Z2  negative-sequence impedance 
Y  admittance 
H,h  harmonic order 
C  flicker coefficient 
Pst  short-term flicker 
Plt  long-term flicker 
kf  flicker step factor 
ku  voltage change factor 

Cp  power coefficient (with wind turbines) 
m  magnitude of control signals (modulation factor) 
slpang  slip angle 
vw  wind speed 
p  number of poles 
Փm  amplitude of magnetic flux 
G  transfer function of PI compensators 
Ttm   Aerodynamic torque of WTG 
λ  tip speed ratio 
ρ  air density 
r  rotor blade length 
CT  torque coefficient 
Փ  Gaussian probability density 
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AC 

 
Alternating Current 

ASVC 
 

Advanced Static-Var Compensator 
AVM 

 
Average Model 

DC 
 

Direct Current 
DFAG 

 
Doubly Fed Asynchronous Generator 

DFIG 
 

Doubly Fed Induction Generator 
DG 

 
Distributed generation 

EMT 
 

Electro-Magnetic Transients 
ENTSO-E  European Network of Transmission System Operators for Electricity 
FACTS 

 
Flexible AC Transmission System 

FBSM 
 

Full-Bridge Submodule 
GSC 

 
Grid-side converter 

HBSM 
 

Half-Bridge Submodule 
HLF 

 
Harmonic Load-Flow 

HPF 
 

High Pass Filter 
HV 

 
High Voltage level 

HVDC 
 

High Voltage Direct Current (system) 
IGBT 

 
Insulated-Gate Bipolar Transistor 

LCC 
 

Line-Commutated Converter 
LPF 

 
Low Pass Filter 

LV 
 

Low Voltage level 
MMC 

 
Modular Multilevel Converter 

MSC 
 

Machine-side converter 
MV 

 
Medium Voltage level 

PCC 
 

Point of Common Coupling 
PDF 

 
Probability Distribution Function 

PE 
 

Power Electronic 
PLL 

 
Phase Locked Loop 

PM 
 

Permanent Magnet (generator or machine) 
PMSG 

 
Permanent Magnet Synchronous Generator 

PV 
 

PhotoVoltaic 
PWM 

 
Pulse-Width Modulation 

RfG 
 

Network code on Requirements of Grid connection 
RMS 

 
Root-Mean-Square 

RSC 
 

Rotor-side converter 
SCIG 

 
Squirrel Cage Induction Generator 

SM 
 

Submodule 
SOGI 

 
Second Order General Integrator 
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STATCOM  Static Compensator 
SVC 

 
Statc-Var Compensator 

TCR 
 

Thyristor-Controlled Reactor 
THD 

 
Total Harmonic Distortion 

VSC 
 

Voltage Source Converter 
WPP 

 
Wind power park 

WRSG 
 

Wound Rotor Synchronous Generator 
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1 Introduction 
 
Transmission networks are under heavy influence of the fast development of new technologies in 
the field of power generation and power transmission. Due to environmental concerns, we are 
seeing a rapidly increasing share of wind and PV generation, which is on the power electronic 
AC/DC converters. Moreover, such generation is often located away from consumption centres. To 
be able to transmit energy over long distances, high-voltage DC (HVDC) transmission is becoming 
an increasingly viable option. In addition to this, the tendency is also to utilize the available 
transmission infrastructure as much as possible, so compensation devices like STATCOM or SVC 
are often used in transmission systems. All mentioned devices are based on power electronics, 
which has an impact on power quality levels in transmission systems. 
 
The operation of power electronic (PE) devices depends on its topology and control algorithms. 
Controllers define overall dynamics of the device including response to changes of the operating 
points or to distortions of any kind. Proper design and tuning of controllers is the main challenge of 
the developers of the PE based devices, and the strict rules for the operation increase the 
complexity of the designs.  
 
Strict requirements are defined also for the contribution to the harmonic distortion or the harmonic 
current injections of the devices connected to different voltage levels. The harmonic contributions 
have become more evident and alarming also at transmission level, especially due to a higher 
number of modern high-power PE-based devices as the HVDC, STATCOM, SVC or large wind and 
PV parks connected directly to the transmission level. Due to nonlinear characteristics of their 
converters, the devices tend to inject broad spectrum of harmonic components to the transmission 
network. Although the harmonic contribution and voltage distortion is controlled by the TSOs, the 
increased number of the future PE devices could lead to massive penetration of harmonics into the 
transmission system and could cause additional uncontrolled harmonic power flows. 
 
The experiences of European TSOs show that the harmonic distortions are most critical in networks 
where the short-circuit power is low and the network topology consists of a high share of cable 
lines, which tend to resonate with the particular harmonic components produced by PE based 
renewable energy sources (wind turbines). The case of such network is, for example, an offshore 
grid that is used for the connection of PE devices as wind turbine generators, HVDC systems and 
similar [2].  
Besides harmonic contributions of PE devices, the influence on other power quality phenomena 
cannot be neglected. The power variation of generators that depend on the natural conditions 
(solar generators or wind power generators) affects power flows and causes voltage fundamental 
frequency variations. 
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To cope with the expected influence of a higher share of modern PE devices on power quality in the 
transmission grid, digital simulation tools and models have been developed and are presented in 
this document. The simulation approaches, which are used for the analyses, can be divided into: 

- Electromagnetic transient (EMT) simulations, 
- Dynamic simulations with averaged models with respect to fundamental frequency 

components, 
- Load-flow or harmonic load-flow simulations (analysis of the steady-state conditions for 

individual frequency component).     
 
Each approach is focused on different details of the modelled device and is used for different 
analyses.  
    
The main target of this task is to develop models of modern high-power PE devices for all three 
types of simulations. The devices, which are considered are: the HVDC, wind turbine generators 
(type 3 and 4), FACTS devices (STATCOM and SVC) and large converters for connection of solar 
photovoltaics (PV) or battery storages (BS). 
 
The basic models that are used in this task are based on the generic electromagnetic-transient 
(EMT) models. EMT models consider the detailed structure of PE-based devices (converters), which 
are based on different switching techniques representing one of the main causes for harmonic 
distortion. The converters are controlled by complex control algorithms that enable the operation 
under different operating conditions, so also the developed models will be tested and evaluated 
under different conditions. 
 
The idea of PE model development is not to recreate a detailed control algorithm of some particular 
commercially available devices, since this is practically an impossible task without the detailed 
knowledge of the used algorithms. The development of the models is therefore based on more 
generic control algorithms, which produce satisfactorily results. Due to a high number of different 
manufactures (e.g. for wind turbine converters) we can expect a large diversity of different control 
solutions for control of converters. 
 
In this task, EMT models of PE devices are developed to set the operational characteristics of 
individual devices. In the following steps, the models are simplified in order to lower the complexity 
of the models to be able to cope with larger simulation cases and with focus on different aspects of 
the analyses. The average models represent the equivalent of the detailed EMT model and are used 
for dynamic simulations at the fundamental frequency only. The harmonic load-flow (HLF) models 
are defined based on the detailed harmonic analysis of the EMT model for the steady-state 
conditions and are used for the evaluation of harmonic contribution.  
   
The models and the modelling methodology, presented and developed within this task, represents 
the basis for further analyses and simulation approaches that will take place in the following tasks 
of the Work Package 5.2 (Tasks 5.3, 5.4 and 5.5). 
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1.1 EMT - detailed simulation models 
 
EMT simulation models focus on the detailed modelling of all elements of the device, including the 
switching elements, which are the main part of different converter topologies. The models are used 
with the simulations in the time domain with respect to the instantaneous values and waveforms of 
electrical variables. The EMT simulations give opportunity to analyse different dynamic behaviour of 
the model, by means of broad frequency spectrum analyses of the signals.  
The accuracy of the EMT simulations is dependent on the time-step of the EMT simulation and on 
the details of the EMT models (passive, active or controls). EMT simulations results are used for 
detailed research of the device operation at the broad frequency range, which offers use of 
complex analyses of stability, harmonic injections or interactions, heating etc. 
 
The EMT models cause a relatively high computational burden of the simulators. Analysis of several 
detailed PE devices, connected in the complex transmission system, would create even larger 
simulation loads. To speed-up the calculations of the simulation cases with PE devices in the 
transmission networks, the detailed switching EMT models can be simplified for different types of 
analyses: 

- average models without switching elements for dynamic analyses at the fundamental 
frequency quantities in the time-domain and 

- harmonic load-flow (HLF) models for single operating point analyses for individual 
frequency component separately. 

 

1.2 Simulations with average models  
 
Average models are used for the simulation of PE devices within the EMT or phasor-based 
simulation tools. They consider dynamic behaviour at fundamental frequency components only. 
Such simulations offer less computational effort than EMT models, and accordingly provide much 
faster simulations. Average models are applicable for the analysis of the phenomena that are 
slower than the fundamental frequency of the voltage. Since the dynamic behaviour of PE devices 
and of control algorithms are part of the average models, phenomena such as voltage and 
frequency variations can be suitable for the analyses. However, average models do not cover 
simulations of harmonics and high frequency electromagnetic transients. 
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1.3 Harmonic load-flow simulation  
 
The third type of the models presented in this document is the harmonic load-flow models of PE 
devices used for harmonic load-flow analyses. The modelling and characterization of harmonic-
generating sources is very important step in performing the harmonic load-flow analysis. Different 
models were developed to perform the harmonic analysis of networks in the past. Generally, the 
models and their parameters used in a harmonic study depend on the purpose of the study, the 
amount of the data describing the characteristics of the particular device and the accuracy level 
needed [3], [4].  
 
The most common model of harmonic sources used for the purpose of harmonic studies involves 
modelling the non-linearity of the load by a current source for each harmonic frequency. This 
method yields appropriate accuracy in the calculated voltage distortion at network buses for 
system wide studies and considering all uncertainties involved [5]. A more complex model of the 
distorting devices can be represented by the Norton equivalent circuit with specific harmonic 
spectrum of the current sources, representing the constant current injection into the grid, and the 
nonlinear admittances, representing the device’s susceptibility to the harmonic voltages from the 
network. Further step into more comprehensive harmonic load-flow analyses includes probabilistic 
models, which can take into account the operating mode and multiple switching operation 
uncertainties. In the stochastic harmonic load models, the uncertainties considered were loading 
conditions, load compositions and aggregate harmonic load parameters. All these models are 
described in more detail in [3], [6].   
 
Probabilistic  harmonic injection modelling, which will be detailed in Task 5.3, will be used relaying 
on the appropriate models of relevant network components and harmonic sources available in  
DigSILENT/PowerFactory to ensure consistency and wide applicability of developed approach [6], 
[7].  
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2 PE devices and operation characteristics 
 
This chapter provides the basic information on the PE devices that have been considered within this 
work package. Operation characteristics, topology of converters, modulation strategies or control 
algorithms, these all define the influence of the PE devices on the network and its susceptibility to 
different conditions in the network. Operation of some devices as are the wind turbine generators 
or photovoltaic generators are also under high influence of the natural conditions (wind speed and 
solar radiation) which can similarly as other characteristics contribute to more serious power 
quality issues in the network. 
Based on the general descriptions of the PE devices, the control algorithms are presented in 
chapter 3 and the detailed models developed in chapter 4. 
 

2.1 Static-var compensator - SVC 
 
Static-var compensator (SVC) is a device that is used for generation of the dynamically controlled 
reactive power with respect to different objectives of the control functions. In the transmission 
networks, the SVC is often used for the voltage support, by means of generating the capacitive 
power in case of low network voltages, and reactive power in case of high network voltage 
conditions.  
 
As a voltage controller, the SVC takes care of stabilizing the voltage levels at the connection point 
(or at some other near bus). Such control could play an important role as a compensator (damper) 
during severe voltage variations, sub-synchronous oscillations within larger grids, or during similar 
voltage-influencing events. 
 
The SVC is composed of different passive and active elements which provide the required amount 
of reactive power.  The passive elements are the fixed capacitors which provide the fixed 
impedance generating voltage-dependent capacitive power. The variable power range of the SVC is 
established by using the switched capacitor banks – thyristor switched capacitors (TCR), which are 
dynamically switched on or off, and the thyristor controlled reactors (TCR), which provide variable 
continuous range of inductive reactive power. One possible topology of the SVC is shown in the 
Figure 2-1. 
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Figure 2-1: The SVC topology used for WP 5.2 models; TCR with two filter capacitor circuits 

 
The dynamic response of the SVC is limited with the dynamics of the main controllable element, 
the TCR, which can change the operating point with each switching event of the TCR legs. 
Therefore, the controllable frequency range of the SVC is limited to frequencies below 100 Hz, 
which is sufficient for reactive power compensation or low frequency phenomena. 
 
The reactive power of all SVC elements is based on the voltage at the connection point. Lower is 
the voltage, lower is the power that can be generated by each SVC element. The operation 
diagram is schematically shown in Figure 2-2 and shows reduction of the available reactive current 
at lower voltage levels, operation limits at of the dynamical range of the SVC which is able to 
provide capacitive and inductive power. 
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Figure 2-2: The operation diagram of the SVC; production limits (full capacitive) and absorption 

limits (full inductive, minimum capacitive) of the SVC 
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The SVC is utilized mainly for dynamic compensation of the reactive power. In the industrial 
environments, the SVC is used mostly in combination with the fluctuating loads (large variable 
motor drives, electric-arc furnaces) to suppress the power fluctuation which causes flicker and to 
compensate the reactive power. 
In the transmission networks, the SVC is mainly utilized for the support with the voltage control, 
with additional function for low frequency oscillation damping and other variable reactive power 
based control algorithms, such as the voltage support for the long cable energization, 
compensation of reactive power caused by HVDC converters and others. 
 
The SVC has high harmonic influence on the rest of the grid by means of harmonic current 
injections and harmonic resonances caused by SVC’s harmonic filters. The harmonic current 
injections are caused by the special operation characteristics of the TCR, which generates pure 
current harmonics. Under balanced conditions these are the 6n±1 multiples of the fundamental 
while under unbalanced conditions, also other harmonic components (odd and triple) can be 
present. Harmonic injection of the TCR requires use of harmonic filters which are combined with 
the fixed capacitors that provide the capacitive power at the fundamental frequency and low 
impedance for filtered harmonics at the particular harmonic frequency. The filters are usually 
required for the 5th and 7th harmonic component, while under unbalanced conditions and severely 
distorted network voltage also the 2nd, 3rd or 4th.  
 
The detailed overview of possible SVC topologies, control algorithms with the corresponding 
operation diagrams, and other details of the SVC can be found in the Appendix V.  
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2.2 WTG (type 3 and 4)  
Type 3 wind technology is more commonly known as Doubly Fed Induction Generator (DFIG) or 
Doubly Fed Asynchronous Generator (DFAG). Here, the rotor of the generator is connected to a 
variable frequency AC source (Figure 2-3), which is supplied from a voltage-source converter 
connected back-to-back with a grid side converter and exchanges power directly with the grid as 
required. With this solution it is possible to enable enhanced control ability of the unit and 
separately control active and reactive power, much like traditional synchronous generator, 
although being able to run asynchronously.  

 
Figure 2-3: Schematic principle of Type 3 wind turbine generator  

 
Type 4 wind turbines refer to solution where the generator is connected to the grid through full-
scale frequency converter (Figure 2-4). This solution provides a lot of flexibility in design and 
operation as the speed of the generator is not coupled with grid frequency allowing the unit to 
rotate at its optimal speed. The converters used are both responsive and efficient, and may offer 
possibility to compensate reactive power with or without the generator in operation.  

 
Figure 2-4: Schematic principle of Type 4 wind turbine generator  

 
In addition to wind turbines, the wind power plant (wind farm) includes additional components and 
should be considered as a complete system not only as a collection of wind turbines. These 
additional components include collector system, transformers, compensation devices, control 
system, auxiliary systems, etc.  
Wind power plant control functions and capability depends on the requirements set to the plant. 
The main requirements usually include reactive power, active power, fault-ride through and other 
functionalities. All these requirements are most often applicable at the connection point, usually at 
the high voltage side of the connection transformer, and therefore the plant should be equipped 
with the plant controller, which purpose is to enable these control functionalities on the plant level. 
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Usually this is made using a separate controller, which has inputs form the connection point and 
based on these sends control actions to individual wind turbines considering also the characteristics 
of the collector system. [8], [9]  
 
Wind generators with converter interface are often designed for operation from 0.9 to 1.1 pu of the 
rated terminal voltage. The power factor range is limited by converter voltage and current rating 
constraints. In leading power factor range the reactive power is limited by over voltage function 
which will reduce the output power as voltage increases. In lagging power factor range output 
reactive power is limited by current limiter as voltage decreases. Doubly fed (Type 3) and full-
converter (Type 4) wind generators are often with a “triangular”, “rectangular” or “D-shape” 
reactive capability characteristics (Figure 2-5).[10] 
 

 
Figure 2-5: Reactive power capability curves for wind generators at nominal voltage. Black line – 

D-shape, red line – rectangular and blue line – triangular.[10]  
 
Wind power plant technical requirements depend on needed performance specified in the grid 
contracts and grid codes. In general, these documents and requirements have been developed 
independently across the world depending on the specific network needs and no general document 
is available. However, these codes and requirements are in most cases structured similarly and 
provide information and figures together with required values and definitions. [11], [12] 
 
Wind power plants may contribute to power quality issues in the transmission system (e.g. voltage 
fluctuations, flicker, harmonics, induced voltage dips etc.). Therefore, it is needed to assess the 
power quality in the point of connection of wind power park according to contracts, standards and 
relevant grid codes. [8], [13]–[16]  
 
Wind power plants have been mostly located onshore having a direct connection to local utility 
network. However, in recent years the wind power plants have been installed offshore with AC 
connection to the grid, if the plant is near the shore, and with DC connection [17], if the distance 
to the nearest possible utility connection point is long (in general over 100 km, but depends on 
cost benefit analysis on case by case basis). The main differences when considering the offshore 
wind power plant technology and operation in comparison to standard onshore solutions is HVDC 
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technology and its control and protection system coordination, wind turbine design as it should 
operate in harsher climate conditions compared to the onshore units, and collector system 
protection. More detailed discussion on these items is available in [17], [18]. 
 
For more general information about the wind generators, their connection to the grid, power 
quality requirements and other aspect see the Appendix VI and [8], [19]. 

2.3 PV generators 
PV system that is connected to the grid is interfaced with the grid with or without battery storage 
via a power converter (similar to wind turbine generator Type 4). For high power PV plants the 
connection to the grid is usually done with a three-phase inverter to connect to the grid using a 
transformer (Figure 2-6). The solar panels are connected in series and in parallel to reach 
convenient values of DC voltage and nominal power. Maximum DC voltage is forced by the 
maximum isolation allowed by the solar panel taking into account current technology and 
regulation. The maximum nominal power is limited by the maximum DC voltage and the maximum 
current supported by the power switches. The maximum power of a PV central inverter is around 
1 MW using a conventional two-level insulated gate bipolar transistor (IGBT) based three-phase 
inverter. Some newer central inverters are based on multilevel topologies.[20]  

 
Figure 2-6: Connection of PV panels to the grid 

 
In order to increase output power, the PV plant is divided into several areas. Each area is managed 
by a central inverter independently. To reduce the cost of installation, several central inverters are 
arranged to connect their outputs to the same side of the transformer (Figure 2-7 a). Usually, the 
inverters start to operate one by one, while the PV power increases. This minimizes the power 
losses. In order to achieve even higher nominal power, the central inverter groups are connected 
to a sole multi-winding transformer (Figure 2-7 b).[20] 
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Figure 2-7: Different PV plant topologies for connecting to the grid. a) connection to one 

transformer winding and b) connection to a multi-winding transformer. 
 
PV power plants have usually a central controller which is designed to regulate real and reactive 
power output from the power plant. The plant itself is composed of individual small generators 
(inverters) with each performing its own energy production based on local solar conditions. The 
function of the plant controller is to coordinate power output to provide typical large power-plant 
features such as active power control and voltage regulation. Plant controllers provide the following 
plant-level control functions [21]: 

• Voltage and/or power factor regulation; 
• Real power output curtailment; 
• Ramp-rate controls; 
• Frequency control; 
• Start-up and shut-down control. 

 
Connection to the transmission grid for solar generators is like Type 4 WT connection. Therefore, 
the control functions required for grid connection are the same as described for Type 4 WT. The 
main requirements include reactive power, active power, fault-ride through and other 
functionalities.   
 
PV inverters have similar technical design to full-converter (Type 4) WTs and are with similar 
reactive power capability. PV inverters are typically designed to operate within 0.9 to 1.1 pu of the 
rated terminal voltage. Reactive power capability from the inverter varies as a function of terminal 
voltage (to the point available). 
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Some PV inverters have the capability to absorb or inject reactive power, provided that current and 
terminal voltage ratings are not exceeded. Figure 2-8 shows the reactive capability of an inverter 
based on current limits only. Historical industry practice shows, that this inverter would be rated 
based on unity power factor operation (P1 in figure). Inverters would be able to produce or absorb 
reactive power when operating at power levels lower than P1 (e.g. P2). In principle, inverters could 
also provide reactive power support at zero power, similar to STATCOM. [10] 

 
Figure 2-8: Reactive power capability of an inverter based on current limit [10]  

 
PV plants requirements for power quality are usually the same as for Type 4 WT requirements. 
However, as large PV power plants consist of many inverters (and in some cases many central 
controllers) there are some particular challenges, e.g. adding harmonic currents from individual 
devices or the interaction between inverters and its impact on supraharmonics emission, that need 
to be considered. More information on these aspects can be found in Appendix VII and [22]–[25]. 
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2.4 HVDC  
High voltage direct current (HVDC) transmission is considered as a feasible solution for the 
integration of large-scale renewable energy sources [26]. With the development of power 
electronics, different topologies of converters have been considered for HVDC transmission. 
Examples for converter types are the line-commutated converter (LCC) and the voltage source 
converter (VSC). Compared with the LCC, the VSC has several advantages. The VSC can control 
the active power and reactive power separately. Moreover, this converter has a superior 
performance when connected to weak power systems [27]. Recently, the modular multilevel 
converter (MMC) with series-connected submodules (SM) has been proposed for HVDC 
transmission [28], [29]. The converter is characterized by high modularity, high efficiency, and low 
harmonic distortion in the output waveforms [30]–[33]. Scalability to higher voltages is achieved 
by increasing the number of SMs per arm. With a large number of SMs, the filter requirements are 
reduced [32]. There are different kinds of SMs, such as the half-bridge SM (HBSM) and the full-
bridge SM (FBSM).  
 
Topology of the MMC 
 
The MMC, as shown in Figure 2-9, was first proposed in 2003 by Marquardt [28], [29]. The MMC is 
built up by three legs. Each leg comprises two arms. Each arm again consists of an inductance and 
up to hundreds of series-connected SMs. The arm inductances limit the DC short circuit fault 
current and the circulating current [34]. Each SM contains its own independent storage capacitor. 
Based on the arm current direction and switching signal of the SMs, the capacitor of each SM is 
inserted in the arm or is bypassed. 
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Figure 2-9: Basic structure of the MMC 
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Topology of the SMs 
 
Many basic circuit topologies have been proposed as converter submodules, such as the HBSM and 
the FBSM. The topologies of these SMs are shown in Figure 2-10.  
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Figure 2-10: Topologies of the submodules 

 
The currently most popular topology in commercial is the HBSM. It features a simple topology, a 
low number of semiconductors and a high efficiency [35]. However, the HBSM cannot handle the 
DC-link pole-to-pole fault current. This limits its applications when fault current protection is 
required on the DC-side. Therefore, the FBSM has been proposed to deal with the DC pole-to-pole 
fault. This SM includes more semiconductors and is less efficient. A comparison of the HBSM and 
the FBSM is shown in Table 2-1 [36]. 

 

Converter type HBSM-MMC FBSM-MMC 

Rated DC voltage 𝑣𝑣DC 𝑣𝑣DC 

No. of SMs in each arm N N  

Rated voltages of IGBTs 𝑣𝑣DC/𝑁𝑁 𝑣𝑣DC/𝑁𝑁 

No. of IGBTs in total 12 N 24 N 

No. of diodes in total 12 N 24 N 

Estimated power loss 0.69% 1.16% 

DC fault ride-through  No Yes 

Table 2-1: Comparison between HBSM-MMC and FBSM-MMC [36] 
 
Because the HBSM is the most commonly used SM, the operational principle is described in detail 
in the following. The HBSM generates a voltage of either 0  or 𝑣𝑣DC/𝑁𝑁 . Figure 2-11 shows the 
different switching states of the HBSM. Depending on the switching signals of the IGBTs, the 
capacitor of the SM is either inserted in the arm or is bypassed. The direction of the current 
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determines if the capacitor is charged or discharged. At pre-charge or fault conditions, the IGBTs 
should be blocked to prevent the semiconductors from overcurrent.  
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S2 S2 S2
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Figure 2-11: Switching states of a half-bridge sub-module 

 
Operation and basic control of an MMC based HVDC system 
 
The MMC is connected to the AC grid through a transformer. As described above, the output 
voltages of the MMC have a stepped waveform. This voltage waveform approximates a sinusoidal 
waveform with a low harmonic distortion when applying a large number of SMs. The output voltage 
depends on the switching signals of the IGBTs of the SMs. The switching signals are determined by 
the control algorithm.  
 
Figure 2-12 shows the control principle of an HVDC system. The control algorithm may be divided 
into three hierarchies: dispatch control, upper level control and lower level control. The dispatch 
control originates from the system coordinator. It provides necessary operation points and droop 
factors to the upper level control of the converter. The upper level control regulates the power and 
the voltage. In the lower level, the capacitor voltages are balanced. Moreover, the circulating 
current is controlled. The details of the control strategies for power and voltage regulation are 
discussed in section 3. 
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Figure 2-12: Control scheme of an HVDC system [37] 
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2.5 STATCOM 
 
Static synchronous compensators (STATCOM) are used to enhance the power quality of electrical 
power grids by providing either capacitive or inductive reactive power [38]–[41]. By adjusting the 
reactive power injection of the device, the AC voltage at the connection point is controlled [31], 
[40], [41], [41]. In contrast to the SVC, a STATCOM is able to inject maximum reactive power 
even for small grid voltages [41]. The device is connected in parallel to the transmission line as 
shown in Figure 2-13. 
 

 
Figure 2-13: Connection of STATCOM 

 
In comparison to the phase angle of the grid voltage, the STATCOM current is phase-shifted by 90° 
such that no active power is provided. An injection of active power is possible if the STATCOM is 
coupled with an energy storage device [31]. The active power injection can be controlled 
independently from the reactive power injection as long as the ratings of the STATCOM are 
respected [41]. 
 
The converter topologies used for the STATCOM follow either the multi-pulse or the multilevel 
structure [41]. On the one hand, for the multi-pulse structure 6-pulse, 12-pulse, 24-pulse, or 48-
pulse converters are common. On the other hand, multilevel converters may be deployed for the 
STATCOM. In comparison to the multi-pulse structure the need for filters for multilevel converters 
is reduced [41]. In practical applications, mainly modular multilevel converters (MMC) are being 
used. The interested reader is referred to section 2.4 for detailed information [42], [43]. 
 
In transmission systems, the STATCOM is used to increase the transmission capacity and enhance 
voltage stability, whereas the application in distribution systems is focused on voltage regulation 
[31], [41]. Moreover, STATCOM devices can support the fault ride through capability of wind farms. 
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3 Description of generic control algorithms 
 
This section gives an overview of the wide variety of the control algorithms that are or can be used 
with the modern PE devices which are directly or indirectly connected to the transmission system. 
Control of modern power-electronic devices is mostly based on digital signal processors that utilize 
the control algorithms, developed in the discrete-time domain. Several control functions are similar 
among the PE devices, especially controls for synchronization of the angular speed and phase angle 
between the controller and system voltage, voltage control based on the reactive power generation, 
control of the dc voltage (AC-DC converters) utilized by exchange of active power etc.  
 
Some control functions are specific for individual type or specific topologies of the PE device. 
Among all the models that are being under consideration with this project, the most of them are 
based on the forced-commutation voltage-source converters, which means the AC-DC converters 
of different topologies. Only the SVC is in our case based on the line-commutated elements. 
 
The controller of individual PE device can be divided into several stages. All parts play equally 
important role. The main one is the “main controller” which is with forced commutated VSC usually 
named the “main current controller” which takes control over the output voltage which indirectly 
generates the output current of the PE device. This controller compares the actual measured 
output current with the reference values and operates in order to reduce the error. The main 
controller for the SVC is the susceptance controller which controls the output susceptance of the 
TCR to reach the desired reference output current of the TCR or of the SVC. 
 
The second stage controllers are the ones that define the reference inputs for the main controller, 
usually the reference currents (active d-axis and reactive q-axis current components) to meet the 
primary controlled variables as are the reactive power, active power, DC voltage, power factor etc. 
 
In the third stage of control algorithms, the protection, limitation and other supplementary 
functions are utilized. Their function is to support the main and reference controllers to operate 
under different operation conditions, to adapt to the system’s limitations, to protect the device 
itself from overheating, etc. 
 
The Table 3-1 gives an overview of the models of PE devices under consideration and variety of 
control algorithms that are commonly used, but might not be carried out within this work package. 
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  HVDC WTG STATCOM PV SVC 

Type: MMC 

Type 3 
DFIG 
+ B2B 
2-level 

Type 4 
B2B 

2-level 
MMC 2-level TCR, HF 

Control / hardware strategies  

Basic controls: 
      Synchronization, FLL,PLL x x x x x x 

DC side voltage control  x x x 
 

x 
 Main current control (decoupled vector c.) x x x    

Active power reference control (Id_ref) x x x x x 
 Reactive power reference control (Iq_ref)  x x x x x x 

Voltage reference controller (with droop) x 
  

x 
 

x 
PE-type-based special controls: 

      MMC: 
      MMC Udc voltage balancing x 

  
x 

  DFIG: 
      DFIG Rotor main current control (RMCC) 
  

x 
   Turbine speed reference controller for RMCC 

  
x 

   WTG reactive power reference controller for 
RMCC       

SVC (TCR): 
      Output power balancing 
      HVDC:       

Circulating current suppression control (CCSC) x   X   

Additional controls: 
      Harmonics: 
      Self-compensation of Harmonic current (H2,H3, 

H5, H7...)    X 
  Current: 

      Overcurrent limiter (Id / Iq prioritization) x x x X x 
 Voltage: 

      Overvoltage shut-down 
      Undervoltage strategy (additional Q generation) 
 

x x 
   Operation under LV conditions x x x x x x 

LVRT (operation in compliance to LVRT curve )  x x    

Frequency: 
      Low frequency strategy  x x x x 

  High frequency strategy 
      Udc: 
      Udc Overvoltage strategy (breaking resistors) 
 

x x 
   Flicker: 

      Flicker compensation - fast reactive power 
comp. 

      Modulation strategies: 
      2LVL PWM carrier-based modulation 
 

x x 
 

x 
 TCR switching modulation      x 

Table 3-1: Control algorithms of PE devices 
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3.1 Determination of the voltage phase angle 
 
Synchronization function is one of the most important control elements of each device. The 
synchronization takes care of synchronizing the converter, or the controls of the converter, with 
the ac grid voltage at the point of connection. It determines the instantaneous phase angle, the 
angular speed and the frequency of the network voltage. The dynamics of the synchronization 
function impacts directly on the performance of the converter’s controller. Two algorithms that are 
most often used with the practical solutions are the Synchronous Reference Frame Phase Locked 
Loop (SRF-PLL) [44] and the Dual Second Order Generalized Integrator, DSOGI based Frequency 
Locked Loop DSOGI-FLL synchronization. The SRF-PLL provides accurate results during normal 
network conditions but it cannot deliver the best results during unbalanced conditions, even with 
reduced PLL bandwidth. In such cases the DSOGI-FLL provides better results and is the preferred 
solution for practical applications. 
 
For some applications, the frequency and angle of the system voltage needs to be analysed at 
different point in the network, therefore multiple synchronization function must be utilized.  
 

 PLL – Phase locked loop 3.1.1

 
PLL is a 3-phase, PI-controlled phase locked loop, which generates a ramp signal of the phase 
angle theta that varies between 0 and 360°, synchronized or locked in phase, to the first phase of 
the three phase voltages, Va. The signal that is generated by the internal oscillator (with phase 
angle theta or phi) is compared to the input signal (Va) and the error controls the speeding-up or 
slowing-down the angular speed of the oscillator. In this way, the internal oscillator is synchronized 
with the external voltage. Based on the filtering of the error signal and PI controller (proportional 
integrator) constants, the dynamics of the PLL is defined [45]. 
 

 
Figure 3-1: Phase-locked-loop block in PSCAD - EMT simulator 

 
 
The main function of the synchronization is definition of instantaneous value of the phase angle 
and frequency of the voltage at the PCC. The frequency and phase angle are defined for the 
positive sequence 1st harmonic component, which should be extracted from the basic voltage 
waveform with at least as possible influences of the other harmonic component (positive, negative 
or zero sequences).  
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More simple synchronization methods utilize only the PLL with some additional filtering of the q-
axis component Figure 3-2. This solution gives good steady state results and some higher 
distortion influence in cases when high dynamic performance is required. 
 

uf_albe
dq-t

id (1H)

iq (1H)

phi (n)

PILP Filter
∆phi

phi (n)

phi (n+1)

1/∆t
ω (n+1)

1/(2pi)
f (n+1)

 
Figure 3-2: Possible realization of the PLL, filtering of q-component 

 
For extracting distorting components from the input voltage to the PLL, several pre-filtering stages 
can be introduced [46], as for example SOGI algorithm(“Second Order General Integrator”) which 
has the ability to reject the harmonic content from the signal with minimal complexity. 
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Figure 3-3:  Synchronization function using the adaptive positive sequence extraction with FLL and 

PLL [46] 
 

 
 

Figure 3-4:  SOGI - Second Order General Integrator [46] 
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3.2 AC Voltage control 
 
AC Voltage controller is a control algorithm that controls the positive sequence voltage at certain 
point in the electrical network, usually close to the connection point of the controlled device. The 
voltage controller is a part of the PE’s control algorithms. Usually, it is used as a reference 
controller in the second stage control, which means that it indirectly defines the reference reactive 
current for the main current controller. Due to the stronger connection of the reactive power to the 
system voltage amplitude rather than the active power, the voltage controller regulates the 
reactive current component (usually denoted as Iq).  
 
The voltage control is due to possible interference with other voltage controllers in the close 
electrical proximity developed as a reactive power dependent controller as shown in  Figure 3-5. 
  

Uac_ref Rate 
lim

Uac_RMS

Q Droop
K_drp

PI
iq_ref

 
Figure 3-5:  Reactive power dependent AC voltage controller 

 
The input signal to the AC voltage controller is the RMS value of the positive sequence network 
voltage which is compared to the reference voltage and the difference is passed on to the PI 
controller that outputs the reference reactive current for the main current controller. 
The reference voltage is prior to comparison with actual voltage reduced/increased for a droop 
based value that is proportional to the AC-side reactive power (Q*K_drp). Usually, the droop 
constant K_drp is in range between 2 % and 5 %, in accordance to the coordination with the 
controllers of other devices in the network. 
 

3.3 Active / reactive power control 
 
Active and reactive power controllers are in our case a part of the reference controllers (second 
stage) which means they use the active / reactive power to compare it with the reference values 
and the output of the controller are the reference values of the reactive and active current that are 
further used as the input for the main current controller (at the first stage).  
The active power controller is with some types of converters (e.g. single-end 3-level STATCOM or 
one of the two (sending-end) MMC controller of the HVDC etc.) replaced by the DC-side voltage 
controller, while the reactive power controller by the ac voltage controller. 
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Both of the controllers are shown in Figure 3-6 and Figure 3-7. Both are based on the simple PI 
controller where the difference between the reference and actual reactive or active power is at the 
input and the reactive or active reference current at the output respectively. 
 
The auxiliary function can be implemented with individual controller as for example: 
- the rate-limiter of the input active power, 
- the additional controller-based limiter of the DC voltage with the back-to-back or HVDC voltage 
source converters (Figure 3-7). 
- low voltage strategies which influence the reference value of the reactive power to support the 
network voltage during low voltage conditions. 
- limitations of the reference values 
- etc. 
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Figure 3-6:  Simple active and reactive power controller for the voltage source converters 
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3.4 Main current controller 
The control of VSCs is in most cases based on the main controller that regulates the output voltage 
of the SVC to reach the desired reference current at the output of the device, as schematically 
shown in Figure 3-8. 
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Figure 3-8:  Simple block diagram of the main current controller function 

 
A range of different control algorithms are used in modern PE devices. For the voltage source 
converters, the recent academic works mainly utilize vector controllers [47]–[56], resonant 
controllers [57], [58] or bang-bang hysteresis controllers [59], [60]. Nevertheless, in many 
practical cases, the conservative approach with the decoupled vector control of individual harmonic 
component is utilized. The Figure 3-9 and Figure 3-10 show the main topology of the controller. 
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Figure 3-9:  Vector controller for the fundamental harmonic component with decoupling of the 

active d-axis and reactive q-axis component 
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Figure 3-10: Detail of the vector controller for the fundamental harmonic component with 
decoupling of the active d-axis and reactive q-axis component 

 
In the mathematical model of the series coupling impedance (output filter) of PE devices are the d-
axis and q-axis components of the input voltage mutually coupled with the d and q components of 
the output current. This means that changing of one will cause change of the other too (change of 
q- component of VSC output voltage will cause change of the VSC output current d-component). 
With a decoupling approach it is possible to decouple the two components, which is from practical 
point of view most necessary in a control of the fundamental harmonic, which is responsible for the 
control of the constant dc voltage across the VSC’s dc capacitor. In case as is the fast reactive 
current compensation (fast change of fundamental harmonic q-component, e.g. with STATCOM) 
decoupling reduces unwanted exchange of the active current between the AcF’s dc-side (capacitor) 
and ac network, which improves constant level of the dc voltage. 
 

 Harmonic controller 3.4.1

 
The main current controller can be upgraded by the additional harmonic current controllers that 
control the output harmonic current of the PE device. Unless if the device operates as an active 
filter, the reference harmonic currents of the PE device are set to zero amps.  
Using the harmonic controller means that the particular harmonic component will be actively 
suppressed while the uncontrolled-ones could under severe conditions reach highly unpredictable 
amplitudes. 
Therefore, modern PE devices such as STATCOM, WTG, and all the others that are based on low 
frequency PWM modulations and could due to nonlinear conditions cause harmonic injections, 
should include the harmonic controllers at least for the characteristic 5th, 7th, 11th, 13th and others. 
In addition, the -50 Hz component can be treated as an additional harmonic component. The one is 
in fact the negative sequence of the fundamental frequency and is present always when there an 
unsymmetrical 3-phase system of the fundamental frequency.    
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The vector controller design for harmonics (in the scheme below) is based on the fundamental 
harmonic controller topology. Control of each individual harmonic component adds an additional 
controller tuned to the frequency of the selected harmonic. The decoupling is performed with the 
fundamental harmonic controller as shown in the figure. 
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Figure 3-11:  Scheme of the Vector controller for the fundamental and other harmonic components   
 
The dynamics of the harmonic vector controllers are often slower than the controller for the 
fundamental frequency component. Therefore, the delay in the control loop changes the control 
characteristics of the device and could in fact lead to unstable harmonic control characteristics. 
Therefore, tuning of individual harmonic controller requires great attention for each individual case. 
Stability of conventional harmonic vector controllers can be achieved by proper tuning of dynamics 
of PI controllers and the compensation of the delay for the individual control loop (setting of the 
Δphi(Hj) – see the Figure 3-11). 
 

3.5 DC voltage control 
The voltage source converters that connect the ac grid to the dc-side circuit with voltage buffer (a 
capacitor) require the control algorithm to obtain the constant or required level of the dc voltage. 
The most conventional algorithm is based on the exchange of the active power between the ac and 
the dc side circuit. If the dc side circuit consists of the capacitor only and no active power is feed 
further to other dc-side connected converters, feeding of the active power to the dc capacitor will 
increase the voltage across the capacitor. 
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The DC voltage controller belongs to the group of the reference controllers, which means that the 
output of the control algorithm provides the reference current input for the main current controller. 
 
The simple dc-voltage controller is schematically shown in the Figure 3-12. The input variables to 
the controller are the measured instantaneous value of the dc voltage and the reference dc voltage. 
The output variable of the controller is the reference active current which can be used with the 
main current controller to control the converter. 
 

PI
Id_refudc_ref

udc

 
 

Figure 3-12:  Scheme of the simple dc-voltage controller 
 

3.6 DFIG rotor reference current control  
 
Doubly fed devices used with the wind turbine generator type 3 belong to the group of PE devices 
due to the power electronic converter that feeds the rotor circuit (Figure 3-13). Usually, the DFIG 
transfers up to a third of the power through the rotor (slip power) and converter while the rest of 
the power through the stator circuit. In comparison to the WTG type 4 is the rated power of the 
WTG Type 3 converter smaller.  
 

 
Figure 3-13: Schematics of the DFIG wind turbine generator  [64] 

 
The feeding converter of the DFIG rotor is composed of the two AC/DC converters (the grid-side 
and rotor-side converter) connected back-to-back. The grid-side converter controls the DC voltage 
(usually by feeding the active power from the ac grid to the dc circuit or vice versa) in the same 
way as it was described in the section 3.5. The controller that influences the operation of the DFIG 
is practically defined by the rotor-side converter control. The current of the rotor winding defines 
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the rotor flux which counteracts with the stator flux and causes the rotor to spin. The induction 
machines with the squirrel cage rotor generate flux based on the current in the rotor cage induced 
by the stator flux. The resultant effect is the slip, which is the difference of the angular speed of 
the stator flux and rotor. 
The DFIG machine has the wound rotor therefore the rotor current can be generated by the 
external source (converter) producing variable frequency of the rotor flux in order to reach the 
desired rotor speed.   
 
As explained in [65], the rotor currents influence the rotor flux. The operation can be described 
with the Park’s components (d-q components), where the d-q coordinate system of the rotor 
components is synchronized with the angle of the slip of the DFIG. The slip angle is defined as a 
difference of the stator flux (additional 90° shift from the stator’s internal voltage) phase angle and 
the angle of the rotor position.  
 
The current component id induces the rotor flux which is aligned with the rotating flux vector 
linking the stator. The current iq, on the other hand, induces the flux that is orthogonal to the one 
induced by the id.  
 
The reactive power of the machine that is delivered to the stator side is defined and controlled by 
the iq of the rotor while the torque by the vector cross product of both id and iq. Consequently, the 
torque of the DFIG can be manipulated by controlling the id of the rotor.  
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Figure 3-14: Controller for defining the reference current of the rotor-side converter (rotor) and the 

main current controller of the rotor-side converter defining the rotor voltage;  
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Reference currents of the WTG are defined with another reference controller that defines reactive 
and active power of the whole WTG. The amount of reactive power usually follows the grid codes, 
especially in the case during voltage dips, when the generators provide capacitive power to support 
the grid. The active power is defined by the available power from the mechanical power from the 
wind turbine. Additionally, the wind power which is transmitted to the turbine can be manipulated 
by the pitch of the blades controlled by the pitch controller. All these and also some other 
controllers (e.g. limiters) can affect the reference reactive and active current of the WTG. 
 
For the WTG type 3, there is a generic IEC standardized controller which is an example of the 
possible solution of the WTG controller which controls the mechanical parameters (speed of turbine, 
pitch angle), main electrical parameters (reference active and reactive currents for the DFIG 
converter) to meet the desired active and reactive power generation, or other types of control 
objectives (ac-grid voltage control, power-factor control, etc.) and other electrical parameters and 
functionalities (current limitations, LVRT, etc.). More detailed description of the IEC based 
controller for the WTG T3 is explained in the [66]. 
 

3.7 Controls of 2-level converters  
 
The two-level VSC is capable to control the voltage of the DC link and the reactive power injection 
into the AC grid [31], [67]. If a power source is connected to the DC side, then the converter may 
also be used to control the real power injection into the AC grid. General approaches for the design 
of control algorithms are proposed in [31], [67]–[69]. In [67], a cascaded control algorithm for a 
two-level VSC is presented. Figure 3-15 shows the control scheme. 
 
The control of the two-level VSC is synchronized with the AC grid by a PLL. The PLL determines the 
phase angle θ of the AC grid voltage as described in section 3.1. The phase angle is applied to 
signal transformation from the abc-frame into the dq-frame representation. In balanced grid 
conditions, the transformation allows for the control of DC signals. 
 
The cascaded control consists of two loops. Each control loop contains two PI-controllers. The outer 
loop controls the DC voltage and the reactive power injection of the converter. The output signals 
of the outer control loop are the set-points of the d- and q-axis reference current (𝑖𝑖d∗ and 𝑖𝑖q∗) of the 
inner, main current control loop. The control of currents 𝑖𝑖d and 𝑖𝑖q is decoupled by considering the 
terms 𝜔𝜔𝜔𝜔𝑖𝑖d, 𝜔𝜔𝜔𝜔𝑖𝑖q, 𝑣𝑣d, and 𝑣𝑣q  [31], [67]. The output voltage signals of the inner current control loop 

are transformed back into the abc-frame. Those signals are the input of the modulation.  
 
Examples of modulation techniques are presented and discussed in [31], [70]–[74].  The pulse-
width modulation (PWM) compares a high-frequency periodic triangular waveform with the 
modulating signals [31]. By modulation, the gate signals for the switching of the IGBTs are 
determined. 
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Figure 3-15: Control scheme for DC voltage and reactive power control of a two-level VSC 

 
 

3.8 Controls of MMC 
 
Approaches for the control of an MMC are presented in [30], [37], [75], [76]. A cascaded control 
scheme of an MMC is shown in Figure 3-16 [37]. The cascaded control is synchronized with the AC 
grid by a PLL. The control consists of an upper level control and a lower level control. The upper 
level control comprises an outer and an inner loop. The outer control loop can operate in different 
modes. The control modes differ between the regulation of active power injection, DC voltage, 
reactive power injection, and AC voltage. The output signals of the outer control loop are the set-
points of the inner, main current control. The inner current control regulates the AC currents of the 
MMC in dq-frame representation. The output signals of the inner current control loop are applied to 
the lower lever control.  
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Figure 3-16: Cascaded control scheme of an MMC [37] 

 
The lower level control balances the voltages over capacitors in the SMs of the MMC. Approaches 
for the voltage balance control are presented in [77]–[79]. In [78], the control to balance the 
capacitor voltages of the SMs is based on max-min functions. The proposed methodology reduces 
the number of switching events for each SM. In [79], the capacitor voltages are balanced by 
indirectly regulating the input characteristics of the self-power supplies. The proposed control is 
based on the sorting of capacitor voltages. Depending on the sorting result and the arm current 
direction, the SMs are either inserted in the arm or they are bypassed. Besides the balancing of 
capacitor voltages, the lower level control may also regulate the circulating current. The design of 
this control is presented in the following. 
 
In the MMC converters, the small differences of the inner voltage of individual phase units of the 
converter causes flow of circulating current within the converter itself. The circulating current is a 
current that does not affect the ac-side current [80]. It flows between the converter arms and 
increases the RMS current of the converter arms which can lead to higher converter losses. The 
circulating current is a negative sequence second harmonic and is superimposed to the dc current 
component of the converter.  
 
The controller for suppressing the circulating currents needs to control the second harmonic 
current components through each leg. The current is analysed by summarizing the upper and lower 
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arm currents (which should consist only of the dc component). The second harmonic is extracted 
by converting the 3-phase signals into d-q coordinate reference frame with double fundamental 
frequency and using the basic decoupled (or not decoupled) PI based d-q controller. The voltage 
that is defined with the circulating current suppression controller is added to the reference voltage 
of the main current controller which defines the reference voltage for individual phase module of 
the converter. 
The basic control is shown in the Figure 3-17.  
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Figure 3-17: Schematics of the Circulating current suppression controller 

 
The MMC topology requires specific modulation approach which has a main to define the triggering 
pulses of the transistors of individual submodule. The triggering is performed with respect to: 

- Generation of the defined reference voltage level at the ac-side connection bus as a 
combination of different submodule voltage combinations and 

- Voltage balancing among the submodules of individual converter arm. 
 
Based on the design of the MMC, different modulation techniques can be utilized [81]–[84]. The 
two basic ones are: 

- NLC – nearest level control and 
- PWM – carrier based pulse width modulation. 

 
The main difference between the two approaches is in the number of switching actions of individual 
submodule which is triggered once or more during one fundamental cycle. The PWM methods 
trigger the switches with predefined switching frequency, therefore the output waveform of the 
voltage at the connection point contains higher frequency signals which reduces the need for the 
large arm reactors although the switching losses drastically increase.  
During conduction of the submodules, the capacitors either charge or discharge. The balancing 
function of the arm / leg submodules is established by sorting of the submodules by the amplitude 
of individual submodule dc-voltage and leaving the capacitors with low voltage to charge before the 
others. More about the submodule dc-voltage balancing can be found in [83], [85], [86].    
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3.9 Auxiliary control algorithms 
Beside the main control algorithm which are essential for basic operation of the PE devices, 
additional auxiliary control algorithms can be utilized for taking into account also the other aspects. 
Such additional controllers are control based current limiters, droop-based reference controls (e.g. 
power based reference of ac or dc reference voltage), strategies for operation under severe 
conditions (low voltage, high harmonics, etc.). Each individual control algorithm can be 
implemented in the control loop but is usually engaged only under specific operation conditions. 
Some of the most general auxiliary controllers are described   

 Current limiters 3.9.1

Current limiting function is the one of more essential supplementary control functions since it 
reduces the loading of the current conducting elements in order to prevent overheating and 
damaging the electrical circuits. 
The current limiters reduce the current of the device while they do not influence the source of the 
power (current) as for example the current limiter of the WTG T4 converter can instantaneously 
reduce the output current to the ac-grid, while the turbine keeps generating the constant amount 
of the power which causes accumulation of the energy in the rotating rotor (accelerating) or in the 
dc-side circuit (rise of the dc voltage). Therefore, the current limiting functions need to be 
coordinated with other control functions (e.g. pitch controller etc.) in order to prevent outages and 
device failures. 
The current limiters are often used during transient conditions. The simple case is the voltage dip 
during generation of a constant power. During the voltage dip, the power reference controller 
increases the reference active or reactive power in order to meet the desired reference power 
transmission from the generator to the grid. In such cases, the reference current could increase 
beyond the nominal value in the short period of time, therefore it needs to be limited to the 
maximum allowable value.  
When the reference controllers are derived in the d-q reference frame, it is possible to limit the 
individual component separately thus limiting the amount of the active or reactive power. Which 
component has higher priorities during current limitation can be defined by also by additional 
control algorithms which provide the reason of limiting necessity.   
As an example, in cases of undervoltage conditions is the prioritization of the current limiters set to 
allow for generation of the highest possible amount of the reactive power, therefore the active 
current has lower priority, while in cases of frequency deviation it is often the active current which 
demands full operation range and is prioritized and limited after the reactive component. 
 
For the WTG, the current limiter is part of the IEC based controller [66]. 
 
The scheme in the Figure 3-18 shows how the limit values can be defined for individual component 
based on the maximal amplitude of the current. The maximal allowed amplitude of the d- axis 
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current is based on the maximal current and instantaneous value of the q- axis current and vice 
versa for limitations of the q- axis current. 
The prioritization of the particular component defines the prioritized component which is limited to 
the maximal allowed current amplitude (Imax) while the other component is limited to the 
remaining amplitude (Iq_max or Id_max). These limitations are used for limiting the reference current 
entering the inner, main current controller.     
 

Id
x2

x2

sqrt(x)

Imax

Iq_max

x2 sqrt(x)
Id_maxIq

d/q priority

Imax

Iq_ref_max

Id_ref_max

 
Figure 3-18: The block diagram of the basic approach for defining the limit values for the 

instantaneous value of the active and reactive current 
 
 
Current limiting function is also available with SVC. The TCR as the main controllable element of 
the SVC can reach high currents in case of high network voltage as it operates on the principle of 
passive elements – higher voltage higher current. Current limiter is with TCR defined as a feedback 
control loop which increases the firing angle (reduces the reference TCR susceptance) to reduce 
the TCR current amplitude as shown in Figure 3-19. 
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Figure 3-19: The current limiter of the TCR integrated with the simple reactive power based 

susceptance controller of the SVC 
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 Low voltage ride through - LVRT 3.9.2

“Low voltage ride through” function enables the machines continuous operation under severe 
voltage conditions. This is possible only when all the functions within the controller are coordinated 
to prevent any overloading, saturations or other unwanted operation characteristics.  
 
The LVRT functionality supports the following control functions: 

- Influences the limitations of the current during LV, 
- Influences the reference reactive power during LV, 
- Influences prioritization of the current limiting functions. 

 
To be able to operate at low voltages defined by the minimum voltage curves (usually defined by 
the grid codes) it is necessary to provide the essential stability requirements for the controller 
(main current controller) and the device itself to operate at such low voltages.     

 Low/high frequency strategies 3.9.3

One of the supplementary control functionalities of the PE devices (and others as well) is the 
control strategy that is utilized during the low or high frequency of the grid voltage. The device 
itself, especially the full PE based devices, adopts easily to the frequency variations and therefore 
show no major influence on the operation characteristics.  
These, frequency-dependent functions, are developed to support the grid. During low frequency 
conditions, the electrical grid lacks of the active power, while the higher frequency is an indicator of 
exaggerated active power generation. 
Not only the wind turbines, also other PE based devices can play an important role in the primary 
control of the grid frequency which means short-term adaptation of the output active power. The 
wind turbines are an optimal source for doing that because of the ability of absorbing the wind 
energy and accumulating it into the kinetic energy of the rotating turbine while the higher speed 
does not influence the power exchange due to the asynchronous connection to the system (which 
is true only for wind turbines type 3 and 4). 
 
The second important frequency-dependent function of the PE devices is the inertia emulation. The 
operation of the PE devices is based on the control algorithms which takes care of generating the 
defined reference power at the output of the device. In comparison to the rotating, synchronously 
connected machines on the grid, the PE devices offer no “true” inertia support. Inertia support 
means that during frequency variation the rotating machines provide variation of the power. As the 
frequency decreases, the synchronously connected machines decelerate and generate some 
additional active power from the kinetic power stored in the rotating masses.  
The PE devices in principle follow the grid frequency and adapt the controlled variables to meet the 
defined reference variables. As the frequency decreases the power remains the same. 
The inertia emulation is in principle a function which influences the reference active power based 
on the frequency of the system. The short-term variation of the active power is possible with the 
generations with storage of active energy (rotating masses of the WTG or energy stored in battery 
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systems or dc capacitors). A single PE device can represent different values of the emulated inertia 
(H). Higher the H more energy needs to be available for use. 
The emulating the inertia is in principle realized by adding additional proportion of the reference 
active current which transfers additional power from the PE device to the grid. The additional active 
power and the duration of the inertia emulation are the two parameters that limit the performance 
of the control function. The one of the possible relations of the additional power to the grid 
frequency is shown in the Figure 3-20. 
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Figure 3-20: The relation between the additional active power injection and the grid frequency for 
the inertia emulation (a) and the block diagram of the basic (look-up table) control of the inertia 

based power (b). 
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4 Models of PE devices for digital simulation 
studies 

 
This section gives an overview of the development and the structure of different types of models of 
PE devices. Each PE device can be modelled in different levels of detail, thus the models represent 
more or less accurate devices. Some studies require highly detailed models of individual elements 
of the device while the others can reach the satisfactorily level of simulation results already with 
lower accuracy. 
The models which are developed for the purpose of this Work package are: 

- Detailed EMT models consisting of: 
o Detailed model of converter topology with switching elements, 
o Detailed modulation techniques for controlling the switches, 
o Control algorithms for controlling the converter based on the measurements of 

instantaneous values of currents and voltages, 
o Detailed circuits of dc-side converter circuits, 
o Models of generators, wind turbines, 
o Etc. 

- Average models with: 
o Simplified models of the converters based on fundamental frequency 

representation, 
o Control algorithms for the average models of the converters, 
o Simplified circuits of the AC-side and DC-side converter circuits, 
o Models of generators, wind turbines, 
o Etc. 

- HLF models  
o Models are based on available PowerFactory DIgSILENT library components where 

parameters of these models are derived from EMT models (current source 
equivalents or Norton equivalents of EMT models), 

o Ranges for current and impedance values are based on the literature review and on 
the results from EMT model scanning analyses of the multiple operating points. 
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4.1 EMT models 
 
Electromagnetic transient (EMT) models of the PE devices are the models that offer the most in 
depth modelling of electrical elements which is essential for providing the required accuracy of the 
models. The modelling approach of individual electrical component can differ between different EMT 
simulation tools since one device can be modelled in several ways. Usually, different simulation tool 
providers offer comprehensive descriptions of models that are available with the device, although 
some modelling details could remain the subject of the highly confidential intellectual properties of 
the simulation program developers.  
The basis of each EMT digital simulation tool is the encryption of the electrical network with 
differential equations that are generated on the basis of the network topology and models of 
individual devices. The main target of the simulation program is to calculate the system of 
differential equations which is performed by utilizing different numerical calculation approaches, 
with state-space equations [87], [88], or nodal equations [89], [90]. Numerical calculations of EMT 
simulations are carried out for the instantaneous values of electrical quantities (voltages, currents, 
impedances…) and the simulation calculation time-step could vary according to the desired 
bandwidth of the analysed results. For the transient simulations of circuits with passive 
components (transformer, RLC loads, simple grid model etc.) and slow controlled units, the time-
step of 50 µs (i.e. 400 calculations per period at 50 Hz fundamental frequency) provides acceptable 
accuracy of simulation results for the low frequency harmonic spectrum. Shorter simulation time-
step becomes essential with the models with non-linear characteristics (e.g. switching elements 
and semiconductors) since fast (step) changes of the current or voltage trigger broad spectrum of 
higher harmonic components, which are not negligible and can be analysed only with simulations 
with short time-step. The nature of PE devices therefore forces the use of accurate EMT simulations 
with short calculation time-steps (e.g. in range of 1 µs).       
 
To reach the optimal performance of simulations by means of accuracy and simulation speed, the 
variable simulations time-step is often introduced [45], [88]. In [45] the high accuracy is reached 
by the interpolation methods that interpolate the signals to accurately define the key simulation 
points, usually zero-crossings. 
 
The operation of PE devices is usually controlled by control algorithm which defines the switching 
patterns of the switching elements, thyristors, transistors or other types of semiconductors. The 
accuracy of the control algorithm has in comparison to the accuracy of the topology of PE device 
eventually much higher impact on the devices’ performance in the electrical network. Therefore, 
the EMT models that are described in this section include the detailed control algorithms that drive 
the PE converters to meet the operation objectives – the references.  
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 Static var compensator 4.1.1

 
The Static Var Compensator (SVC) belongs to the group of FACTS devices which main objective is 
to support the electrical networks with variable reactive power generated by passive and active 
components of the SVC. Based on the dynamics of control algorithms, the SVC can be utilized for 
slow control of reactive power to control the network voltage, compensate the reactive power, or 
for fast control to cope with flicker compensation, damping of sub-synchronous oscillations etc. 
 
The EMT model of the SVC is shown in the Figure 4-1. It is constructed of one controlled element – 
the TCR (Thyristor Controlled Reactor) and two fixed elements – harmonic filters. The rating of the 
device allows for control of reactive power from full capacitive range approx. -40 Mvar to full 
inductive range of +70 Mvar of reactive power at the nominal voltage at the PCC. The fixed 
capacitors provide (-)40 Mvar of capacitive and the TCR 110 Mvar of inductive power, which after 
compensation of capacitive part equals to 70 Mvar of inductive power. As it will be shown later on, 
the maximum output power is a function of the quadratic function of the voltage at the connection 
point, therefore small variation of the voltage causes higher variation power output. 
 
The topology of the SVC is designed according to the desired power rating of the device and the 
required dynamic performance. The fastest elements of the SVC are the ones that can be switched 
on and off by semiconductor switches, such as TCR and TSC (Thyristor Switched Capacitors). The 
TCR offers controllable switching of thyristors at different phase angles providing variable amount 
of inductive reactive power. As explained in section 2.1, switching at different phase angles results 
in different harmonic spectrum of the output current. To be able to provide also the capacitive 
power, fixed capacitors or TSC can be utilized. The main difference between the two types is that 
the TSC can be switched on and off dynamically from period to period while the fixed capacitors are 
switched on and off with circuit breaker which has limited number of operation actions.   
The TSC is not controllable element (not a variable capacitive element), which means that it only 
operates at full or zero power but it can turn on or off within a single fundamental frequency period. 
Discrete power stages of the TSC can be established by dividing the TSC into several smaller units 
where each of them is switched on and off separately. 
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Figure 4-1:  Scheme of the SVC model topology 
 

4.1.1.1 Model in EMT simulation 

 
The ratings of the EMT model are presented in Table 4-1. The SVC is connected to the HV network 
through the high voltage step-down transformer (Figure 4-2), usually to the industrial voltage level 
20 or 35 kV, which is the highest voltage for the controllable TCR offered by the manufacturers. 
The main control functions of the SVC include the droop based voltage control at the primary side 
of the step-down transformer or the slow reactive power control, which is usually controlled by 
some other higher-level system controller.  
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SVC model   
TCR:   
Rated power QTCR 108 Mvar 
Reactor impedance (phase-to-phase) LTCR 32 mH 
Reactor resistance (phase-to-phase) RTCR 0.5 Ω 
Minimum firing angle αmin 90° 
Maximum firing angle αmax 180° 
Fixed harmonic filter:   
HF1: 3rd harmonic filter   
Topology Single-tuned with delta capacitor connection 
Rated power QHF1 18 Mvar 
Reactor resistance RHF1 0.04 Ω 
Reactor reactance LHF1 9 mH 
Capacitance CHF1(delta) 47 µF 
HF2: 4th harmonic filter   
Topology Single-tuned with delta capacitor connection 
Rated power QHF2 18 Mvar 
Reactor resistance RHF2 0.02 Ω 
Reactor reactance LHF2 4.7 mH 
Capacitance CHF2(delta) 50 µF 
Step-up transformer   
Nominal power STR 70 MVA 
Voltage levels UP / US 400 kV / 20 kV 
Leakage reactance ux 0.10 
Copper losses  P loss 0.01 pu 

Table 4-1: Electric parameters of the EMT model of SVC 
   
 

 
Figure 4-2:  The SVC block model in PSCAD  
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Figure 4-3:  Scheme of the harmonic filters and TCR model in PSCAD 

 
SVC block model 
 
The SVC model, as shown in Figure 4-2, is connected to the HV network with the 3-phase electrical 
connection (at the top of the block). From the side, inputs for the auxiliary current measurements 
(system current, load current) are available in order to provide required input signals for different 
kinds of control algorithms (network current control, load compensation, flicker compensation etc.). 
The external inputs are provided also for the reference signals of the reference ac voltage (voltage 
control) and reference reactive power (reactive power control). 
 
As shown in Figure 4-3, the entire SVC is connected to the HV level through Yd transformer which 
lowers the voltage level to 20 kV, which is the appropriate level for direct connection of the two 
harmonic filters and the TCR.  
 
Harmonic filters 
 
Harmonic filters are designed as a simple single-tuned RLC filters with series inductors and in delta 
connected capacitors. To cope with high impedance variations in the vicinity of the resonance 
points, the filter is slightly detuned from the accurate harmonic frequency, i.e. integer-multiple of 
fundamental frequency. Therefore, the filter for the 3rd harmonic component is tuned to 141 Hz 
and the filter for the 4th component to the 190 Hz.  
 
Thyristor-controlled reactor 
 
The TCR is constructed of the in delta connected reactors that are split in halves. The thyristor 
switch is located in the middle of the two halves of the reactor. The main advantage of such 
topology is the protection of the equipment in case of the faults on the switches. The split reactor 
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will in case of fault damp the transient fault current. In case with the single reactor topology, the 
fault on the switch could lead to direct phase-to-ground fault, leading to much higher fault currents. 
 
The parasite resistance of the reactor is a function of reactor designed and can be higher or lower, 
depending on the thickness of the conducting vires of the reactor. The resistance is in our case 
assessed to approx. 5% of the total reactor impedance.  
 
The reactance of the reactor defines the maximal current that the TCR can produce at certain 
voltage level. The reactance is with the TCR more often defined as a susceptance which is 1 in case 
when reactor is in full conducting stage (firing angle at 90°) and zero when the current is 
minimized to zero (firing angle at 180°).  
 
Model of thyristors is in the simulation simplified. With the real devices, the thyristor switches are 
stacked in series to reach higher operating voltage level. In the stack, each switch is equipped with 
the damping circuit which helps to damp the transients (overvoltage across the switches) during 
manipulating the thyristor switches. In the developed model, the stack is replaced with the simple 
thyristor element without damping circuit.  
 
SVC controller 
 
The main control functions of the modelled SVC include: 

- PLL – synchronization to the voltage at 20 kV level, 
- Reactive power reference controller, 
- Voltage controller, 
- Susceptance controller, 
- TCR current limiter. 

 
The block diagram of the SVC controller is shown in the following figures. 
 
The main input variables to the control of the SVC are the reference voltage with the droop 
settings for voltage control and reference reactive power for reactive power control.  
 
Reactive power reference controller  
 
The reactive power reference controller (Figure 4-4) is based on the PI controller which compares 
the output reactive power of the SVC at the primary side of the step-up transformer with the 
reference reactive power of the SVC. The output variable of the controller is the reference 
susceptance used with the susceptance controller. 
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Figure 4-4:  Scheme of the reactive power reference controller for the SVC 

 
Voltage reference controller 
 
The reference susceptance is with the voltage reference controller (Figure 4-5) controlled with the 
PI controller. The input to the PI is the error between the measured RMS filtered value of the 
voltage and the reference voltage at the primary side of the step-up transformer, at high voltage 
side.  
 

 
Figure 4-5:  Scheme of the ac voltage reference controller for the SVC 

 
Susceptance controller 
 
The susceptance controller (Figure 4-6) defines the firing angle of the TCR to generate the desired 
susceptance of the TCR.  
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The reference susceptance defined by the voltage reference controller or the reactive power 
reference controller are controlled in the range from -0.5 to 0.5. Additional value 0.5 is added to 
the reference susceptance to set the operating range between 0 and 1 which corresponds to the 
real susceptance of the TCR. Based on the nonlinear function (lookup-table) between the firing 
angle and the effective susceptance at the fundamental frequency, the reference susceptance 
defines the firing angle of the TCR. 
 

 
Figure 4-6:  Scheme of the susceptance controller of the SVC 

 
Firing unit 
 
The firing unit (Figure 4-7) generates the firing pulses based on the firing angle (alfa), defined with 
the susceptance controller. The firing angle is compared to the phase angle of the voltage at the 
individual TCR reactor branch (theta) and the firing pulses (T1, T2 …) generated for each of the 6 
thyristors when the phase angle at individual thyristor reaches the firing angle. 

 
Figure 4-7:  Scheme of the SVC firing unit (PLL defining the six different phase angles across the 6 

thyristors and comparator - block model for comparing the firing angle alfa with the individual 
thyristor voltage phase angle ) 
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SVC model   
PLL 
Proportional gain 
Integral gain 

 
KP_PLL 
KI_PLL 

 
2 
10 

SVC control:   
- reactive power reference control 
    + regulator gain 
    + regulator time constant 

 
KpP 
Tidq 

 
0.00001 
3 

- voltage reference control 
    + regulator gain 
    + regulator time constant 

 
KpP 
Tidq 

 
2 
0.002 

Susceptance limiter Bmin/Bmax  0  /  1 
Table 4-2: Control parameters of SVC controller 
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 Wind turbine generator – type 3 4.1.2

 
The model of the wind turbine generator type 3 is developed in the PSCAD EMT simulation software 
and includes some of the already available models of individual components from the PSCAD 
library. 
The main block of the WTG T3 is represented in the Figure 4-8. Beside the main 3-phase electrical 
connector, the two external parameter inputs are available to control the operation of the WTG T3 
model. These parameters are the start command and the WPref parameter set which defines the 
control parameters when the external wind-park controller controls the reference parameters of 
multiple WTG devices. Stand-alone operation of a single WTG device does not require these 
parameters, therefore they are not utilized in testing of a single-device. 
 
The topology of the modelled WTG Type 3 device is represented in Figure 4-9. The model consists 
of the three-winding transformer which connects the DFIG machine (on the tertiary side) and the 
rotor converter (on the secondary side) to the medium voltage electrical grid (PCC at the primary 
side). 
The model of the DFIG machine is based on the PSCAD model (electro-mechanical model) from the 
master library. The mechanical torque and the speed of the rotor are provided from the model of 
the wind turbine, which transforms the wind-speed into the mechanical torque based on 
parameters as are the pitch angle of blades, radius of turbine, rotating speed of turbines, the CP 
curve [91]. 
 
The electrical and mechanical parameters of the individual device are represented in the Table 4-3.   
 
 

 
Figure 4-8:  The WTG T3 block model in PSCAD  
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Figure 4-9:  Scheme of the WTG T3 electro-mechanical topology 
 
The rotor converter consists of the two back-to-back connected two-level converters (grid-side 
converter and generator-side or rotor-side converter) (Figure 4-10) each controlled by its own 
main current controller. The references for the rotor-side converter current, which influence the 
reactive power of the DFIG and rotation of the rotor, are defined by the external controller based 
on the IEC wind turbine controller [66].   
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Figure 4-10:  Scheme of the rotor converter back-to-back topology 
 
 
WTG T3 controller 
 
The main task of the converters is to provide the ac current to the rotor winding. The controllers of 
the WTG T3 converters control the power feed into the DFIG rotor, which influences output reactive 
power of the DFIG machine and its torque. The control is divided into control of the grid-side 
converter and the rotor-side converter.  
 
Grid-side converter controller 
 
The function of the grid-side converter is to maintain a constant DC voltage at the dc circuit by 
controlling the required active power into the DC circuit, which is controlled by the d-axis reference 
controller of the dc voltage. In the q-axis, the reference controller controls the reactive power to 
the reference value (Qord which is zero). The reference d- and q-axis currents are controlled by 
the decoupled main current controller. The PLL is with the grid-side controller synchronized to the 
voltage at the ac side of the grid-side converter. The schematics of the main control blocks are 
depicts in the Figure 4-11. 
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Figure 4-11:  Scheme of the grid-side decoupled main current controller, dc voltage reference 

controller, and reactive power reference controller 
 
Rotor-side converter controller 
 
The rotor-side converter controls the rotor current to influence the flux generated by the rotor 
circuit. The flux can be oriented in the d-q coordinate frame by taking into account the flux 
generated by the stator winding. The axis in line with the direction of the rotating stator flux is 
chosen to be the q-axis since it influences the reactive power produced by the DFIG while the axis 
that is at the right angle to the q-axis is the d-axis, which flux influences the torque of the machine. 
The d-q control frame of the rotor-side is therefore synchronized to the slip, the relative difference 
between the rotating stator flux and rotor speed. The phase angle of the rotating flux is defined 
with the phase angle of the voltage across the stator inductor (shifted for 90°) while the phase 
angle of the rotor comes as an output variable of the DFIG model (Figure 4-12).  
 

     
Figure 4-12:  Scheme of the synchronization angle definition of the rotor-side d-q reference frame 

 
The reference controllers control the active d- and reactive q-axis components of the common 
current of the WTG at the PCC. The output of the reference controllers are the reference d- and q-
axis current components of the main current controller of the rotor converter. 
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Figure 4-13:  Scheme of the rotor-side converter main current controller (for d- and q- axis) and 

reference controller of the PCC-side active and reactive current  
 
Modulation technique 
 
The two back-to-back converters are modulated by standard PWM modulation technique. The 
carrier signal is the symmetrical triangle with the frequency 3 kHz for the grid-side converter and 
1.85 kHz for the rotor-side converter. 
 
Controller of the reference currents 
 
The controller which defines the reference currents for the WTG T3 is based on the IEC controller 
[66]. It calculates the reference currents for the rotor-side converter based on the following 
parameters: 

- Current limitations, 
- Control function of the WTG (Q control, V control, PF control), 
- Voltage conditions (LVRT, etc.), 
- Frequency conditions (low frequency), 
- Speed of the turbine, 
- Pith angle of the rotor blades. 

 
Parameters of the WTG T3 models 
 
The following tables represent the parameters used with the WTG T3 model. They include the 
electro-mechanical parameters of the DFIG machine, transformer, converter, the control 
techniques and the controller constants which define the dynamics of the WTG.   
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WTG Type 3 model   

Step-up transformer   

Nominal power STR 4.2 MVA 

Voltage levels UP / US / UT 33 kV / 0.69 kV / 0.9 kV 

Leakage reactance ux12 

ux23 

ux31 

0.07 

0.06 

0.05 

Copper losses  P loss 0.005 pu 

DFIG machine   

Rated power SDFIG 4 Mvar 

Rated voltage U 0.9 kV 

Stator/Rotor turn ratio  0.391 

Angular moment of inertia  6 

   

Stator resistance  0.0054 pu 

Rotor resistance  0.006 pu 

Squirrel cage resistance  0.298 pu 

   

Magnetizing inductance  4.5 

Stator leakage inductance  0.1 

Rotor leakage inductance  0.11 

Squirrel cage leakage inductance  0.05 

   

Wind turbine model   

Rated power   4 MVA 

Turbine radius  68.5 m 

Turbine nominal RPM  12 rpm 

Nacelle radius  1.6 m 

Air density  1.225 kg/m3 

CP curve characteristics See [91]  

 
Table 4-3: Electro-mechanical parameters of WTG T3 
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DFIG converter   

Topology 2-level back-to-back converter 
Nominal power grid/rotor side S 1.49 MVA / 1.49 MVA 
Nominal ac voltage grid/rotor side U 0.69 kV / 0.69 kV 
Grid-side input filter: 
- series reactor 
- shunt capacitance 
- shunt damping RLC 

 
L 
Cfilter 
Rdamp 
Ldamp 
Cdamp 

 
0.192 mH 
700 µF 
1.3 Ω 
0.62 mH 
350 µF 

dc-side capacitance CDC 18000 µF 
dc-side reference voltage Udc 1.45 kV 
dc-side resistive breaker 
- chopper resistance 
- activation voltage 
- deactivation voltage 

 
Rchopper 
Vdc_chop_on 
Vdc_chop_off 

 
0.125 Ω 
1.65 kV 
1.60 kV 

Grid-side converter control:   

- dc-voltage reference control  
    + Edc regulator gain 
    + Edc regulator time constant 

 
Kp_Edc 
Ti_Edc 

 
5 
0.05 

- reactive power reference control 
    + Q regulator gain 
    + Q regulator time constant 

 
Kp_Q_S 
Ti_Q_S 

 
1 
0.1 

- main (decoupled) current control 
- q- axis control 
    + regulator gain 
    + regulator time constant 
- d- axis control 
    + regulator gain 
    + regulator time constant 

 
 
KpdS 
TidS  
 
KpqS 
TiqS 

 
 
1.2 
0.02 
 
1.2 
0.02 

Rotor side converter control:   

- main current control 
- q- axis control 
    + regulator gain 
    + regulator time constant 
- d- axis control 
    + regulator gain 
    + regulator time constant 

 
 
KpdS 
TidS  
 
KpqS 
TiqS 

 
 
1.5 
0.02 
 
2 
0.02 

- PCC side reactive current reference control  
    + regulator gain 
    + regulator time constant 

 
KpQ_PCC 
TiQ_PCC 

 
0.5 
0.02 

- PCC side active current reference control 
    + regulator gain 
    + regulator time constant 

 
KpP_PCC 
TiP_PCC 

 
0.002 
0.02 

- IEC based reference controller for DFIG reactive power control and 
DFIG speed control / defining reference reactive and active power of 
the WTG at the PCC 

Default values, see [66] 

Table 4-4: Electric parameters of WTG T3 rotor converter    
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 Wind turbine generator – type 4 4.1.3

The model of the wind turbine generator type 4 is developed in the PSCAD EMT simulation software.   
 
The main block of the WTG T4 is represented in the Figure 4-14. Beside the main 3-phase electrical 
connector (on top), one external parameter input is available to control the operation of the WTG. 
It is the parameter se WPref which defines the control parameters when the external wind-park 
controller controls the reference parameters of multiple devices. Stand-alone operation of a single 
device does not require these parameters, therefore it is not utilized for single-device testing. 
 

 
Figure 4-14:  Scheme of the WTG T4 EMT block model 

 
The topology of the modelled WTG Type 4 device is represented in the Figure 4-15. The model 
consists of the step-up transformer which connects the back-to-back converter to the medium 
voltage electrical grid (PCC at the primary side). The back-to-back converter topology consists of 
the grid- side and the machine-side converter, the LSC and the MSC respectively. The machine-
side converter feeds the permanent magnet (PM) generator with the reactive and active power to 
fulfil the control requirements 
The model of the PM machine is based on the PSCAD model (electro-mechanical model) from the 
master library. The mechanical rotation of the rotor is provided from the model of the wind turbine, 
which transforms the wind power to the mechanical rotation based on parameters as are the 
inertia constants of the two-mass model, stiffness and damping parameters of the drive train. 
 
The electrical and mechanical parameters of the individual device are represented in the Table 4-5.   
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Figure 4-15:  Scheme of the WTG T4 topology with mechanical (aerodynamic model, two-mass 

model) and electrical model (generator, converters and step-up transformer) 
 
 
WTG T4 controller 
 
The WTG T4 controller consists of the separates controllers for each converter and the common IEC 
based reference controller [66] defining the mechanical parameters for the wind turbine (pitch 
angle of rotor blade), reference reactive current of the grid-side converter (based on voltage 
conditions – low voltage Q injections) and reference active current of the machine-side converter 
(to transmit the active power out of the generator). By defining the reference active power of the 
WTG (defined by the operator or by the user of the model), the IEC controls adopt the pitch angle 
to reach the desired active power at the output of the WTG. The active power can be manipulated 
also by the IEC controller itself in cases of the active power reductions, current limiters operation, 
delta control etc.  
 
Grid-side converter controller 
 
The function of the grid-side converter is to maintain a constant DC voltage at the dc circuit by 
controlling the required active power injection into the DC circuit, which is controlled by the 
reactive-axis reference controller of the dc voltage (in this particular case, the q-axis represents 
the active components and the d-axis the reactive one). In the d-axis, the reference controller 
controls the reactive power to the reference value, defined by the IEC controller (the output Q of 
the WTG). The reference d- and q-axis currents are controlled by the decoupled main current 
controller. The PLL is with the grid-side controller synchronized to the voltage at the ac side of the 
grid-side converter (at the grid-side of the output filter). The schematics of the main control blocks 
are depicts in the Figure 4-16. 
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Figure 4-16:  Scheme of the grid-side controller of the WTG T4 

 
Machine-side converter controller 
 
The controller of the machine-side converter has the main function to transmit the active power 
from the generator to the DC-side circuit. This is established by controlling the generator’s active 
current to reference value (Ipcmd). The one is defined by the external IEC controller considering all 
electromechanical parameters of the wind turbine and the generator (wind speed, speed of the 
turbine, pitch angle, etc.). The d-q reference frame of the machine-side controls is synchronized 
with the voltage induced at the terminals of the generator, which means with the rotation of the 
rotor. 
The reference reactive current (d-axis in the particular case) represents the reactive current 
flowing into the generator and it is controlled to zero, thus the converter at the ac side 
compensates the reactive power produced by the passive ac filters. 
The reference d- and q- axis currents are utilized with the decoupled main current controller, 
producing the reference voltage of the converter. The voltage is normalized for use with the PWM 
comparator unit (Figure 4-17). 
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Figure 4-17:  Scheme of the machine-side controller of the WTG T4 

 
Modulation technique 
 
The two back-to-back converters are modulated by standard PWM modulation technique. The 
carrier signal is the symmetrical triangle with the frequency 2.4 kHz for the grid-side converter and 
2.5 kHz for the generator-side converter. 
 
Controller of the reference currents 
 
The external IEC reference controller defines the reference values for the active current 
components for the generator-side converter and the reactive current components for the grid-side 
converter as well as the current limitations (although not used in the particular case). The 
reference current is defined in respect to: 

- Ordered active power at the WTG terminals, 
- Speed of rotor, 
- Pitch angle, 
- Voltage levels, 
- System frequency, 
- Current limitations. 
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Parameters of the WTG T4 models 
 
The mechanical an electrical parameters of the WTG T4 are presented in the Table 4-5 and the 
detailed control parameters of the individual converter in Table 4-6.   
 
WTG Type 4 model   
Step-up transformer   
Nominal power STR 6.2 MVA 
Voltage levels UP / US 20 kV / 0.9 kV  
Leakage reactance ux 0.06 
Copper losses  P loss 0.004 pu 
DFIG machine   
Rated power SDFIG 6 Mvar 
Rated voltage U 0.9 kV 
Angular moment of inertia  0.72 
   
Stator winding resistance  0.01 pu 
Stator leakage reactance  0.04 pu 
Unsaturated reactance Xd / Xq  0.28 pu / 0.28 pu 
Damper winding resistance Rkd / Rkq  0.055 pu / 0.183 pu 
Damper winding reactance Xkd / Xkq  0.6 pu / 1.175 pu 
Magnetic strength  1.04 pu 
Mechanical damping  0.01 pu 
   
Wind turbine model   
Rated power   6 MVA 
Turbine radius  75.5 m 
Turbine nominal RPM  12 rpm 
   
Mechanical parameters of two-mass model  
Inertia of WT rotor  5 
Inertia of generator  0.7 
Drive train stiffness   200 
Drive train damping  1.7 
 

Table 4-5: Electro-mechanical parameters of WTG T4  
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DFIG converter   
Topology 2-level back-to-back converter 
Grid-side input filter: 
- series reactor 
- shunt capacitance 
- shunt damping RLC 

 
L 
Cfilter 
Rdamp 
Ldamp 
Cdamp 

 
0.135 mH 
2084 µF 
0.805 Ω 
0.675 mH 
1042 µF 

dc-side capacitance CDC 360000 µF 
dc-side reference voltage Udc 1.8 kV 
Grid-side converter control:   
- dc-voltage reference control  
    + Edc regulator gain 
    + Edc regulator time constant 

 
KpVdc_LSC 
TiVdc_LSC 

 
3 
0.075 

- reactive power reference control 
    

Defined by the IEC controller (series connection of 
PI controller for Q control and V control) 

- main (decoupled) current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq_LSC 
Tidq_LSC  

 
 
2 
0.01 

Rotor side converter control:   
- main current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq_MSC 
Tidq_MSC  

 
 
2 
0.01 

- reactive power reference control 
    + regulator gain 
    + regulator time constant 

 
KpQ_MSC 
TiQ_MSC 

 
1 
0.05 

- PCC side active current reference control 
    + regulator gain 
    + regulator time constant 

 
KpP_PCC 
TiP_PCC 

 
0.002 
0.02 

Table 4-6: Electric parameters of WTG T4 rotor converter    
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 Photovoltaic generators (PV) and battery storage (BS)  4.1.4

 
The photovoltaic generators (PV) and the battery storage (BS) are modelled with the same type of 
the converter despite the main functional difference, which is the direction of the active power with 
individual device. With the battery storage device, the active power flows in both directions (out of 
the and into the dc-side circuit – the battery) while with the PV only out of the PV device. In this 
view, the PV converter could be based on the simpler inverter technology. Nevertheless, in order to 
have the broad controllable range of the active and reactive power, the 4-quadrant operating 2-
level IGBT converter has been selected as the basic converter for the models. 
 
In view of the PV and battery storage influence to the power quality, the main focus was oriented 
into the harmonic contribution and the control dynamics. Nevertheless, also the other power 
quality parameters could be influenced by the specific operation characteristics, especially by the 
PV in case of sudden loss or variation of the produced power, which could in fact cause slow 
voltage variations at the PCC. This aspects of the power quality were not considered with the 
detailed EMT models since it could be a part of the models which are oriented more into dynamic 
power flow analyses (average models or HLF).  
 
The block of the PV/BS model is shown in Figure 4-18. The electrical 3-phase connection is on the 
top of the model while the inputs for the reference power from the side. The reference power 
definition is in the particular model not based on any higher-level control algorithm which could 
eventually be used as in case of WTG. 
Both, the PV and the BS are based on the dc-voltage technology, which means that for connection 
to the ac grid only a single converter (ac/dc) is required. Depending on different realizations of the 
plants, the topologies can vary a lot, from a single ac/dc converter to combination of dc/dc and 
ac/dc converters when multiple plants or combinations of the PV and BS are implemented. 
For the purpose of our particular model, the simplest solution (single ac/dc converter) was 
introduces. 
 

 
Figure 4-18:  Scheme of the PV / battery storage model 

 
The nominal power of the PV/BS plants can vary from few kW to multiple MW. The high power 
devices are fed through the converters that are connected in parallel to allow high power 
conversion from the DC circuit to the AC grid. The power of the single converter is in our case fixed 
to 0.4 kW. 
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The topology of the converter is shown in the Figure 4-19. The single 2-level converter is 
connected to the 35 kV electrical grid through a step-up transformer 35 kV / 0.69 kV. 

 
Figure 4-19:  Scheme of the PV/BS converter 

 
 
PV/BS controller 
 
The control algorithm that is used for operation of the PV/BS converter is based on the simple P 
(active power) and Q (reactive power) control.  
 
With the PV plants, the PV modules generate a specific voltage at the terminals and charging the 
dc-side converter capacitors. In order to fully utilize the PV plant, it is necessary to track the MPP, 
which is in fact the main d-axis control reference controller. Higher is the voltage at the dc-side, 
higher needs to be the reference active (d-axis) power of the converter. Therefore, the d-axis 
controller can be seen as a dc-voltage dependent active power controller. In case when the power 
production is constant, the reference of the active power remains the same. 
 
The BSs are the storages of the energy; therefore, the active power can be generated whenever 
needed. The dc voltage varies based on the state of charge of the battery but it does not 
necessarily influence the reference active power that the converter is generating.  
 
If the DC voltage is in the short period of time expected to be constant due to PV/BS voltage 
source at the dc-side and the power production as well, then it is expected that there is no mayor 
difference between the PV and BS converter operations, especially by means of production of the 
harmonic components. 
 
Based on the above stated, the controller of the PV/BS controls the active power / active current to 
the reference value (defined by the operator) and also the reactive power / reactive current which 
reference is for the particular case set to zero. The schematic of the controller is shown in the 
Figure 4-20.   
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Figure 4-20:  Scheme of the PV/BS simplified controller 

 
The active and reactive power reference controllers are simple proportional controllers (factor 1 
and -1 respectively). The reference values are in case of overcurrent of the converter limited by 
the limitation factor which is defined with additional current limiter controller Figure 4-21.   
 

 
Figure 4-21:  Scheme of the reference current limiting controller 

 
For the purpose of the detailed EMT simulations (with the main target of the harmonic and fast 
dynamic analyses), the dc-side voltage was simply modelled with the voltage source representing 
simplified battery or solar panel. The details like influence of the battery discharging, loss of solar 
radiation with PV and similar were not considered in the basic detailed EMT model. 
 
Modulation technique 
 
The 2-level converter is modulated by standard PWM modulation technique. The carrier signal is 
the symmetrical triangle with the frequency 3 kHz. 
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Parameters of the PV/BS models 
The electrical parameters of the PV/BS are presented in the Table 4-7.   
 
PV/BS model   
   
Step-up transformer   
Nominal power STR 0.4 MVA 
Voltage levels UP / US 35 kV / 0.69 kV  
Leakage reactance ux 0.1 
Copper losses  P loss 0.005 pu 
   
PV/BS converter   
Topology 2-level converter 
Grid-side input filter: 
- series reactor grid-side 
- series reactor inverter-side 
- shunt capacitance  
- shunt damping RLC 

 
LLCL-grid 
LLCL-conv 
Cfilter 
Rdamp 

 
0.250 mH 
0.129 mH 
40 µF 
0.5 Ω 

dc-side capacitance CDC 22000 µF 
dc-side reference voltage Udc 1.8 kV 
Converter control:   
- active power proportional reference 
control 
    + regulator gain 

 
 
KpP 

 
 
-1 

- reactive power proportional 
reference control 
    + regulator gain 

 
 
KpQ 

 
 
1 

- main (decoupled) current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq 
Tidq  

 
 
0.2 
0.01 

Table 4-7: Electric parameters of PV/BS converter    
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 STATCOM (MMC) 4.1.5

 
The STATCOM device belongs to the group of FACTS devices. It is composed of the controllable 
voltage source converter which generates the reactive power and for operation does not require 
any active power except the part of it to cover the losses of the STATCOM and the power supply of 
auxiliary as controllers, protection etc.  
The topology of the STATCOM for our particular model is based on the topology that is used in the 
high voltage networks, the MMC topology. Different topologies can be utilized, however, the 
particular MMC converter is based on the converter topology that we can find also with the 
symmetrical monopole HVDC converter. 
    
The EMT model of the STATCOM device is in PSCAD represented with the blocks as shown in the 
Figure 4-22 and Figure 4-23. The system consists of the MMC converter with three phase legs each 
divided into 2 arms. Each leg can be on the dc-side connected to the small common dc capacitor 
(buffer). Each converter arm has the arm reactor which smooths the arm current and multiple in 
series connected half-bridge submodules to generate the step-shaped VSC voltage which generates 
the reactive current.  
The operation of the VSC is possible whenever the dc voltage across the module capacitors is 
sufficiently high and balanced. The control of the common dc voltage is performed by the exchange 
of the active power between dc- and ac- side of the converter. The active power flow into the dc 
circuit increases the accumulated the energy in the dc capacitors which causes the dc voltage to 
increase and vice-versa. The particular topology consists of the three legs and multiple capacitors 
in the single leg (one per submodule). For normal operation, the capacitors of the submodules 
require balancing strategy, which takes care of equalizing the voltage across individual capacitor. 
To reduce the circulating current flowing within the converter, the CCSC controller has also been 
utilized. 
 

 
Figure 4-22:  Scheme of the HVDC system model 

 
The MMC modules are within this particular PSCAD model of the MMC modelled with an optimized 
model (Figure 4-28 b) available from the PSCAD library. The model allows use of several hundreds 
of modules within a single block model which is developed for optimal use of the simulator’s 
processing power. The details of the model are based on the algorithms presented in [92]. 
The particular MMC model of the STATCOM includes 10 submodules per arm, while the converter is 
connected directly to 35 kV ac voltage level.  
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a)                                                                b) 

Figure 4-23:  Scheme of the STATCOM converter topology a) and detailed model of an individual 
converter leg b) 

 
 
STATCOM controller 
 
The control algorithm used with the STATCOM is shown in Figure 4-24. The main current controller 
is based on the control of the active and reactive current (power), and is derived as the decoupled 
d-q controller of the fundamental frequency with the feed-forward loop of the voltage measured at 
the PCC. The controller that defines the reference d- and q-axis current components are the dc 
voltage reference controller (in d-axis) and the reactive power reference controller (in q-axis). 
 
The reactive reference controller controls the q-axis reference current to reach the reactive power 
reference value at the output connections of the STATCOM (primary side of the HV/MV 
transformer). The reference value is in our case manipulated by the external manual control by the 
operator, while in some other cases it can be defined by some additional reference controller (e.g. 
voltage reference controller, power-factor controller, flicker compensation controller or others).  
 
The d-axis reference current of the converter is defined by the dc voltage reference controller 
which controls the error between the reference and actual measured common dc voltage by 
manipulating the d-axis reference current of the main current controller.  
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Figure 4-24:  Scheme of the STATCOM control algorithm; Main current controller (decoupled d-q) 
with reference controller for dc voltage control and the reference controller for the reactive power 

control 
 
Supplementary controllers 
 
The MMC topology requires some supplementary controls which optimize the operation of the 
particular converter. In particular, the circulating current suppressing control (CCSC) is required for 
reducing the currents that flow within the converter itself due to unsymmetrical voltage levels 
within each leg or arm. The CCSC of the STATCOM in shown in the Figure 4-25 while it’s operation 
principle is described in the chapter 3.8. 
 
 

 
Figure 4-25:  Scheme of the CCSC of the MMC converter 

 
The current limiter is provided as well. It is carried out as a limiter with d-q- prioritization. The 
basic limiting approach has been explained in the chapter 3.9.1. 
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Modulation technique 
 
With the MMC, there are different solutions of the modulation techniques of the MMC converter (as 
explained in 3.8. The modulation of the MMC includes definition of the firing pulses for individual 
module switches as well as balancing of the dc voltage across individual modules. The particular 
model utilizes the NLC modulation technique (Nearest Level Control) [83]. 
The modulator is shown in the Figure 4-26. The same scheme is defined for each arm of the 
converter. The modulation action starts by receiving the individual phase reference voltages 
(individual arm voltage) from the main current controller and the CCSC. The signal is discretized 
and the number of required modules defined (considering that the voltage across modules is 
equally distributed). The required number of modules is selected based on the 
charging/discharging requirements of individual module. In the individual arm, all the module 
voltages are analysed and sorted by dc voltage level. The modules which are used within the 
switching action of individual firing period are the ones which deviate from the reference module 
voltage the most and will be charged/discharge to the reference level of the individual module 
voltage value by conducting the instantaneous current. 
 

 
Figure 4-26:  Scheme of the NLC modulator (with selector/sorting unit) 

  



REPORT 
 
 

Page 95 of 323 

 

Parameters of the STATCOM model 
 
The electrical parameters of the STATCOM model are presented in the Table 4-9 
 
STATCOM model   
Step-up transformer   
Nominal power STR 50 MVA 
Voltage levels UMMC / Ugrid 380 kV / 35 kV  
Leakage reactance ux 0.14 
Copper losses  P loss 0.006 pu 
STATCOM converter   
Topology MMC converter with 3 converter legs, 2 arms each 
Nominal voltage U 35 kV 
Rated power S 50 MVA 
Number of modules per arm  20 
Cell capacitance  10000 µF 
dc-side capacitance CDC 25 µF 
dc-side reference voltage Udc 70 kV 
Arm reactor Larm 5 mH 
Converter control:   
- main (decoupled) current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq 
Tidq  

 
 
0.48 
0.0067 

- reactive power reference control 
    + regulator gain 
    + regulator time constant 
    + limits 

 
KpQ 
TiQ 
Qmax / Qmin 

 
0 
0.03 
0.5 pu / -0.5 pu 

- dc voltage reference control 
    + regulator gain 
    + regulator time constant 

 
Kp_dc 
Ti_dc 

 
14 
0.1 

- CCSC 
    + regulator gain 
    + regulator time constant 

 
KpCCSC 
TiCCSC 

 
0.8 
0.01 

- current limiter Limit value 1.1 pu 
Table 4-8: Electric parameters of the STATCOM converter    
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 HVDC (MMC) 4.1.6

 
The EMT model of the HVDC device is composed as shown in the Figure 4-27. The system consists 
of the two HVDC converter stations. On the right-hand side, there is a sending-end converter which 
controls the amount of the active power into the dc grid. This converter could represent an offshore 
converter station which establishes the offshore ac grid (controls the frequency) and transmits the 
active power into the dc-grid.  
On the other side of the dc grid is the receiving-end HVDC station (e.g. onshore station). It’s main 
control task is to control the dc-voltage by transmitting the active power from the dc to the ac grid.    
 

 
Figure 4-27:  Scheme of the HVDC system model 

 
Both converter stations are composed of the same converter topology, including the count of 
modules, size of arm reactors, dc-side buffer capacitors, star-point reactor grounding of the 
converter’s ac side etc. 
The topology of the individual converter station is depicts in the Figure 4-28. The converter is 
composed of the three converter legs, each with upper and lower arm. Each arm has an input 
reactor (arm reactor) and in series connected modules. The MMC modules are within this particular 
PSCAD model of the MMC modelled within the optimized model (Figure 4-28 b) available from the 
PSCAD library. The model allows use of several hundreds of modules within a single model allowing 
optimal use of the simulator’s processing power. The details of the model are based on the [92]. 
The particular model of the MMC includes 200 modules per arm, while the converter is connected 
directly to 220 kV ac voltage.  
 a) b) 

 
Figure 4-28:  Scheme of the HVDC converter a) and detailed model of an individual converter leg 

b) 
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HVDC controller 
 
The control algorithm of the HVDC is based on the function of the converter. The sending-end 
converter controller has different algorithms than the receiving-end controller. Both are based on 
the control of the active and reactive power in the d-q reference frame.  
 
Sending-end converter controller 
 
The control algorithm of the sending-end converter is depicted in Figure 4-29. The main current 
controller is based on the decoupled d-q controller of the fundamental frequency. In addition, the 
voltage from the PCC is added in the feed-forward loop. 
 
The controllers that define the reference d-q current components are the active power reference 
controller and the reactive power reference controller. 
 
The active power reference controller compares the input active power from the ac side with the 
converter and controls it to the reference value. In addition to that, some extra active power is 
added to the controlled active component to control higher variations of the DC voltage (although 
the converter is not in the dc voltage control mode). The dc voltage protection algorithm is shown 
in Figure 4-30. The main function of this protection function is to add or subtract some additional 
active power to or from the reference in case when the dc voltage is either too low or too high 
(higher than Vdcmax or lower than Vdcmin).  
 
The main reference of the active power reference controller is feed from the external source. In our 
case it is defined by the user since the ac side network is supported by a stiff voltage source. In 
other case, the power can be influenced by frequency controller of the ac grid. 
 
The reactive reference controller controls the q-axis reference current to reach the reactive power 
reference value. The reference value is in our case set to zero although it could be manipulated by 
some external control algorithms that follow the prescribed grid code (e.g. increased generation of 
the capacitive power in case of low voltage conditions). 
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Figure 4-29:  Scheme of the sending-end HVDC control algorithm 

 
Figure 4-30:  Scheme of the dc-voltage protection control 

 
Receiving-end converter controller 
 
The control algorithm of the receiving-end converter is depicted in Figure 4-31. The main current 
controller is based on the decoupled d-q controller of the fundamental frequency. In addition, the 
voltage from the PCC is added in the feed-forward loop. 
The controller that defines the reference d-q current components are the dc voltage based 
reference controller (in d-axis) and the reactive power reference controller (in q-axis). 
The reactive reference controller controls the q-axis reference current to reach the reactive power 
reference value. The reference value is in our case set to zero. 
The d-axis reference current of the converter is defined by the dc voltage reference controller 
which controls the error between the reference and actual measured dc voltage by manipulating 
the d-axis reference current of the main current controller.  
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Figure 4-31:  Scheme of the receiving-end HVDC control algorithm 

 
Supplementary controllers 
 
The MMC topology of the HVDC requires the additional control of the circulating currents which 
appear in form of the second harmonic component and flow within the converter itself due to 
differences of the inner voltages among individual converter arms. The principle of the CCSC 
(circulating current suppressing control) has been already described in the chapter 3.8 and the 
applied model for use with the particular HVDC model depicts in the Figure 4-32. 
 

 
Figure 4-32:  Scheme of the CCSC for HVDC (MMC converter – symmetrical monopole topology) 
 
The HVDC controller includes also the current limiter with the possibility of prioritization between 
the d- and q-axis components. The basics of the current limiter are discussed in the chapter 3.9.1. 
 
The particular model of the HVDC converter station can be used also in case of islanded operation, 
e.g. in case of system recovery or to support the offshore ac grid with the frequency control. In 
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this case, the PLL of the controls is not synchronized to the external ac grid, but is defined 
internally, by the oscillator of the nominal frequency signal (50 Hz in our case). In such case, the 
controller needs to operate in the voltage control mode in q-axis and frequency based active power 
control in d-axis. 
 
Modulation technique 
 
With the MMC, there are different solutions of the modulation techniques of the MMC converter (as 
explained in 3.8. The modulation of the MMC includes definition of the firing pulses for individual 
module switches as well as balancing of the dc voltage across individual modules. The particular 
model utilizes the NLC modulation technique (Nearest Level Control). 
The modulator is shown in the Figure 4-33. The same scheme is defined for each arm of the 
converter. The modulation action starts by receiving the individual phase reference voltages 
(individual arm voltage) from the main current controller and the CCSC. The signal is discretized 
and the number of required modules defined (considering that the voltage across modules is 
equally distributed). The required number of modules is selected based on the 
charging/discharging requirements of individual module. In the individual arm, all the module 
voltages are analysed and sorted by the dc voltage level. The modules which are used within the 
switching action of individual firing period are the ones which deviate from the reference module 
voltage the most and will, by conducting the instantaneous current, be charged/discharged to the 
reference level of the individual module voltage value. 

 
Figure 4-33:  Scheme of the HVDC NLC modulator (with selector/sorting unit) 

 
The modulation range or the maximal peak voltage generated by the single converter leg is defined 
by the maximal dc voltage of the leg. In the three-phase isolated system it is possible to generate 
some additional third harmonic component (zero-sequence) which can with proper phase setting 
decrease to maximal amplitude of the reference voltage signal and thus extend the amplitude 
range for the fundamental frequency component thus generating higher currents at lower dc 
voltage.  
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Parameters of the HVDC model 
 
The electrical parameters of the HVDC (NLC) model are presented in the Table 4-9 
 
HVDC model   
   
DC grid   
Cable length  lcable 200 km 
   
Sending-end converter   
Step-up transformer   
Nominal power STR 800 MVA 
Voltage levels UMMC / Ugrid 220 kV / 145 kV  
Leakage reactance ux 0.18 
Copper losses  P loss 0.006 pu 
   
Star-point reactor: 
- reactance 
- resistance 

 
L 
R 

 
5000 H 
5 kΩ 

HVDC converter   
Topology MMC based, symmetrical monopole 
Rated power S 800 MVA 
Number of modules per arm  200 
Cell capacitance  10000 µF 
dc-side capacitance CDC 25 µF 
dc-side reference voltage Udc 400 kV 
Arm reactor Larm 29 mH 
Converter control:   
- main (decoupled) current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq 
Tidq  

 
 
0.48 
0.0067 

- reactive power reference control 
    + regulator gain 
    + regulator time constant 

 
KpQ 
TiQ 

 
0 
0.03 

- active power reference control 
    + regulator gain 
    + regulator time constant 

 
KpP 
TiP 

 
0 
0.03 

- CCSC 
    + regulator gain 
    + regulator time constant 

 
KpCCSC 
TiCCSC 

 
0.8 
0.01 
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Third harmonic injection amplitude 0.15 pu 
- current limiter Limit value 1.1 pu 
   
Receiving-end converter   
Step-up transformer   
Nominal power STR 800 MVA 
Voltage levels UMMC / Ugrid 220 kV / 400 kV  
Leakage reactance ux 0.18 
Copper losses  P loss 0.006 pu 
   
Star-point reactor: 
- reactance 
- resistance 

 
L 
R 

 
5000 H 
5 kΩ 

HVDC converter   
Topology MMC based, 

symmetrical monopole 
 

Rated power S 800 MVA 
Number of modules per arm  200 
Cell capacitance  10000 µF 
dc-side capacitance CDC 25 µF 
dc-side reference voltage Udc 400 kV 
Arm reactor Larm 29 mH 
Converter control:   
- main (decoupled) current control 
- d-q axis control 
    + regulator gain 
    + regulator time constant 

 
 
Kpdq 
Tidq  

 
 
0.48 
0.0067 

- reactive power reference control 
    + regulator gain 
    + regulator time constant 
    + limits 

 
KpQ 
TiQ 
Qmax / Qmin 

 
0 
0.03 
0.5 pu / -0.5 pu 

- dc voltage reference control 
    + regulator gain 
    + regulator time constant 

 
Kp_dc 
Ti_dc 

 
14 
0.1 

- CCSC 
    + regulator gain 
    + regulator time constant 

 
KpCCSC 
TiCCSC 

 
0.8 
0.01 

- third harmonic injection amplitude 0.15 pu 
- current limiter Limit value 1.1 pu 

Table 4-9: Electric parameters of the HVDC (NLC) converter    
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4.2 Average models 
Average models are suitable for power system simulations, where the effect of harmonics and high 
frequency electromagnetic transients can be neglected. Thus, average models are suitable for 
studies of controller design as well as for voltage and frequency variation analysis. The following 
average models cover the static var compensator, wind turbine generators type 3 and 4 and two-
level voltage-sourced converter. Moreover, models for an MMC based STATCOM and HVDC 
transmission system are presented. 
 

 Static Var Compensator 4.2.1
 
An average model of the Static Var Compensator (SVC), shown in Figure 4-1 in Section 2.1, is 
described in the following. It consists of delta-connected thyristor-controlled reactors (TCR) and 
two parallel passive filters for each phase. The TCRs are controlled to provide reactive power to the 
AC grid. Different approaches for the modelling of this configuration are presented in [93]–[96].  
In [93], an overview of various models is given. It includes modelling for power flow analysis and 
dynamic studies. A general model of the TCR in the frequency domain is proposed in [94]. This 
model is applicable for harmonic power flow studies. The analytical model described in [95] 
addresses the transient unbalance effect. In particular, this model allows for the investigation of 
stability problems at higher frequencies. An average model representing the TCR by a controlled 
voltage source and a reactance in series connection is given in [96]. In addition, the control of the 
TCR is developed. This model describes the operation of the TCR based on fundamental frequency 
representation.  
 

 
Figure 4-34: Average model and control of the SVC  
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In the following, the model presented in [96] is described. Figure 4-34 shows the average model 
and the control of the SVC. A block diagram of the closed-loop transfer function is illustrated in 
Figure 4-35. 

 
Figure 4-35: Block diagram of the closed-loop transfer function of the SVC for the voltage 

regulation 
 
The control includes a proportional-integral controller to maintain the terminal voltage 𝑣𝑣t  at its 
reference value 𝑣𝑣∗. The terminal voltage is measured and subtracted from the reference voltage. 
The resulting error signal is the input to the controller. The controller outputs the firing angle 𝛼𝛼 
limited by the lower bound 𝜋𝜋

2
 and the upper bound 𝜋𝜋. As described in Section 2.1, if the firing angle 

𝛼𝛼  determines the impedance of the TCR. The saturated signal 𝛼𝛼  is the input argument of the 
function 𝑓𝑓(𝛼𝛼): 

𝑓𝑓(𝛼𝛼) =
2𝛼𝛼 − sin (2𝛼𝛼)

𝜋𝜋 − 1 (4.1) 

The result of the function 𝑓𝑓(𝛼𝛼) is the input to a delay block defined by the time constants 𝑇𝑇d and 𝑇𝑇s. 
The time constants 𝑇𝑇d and 𝑇𝑇s represent the delay times of the thyristors. The output signal of the 
delay block is multiplied by the terminal voltage 𝑣𝑣t. The result is the set-point 𝑣𝑣TCR of the controlled 
voltage source. By adjusting the magnitude of 𝑣𝑣TCR, reactive power is injected into the AC grid.  
 
Model parameters 
The parameters of the TCR and the passive filters for the average model are the same as for the 
EMT model, given in section 4.1.1. Additionally, the parameters of the PI controller are given in this 
section. The time constants 𝑇𝑇d  = 0.0014 s and 𝑇𝑇s = 0.0015 s as in [96]. As listed in [95], similar 
values are applied in other references. 
 

 Wind turbine generator – type 3 4.2.2
 
The average model of the wind turbine generator type 3 is based on the descriptions of 
configuration and controls in section 2.2. As presented there, a wind turbine generator of this type 
involves a doubly fed induction generator (DFIG). The rotor of the DFIG is connected to the AC side 
through a back-to-back converter, while the stator is directly connected to the AC side. The overall 
structure of the grid-connected wind turbine generator consisting of turbine, gearbox, DFIG, AC-DC 
converter and DC-AC converter, and a transformer is shown in Figure 4-36. 
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Figure 4-36: Type 3 wind turbine according to IEC 61400-27-1 

 
With regard to the DFIG, various average models are described in the literature. These average 
models can be used for controller design studies. In [97], [98], models of different order are 
discussed and are compared to each other. It is concluded in [97], [98] that reduced order models 
are adequate for power system simulations, where the effect of harmonics and high frequency 
electromagnetically transients are not the focus. 
 
The focus for an average model of Figure 4-36 is on the converters. Therefore, the implementation 
of the average model for this report differs from section 4.1.2 only by averaging the converters. 
For the grid-side converter, the average model a two-level VSC according to section 4.2.4 is used. 
The structure of the rotor-side converter follows section 4.2.4, while the control of the converter is 
in accordance with the one for the EMT model in section 4.1.2. The obtained average model is 
suitable for analysis of frequency variations and controller design studies. 
 
Model parameters 
The parameters of the wind turbine, DFIG and converters for the average model are the same as 
for the EMT model, given in section 4.1.2. 
 

 Wind turbine generator – type 4 4.2.3
 
The average model of the wind turbine generator type 4 is based on the description in section 2.2. 
It involves a permanent magnet synchronous generator (PMSG). The generator is connected 
through a full size power converter to the AC side [99]. The overall structure consists of the turbine, 
the PMSG, AC-DC converter and DC-AC converter, and a transformer. It is shown in Figure 4-37. 
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Figure 4-37: Type 4 wind turbine according to IEC 61400-27-1 

 
Average models of the type 4 wind turbine are often used for controller design studies [100]–[104]. 
For power system simulations, where the effects of high frequency electromagnetic transients and 
harmonics may be neglected, average models are suitable. 
 
Transfer function description and the controller design for a type 4 wind turbine are the main 
objectives of [105]. Therefore, a linear average model is developed. Nevertheless, the developed 
controller is suitable for nonlinear approaches as well. This model is implemented here as the 
average model of the wind turbine generator type 4. 
 
In [105], the nonlinear modelling and transfer functions of the wind turbine, the PMSG and the 
voltage-sourced converter are described. The VSC is operated in current control mode and the 
outer controller regulates either power or speed. For detailed information about the controller, see 
section 9.3.1 in the Appendix III. For the grid-side converter, the average model of a two-level 
VSC according to section 4.2.4 is deployed. 
 
Model parameters 
The parameters of the wind turbine, PMSG and converters for the average model are the same as 
for the EMT model given in section 4.1.3. 
 

 Two-level VSC 4.2.4
 
An average model of a two-level VSC is described in the following. Different approaches for the 
average modelling are presented in [31], [106]. Figure 4-38 illustrates the averaged equivalent 
circuit of a two-level VSC with neglected converter losses as described in [107]. The figure shows 
that the AC-side terminal voltage is represented by a controlled voltage source for each phase. The 
current flowing from the DC voltage sources into the DC-side terminal is specified by controlled 
current sources. 
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Figure 4-38: Single-phase averaged equivalent circuit of the ideal two-level VSC 

 
The average modelling of the AC-side terminal is described in the following. The voltages at the 
AC-side terminal 𝑣𝑣ta(𝑡𝑡), 𝑣𝑣tb(𝑡𝑡), and 𝑣𝑣tc(𝑡𝑡) are given by:   

𝑣𝑣ta(𝑡𝑡) = 𝑣𝑣DC
2
𝑚𝑚a(𝑡𝑡) (4.2) 

𝑣𝑣tb(𝑡𝑡) = 𝑣𝑣DC
2
𝑚𝑚b(𝑡𝑡) (4.3) 

𝑣𝑣tc(𝑡𝑡) = 𝑣𝑣DC
2
𝑚𝑚c(𝑡𝑡) (4.4) 

where 𝑣𝑣DC  is the voltage at the DC-side terminal; 𝑚𝑚a(𝑡𝑡) , 𝑚𝑚b(𝑡𝑡) , and 𝑚𝑚c(𝑡𝑡)  are the three-phase 
control signals. The control signals are determined by the control algorithm of the converter:  

𝑚𝑚a(𝑡𝑡) = 𝑚𝑚�(𝑡𝑡) cos[ε(t)] (4.5)  

𝑚𝑚b(𝑡𝑡) = 𝑚𝑚�(𝑡𝑡)cos [ε(t) − 2𝜋𝜋
3

] (4.6)  

𝑚𝑚c(𝑡𝑡) = 𝑚𝑚�(𝑡𝑡)cos [ε(t) − 4𝜋𝜋
3

] (4.7)  

where 𝑚𝑚�(𝑡𝑡) is the magnitude of the control signals, and 𝜀𝜀(𝑡𝑡) determines the frequency and phase 
angles.  
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The modelling of the DC-side terminal is described in the following. To determine the set-points of 
the controlled current sources, the active power injections into the DC-side and AC-side terminals 
are considered. The directions of the power injections are defined in Figure 4-38. As converter 
losses are neglected, the active power injections are related based on the power balance principle: 

𝑃𝑃DC(𝑡𝑡) = 𝑃𝑃t(𝑡𝑡) (4.8) 

where 𝑃𝑃DC(𝑡𝑡) is the active power injection into the DC-side terminal, and 𝑃𝑃t(𝑡𝑡) is the active power 
into the AC-side terminal. Therefore, the following power balance equation is considered: 

𝑣𝑣DC(𝑡𝑡)𝑖𝑖DC(𝑡𝑡) = 𝑣𝑣ta(𝑡𝑡)𝑖𝑖a(𝑡𝑡) + 𝑣𝑣tb(𝑡𝑡)𝑖𝑖b(𝑡𝑡) + 𝑣𝑣tc(𝑡𝑡)𝑖𝑖c(𝑡𝑡) (4.9) 

where 𝑖𝑖DC(𝑡𝑡) is the current flowing from the DC voltage into the DC-side terminal; 𝑖𝑖a(𝑡𝑡), 𝑖𝑖b(𝑡𝑡), and 
𝑖𝑖c(𝑡𝑡) are the three phase currents flowing from the AC-side terminal into the AC grid. Inserting 
(4.2), (4.3), and (4.4) into (4.9) yields: 

𝑣𝑣DC(𝑡𝑡)𝑖𝑖DC(𝑡𝑡) = 𝑣𝑣DC
2

[𝑚𝑚a(𝑡𝑡)𝑖𝑖a(𝑡𝑡) + 𝑚𝑚b(𝑡𝑡)𝑖𝑖b(𝑡𝑡) + 𝑚𝑚c(𝑡𝑡)𝑖𝑖c(𝑡𝑡)] (4.10) 

Dividing (4.10) by the DC voltage 𝑣𝑣DC(𝑡𝑡)  ≠ 0, the DC current 𝑖𝑖DC(𝑡𝑡) is determined:  

𝑖𝑖DC(𝑡𝑡) = 1
2
[𝑚𝑚a(𝑡𝑡)𝑖𝑖a(𝑡𝑡) + 𝑚𝑚b(𝑡𝑡)𝑖𝑖b(𝑡𝑡) + 𝑚𝑚c(𝑡𝑡)𝑖𝑖c(𝑡𝑡)] (4.11) 

The average model of the two-level VSC is described by the equations (4.2), (4.3), (4.4) and 
(4.11). The presented model is applicable for the simulation of grid-interfaced PV and battery 
devices, as described in section 2.3. Moreover, the average model of the two level VSC is part of 
the average model of wind turbine type 3 and 4 described in sections 4.2.2 and 4.2.3. 
 
Model parameters 
The parameters for the average model of the two-level converter are the same as for the EMT 
model given in section 4.1.4. 
 

 HVDC 4.2.5
 
As described in Section 2.4, an HVDC transmission system based on MMC with half-bridge 
submodules is regarded. The topology of the MMC is shown in Figure 2-9 in Section 2.4. An 
average model of an MMC is described in the following. The AVM considers the fundamental 
frequency behaviour of the AC-side, which is suitable for system level-analysis [108]. Although 
the capacitor voltages and switching transients are ignored in the AVM, the large-scale dynamic 
behaviour is accurately represented. Moreover, a DC-side equivalent voltage is calculated. Thus, 
the AVM is efficient and suitable for system level dynamic analysis. 
The AVM of the MMC is presented in [109], in which the comparison with the detailed model shows 
its efficiency and accuracy at large-scale transient analysis. The efficiency is further improved in 
[110] by representing the AC-side of the converter by three voltage sources. In [111], the blocked 
state is improved by incorporating diodes and switches on the AC-side and connecting the AC-side 
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to the DC-side in transient studies. In [112], a blocking module is proposed to represent the start-
up process and to improve the representation of the losses. 
 
a) AC-side Representation of AVM 

 

Larm

Larm

vta

vpa
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vDC/2

vDC/2

 
Figure 4-39: Single-phase representation of an MMC 

 
Figure 4-39 shows the equivalent circuit of the MMC. The SMs in the arm are represented by 
sinusoidal voltage sources 𝑣𝑣pa and 𝑣𝑣na. The following equations can be derived 

𝑣𝑣pa = −𝑣𝑣ta + 𝜔𝜔arm
d𝑖𝑖pa
d𝑡𝑡 +

𝑣𝑣DC
2  (4.12) 

𝑣𝑣na = 𝑣𝑣ta − 𝜔𝜔arm
d𝑖𝑖na
d𝑡𝑡 +

𝑣𝑣DC
2  (4.13) 

𝑖𝑖sa = 𝑖𝑖pa + 𝑖𝑖na (4.14) 

where 𝑣𝑣ta is the converter terminal voltage; 𝑖𝑖sa is the AC line current; 𝜔𝜔arm is the arm inductance; 
𝑖𝑖pa and 𝑖𝑖na are the upper and lower arm current. Subtracting (4.12) from (4.13) yields 

𝑣𝑣ta =
𝑣𝑣na − 𝑣𝑣pa

2 +
𝜔𝜔arm

2
d𝑖𝑖sa
d𝑡𝑡  (4.15) 

According to the symmetry of the MMC circuit, the arm currents are given by [113] 

𝑖𝑖pa =
1
2 𝑖𝑖sa +

1
3 𝑖𝑖DC (4.16) 
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𝑖𝑖na =
1
2 𝑖𝑖sa −

1
3 𝑖𝑖DC (4.17) 

Replacing (4.16) and (4.17) into (4.12) and (4.13) gives 

𝑣𝑣pa = −𝑒𝑒a +
𝑣𝑣DC

2  (4.18) 

𝑣𝑣na = 𝑒𝑒a +
𝑣𝑣DC

2  (4.19) 

where  

𝑒𝑒a =
𝑣𝑣na − 𝑣𝑣pa

2  (4.20) 

is obtained from the control system [114]. The AC-side representation of the AVM is shown in 
Figure 4-40. The reference voltage is obtained from the control system. The arm voltage is 
represented by a controlled voltage source. 
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Figure 4-40: AC-side representation of MMC AVM 
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b) DC-side Representation of AVM 
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Figure 4-41: DC-side representation of MMC AVM 

 
The DC-side model of the MMC can be derived using the principle of power balance, which can be 
described as 

𝑃𝑃AC = 𝑃𝑃DC + 𝑃𝑃Loss (4.21) 

where 𝑃𝑃AC is the active power flowing from the AC grid into the converter; 𝑃𝑃DC is the active power 
flowing from the converter into the DC-side; 𝑃𝑃Loss  denotes the converter losses. The converter 
active power 𝑃𝑃AC is determined by 

𝑃𝑃AC = � 𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖𝑠𝑠𝑡𝑡
𝑡𝑡=a,b,c

  (4.22) 

Inserting the terminal voltage (4.15) into (4.22) gives 

𝑃𝑃AC = � (𝑒𝑒𝑡𝑡𝑡𝑡 +
𝜔𝜔arm

2
d𝑖𝑖𝑠𝑠𝑡𝑡
d𝑡𝑡 )𝑖𝑖𝑠𝑠𝑡𝑡

𝑡𝑡=a,b,c
  (4.23) 

According to the definition of the modulation index 𝑚𝑚𝑡𝑡 

𝑚𝑚𝑡𝑡 = 2
𝑒𝑒𝑡𝑡𝑡𝑡
𝑣𝑣DC

 (4.24) 

the power balance in (4.21) can be rewritten as  
𝑃𝑃AC
𝑣𝑣DC

≈� 𝑚𝑚𝑡𝑡𝑖𝑖𝑠𝑠𝑡𝑡
𝑡𝑡=𝑎𝑎,𝑏𝑏,𝑐𝑐

= 𝑖𝑖DC +
𝑃𝑃Loss
𝑣𝑣DC

 (4.25) 

The converter losses can be represented by the equivalent resistance 𝑅𝑅loss. The converter losses 
depend on the current 𝑖𝑖loss determined by 
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𝑖𝑖loss =
𝑃𝑃Loss
𝑣𝑣DC

= 𝑅𝑅loss
𝑖𝑖c2

𝑣𝑣DC
 (4.26) 

where 

𝑖𝑖c =
1
2� 𝑚𝑚𝑡𝑡𝑖𝑖𝑠𝑠𝑡𝑡

𝑡𝑡=𝑎𝑎,𝑏𝑏,𝑐𝑐
 (4.27) 

The equivalent resistance 𝑅𝑅loss  may be chosen with the assumption of 1% converter losses 
including the switching losses and conducting losses. The DC current can then be given by 

𝑖𝑖DC = 𝑖𝑖c − 𝑖𝑖loss (4.28) 

The average model of the MMC for HVDC transmission is described by the equations (4.18), (4.19), 
(4.26) and (4.27). The model is applicable for the analysis of frequency variations and controller 
design studies. A detailed description of control algorithms for the MMC is given in section 3.8. 
 
Model parameters 
The parameters for the average model are the same as for the EMT model given in section 4.1.6. 
 

 STATCOM (MMC) 4.2.6
 
As described in Section 0, an MMC based STATCOM with half-bridge submodules is regarded.  
It provides either capacitive or inductive reactive power. The basics of a STATCOM applying an 
MMC are described in Section 0. A detailed description of the operation principle of MMCs can be 
found also in Section 2.4, where the HVDC transmission applying MMCs is presented. The 
average model of the HVDC transmission based on MMC is discussed in Section 4.2.5. Referring 
to Section 4.2.5, the AC-side of the STATCOM converter is represented by AC voltage sources, 
one for each arm. The DC-side of the converter is modelled by a DC current source.  
 
A control algorithm for voltage regulation is described in the following according to [31]. Figure 
4-42 illustrates the control scheme of the average model. The STATCOM is connected to an AC 
grid, represented by a three-phase voltage source. The device controls the voltage at the PCC by 
regulating the reactive power injection into the AC grid. The control is synchronized with the 
phase angle of the grid voltage by a PLL. For the controller design, the voltage at the PCC is 
considered.  
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Figure 4-42: Control scheme of the average model of an MMC based STATCOM [31] 

 
The three phase voltages at the PCC can be described by 

𝑣𝑣sa = 𝜔𝜔g
d𝑖𝑖a
d𝑡𝑡 + 𝑣𝑣ga (4.29) 

𝑣𝑣sb = 𝜔𝜔g
d𝑖𝑖b
d𝑡𝑡 + 𝑣𝑣gb (4.30) 

𝑣𝑣sc = 𝜔𝜔g
d𝑖𝑖c
d𝑡𝑡 + 𝑣𝑣gc (4.31) 

Applying signal transformation from abc-frame into dq-frame representation yields [31] 

𝑣𝑣sd = 𝜔𝜔g
d𝑖𝑖d
d𝑡𝑡 − 𝜔𝜔g𝜔𝜔𝑖𝑖q + 𝑣𝑣gd (4.32) 

𝑣𝑣sq = 𝜔𝜔g
d𝑖𝑖q
d𝑡𝑡 + 𝜔𝜔g𝜔𝜔𝑖𝑖d + 𝑣𝑣gq (4.33) 

Designing the controller for an operating point, small signal analysis is applied. The small signal 
description of the PCC voltage can be obtained by linearizing (4.32) and (4.33) around a steady-
state operation point. 
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The following perturbed variables are defined 

𝑣𝑣sd = 𝑣𝑣sd0 + 𝑣𝑣�sd (4.34) 

𝑣𝑣sq = 𝑣𝑣sq0 + 𝑣𝑣�sq (4.35) 

𝑖𝑖gd = 𝑖𝑖sd0 + 𝚤𝚤̃gd (4.36) 

𝑖𝑖gq = 𝑖𝑖sq0 + 𝚤𝚤̃gq (4.37) 

Inserting (4.34), (4.35), (4.36) and (4.37) into (4.32) and (4.33), the following small-signal 
equivalent of the system is expressed as 

𝑣𝑣�sd = 𝜔𝜔g
d𝚤𝚤̃d
d𝑡𝑡 − 𝜔𝜔g𝜔𝜔𝚤𝚤̃q (4.38) 

𝑣𝑣�sq = 𝜔𝜔g
d𝚤𝚤̃q
d𝑡𝑡 + 𝜔𝜔g𝜔𝜔𝚤𝚤̃d (4.39) 

Applying Laplace transformation to equations (4.38) and (4.39) yields 

𝑣𝑣�sd(𝑠𝑠) = 𝜔𝜔g𝑠𝑠𝚤𝚤̃d(𝑠𝑠) − 𝜔𝜔g𝜔𝜔𝚤𝚤̃q(𝑠𝑠) (4.40) 

𝑣𝑣�sq(𝑠𝑠) = 𝜔𝜔g𝑠𝑠𝚤𝚤̃q(𝑠𝑠) + 𝜔𝜔g𝜔𝜔𝚤𝚤̃d(𝑠𝑠) (4.41) 

By substituting 𝐺𝐺d(𝑠𝑠) = 𝜔𝜔g𝑠𝑠 , and 𝐺𝐺q(𝑠𝑠) = −𝜔𝜔g𝜔𝜔 , equations (4.40) and (4.41) may be rewritten as 

follows  

𝑣𝑣�sd(𝑠𝑠) = 𝐺𝐺d(𝑠𝑠)𝚤𝚤̃d(𝑠𝑠) + 𝐺𝐺q(𝑠𝑠)𝚤𝚤̃q(𝑠𝑠)  (4.42) 

𝑣𝑣�sq(𝑠𝑠) = 𝐺𝐺d(𝑠𝑠)𝚤𝚤̃q(𝑠𝑠)− 𝐺𝐺q(𝑠𝑠)𝚤𝚤̃d(𝑠𝑠)  (4.43) 

The transfer functions 𝐺𝐺d(𝑠𝑠) and 𝐺𝐺s(𝑠𝑠) are part of the closed-loop transfer function for the terminal 
voltage regulation. Figure 4-43 shows the block diagram of the closed-loop transfer function for the 
PCC voltage regulation. As the control is synchronized with the AC grid by a PLL, the voltage signal 
𝑣𝑣�sq is controlled to zero. Thus, 𝑣𝑣�sd is the control variable of the voltage regulation. The compensator 

𝑘𝑘vac(𝑠𝑠)  in Figure 4-43 is a PI controller. The output signal of this controller is the set-point 𝑄𝑄�ref of 
the reactive power injection. The reference signal generator gives the set-point of the current 
control by multiplying the set-point of the reactive power injection by − 2

3𝑣𝑣�sd
. The inner current 

control loop is modeled by a delay with the time constant 𝜏𝜏i [31]. The output of the inner current 
control loop is the current signal 𝚤𝚤q̃ . At the output of the control loop the voltage 𝑣𝑣�sd at the PCC of 

STATCOM and AC grid is obtained. 
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Figure 4-43: Block diagram of the closed-loop transfer function of the STATCOM for the PCC 

voltage regulation 
 
The described average model of the STATCOM is applicable for the analysis of voltage variations. 
Moreover, the analysis above allows for controller design studies. 
 
Model parameters 
The parameters of the STATCOM for the average model are the same as for the EMT model given 
in section 4.1.5. Moreover, the controller parameters are given in this section. The time constant of 
the inner current control loop is 𝜏𝜏i = 2 ms in accordance to [31]. 
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4.3 Harmonic load-flow models 
General overview of modelling approach of major power electronic types of harmonic sources for 
the power system harmonic analysis is given in [3]. At present, there are several techniques that 
have been developed for modelling of the converter in harmonic simulation. These models can be 
categorized as frequency-domain and time-domain based models. The frequency-domain models 
are further divided into current source model, transfer function model, Norton-equivalent circuit 
model, harmonic-domain model, and three-pulse model. Time-domain models include representing 
the converter by a set of differential equations and the state-space model. Detailed discussion on 
advantages and disadvantages of different time-domain models is  given in [3].  
For the purpose of probabilistic harmonic propagation analysis PE devices as harmonic sources are 
modelled as the Norton equivalent of the source (i.e. independent harmonic current source in 
parallel with an admittance matrix), see Figure 4-44. Ranges of each harmonic current injection 
(magnitude and angle), for each phase are determined based on documented harmonic 
performance of individual PE device. 
 

Y(h) Ih

 
Figure 4-44: Norton equivalent for harmonic sources modelling 

 
For the purpose of modelling PE devices as harmonic sources the harmonic spectrum of each 
device is given based on rated current at the fundamental frequency in the balanced case.  
Harmonic source model is described with the following quantities (in case of harmonic current 
source):  

𝐼𝐼ℎ = 𝑘𝑘ℎ𝑒𝑒∆𝜑𝜑ℎ𝐼𝐼1𝑒𝑒𝜑𝜑1   (4.44) 

 
where  

𝑘𝑘ℎ = �

𝐼𝐼ℎ/𝐼𝐼1
𝐼𝐼𝑎𝑎ℎ/𝐼𝐼𝑎𝑎1
𝐼𝐼𝑏𝑏ℎ/𝐼𝐼𝑏𝑏1
𝐼𝐼𝑐𝑐ℎ/𝐼𝐼𝑐𝑐1

    

𝑖𝑖𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏
       𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏 

 𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏
 𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏

 

∆𝜑𝜑ℎ = �

𝜑𝜑ℎ − 𝜑𝜑1
𝜑𝜑𝑎𝑎ℎ − 𝜑𝜑𝑎𝑎1
𝜑𝜑𝑏𝑏ℎ − 𝜑𝜑𝑏𝑏1
𝜑𝜑𝑐𝑐ℎ − 𝜑𝜑𝑐𝑐1

    

𝑖𝑖𝑓𝑓 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏
       𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏 

 𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏
 𝑖𝑖𝑓𝑓 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 𝑝𝑝ℎ𝑏𝑏𝑠𝑠𝑒𝑒 𝑏𝑏

 

The ℎ  refers to harmonic order and 𝐼𝐼1  and 𝜑𝜑1  are the magnitude and angle values at the 
fundamental frequency taken from a preceding load-flow calculation. A normal load-flow calculation 
is therefore required prior to a harmonic load-flow calculation. 
Converter based PE devices have different characteristics in terms of harmonic injections 
depending on the type of converter control applied; i.e. thyristor-controlled reactor harmonic 



REPORT 
 
 

Page 117 of 323 

 

current is for individual n-th harmonic component in as a function of the firing angle φ’ defined by 
(4.45), while the harmonic characteristics of other devices follow the equations given in [3]. 

𝜑𝜑′ = 𝜑𝜑 −
𝜋𝜋
2 

𝑖𝑖𝑛𝑛(𝜑𝜑′) =
4

𝜋𝜋 ∙ 𝑓𝑓1
sin(𝜑𝜑′) cos(𝑏𝑏𝜑𝜑′) − ncos(𝜑𝜑′) sin(𝑏𝑏𝜑𝜑′)

𝑏𝑏(𝑏𝑏2 − 1)  

 

(4.45) 

where 𝑏𝑏 = 2𝑘𝑘 + 1,𝑘𝑘 = 1, 2, 3 … 
 
The range of harmonic angles, as these typically are not recorded by PQ monitors, can be assumed 
to be between 0o and 180o initially though careful consideration has to be given to these values as 
they are essential for attenuation of harmonics.  
 
According to [115], in the probabilistic framework of harmonic analysis the input data and output 
variables of the direct methods are random variables and therefore have to be characterized by 
probability density functions (PDFs), either joint or marginal. In order to run the probabilistic direct 
methods, first, the harmonic current PDFs injected into the network bus bars are evaluated for 
fixed PDFs of the input data, employing proper harmonic current models. Then, the evaluation of 
the voltage harmonic PDFs at the system buses is carried out by assuming the harmonic current 
PDFs, calculated first, as input data and using the relations of Equation (4.46) as the harmonic 
voltage model.  

 
𝑉𝑉�𝑖𝑖ℎ = ∑ 𝑍𝑍𝑖𝑖𝑡𝑡ℎ𝑁𝑁

𝑡𝑡=1 𝐼𝐼�̅�𝑡ℎ   (4.46) 

 
where 𝑍𝑍𝑖𝑖𝑡𝑡ℎ  is the (i, j)th term of the harmonic impedance matrix.  

 
According to harmonic load-flow analysis techniques equivalent impedances of PE devices are used 
for the determination of the harmonic impedance matrix. 
 
An extensive literature review on typical current harmonic spectrum of different PE devices is 
summarized in Table 4-10.  
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Harmonic SVC WTG Type 3 WTG Type 4 PV STATCOM HVDC 

I (%) 

2 not 
reported 

0.34 - 0.8 <0.1 0.71 0.26  

3 not 
reported 

0.2 - 16.25 <0.1 1.85 - 15.7 0.1  

5 7.0 - 20 0.5 - 1.9 
(15*) 

1 0.6 - 10.5 0.08 - 0.2 1.8 - 19.41 

7 2.5 - 14.3 0.4 - 0.75 
(8.75*) 

0.8 0.4 - 3 0.05 - 0.2 1.6 - 13.09 

11 1.4 - 10 0.1 - 1.5 0.4 0.25 2.8 6.6 - 7.58 

13 0.7 - 7 0.1 - 1.85 <0.1 0.2 2 5.4 - 5.86 

up to 50th 17th; 19th: 
0.6; 0.3 

different 
values/either 
not reported 

<0.1/either 
not reported 

   

Note:  * maximum 
values 

reported 

 9th 
harmonic:         
0.4 - 1.6 

MMC 
reported 
up to 7th 
harmonic 

23rd, 25th: 
1.3 – 2.4; 

29th:            
0.25 – 1.9 
harmonic 
angles are  
reported in 
literature 

Table 4-10: Literature based report on harmonic current magnitude injection of different PE devices  
 
Detailed harmonic injection ranges based on reported values in the literature are given in the 
Appendix IV.A for each specific device.  As it can be seen from the Table 4-10, there are significant 
differences in reported harmonic injections for individual devices. It is very difficult to determine 
the specific values of harmonic current injections without either knowing the specific characteristic 
of the PE device operating condition and type and appropriate model of the device, or direct 
measurements of harmonic injections over wide range of operating conditions. These differences 
confirm that several cases should be considered during the evaluation of harmonics in power 
systems in case of PE devices integration. In addition, typical characteristic of specific PE device 
such as PE control might significantly influence the harmonic injection range. What is also specific, 
no angles are given in references so the typical range to be assumed will be 0 – 180 degrees for 
each specific harmonic. Probabilistic approach will provide this possibility.  
The following tables give the ranges of harmonic injections that will be used for the purpose of 
PDFs definitions in harmonic propagation studies. 
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WT Type 3 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-1.9 (15) 0-180 
7 0-0.4 (8.75) 0-180 

11 0-0,2 (1.5) 0-180 

13 0-0.1 (1.85) 0-180 
 

PV 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-0.3 (10.5) 0-180 

7 0-0.1 (3) 0-180 

11 0-0.25 0-180 

13 0-0.2 0-180 
 

SVC 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-0.5 (20) 0-180 

7 0-0.35 (14.3) 0-180 

11 0-0.57 (10) 0-180 

13 0-0.53 (7) 0-180 

WT Type 4 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-1.0 (1.7) 0-180 

7 0-0.8 (1.1) 0-180 

11 0-0.4 (0.7) 0-180 

13 0-0.1 (0.9) 0-180 
 

HVDC 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-1.8 (19.41) 0-180 

7 0-0.1 (13.08) 0-180 

11 0-0.2 (6.6) 0-180 

13 0-0.1 (5.5) 0-180 
 

STATCOM 
aagnitude (%) Phase 

(Degree)  Harmonic 
5 0-0.5 0-180 

7 0-0.35 0-180 

11 0-0.57 (2.8) 0-180 

13 0-0.7 (2) 0-180 

 
Table 4-11: Harmonic current injection ranges to be used in harmonic propagation analysis (Values 

in brackets are the maximum reported values in some references)  
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As far as injection of higher harmonics according to [116], there is now a general acceptance of the 
need for research to understand origin, spread and consequences of emission in frequency range 2 
to 150 kHz (“supraharmonics”). In order to perform the evaluation of high frequency harmonics 
higher harmonic injections can be added (i.e. in frequency range 2 kHz – 10 kHz which can mimic 
harmonic injections by switching converters connected in transmission network.). Selection of 
higher harmonics that should be analysed in a power system might be based on the potential 
resonance frequencies for certain buses in the observed power system.  
 
In the harmonic power flow solved with the current injection method, conceptually, the 
representation of the system is divided into two main parts, namely, the construction of the bus 
impedance matrix and the handling of the harmonic sources.  
 
There are no reported values of typical impedances of PE devices and for the purpose of 
implementation of harmonic probabilistic methodology specific ranges of values obtained from the 
EMT scanning results will be used as inputs in harmonic propagation studies.  
 

 Harmonic load-flow model of selected PE devices 4.3.1

All devices that have been selected for harmonic load-flow modelling are based on the described 
Norton equivalent circuit which is represented by the: 

- Shunt admittance and 
- Current source. 

Both are based on the frequency-dependent characteristics, which means that: 
- the current sources are defined for individual harmonic component with amplitude and 

phase angle and 
- the Norton admittances are defined as a frequency dependent characteristic. 

 
For the purpose of harmonic propagation analysis, available models of specific PE devices will be 
used. The results obtained from frequency scanning of the EMT models are used to represent the 
equivalent Norton parameters, defined by the ranges of current magnitude and phase angles along 
with the ranges of the positive and negative sequence impedances. The short summary of the 
scanned results is presented in the Table 4-12, while the detail evaluation results are given in 
Appendix IV.B. 
 
The presented ranges of the impedances and current injections are defined based on different 
operating points of the device. The probability of occurrence of individual operating points is not 
included in the analysis at this stage and the ranges only are used. The variation of the range of 
impedance and harmonic injection as well as different probability distribution functions within these 
ranges would lead to different numerical results. The following table presents the maximum and 
minimum values that were obtained with the scanning analyses of the detailed EMT models.   
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SVC 
h I range (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.62 - 5.51 2008.90 - 2083.57 1998.05 - 2100.28 
7 0.44 - 1.73 3375.17 - 3645.48 3360.70 - 3609.70 

11 0.09 - 1.68 5969.22 - 6571.55 5919.97 - 6543.14 
13 0.11 - 0.70 7276.81 - 8125.20 7333.15 - 8087.13 
15 0.00 - 0.04 8869.42 - 9727.35 8769.06 - 9715.87 

 
WT Type 3  

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.05 - 0.77 336.25 - 977.82 300.32 - 636.61 
7 0.01 - 0.38 162.13 - 1228.32 226.74 - 329.00 

11 0.00 - 0.13 415.69 - 588.64 463.40 - 593.50 
13 0.00 - 0.11 473.61 - 666.27 292.73 - 671.61 
15 0.01 - 0.14 205.73 - 420.02 259.14 - 400.42 

 
WT Type 4 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.32 - 1.71 191.64 - 872.27 113.56 - 1595.31 
7 0.31 - 1.05 156.99 - 1048.65 348.35 - 1780.54 

11 0.04 - 0.28 336.6 - 1191.12 50.39 - 1555.54 
13 0.02 - 0.34 55.72 - 650.5 185.13 - 620.8 
15 0.01 - 0.22 144.56 - 669.37 323.63 - 8204.73 

 
PV  

h I rang (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.09 - 0.98 2157.43 - 3169.88 2741.08 - 3174.85 
7 0.00 - 0.18 3185.78 - 4284.59 3918.17 - 4563.85 

11 0.00 - 0.16 5531.39 - 5896.29 5835.63 - 6620.19 
13 0.00 - 0.06 6487.92 - 7382.68 7047.45 - 8191.60 
15 0.00 - 0.03 7823.78 - 8549.69 8279.82 - 8993.49 

 
HVDC 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.08 - 0.49 123.76 - 153.95 152.11 - 290.96 
7 0.02 - 0.24 157.78 - 309.17 321.30 - 372.02 

11 0.00 - 0.08 375.65 - 450.41 507.76 - 819.68 
13 0.00 - 0.09 473.19 - 884.08 593.89 - 671.58 
15 0.00 - 0.04 637.73 - 692.73 702.49 - 787.59 

 
STATCOM 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 
5 0.01 - 0.10 1752.99 - 3187.18 6056.75 - 63476.65 
7 0.01 - 0.09 4460.32 - 11318.00 4565.07 - 7169.66 

11 0.01 - 0.15 3891.23 - 18967.56 4348.38 - 31952.38 
13 0.01 - 0.08 6509.59 - 23788.60 5591.36 - 9338.12 
15 0.01 - 0.06 3005.89 - 4254.81 6273.45 - 11912.32 

 
Table 4-12: Ranges of the current and impedance harmonic spectrum for PE devices – 

characteristic harmonics 
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When comparing the obtained results from evaluation of EMT models it can be seen that there exist 
different discrepancies between the obtained results and the literature survey and thus it is very 
difficult to compare them. It is obvious that the harmonic injection ranges vary due to different 
equipment, justifying the use of the probabilistic approach in harmonic propagation analysis. 
Different harmonic injection ranges with different distribution of injections need to be considered to 
appreciate fully the extent of harmonic propagation through the network under different and 
individual device (harmonic source) operating conditions. 
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5 Simulations and evaluation of the developed 
models 

 
To show the operation characteristics of individual model, a range of simulation cases was 
introduced in this section. Different simulation scenarios offer steady-state and dynamic 
performance evaluation and verifications of performance of individual model type. The simulation 
results are in detail presented in Appendix I, II, III and IV. 
 
The scenarios described in this section are not implemented with all types of the models (detailed 
EMT, average and harmonic load-flow) but only with the ones which the simulation model is 
suitable for. The EMT models are tested for all steady state and transient scenarios except of the 
slower ones which require longer simulation periods (e.g. slow variation of the wind speed) while 
the average models were not tested for the cases where the harmonic analysis is the main 
objective.  
 
The simulation case with the HLF models is carried out based on the steady-state analyses of a 
generic 68-bus test network using the Norton equivalent parameters obtained with the scanning of 
the EMT models and from the selected reference literature. Probabilistic harmonic analysis is 
performed for the purpose of methodology application.  
 
The results of the EMT models are used for verification of the average models while the 
impedances and current injections defined with the frequency scanning for establishing the 
harmonic load-flow models.    
 

5.1 Model of the generic test network  
Testing of the developed models of PE devices was performed with the two types of network model, 
simple network model and complex network model.  
 
The simple network model, as shown in Figure 5-1, is composed of ideal source of fundamental 
frequency voltage which is in series connected to the voltage sources of the harmonic distortions, 
and the short circuit impedance. The voltage levels that were used with the individual case have 
been defined at 400 kV (or 380 kV) for high voltage devices (HVDC, STATCOM, SVC), and 20 kV, 
33 kV or 35 kV for the devices that are based on the low voltage converters (WTG, PV, BS). 
The short circuit power was for the high voltage levels defined as 20.000 MVA while for the 
medium voltage levels as 1000 MVA, 2700 MVA or 3000 MVA respectively. 
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Figure 5-1:  The simple model of the electrical grid 

 
For more sophisticated harmonic analyses, the complex grid was introduced (Figure 5-2). The main 
idea of the complex grid is to establish such nonlinear frequency dependent impedance 
characteristic of the network that it would influence the harmonic current injections of the PE 
devices. The complex grid introduces a relatively low and high resonance impedances in the range 
from 200 to 1500 Hz. The lowest network impedances could cause massive harmonic flow in case 
of uncontrolled harmonic component in the near-resonance range while the high impedances could 
cause a high voltage distortion at the point of common coupling during constant harmonic current 
generation in the near-resonance range. To evaluate the variation of the harmonic voltage and 
current contribution, the resonance was shifted by changing the network shunt capacitance (cable 
capacitance) in 7 discrete steps. 
By increasing the number of cables, the voltage at the “bus” vary due to higher amount of reactive 
power flow from the network source. To deal with this, the amplitude of the voltage source was 
controlled by an external controller that variates source voltage to establish the constant voltage 
conditions at the “bus”. 
 
The complex grid was used only for testing of the medium voltage connected PE devices since in 
the high-voltage transmission the expected resonances are in much higher frequency range and 
damping much higher as well.  
 
All the simulations with complex grid (Figure 5-2) were using the same characteristic of the short 
circuit impedance, irrespective of the voltage level they are connected to. 
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Figure 5-2:  The complex model of the electrical grid (20 kV, 33 kV or 35 kV) 

 

 
Figure 5-3:  Frequency-dependent impedance characteristic of the complex grid during variation of 

the resonance point (variation of the shunt capacitance) – impedance measured from the PCC 
 

5.2 Testing scenarios 
The testing scenarios cover different steady-state and transient conditions of the device. The 
scenarios are used for testing the detailed EMT and average models, while the HLF models are 
derived directly from the simulation results of the detailed EMT models. The detailed EMT and 
average models are tested for the same operation conditions to perform the verification of the 
operation under steady-state and transients. 
The main variables which are emphasized in the simulation results are the following: 

- Voltage at the PCC (RMS and waveforms), 
- Current of the PE device (RMS and waveforms), 
- Active and reactive power of device, 
- Harmonic spectrum of the voltage at the PCC (amplitudes and phase angles), THD and 
- Harmonic spectrum of the PE device’s current (amplitudes and phase angles), THD. 

 
Due to large amount of the simulation results, some analysed parameters (phase angles of 
harmonics) are not included in the report.  

frequency (Hz)

10 1 10 2 10 3 10 4

Im
pe

da
nc

e 
(p

os
. s

eq
.) 

of
 th

e 
gr

id
 (o

hm
)

10 0

10 1

10 2

10 3

10 4

C = 50 uF

C = 40 uF

C = 30 uF

C = 20 uF

C = 10 uF

C = 2 uF



REPORT 
 
 

Page 126 of 323 

 

 Testing scenarios - Steady state – Description 5.2.1

 

5.2.1.1 Steady state – Operation at different voltage levels (0.9, 0.95, 1.0, 1.05 1.1) at 
decreased power (0.8 pu) 

 
The steady state test of operation at different voltage levels is evaluated at decreased output 
power of the PE device (0.8 pu). The main reason that is in the fact that some of the controls 
might provoke special operation procedures (e.g. current limiters) when a device at nominal power 
and decreased voltage generates currents that are higher than nominal.  
The steady state conditions show accuracy of the control tracking of the reference value and the 
injection of the current harmonics for the individual operating point. 
 
This scenario is mostly suitable for the EMT types of models due to the main focus which is the 
steady-state harmonic analysis. 
 

5.2.1.2 Steady state – Operation at different power settings (active/reactive power 0, 50 
and 100%) at nominal voltage 

 
At the nominal voltage, the PE devices are tested by means of different power set-points. 
Depending on the primary control function of the device (active power or reactive power control), 
one power component was selected and varied to establish different operating points. 
For FACTS devices (STATCOM, SVC) the modulated variable was the reactive power while for the 
HVDC, wind turbine generators and PV/BS converters the active power. The manipulated power 
was tested for 3 different set-points, 0 pu, 0.5 pu and 1 pu. 
    
This scenario is mostly suitable for the EMT types of models due to the main focus which is the 
steady-state harmonic analysis. 
 

5.2.1.3 Steady state – Operation at harmonically distorted network voltage 

Operation of the PE devices was tested during operation on the grid which is distorted with the 
constant voltage harmonics at the source side of the short-circuit impedance. Harmonics at the 
voltage source side are defined by the planning levels of the of the harmonic distortion of the 
voltage at the transmission level, based on IEC 61000-3-6 standard. The tests have shown how the 
PE device responds to the voltage distortions at the PCC. Further on, the variation of the voltage 
harmonic’s phase angle was varied to verify the linearity of the PE device’s frequency characteristic. 
This scenario is suitable only for EMT models of PE devices since the average models do not 
consider analyses of the harmonic components. 
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5.2.1.4 Steady state – Operation with network impedance resonances 

 
This scenario considers operation of the PE devices under severe network impedance conditions. 
Instead of using the simple grid model (source with RL short-circuit impedance) the complex grid 
was utilized. The complex grid (see section 5.1) introduces the two resonances (high impedance 
and extremely low impedance), which could provoke the excessive flow of particular harmonics 
from the PE device.  
It could be expected that the resonant conditions could lead to unpredicted behaviour of the PE 
device, particularly of the controller itself. Mostly, the resonances influence only the slight variation 
of the harmonic current of the PE device and consequently the harmonic distortion of the voltage at 
the PCC.   
 
This scenario is suitable only for EMT models of PE devices since the average models do not 
consider analyses of the harmonic components. Due to the specific impedance characteristics of 
the complex grid is this scenario evaluated only for the devices connected to the medium voltage 
level. At the high voltage levels such low resonances are not expected. 
 

 Testing scenarios – Transients (TR) – Description  5.2.2

 
All transient scenarios are performed with the simple grid model. The transient results are used for 
the evaluation of the transient behaviour of the detailed EMT and average PE device models. The 
results are presented only with the waveform diagrams. During the tests, the reference power of 
the devices was set to 0.8 pu to prevent the device operating in the special operation mode (e.g. 
current limiting mode) during voltage variations.  
 

5.2.2.1 Transients – Variation of the network voltage amplitude (1 pu – 1.1 pu – 1 pu – 
0.9 pu – 1 pu)  

 
Variation of the voltage amplitude was applied to the ideal voltage source (at the source side of the 
short-circuit grid impedance). The voltage amplitude change-rate is limited to 0.1pu/1ms. The 
simulation is performed for positive and negative voltage steps. 
During the voltage variation, the constant power 0.8 pu is maintained at the output of the device.   
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5.2.2.2 Transients - Variation of the grid frequency (50Hz - 49 Hz - 50 Hz – 51 Hz – 50 
Hz) 

 
This scenario evaluates the ability of the PE device to adapt to the changing frequency of the grid 
voltage and to remain in the steady state. The frequency changes from nominal 50 Hz to 49Hz and 
to the highest value 51 Hz. The change-rate of the frequency is limited to 1 Hz per second.  
The reference active power during the test is set to 0.8 pu. 
 

5.2.2.3 Transients – Symmetrical voltage dip down to 0.1  

 
The scenario with the symmetrical voltage dip evaluates the dynamic behaviour of the PE device 
under severe voltage conditions. The voltage amplitude dynamically follows the characteristic 
shown in the Figure 5-4. 
The voltage amplitude drops suddenly from 1 pu to 0.1 pu (0.9 pu per 2 ms) symmetrically in all 
three phases and remains at 0.1 pu for the following 50 ms. The last 50 ms of the voltage transient 
the voltage linearly rises back to 1 pu. 
During the voltage dip, the reference active power is set to 0.8 pu. To maintain the constant power 
at low voltage it is expected that the current will increase above nominal value. When the short-
time overloadings are not permitted, then due to lower power transfer from the device to the grid 
the dc voltage could drastically increase leading to special operation (e.g. operation of the breaking 
resistors at the DC side).  
 
 

 
Figure 5-4:  Voltage amplitude variation during symmetrical LVRT scenario  
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5.2.2.4 Transients – Unsymmetrical (single-phase) voltage dip down to 0.1  

 
The scenario with the unsymmetrical voltage dip evaluates the dynamic behaviour of the PE device 
under severe voltage conditions. The voltage amplitude in phase L1 dynamically follows the 
characteristic shown in the Figure 5-4. while the other two phases remain at 1 pu. 
The voltage amplitude drops suddenly from 1 pu to 0.1 pu (0.9 pu per 2 ms) in phase L1 and 
remains at 0.1 pu for the following 50 ms. The last 50 ms of the voltage transient the voltage 
linearly rises back to 1 pu, to symmetrical conditions. 
Similarly as with the symmetrical voltage dip, the dip in the single phase causes decreased power 
transfer from the WTG to the grid. To maintain the constant power of the device and potentially 
stable control of the dc-side voltage, the current in all three phases is expected to rise. 
 

 Frequency scanning 5.2.3

 
The frequency scanning is a procedure which is used for extraction of the frequency-dependent 
characteristics of the EMT model of any device. The detailed EMT model is replaced by the 
frequency dependent Norton equivalent which consists of the constant current source and the 
parallel admittance.  
 

EaT

The EaT model

In(f)

The frequency-dependent 
borton equivalent

I

Yh(f)

I

Operating point 1
(U,P,Q)

 
Figure 5-5:  Norton equivalent of the EMT model 

 
To scan a device for a particular operating point (at particular power and fundamental voltage), the 
frequency-dependent Norton current source and Norton admittance can be evaluated by injecting 
small amount of the harmonic voltage distortion at the PCC and by analysing the response of the 
device. When the device reacts to small amount of particular voltage harmonic component, this 
represents relatively high admittance of the Norton equivalent and vice-versa. High harmonic 
current distortion at non-distorted voltage means that the device injects current harmonics by the 
current source.  



REPORT 
 
 

Page 130 of 323 

 

Frequency scanning procedure extracts constant current harmonics (constant influence of the 
device to the grid) and constant frequency-dependent admittance which represents the 
susceptibility of the device to the voltage harmonics from the network.  
The resultant characteristic represents the linearized impedance for individual harmonic component 
and is valid only for a single operating point, therefore each operating point (e.g. each combination 
of U, P, Q) of the device needs to deliver new set of frequency-dependent Norton equivalents. For 
the purpose of the scanning procedures in this work package, the frequency scans were extracted 
for 10 operating points: 

- 5 different fundamental voltage levels at constant power injection of the device and 
- 5 different power injections under constant fundamental voltage conditions. 

 
The basic procedure of the frequency scanning has been in detail described also in [117], [118]. 
  
The Norton equivalent models of a single device in different operating points can offer the range of 
harmonic injections and range of admittance that the device expresses. Such steady-state models 
can be used for steady-state simulations in EMT or harmonic load-flow simulations. 
 

 Power fluctuation scenarios 5.2.4

 

5.2.4.1 Power fluctuation scenario for the wind turbine generators  

 
Power fluctuations of the WTG is caused by the profile of the input wind speed. The power that can 
be extracted by a wind turbine generator is related to the cubic function of the wind speed. For the 
power fluctuation scenario, the varying wind speed profile is generated according to [119], [120]. 
There, the Von Kármán spectrum is applied. As shown in Figure 5-6, the wind speed profile 𝑣𝑣w(𝑡𝑡) is 
created by the two components 𝑣𝑣s(𝑡𝑡) and 𝑣𝑣t(𝑡𝑡). The low-frequency component 𝑣𝑣s(𝑡𝑡) is given by the 
time series generator. The turbulence component 𝑣𝑣t(𝑡𝑡) is generated by a shaping filter fed by white 
noise. A turbulence intensity of 𝐼𝐼 = 0.16 is assumed as specified in the IEC standard [121]. The 
resulting wind speed profile varies between 6 m/s and 10 m/s. For the period of 10 minutes, the 
wind speed is 8 m/s in average. 
 

 
Figure 5-6: Block diagram for the calculation of 𝑣𝑣w 
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5.2.4.2 Power fluctuation scenario for the photovoltaic generator  

 
The active power of a photovoltaic generator depends on the solar radiation. Variations of the solar 
radiation can cause power fluctuations. Power fluctuation can become relevant with an increasing 
share of photovoltaic generators in the grid. In this simulation scenario, it is assumed that a cloud 
partially reduces the solar radiation on the PV generator. Variations in a time frame of two minutes 
are considered for the analysis according to EN 50530 [122]. The initial irradiance is 300 W/m². 
After 10 seconds, the irradiance increases to 1000 W/m² within a time frame of 50 seconds. After 
additional 10 seconds, the solar radiation decreases back to 300 W/m² within a period of 50 
seconds. During the variation of solar radiation, for each operation point, the optimal active power 
is injected into the grid. With regard to the time frame of this simulation scenario, the average 
model of the two-level VSC presented in Section 4.2.4 is applicable for the simulation. 
 

5.3 Summary of simulation with detailed EMT models 
 
The detailed EMT models of PE devices presented in section 4.1 were tested for different steady-
state and transient simulation scenarios. The detailed results are shown in the Appendix I. The 
main results from the steady-state scenarios are focused into evaluation of the PCC voltage levels, 
current and power levels injected by the PE device at constant reference power, current and 
voltage distortion levels, and levels of individual harmonic current components.  
The dynamic simulations of the models have shown the dynamics which are obtained with the 
models at the particular control parameter settings. The transient scenarios for the EMT models 
included the step-changing of the voltage amplitude at the PCC, variation of the grid frequency, 
and low voltage dips.  
The additional analysis performed with the EMT models was the frequency scan. By using 
frequency scanning analysis, the parameters of the devices’ Norton equivalent have been 
evaluated. The Norton equivalents represented the main link between the detailed EMT and 
harmonic load-flow models. 

 Static Var Compensator 5.3.1

The first simulation of the SVC under steady-state conditions (different voltage levels) was set with 
the constant firing angle of the SVC. It has been shown that the variation of the voltage amplitude 
does not significantly changes the harmonic levels of the output current. The harmonic levels 
appear to be more or less linearly dependent of the voltage at PCC or in other words, the lower is 
the voltage higher is the fundamental frequency current and the relative contribution of the 
harmonic components is with the SVC (TCR) constant. Under simulation where the reference power 
is changed the firing angle also changes which influences the harmonic spectrum, which is 
deterministically defined with the operation characteristics of the TCR [123]. 
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The simulation which shows response of the device to the voltage harmonic distortion (Figure 
7-72) proves that the distortion of the network voltage influences the harmonics of the SVC. If the 
SVC operates at the constant firing angle, the passive elements (reactors of the TCR and filters) 
react to the voltage harmonics. The susceptibility of the SVC to voltage harmonics is relatively high. 
The results have shown fast and stable operation under all testing scenarios. The response to 
voltage dynamics is fast and the frequency variation does not influences the reactive power 
generation (Appendix I, Figure 7-74, Figure 7-76). During voltage dips, the recovery period to the 
steady-state conditions takes only approx. 100 ms. The similar response is obtained under 
unbalanced conditions. 
The frequency scan of the SVC shows the recognizable passive impedance characteristic of the two 
harmonic filters that were utilized with the SVC. The harmonic injections follow the deterministic 
harmonic injections typical for the TCR circuits [123]. 

 Wind turbine type 4 5.3.2

The simulation results with the WTG4 have shown accurate tracking of the reference power with 
minimal reactive power generation. The current distortion as shown in Table 7-2 and Table 7-4 
show levels between 0.5% and 1.7%. The THD value at low reference power is very high (70%) 
which indicates that the harmonics are high also during low power generation, when the converter 
is connected and synchronized with the grid without power exchange. 
The harmonic components which are present in the output current are the 7th, which is the most 
constant and the highest, the 5th and others harmonics as are the 10th, 2nd. The switching 
frequency harmonic injections are seen at 46th and 50th harmonic component. 
The susceptibility to harmonics from the network is relatively high, especially for the 13th, 11th and 
the 7th harmonic component (Figure 7-3) . 
All the dynamic results have proven stable operation under voltage step-changes and frequency 
variations. With the voltage dips, the generation of additional reactive power have been noticed. 
The reduction of the PCC voltage amplitude forced generation of the capacitive reactive power 
which is defined with the additional control algorithm that modifies the reference for the reactive 
power as the voltage crosses the predefined threshold value. 
The frequency scanning analysis has shown that the parameters of the Norton equivalent, 
especially the current injections, differs with different operating points. The characteristic of the 
admitances is influenced by the control algorithm in the lower frequency range while in higher 
range (>100 Hz) the passive circuit is dominant. 

 Wind turbine type 3 5.3.3

Simulation results with the WTG T3 (with the DFIG machine), shows accurate reference tracking 
during steady-state analyses. The current THD is a bit bigger than with the WTG T4. The THD 
reaches up to 2,6% during generation of power with reference higher than 0 MW. 
The highest amplitudes of the current harmonics are identified for the 5th, 7th and also 18th 
harmonic. Switching frequency components are traced around 37th harmonic.  
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The susceptibility to the voltage harmonics is lower as with the T4. The highest susceptibility is 
assessed with the 7th,5th and the 2nd harmonic component (Figure 7-17). 
The dynamic results have shown fast and stable response to disturbances from the network. The 
high current dynamics caused a bit higher overshots of the current and power during transient and 
some DC offset which could be caused by the DFIG machine itself. The simulations of the voltage 
dips have shown that the full power recovery with this WTG T3 model takes approx. 4 seconds to 
reach the reference value and additional 12 seconds for the settling time (Figure 7-24). 
Frequency scanning of the WTG T3 have shown undulating admittance characteristic which is due 
to output passive filters of the rotor feeding converter. Some difference between positive and 
negative sequence characteristic is shown also at lower frequencies (50 to 450 Hz) which could be 
the reason of the particular dynamics of the control algorithm (Figure 7-29)  

 HVDC 5.3.4

Simulation with the HVDC have been performed on the system with two converter station 
(sending-end and receiving-end). The constant reference values for the active power have been set 
at the sending-end converter while the simulation analysis have been carried out at the receiving-
end converter. Due to expected losses in the HVDC system, the analysed power has been lower 
that at the sending end-station (for approx. 30-35 MW).  
During steady state conditions, the current distortion reached values around 1.5% (for the cases 
when Pref≠0 MW). The highest harmonics are the 5th, 3rd, 7th 11th and 13th. Up to the 60th 
harmonics no other harmonic component was protruding. 
The susceptibility to the voltage harmonics is the highest with the 3rd harmonic component. With 
the 2nd, 4th 5th and the 7th is the level comparable. 
Transient simulation results show fast and stable tracking of the reference power under different 
conditions (variable voltage or frequency). Also the transient during voltage dips is cleared already 
few periods after the voltage full recovery (Figure 7-39). 
Frequency scanning shows broad influence of the controller on the admittance characteristic. The 
positive and negative sequence admittances differ up to the 600 Hz. The harmonic current 
injections are present for the 6n±1th harmonics whose amplitude decreases with higher frequency.  

 STATCOM 5.3.5

The control algorithm of the STATCOM is developed to control the fundamental frequency 
component as well as the selected harmonic components. Due to lower number of submodules in 
the MMC converter is the current ripple still relatively high and the THD reaches up to 2% (case 
with lower current generation; Q= 0.5 pu - Table 7-23). The harmonic level of the individual 
harmonic component (5th 7th 11th 13th etc.) is lower than with the HVDC but the levels of 
uncontrolled harmonics is much higher (25th and above).  
The susceptibility of the device to the voltage harmonics is the highest for the 3rd harmonic 
component which is the one that is not controlled by the controller. For all other components is the 
harmonic level relatively low (lower than 2%). 
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The dynamic performance of the STATCOM shows stable operation, a bit higher overshoots during 
transients and short settling time.  
The frequency scan of the STATCOM shows high difference between the positive and negative 
sequence admittances on the range up to 2kHz. For the harmonic component that are controlled by 
individual harmonic controllers is the injected current kept low as well as the admittance, which 
shows individual spikes (low values) on the admittance characteristic. The fact that for particular 
harmonics the device shows low admittance or high impedance proves that the voltage harmonics 
will not cause any harmonic current from the device. 
 

 Photovoltaics and battery storage (two-level converter) 5.3.6

The simulations of the PV/BS converter have shown relatively high current distortion 4% to 8%. 
The main reason for that is in the 2-level topology of the converter and low damping of the 
switching harmonics. The results could be different in case of different filter design. As shown in 
Figure 7-57, the harmonics are the highest for the switching frequency component reaching high 
values (3-5 %). The amplitude of all harmonics vary with different operation points while the 
harmonics reflecting switching frequency remain practically constant. 
The susceptibility of the converter is high for the 2nd 4th 5th and 7th harmonic component. 
Dynamics of the particular converter are high, the transient power overshot reaches approx. 5% of 
the reference value and the steady-state is reached within couple of periods. 
Frequency scanning results show influence of the control on the high admittance for the 1st 
harmonic positive component and 3rd harmonic negative component. The current harmonic 
injections are the highest for the harmonics around the switching frequency (Figure 7-68). 
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5.4 Summary of simulations of the average models 
The average models presented in Section 4.2 are evaluated for the two simulation scenarios 
voltage variation and frequency variation. The simulation results are compared to the simulation 
results of the switching detailed EMT models. For all simulated devices, results of voltage, current, 
active and reactive power as well as the grid frequency in the corresponding scenario are 
illustrated.  
In the scenario voltage variation, the controller reaction on voltage steps is shown. During these 
events, the results of all devices show transients in the injected power. In the scenario frequency 
variation, no transients are observed. The frequency change in the grid does not affect the power 
injection of the devices into the grid. 
 
Beside the simulation scenarios voltage variation and frequency variation, two scenarios are 
examined. In those scenarios, power fluctuations over a long time frame are analysed. Therefore, a 
variation of the wind speed and the solar radiation is considered. The variations are applied to the 
models of the wind turbine generators type 3 and type 4 as well as the photovoltaics generator. 
For the wind turbine generators type 3 and type 4, an average wind speed of 8m

s
 is considered. The 

power fluctuation during a variation of wind speed is analyzed within a time period of 10 minutes. 
For the photovoltaics generator, the power fluctuation in a time frame of two minutes is simulated. 
During this time frame, the solar radiation is partially reduced by a cloud. This results in a lower 
active power injection of the grid connected two-level VSC into the grid. 
 

 Static Var Compensator 5.4.1

Section 9.1 of the Appendix III contains the simulation results for the SVC. In Figure 9-1, the 
results for the voltage variations are illustrated. It is shown that transients in the reactive power 
injection occur while keeping its set-point. Compared to the detailed switching EMT model of 
Section 7.6, harmonics are not represented. Thus, the resulting currents of the average model 
show smoother waveforms. 
Figure Figure 9-2 illustrates the results for the frequency variations. These variations do not affect 
the reactive power injection of the device into the grid. The results are in accordance with the 
results of the switching model in Section 7.6.  
 

 Wind turbine generator type 3 5.4.2

In Section 0 in the Appendix III, the simulation results for the wind turbine generator type 3 are 
illustrated. For both scenarios, the results of average and switching model are similar. The 
switching model results are presented in Section 7.2. The current injection of the switching model 
includes harmonics which are not represented in the average model. Active and reactive injections 
are regulated with regard to the set-points and show transients. 
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 Wind turbine generator type 4 5.4.3

The simulation results for the wind turbine generator type 4 are given in Section 0 in the Appendix 
III. For both simulated scenarios, similar results for the detailed switching EMT model in Section 
7.1 and the average model are observed. The curves of the average model are presented in Figure 
9-9 and Figure 9-10. As expected, the current is represented only by the fundamental frequency 
component. Whereas the simulated current of the switching model includes also harmonics. Active 
and reactive power injections are kept according to the set-points and show small transients for 
the scenario voltage variation.  
 
Furthermore, the power fluctuation scenario as described in Section 5.2.4.1 is simulated. The 
results are illustrated in Section 0 in the Appendix III. It is shown that the generated power follows 
the wind profile. The power varies as expected. Due to the inertia of the wind turbine generator, 
the injected power into the grid does not contain the high frequency variations of the wind speed 
profile.  
 

 Two-level VSC 5.4.4

The corresponding simulation results for the two-level VSC are presented in Figure 9-12 and Figure 
9-13 in Section 9.4 in the Appendix III. For the two simulation scenarios, the results of the average 
model are similar to the simulation results of the detailed EMT switching model in Section 7.5. For 
the switching model, the current injection includes harmonics. As the average model only considers 
the fundamental frequency, the harmonics are not represented. Power injections contain transients 
during voltage steps.  
 
Moreover, the power fluctuation scenario as described in Section 5.2.4.2 is simulated. The 
simulation results are illustrated in Figure 9-14. In this scenario, the solar radiation increases from 
initial 300 W//m² to 1000 W/m², its maximum value, within a time frame of 50 seconds. After 
additional 10 seconds, the solar radiation decreases back to its initial value of 300 W/m². It is 
shown that the optimal active power injection of the two-level VSC into the grid changes according 
to the variation of solar radiation. 
 

 HVDC (MMC) 5.4.5

The simulation results for the MMC based HVDC transmission system are shown in Sections 9.6 in 
the Appendix III. In both simulation scenarios, the controller keeps active and reactive power in 
accordance to the set-points. The results are presented Figure 9-15 and Figure 9-16. For the 
switching model, presented in Section 7.3, similar simulation results are illustrated. Harmonics in 
the injected current of Section 7.3 are observed due to the detailed representation of the converter 
switches. 
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 STATCOM (MMC) 5.4.6

The simulation results for the average model of the STATCOM are presented in Figure 9-17 and 
Figure 9-18 in Section 9.6 in the Appendix III. Whereas the simulation results for the detailed 
switching EMT model are illustrated in Section 7.4. For the two considered scenarios, the results of 
average and switching model show a high level of consistency. However, as harmonics are not 
represented in the average model, the current injections at fundamental frequency are obtained. 
The controller regulates reactive power injection into the grid to the set-point and the active power 
to zero. Transients during voltage steps are observed for both, active and reactive power.  
 

5.5 Summary of simulation of harmonic load-flow models 
The simulation results using the probabilistic modelling of harmonic injections together with 
probabilistic harmonic load-flow analysis are presented in the Appendix IV. The approach is 
illustrated on the 230 kV transmission system which consists of 68 buses including the 20 buses 
with DG connections.   
 
The probabilistic harmonic propagation simulation approach was based on the Monte Carlo 
simulation technique where each harmonic current injection (magnitude and angle) of individual PE 
device, for each phase, are varied randomly by sampling uniform distributions within given ranges.  
 
The harmonic levels are for the selected harmonics presented in the separate figures (Figure 10-2, 
Figure 10-3) giving the daily distribution of the harmonic distortion at the specific busses. The 
results are presented a 24-hour period wherefrom the most critical hours are identified. 
 
The harmonic distortion of the voltage at particular busses is presented also with the spatial graph, 
showing the locations of the most harmonically affected parts of the network. 
 
With the simulations, the busses which are the most and the least prone to the harmonic 
distortions have been identified. Based on that, the candidate locations for the potential placement 
of harmonic mitigation devices have been identified.   
 

5.6 Summary of verification of EMT models 
 
To verify the operation of some detailed EMT models (WTG T4) the Appendix II presents the 
comparison of the simulation results from the developed EMT model of the WTG T4 and from the 
available “black-box” EMT models of different manufacturers. 
The comparison was evaluated based on the steady-state and dynamic simulations that were 
performed also with the detailed EMT models in the section 5.3.2. 
The results of the steady-state simulations have shown that almost all the models can track the 
reference power under operating condition defined for the scenarios in section 5.2.1. Some models 



REPORT 
 
 

Page 138 of 323 

 

were not able to operate at voltage level 0.9 pu since this value already represents the limit for the 
special operating conditions (either the device is disconnected, power is reduced, etc.). For this 
reason, some steady-state simulations are performed under different conditions (higher voltage 
than 0.9 pu – 0.92 pu). 
The harmonic spectrum of different EMT models is different for all the selected models, which 
means that there is no rule for the general harmonic current spectrum of a WTG T4 since it is 
under massive impact of the topology, filters and control algorithms used. 
The dynamic behaviour during transient test is presented in the section 8.1.2 in Appendix II. 
Different responses of the controllers can be observed for different models which again proves that 
the tuning of individual device may be different among the manufacturers. Also the performance 
under low voltage conditions show that some models are able to continue to operate under such 
conditions and some of the devices may not be and are disabled until the voltage is fully recovered. 
 
The detailed comparison of the simulations can be found in Appendix II.   
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6 Conclusions 
 
 
The deliverable D5.2 presents a detailed insight into the modelling approach of modern PE-based 
devices, which are connected to transmission networks and can influence the power quality at 
high-voltage levels.    
 
To deliver the required contribution of the WP5, Task 5.2, the main objectives focused on the 
development of adequate simulation models of PE devices, which will enable to perform power 
quality analyses of complex transmission systems with high penetration of PE devices. In the 
deliverable, we have presented the model development methodology and the developed models 
themselves, which we tested in different simulation scenarios and verified with the available 
“black-box” models.  
 
Within this document, all the developed models were tested by means of digital simulations and 
compared to each other. The availability of the three different manufacturer’s black-box models of 
the WTG T4 have allowed for verification of the developed detailed EMT model. The results showed 
that there is a tendency of the models to operate similarly, but the details of individual model 
parameters, topology and control algorithms cause differences in harmonic contributions. This fact 
is crucial for learning that each device has particular characteristics that need to be analysed in 
order to define representative samples of harmonic characteristics of an individual device or a 
cluster of devices.  
 
Due to the seen variety of different devices of the same type, the selected characteristics of the 
modelled PE devices were based on the generic topologies and generic control solutions, which 
might not always be the exact representation of a specific PE device, but offers a clear, 
comprehensive and structured approach to modelling. More important, the delivered final models 
of an individual PE device are composed of three models: the detailed EMT model, the average 
model for dynamic simulations at fundamental frequency and the probabilistic harmonic load-flow 
model for steady-state evaluation of the harmonic propagation through the network. Nevertheless, 
within this task we developed and performed a detailed analysis of only one version of each 
selected PE device, while the methodology is suitable for wider use with different PE based devices. 
 
In the first step, we delivered a set of detailed EMT models for each individual device. The 
performance has been tested by means of benchmark testing scenarios to show the device 
performance. These models are the most comprehensive and result in lengthy simulations, which 
can deliver valuable dynamic performance characteristics over abroad frequency spectrum. The 
EMT models can be used for the evaluation of a low number of PE devices influencing the network 
and vice-versa, i.e. for harmonic injections, controller interactions, influence of resonant conditions 
etc. When only the system dynamics at the fundamental frequency is of interest, simplified models 
can be used resulting in faster simulations suitable also for large systems. For this purpose, the 
simplified average models of PE devices were developed on the basis of EMT models. 
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The average models and modelling methodology represents the second contribution of the task 5.2. 
Based on the devices’ topologies, control algorithms, simulations results, the average models were 
successfully developed and verified with the benchmark simulations. The main simplification of the 
average models is the representation of the converter, which is represented by an equivalent 
voltage-source. The consistency of the developed average models with the detailed EMT models 
was proven by simulation results. In connection to the power quality analyses, the average models 
can be used for analyses of the phenomena that are defined with the variation of the fundamental 
frequency components.  
 
The third type of the developed models is the harmonic load-flow model. The harmonic load-flow 
simulations are used for the analyses of the steady-state conditions and cannot simulate system 
dynamics. The devices within the harmonic load-flow model are represented with a frequency 
dependent Norton equivalent. The parameters of the Norton equivalent were obtained from the 
detailed EMT models by means of frequency scanning at different operating points. This gave us a 
range of parameters at different operating conditions of an individual device. The methodology of 
the harmonic load-flow was further improved by introducing the probabilistic approach with the 
main goal to combine different operating conditions and different harmonic characteristics of 
individual PE device into one probabilistic model which represents the harmonic injections at 
individual buses of the transmission network. 
 
We can summarize the contributions of the Task 5.2 as: 

- Development of the detailed EMT models of PE devices, as the basis for average and load-
flow models and for further use within the WP5 tasks. 

- Methodology and development of the average models of PE devices. 
- New, multi-parameter based scanning of the detailed EMT models to deliver frequency-

dependent parameters for equivalent circuits of the PE devices. 
- Development of the harmonic load-flow models and simulation approach, capable of the 

probabilistic analyses of the harmonic contributions of PE devices, which represents the 
state-of-the-art approach for harmonic propagation analyses. 

 
The future tasks of WP5 are focused on the utilization of the developed models of PE devices for 
realistic simulations scenarios including a transmission network from one of the European TSOs 
that is currently facing power quality issues due to large penetration of PE devices. 
The task 5.3, which analyses harmonic propagation, utilizes the probabilistic harmonic load-flow 
models which cover different statistical data of harmonic contribution of PE devices. The results will 
provide statistical probability of harmonic distortions, which are spatially and temporarily variated 
to reflect the broad range of operating conditions. 
In Task 5.4, the devices models will be utilized for the assessment of PQ levels in PE-rich future 
power networks, which includes performance evaluation of individual PE device under severe 
network operating conditions and possible interactions between the devices and network 
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resonances. To reach the desired level of PE device variety, the re-parametrization of the existing 
device models will be carried out.    
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7 APPENDIX I: Simulation results of EMT models 
 

7.1 Wind turbine generator Type 4 (WTG T4) 
 
The model of the WTG T4 is during all the testing scenarios set in the constant active power control 
mode while keeping the reactive power at the grid-side converter (point of the analysis) set to zero. 
The adopted control algorithms and control parameters of the main control sections are defined in 
the Table 7-1. 
 

WTG – T4 
 

(see Table 4-5) 

Topology B2B full converter connected to 
PM generator 

Power rating of Converter / turbine 6 MVA / 6 MW 
Nominal voltage at grid-/machine-side 0.9 kV / 0.9 kV 
Main controls of the grid-side converter:  
DC voltage control Enabled 
Reactive power control Reference = 0 Mvar 
Ac voltage control (voltage dependent reactive power 
droop) 

Disabled 

Frequency dependent active power droop Disabled 
Main controls of the turbine-side converter:  
Torque/speed control (influence on the active power; 
based on the IEC controller) 

Enabled (constant wind, speed, 
torque conditions) 

Reactive power control Enabled (Ref = 0) 
Other parameters of the testing system:  
Grid voltage 20 kV 
Short-circuit network power 1000 MVA 
Step-up transformer 20 kV / 0.69 kV 
Table 7-1: Parameters and basic control algorithms used for EMT WTG T4 model testing 
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 Steady state scenarios  7.1.1

 

7.1.1.1 Case 1: Steady-state – variation of the network voltage: WTG T4 (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

U=0.9 18,01 0,000 90,03 154,10 0,005 88,86 -4,80 0,22 

U=0.95 19,01 0,000 95,03 146,06 0,006 84,25 -4,80 0,18 

U=1.0 20,01 0,000 100,03 138,79 0,005 80,05 -4,80 0,16 

U=1.05 21,01 0,000 105,03 132,21 0,006 76,24 -4,80 0,13 

U=1.1 22,01 0,001 110,03 126,24 0,017 72,91 -4,81 0,11 

Table 7-2: Voltages, currents and power during steady-state operation at different network voltage 
levels 

 
Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih 
[%] 

1. 88,86 84,25 80,05 76,24 72,91 
2. 0,13 0,15 0,12 0,10 0,23 
3. 0,05 0,07 0,04 0,02 0,09 
4. 0,04 0,07 0,04 0,03 0,23 
5. 0,18 0,15 0,11 0,05 0,24 
7. 0,30 0,35 0,30 0,39 0,83 
11. 0,06 0,04 0,06 0,02 0,54 
13. 0,12 0,10 0,09 0,10 0,18 
17 0,05 0,04 0,06 0,07 0,15 
19 0,00 0,01 0,01 0,01 0,06 
23 0,00 0,01 0,01 0,01 0,05 
25 0,01 0,00 0,00 0,01 0,01 

Table 7-3: Output current harmonics during steady-state operation at different network voltage 
levels 
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Figure 7-1: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
During voltage variation, all the harmonics change significantly. The maximal harmonic amplitude 
is observed for the 7th harmonic, while it’s amplitude varies with the operating point from 0.2% to 
0.8%. High current harmonics are identified also for 9th, 10th.  
An extreme amplification of the amplitude is identified also at 46th and 50th harmonic component 
which is the effect of the switching frequency of the grid-side converter which is the 48th multiple 
of the fundamental frequency 50 Hz.  
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7.1.1.2 Steady-state – variation of the power: WTG T4 (EMT) 

 
Pref URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

P = 0.0 pu 20,00 0,000 100,00 1,66 0,706 0,77 0,03 -0,04 

P = 0.5 pu 20,00 0,000 100,02 83,93 0,008 48,40 -2,91 0,03 

P = 1.0 pu 20,01 0,000 100,03 173,98 0,005 100,34 -6,02 0,26 

Table 7-4: Voltages, currents and power during steady-state operation at different active power 
 
 

Harmonic 
order 

Harmonic current 

P = 0.0 pu P = 0.5 
pu 

P = 1.0 
pu 

Ih [%] Ih [%] Ih [%] 

1. 0,77 48,40 100,34 

2. 0,09 0,07 0,20 

3. 0,12 0,04 0,03 

4. 0,11 0,04 0,05 

5. 0,06 0,12 0,10 

7. 0,36 0,28 0,36 

9. 0,14 0,05 0,02 

11. 0,06 0,11 0,06 

13. 0,08 0,05 0,05 

15. 0,02 0,00 0,01 

17. 0,01 0,01 0,00 

19. 0,02 0,01 0,01 

21. 0,00 0,00 0,00 

23. 0,00 0,00 0,00 

25. 0,01 0,00 0,00 
Table 7-5: Output current harmonics during steady-state operation at different active power 
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Figure 7-2  : Range of the current harmonic amplitudes (blue) during steady-state operation at 

different active power 
 
Comment: 
 
Variation of the active power defines the operation point of the converter. At higher power is the 
THD lower which indicates that the harmonic current injections of device are not proportional to the 
fundamental current. The level of current harmonics is the highest for 7th, 10th. The 5th harmonic 
which is usually also the problematic one is in this case kept low at the level of 0.1% which is 
similar level to the harmonics (46th and 50th) caused by reflection of switching frequency of the 
grid-side converter. 
Variation of the harmonic amplitude is for the highest harmonics relatively low while higher for 
others, harmonics with lower amplitudes.  
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7.1.1.3 Steady state – variation of voltage harmonics: WTG T4 (EMT) 

 
Figure 7-3: Range of current and voltage harmonics amplitudes during network voltage distortion 
defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase angles 

 
Figure 7-4: Range of the phase angle between individual harmonic voltage and current; random 

phase angle of voltage harmonics 
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Comment: 
 
The voltage distortion at the PCC is due to relatively strong grid constant during different harmonic 
current injections from the WTG T4. The variation of the voltage harmonic phase angle influences 
the amplitude of all current harmonic injections as well as their phase angle. The highest current 
harmonics have been observed for the 5th, 7th, 13th and 17th harmonic component. The phase angle 
between individual voltage and current harmonic variates mostly for 5th, less for 7th and is almost 
constant for the 13th and 17th harmonic.   
Since this test evaluates the sensitivity of the device to external voltage distortions, we could 
conclude that the WTG T4 EMT model is prone to react to voltage harmonics, especially in the 
lower harmonic range. 
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7.1.1.4 Steady state – changing grid resonance: WTG T4 (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

C=2 uF 20,00 0,004 99,94 138,90 0,005 80,09 -4,80 0,16 

C=10 uF 20,00 0,004 99,96 138,87 0,004 80,06 -4,80 0,16 

C=20 uF 20,00 0,003 99,97 138,87 0,004 80,07 -4,80 0,16 

C=25 uF 20,00 0,003 99,95 138,89 0,004 80,08 -4,80 0,16 

C=30 uF 20,00 0,003 99,94 138,91 0,004 80,09 -4,80 0,16 

C=40 uF 19,99 0,003 99,93 138,91 0,005 80,09 -4,80 0,16 

C=50 uF 19,99 0,003 99,92 138,92 0,005 80,10 -4,80 0,16 

Table 7-6: Steady-state results during shift of the grid resonance 
 
 

Harmonic 
order 

Harmonic current 

C=2 
uF 

C=10 
uF 

C=20 
uF 

C=25 uF C=30 
uF 

C=40 uF C=50 uF 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 80,09 80,06 80,07 80,08 80,09 80,09 80,10 

2. 0,14 0,15 0,16 0,15 0,14 0,15 0,16 

3. 0,03 0,04 0,04 0,04 0,05 0,07 0,06 

4. 0,08 0,08 0,08 0,06 0,01 0,03 0,05 

5. 0,20 0,20 0,00 0,06 0,08 0,11 0,12 

7. 0,27 0,01 0,21 0,25 0,27 0,30 0,32 

9. 0,01 0,02 0,05 0,03 0,05 0,05 0,05 

11. 0,01 0,10 0,07 0,06 0,05 0,06 0,05 

13. 0,01 0,05 0,03 0,03 0,03 0,03 0,03 

15. 0,00 0,01 0,01 0,01 0,01 0,00 0,01 

17. 0,00 0,01 0,01 0,01 0,01 0,01 0,00 

19. 0,00 0,00 0,00 0,00 0,00 0,01 0,00 

21. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

23. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

25. 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Table 7-7: Steady-state current harmonics during shift of the grid resonance 
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Figure 7-5: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network resonances (different system shunt capacitance) 
 
Comment: 
 
The change of the network impedance by means of moving the resonances lower does not show 
significant influence on the total harmonic distortion of the device. The low impedance of the 
network however increases amplitudes of the particular harmonics but on the other hand it 
decreases amplitudes of the other ones for which the network impedance increases. The maximum 
variation of the significant harmonics is in range from factor 50 (for 5th) and 15 (for 7th) which is 
the in the frequency range of the new resonances.    
The highest value of the harmonics is still reached with the 7th harmonic component and it reaches 
around 0.3 % of the fundamental component amplitude.  
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 Transient scenarios 7.1.2

7.1.2.1 Transient - voltage variation: WTG T4 (EMT) 

 
Figure 7-6: Variation of the WTG T4 power and current during step-changes of the voltage at the 

PCC  

 
Figure 7-7: Current and voltage waveforms (envelope)  
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Comment: 
 
During this test, the voltage amplitude of the grid source changes step-wise, which is evident from 
the waveform in the Figure 7-7, wherefrom the amplitude envelope can be observed. The dynamic 
response of the output current responds to the voltage rise with decreasing of the current 
amplitude to maintain the constant power at the output of the device. The transient duration takes 
approximately half of the second (if considering the transient variation of the active power) or less. 
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7.1.2.2 Transient – frequency variation: WTG T4 (EMT) 

 

 
Figure 7-8: Variation of the WTG T4 power, current and voltage at PCC during changes of the grid 

frequency 
 
Comment: 
 
The results from the Figure 7-8 show that the output power remains constant during variation of 
the system voltage frequency. In the testing case, the reference active power is not controlled by 
any other control algorithm than only the controller for the DC-side voltage control. The frequency 
based droop of the active power (inertia emulation) is in this case disabled. 
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7.1.2.3 Transient – symmetrical voltage dip: WTG T4 (EMT) 

 
Figure 7-9: Power and RMS current and voltage of the WTG T4 at the PCC during symmetrical 

voltage dip 
 

 
Figure 7-10: Instantaneous waveforms of the current and voltage of the WTG T4 at the PCC during 

symmetrical voltage dip 
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Comment: 
 
The symmetrical voltage dip can be observed at the bottom of the Figure 7-10. During the fast 
voltage dip, the active power decreases as well, the control on the other hand temporary increases 
the current from the steady state value 0.8 pu to the values that are higher than the nominal value 
(more than 1 pu), which helps to increase the output power under low voltage conditions. 
 
During the low voltage conditions, the current amplitude is increasing (from 4.00 s to 4.05 s) until 
the voltage starts to recover back again. In this case, the current enters the transient that takes 
additional 300 ms after the voltage is settled down back to the nominal value. Slight fluctuation of 
the power can be observed also some seconds later, as shown in  Figure 7-9. 
  



REPORT 
 
 

Page 156 of 323 

 

7.1.2.4 Transient – unsymmetrical voltage dip: WTG T4 (EMT) 

 
Figure 7-11: Power and RMS current and voltage of the WTG T4 at the PCC during unsymmetrical 

voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-12: Instantaneous waveforms of the current and voltage of the WTG T4 at the PCC during 

unsymmetrical voltage dip 
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Comment: 
 
During unsymmetrical voltage dip, the current in all three phases starts to increase. Without active 
current limiter, the amplitude would increase to the values that are much higher than nominal 
value. In the simulated case, the current amplitude stops to rise and decreases back to the steady-
state value as the voltage starts increasing back to the nominal value. 
 

 Frequency scanning – WTG T4 7.1.3

 
The WTG T4 has been scanned for frequency-dependent impedance characteristic in several 
operating point. The result of frequency-scanning is the frequency-dependent admittance and 
current source of the Norton equivalent representing the EMT model under steady-state conditions. 
The scan was evaluated for operating point at constant output active power (0.8 pu – 4.8 MW) and 
variable voltage at the connection point (0.9 pu – 1.1 pu) as well as at variable output active 
power (0 pu – 1 pu (6 MW)) and constant voltage (1 pu). The results are shown in Figure 7-13 and 
Figure 7-14. 
 

 
Figure 7-13: WTG T4 Norton equivalent - the frequency-dependent impedance (amplitude) and the 
current source (amplitudes) for operating points at constant active power of the WTG T4 (0.8 pu, 

4.8 MW) and variable voltage at the PCC (0.9 pu to 1.1 pu) 
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Figure 7-14: WTG T4 Norton equivalent – the frequency-dependent impedance (amplitude) and the 

current source (amplitudes) for operating points at variable active power of the WTG T4 (0 pu to 
1 pu; 0 MW to 6 MW) and constant voltage at the PCC (1 pu) 

 
 
Comment: 
 
From the results of the frequency scanning we can conclude that the negative and positive 
sequence admittances are approximately equal on the wide frequency range which stars already at 
around 150 to 200 Hz. This indicates that the control of the model influences only the harmonics 
around 50 Hz. The rest of the admittance characteristic is caused by passive filters, which gives 
equal admittance to the positive and negative sequence components. 
Based on the testing of the EMT model for different operating points it is possible to conclude that 
the variation of the fundamental voltage amplitude influences a lot on the current harmonic 
amplitudes and less on the admittance characteristic (the influence is evident for the frequencies 
below 100 Hz). The variation of the current amplitude is more dependent on variation of voltage 
than of the power.  
Moreover, the details in Figure 7-13 show that there are some spikes in the admittance 
characteristic for some of the operation conditions. This indicates more complex relation between 
the generated harmonic current or the influence (sensitivity) of the control algorithm to the 
harmonics in the voltage which causes additional current harmonics of the device.   
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7.2 Wind turbine generator Type 3 (WTG T3) 
 
In the testing scenarios, the WTG T3 operates under constant wind conditions (constant wind 
speed). To reach the desired reference active power conditions of the WTG, the IEC based 
controller controls the model of the turbine by shifting the pitch angle of blades.  
In the simulation cases, the active power operates at different constant set-points while the 
reactive power at the grid-side converter (point of the analysis) is set to zero.  
The Table 7-8 represents the basic ratings of the device (DFIG and converter) and the parameter 
settings of the grid-side as well as rotor-side controls since both influence the dynamics of the 
machine. The control parameters of the main control sections are as well defined in the table for 
algorithms calculated in per-unit system. 
 
 

WTG T3  (See Table 4-3)  
Topology DFIG machine controlled by the 

rotor B2B 2-level converter 
DFIG nominal power 4 MVA 
DFIG nominal terminal voltage 0.9 kV 
Converter nominal power 1.49 MVA 
Converter terminal voltage  0.69 kV 
  
Main controls of the grid-side converter:  
DC voltage control Enabled 
Reactive power control Enabled, Reference = 0 Mvar 
Main controls of the rotor-side converter:  
Torque/speed control (influence on the active power; 
based on the IEC controller) 

Enabled (constant wind, speed, 
torque conditions) 

Reactive power control Enabled 
Other parameters of the testing system:  
Grid voltage 33 kV 
Short-circuit power of the 400 kV grid 2700 MVA 
Step-up transformer 33 kV / 0.69 kV / 0.9 kV 
Table 7-8: Parameters and basic control algorithms used for EMT ETG T3 model testing 
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 Steady state scenarios  7.2.1

 

7.2.1.1 Steady-state – variation of the network voltage: WTG T3 (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

U=0.9 29,70 0,000 90,01 61,96 0,015 88,49 -3,20 0,00 
U=0.95 31,35 0,000 95,00 58,82 0,018 84,36 -3,19 0,00 
U=1.0 33,00 0,000 100,00 56,28 0,024 80,55 -3,20 0,01 
U=1.05 34,65 0,000 105,00 53,07 0,022 75,70 -3,19 0,00 
U=1.1 36,30 0,000 110,00 50,30 0,026 71,68 -3,18 0,01 

Table 7-9: Voltages, currents and power during steady-state operation at different network voltage 
levels 

 
Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih 
[%] 

1. 88,49 84,36 80,55 75,70 71,68 

2. 0,20 0,49 0,71 0,44 0,25 

3. 0,39 0,22 0,51 0,30 0,14 

4. 0,23 0,25 0,04 0,24 0,39 

5. 0,44 0,69 0,80 0,99 0,89 

7. 0,69 0,66 1,01 0,38 0,72 

9. 0,10 0,38 0,32 0,11 0,15 

11. 0,06 0,18 0,13 0,13 0,07 

13. 0,10 0,08 0,08 0,08 0,07 

15. 0,09 0,14 0,06 0,02 0,10 

17. 0,13 0,16 0,17 0,05 0,08 

19. 0,02 0,08 0,09 0,07 0,02 

21. 0,03 0,06 0,04 0,07 0,07 

23. 0,02 0,05 0,04 0,03 0,05 

25. 0,02 0,01 0,02 0,01 0,02 
Table 7-10: Output current harmonics during steady-state operation at different network voltage 

levels (Values are relative to the nominal current) 
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Figure 7-15: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
For the analysed operating points, the harmonics of the WTG T3 are in the steady state the highest 
for 5th, 7th as well as for the 18th harmonic component. The amplitudes of all these harmonics vary 
at different fundamental voltage levels. The 5th and 7th harmonic change for factor 2 while the 18th 
up to factor 10 or more. The most constant harmonic is the 37th with amplitude 0.4%. It reflects 
the component produced by switching frequency of the rotor-side converter (37*50Hz) while the 
grid-side converter’s switching frequency are the ones around the 60th harmonic component.   
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7.2.1.2 Steady-state – variation of the power: WTG T3 (EMT) 

 
Pref URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

P = 0.0 pu 33,00 0,000 99,99 1,58 5,144 0,44 0,00 0,00 
P = 0.5 pu 33,00 0,000 100,00 35,67 0,040 50,86 -2,03 0,00 
P = 1.0 pu 33,00 0,000 100,01 69,74 0,019 99,66 -3,99 0,00 
Table 7-11: Voltages, currents and power during steady-state operation at different active power 

 
 

Harmonic 
order 

Harmonic current 

P = 0.0 pu P = 0.5 
pu 

P = 1.0 
pu 

Ih [%] Ih [%] Ih [%] 

1. 0,44 50,86 99,66 
2. 0,47 1,17 0,25 
3. 0,71 0,45 0,18 
4. 0,32 0,43 0,17 
5. 1,62 1,11 1,09 
7. 0,51 0,47 1,02 
9. 0,25 0,08 0,30 
11. 0,09 0,04 0,17 
13. 0,05 0,12 0,09 
15. 0,20 0,21 0,16 
17. 0,14 0,04 0,15 
19. 0,11 0,06 0,04 
21. 0,07 0,04 0,03 
23. 0,03 0,01 0,04 
25. 0,01 0,03 0,02 

Table 7-12: Output current harmonics during steady-state operation at different active power 
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Figure 7-16: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different active power 
 
Comment: 
 
During variation of the reference active power the harmonics on the wide frequency area vary less 
that during voltage change.  Still, the 5th and the 7th harmonics are the highest, while the second 
harmonic is also present in the current signal. The 16th,18th, 22th and the 24th harmonic are also 
the ones that step out from the average.    
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7.2.1.3 Steady state – variation of voltage harmonics: WTG T3 (EMT) 

 

 
Figure 7-17: Range of current and voltage harmonics amplitudes during network voltage distortion 
defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase angles 

 
Figure 7-18: Range of the phase angle between individual harmonic voltages and currents; random 

phase angle of voltage harmonics 
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Comment: 
 
The Figure 7-17 and Figure 7-18 show that the response of the WTG T3 to the voltage harmonics 
can vary depending on the phase angle of the voltage harmonics. The amplitude range is the wider 
for the 5th and 7th harmonic component, but their phase angle shifts for maximum 110° or 70° 
respectively.   
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7.2.1.4 Steady state – changing grid resonance: WTG T3 (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

C=2 uF 32,99 0,005 99,97 56,15 0,017 80,17 -3,20 0,00 
C=10 uF 32,98 0,005 99,93 55,86 0,019 79,88 -3,19 0,00 
C=20 uF 33,03 0,008 100,13 56,18 0,020 80,57 -3,20 0,00 
C=25 uF 33,01 0,005 100,01 56,11 0,022 80,31 -3,20 0,00 
C=30 uF 32,99 0,004 99,96 55,74 0,023 79,47 -3,19 0,00 
C=40 uF 32,99 0,003 99,96 55,70 0,023 79,38 -3,19 0,00 
C=50 uF 32,99 0,003 99,96 56,03 0,025 80,02 -3,20 0,00 

Table 7-13: Steady-state results during shift of the grid resonance 
 

Harmonic 
order 

Harmonic current 

C=2 
uF 

C=10 
uF 

C=20 
uF 

C=25 uF C=30 
uF 

C=40 uF C=50 uF 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 80,17 79,88 80,57 80,31 79,47 79,38 80,02 

2. 0,22 0,21 0,94 0,61 0,25 0,30 0,67 

3. 0,27 0,20 0,21 0,26 0,40 0,31 0,72 

4. 0,02 0,18 0,20 0,28 0,14 0,49 0,21 

5. 0,89 1,05 0,36 0,79 1,24 0,82 1,18 

7. 0,49 0,26 0,93 0,96 0,28 1,07 0,35 

9. 0,16 0,09 0,19 0,29 0,07 0,22 0,16 

11. 0,11 0,22 0,15 0,13 0,19 0,06 0,18 

13. 0,07 0,05 0,11 0,10 0,07 0,08 0,09 

15. 0,03 0,08 0,10 0,03 0,05 0,08 0,05 

17. 0,06 0,14 0,16 0,09 0,12 0,10 0,11 

19. 0,07 0,08 0,07 0,05 0,02 0,05 0,03 

21. 0,06 0,08 0,02 0,09 0,04 0,05 0,03 

23. 0,07 0,05 0,01 0,05 0,02 0,04 0,03 

25. 0,02 0,00 0,01 0,04 0,02 0,02 0,04 
Table 7-14: Steady-state current harmonics during shift of the grid resonance (Values are relative 

to the nominal current) 
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Figure 7-19: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network resonances (different system shunt capacitance) – WTG T3 
 
Comment: 
 
Due to variable resonant conditions in the grid the output current harmonics of the WTG T3 vary 
while operating in the same operating point of the fundamental power frequency. Resonances in 
the grid impedances (low impedances defined from the PCC side) cause the low resistance path for 
current harmonics, which causes cause their amplification. The most evident change of the 
harmonic amplitude is evident for the 10th and the 4th harmonic component that changes for the 
maximum factor up to 100 while for most of the harmonics the ratio between the lowest and 
maximum value remains around 2-4.  
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 Transient scenarios 7.2.2

7.2.2.1 Transient - voltage variation: WTG T3 (EMT) 

 

 
Figure 7-20: Variation of the WTG T3 power and current during step-changes of the voltage at the 

PCC  

 
Figure 7-21: Current and voltage waveforms (envelope) during voltage step-change  
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Figure 7-22: Current and voltage waveforms - (envelope) during voltage step-change - Zoomed 

 
Comment: 
 
In comparison to the results obtained with the WTG T4, the T3 shows much higher current 
oscillation during transients. The fast variation of the voltage at the PCC influences operation of the 
DFIG machine much more than the converter. The machine adopts to the new voltage levels by 
excessive unsymmetrical current transient with dc offset which takes approx. 10 periods until fully 
damped. 
    



REPORT 
 
 

Page 170 of 323 

 

7.2.2.2 Transient – frequency variation: WTG T3 (EMT) 

 

 
Figure 7-23: Variation of the WTG T3 power, current and voltage at PCC during changes of the grid 

frequency 
 
Comment: 
 
The slow frequency variation does not cause any issues regarding the control of the constant power 
of the WTG T3. This is true only if there is no additional control algorithm which would decrease the 
output power in case of high frequency. For the wind turbines, the controls usually linearly 
decrease the reference active power as the frequency increases above certain level (e.g. 50.2 Hz).  
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7.2.2.3 Transient – symmetrical voltage dip: WTG T3 (EMT) 

 

 
Figure 7-24: Power and RMS current and voltage of the WTG T3 at the PCC during symmetrical 

voltage dip 
 

 
Figure 7-25: Instantaneous waveforms of the current and voltage of the WTG T3 at the PCC during 

symmetrical voltage dip 
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Figure 7-26: Power and RMS current and voltage of the WTG T3 at the PCC during symmetrical 

voltage dip - zoomed 
 
Comment: 
 
The control algorithm of the particular WTG T3 is based on the voltage dependent reactive power 
injection. At the beginning, in the steady-state, the reactive power is set to zero output. During the 
voltage dip, the active power decreases and the current reaches relatively high overshoot for 
50 ms. Later, the current decreases to the value 1 pu due to the current limitation, active power 
increases slowly while the reactive power raises to the 0.6 pu and then back to post-fault value 
which is 0.1 pu and after additional 400 ms back to 0 pu. Variation of the reactive power is during 
and after fault controlled by the reference controller of the reactive power (IEC controller for WTG 
T3), which supports the voltage at the PCC by injecting additional reactive power during and after 
fault. This control feature could be deactivated which would lead to much more constant reactive 
power generation during transient. 
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7.2.2.4 Transient – unsymmetrical voltage dip: WTG T3 (EMT) 

 
Figure 7-27: Power and RMS current and voltage of the WTG T3 at the PCC during unsymmetrical 

voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-28: Instantaneous waveforms of the current and voltage of the WTG T3 at the PCC during 

unsymmetrical voltage dip 
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Comment: 
 
Similarly, as during symmetrical voltage dip, the reactive power is increased as well during single-
phase voltage dip. During the transient, the current for short time increases to value above 2 pu, 
and due to low voltage is injection of the active power to the grid reduced but only for the time of 
the voltage dip. After 200 ms, when the voltage is already at the nominal value in all three phases, 
the active and reactive power are settled back at the reference value while the reactive power 
requires additional 100 ms to damp the transient and to reach the value 0 pu. 
 

 Frequency scanning – WTG T3 7.2.3
 
The WTG T3 has been scanned for frequency-dependent impedance characteristic under several 
operating conditions. The result of frequency-scanning is the frequency-dependent admittance and 
current source of the Norton equivalent, presented in Figure 7-29 and Figure 7-30. 
The scan was evaluated for operating point at constant output active power (0.8 pu – 3.2 MW) and 
variable voltage at the connection point (0.9 pu – 1.1 pu) as well as at variable output active 
power (0 pu – 1 pu (4 MW)) and constant voltage (1 pu).  
 
 

 
Figure 7-29: WTG T3 Norton equivalent - Frequency-dependent impedance (amplitude) and current 
source (amplitudes) for operating points at constant active power of the WTG T4 (0.8 pu, 3.2MW) 

and variable voltage at the PCC (0.9 pu to 1.1 pu) 
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Figure 7-30: WTG T3 Norton equivalent - Frequency-dependent impedance (amplitude) and current 

source (amplitudes) for operating points at variable active power of the WTG T4 (0 pu to 1 pu; 
0 MW to 4 MW) and constant voltage at the PCC (1 pu) 

 
 
Comment: 
 
The impedance characteristic of the WTG T3 shows influence of the passive input admittance of the 
WTG caused by input filter, resonating around 900 Hz. For the higher components the control 
algorithm shows no major effect.  
High difference between the positive and negative admittances is present around 50 Hz and 300 Hz 
component. The most expressive (variable) is the admittance for the positive sequence 6th 
harmonic component is which reaches low values indicating lower sensitivity of the device’s output 
current to the particular voltage harmonic component from the network.  
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7.3 HVDC 
 
The HVDC system is for our case composed out two converter stations. The sending-end converter 
station operates in function of sending the active power to the dc circuit and controlling the ac-side 
reactive power to zero. The receiving-side converter controls the flow of the active power by means 
of controlling the voltage of the dc-side circuit. For the particular testing cases, the ac-side reactive 
power generation is with the receiving-end converter set to zero.  
 
The HVDC is tested and analysed at the ac-side of the receiving converter. The one is 
connected at the 380 kV ac grid through the coupling transformer which adjusts the proper voltage 
level for the converter station (in our case it is 220 kV at the converter side).   
 
The Table 7-15 represents the basic ratings of the device (the receiving- and sending-end 
converter station) and the parameter settings of the controls since both influence the dynamics of 
the system. The control parameters of the main control sections are as well defined in the table for 
algorithms calculated in per-unit system. 
 

HVDC system 
 

(see Table 4-9) 

Topology Symmetrical monopole 
MMC based VSC 

Nominal converter ac voltage 220 kV 
Nominal dc voltage 400 kV 
Nominal power of the sending-end / receiving-end 
converter 

800 MVA / 800 MVA 

Main controls of the receiving-end converter:  
DC voltage control  Enabled 
Reactive power control Enabled, Reference = 0 Mvar 
Main controls of the sending-end converter:  
Active power control  Enabled, fixed reference value 
Reactive power control Enabled, Reference = 0 Mvar 
Other parameters of the testing system:  
Sending-end grid: 
Nominal voltage 
Short-circuit power 
Step-up transformer 

 
145 kV 
377 MVA 
220 kV/145 kV 

Receiving-end grid: (the analysed side of HVDC) 
Nominal voltage 
Short-circuit power 
Step-up transformer 

 
380 kV 
20000 MVA 
380 kV/220 kV 

Table 7-15: Parameters and basic control algorithms used for HVDC model testing 
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 Steady state scenarios  7.3.1

 

7.3.1.1 Steady-state – variation of the network voltage: HVDC (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

U=0.9 343,19 0,002 90,31 1033,08 0,013 84,76 613,35 0,36 
U=0.95 362,17 0,001 95,32 977,96 0,009 80,35 614,09 0,03 
U=1.0 381,20 0,002 100,30 936,89 0,013 77,00 616,79 0,05 
U=1.05 400,10 0,002 105,28 888,25 0,013 72,59 614,88 0,34 
U=1.1 419,04 0,002 110,27 848,80 0,013 69,57 615,79 0,26 
Table 7-16: Voltages, currents and power during steady-state operation at different network 

voltage levels at the receiving-end converter (constant active power at the sending-end converter 
0.8 pu or 640 MW) 

 
Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih 
[%] 

1. 84,76 80,35 77,00 72,59 69,57 

2. 0,69 0,21 0,68 0,14 0,25 

3. 0,39 0,49 0,32 0,64 0,54 

4. 0,52 0,06 0,39 0,29 0,31 

5. 0,34 0,34 0,43 0,32 0,36 

7. 0,42 0,23 0,15 0,21 0,36 

9. 0,13 0,01 0,04 0,02 0,03 

11. 0,12 0,07 0,08 0,02 0,08 

13. 0,02 0,07 0,05 0,03 0,06 

15. 0,03 0,01 0,01 0,02 0,01 

17. 0,03 0,02 0,02 0,02 0,01 

19. 0,06 0,02 0,02 0,02 0,01 

21. 0,01 0,01 0,01 0,00 0,01 

23. 0,00 0,01 0,02 0,01 0,01 

25. 0,01 0,00 0,00 0,01 0,00 
Table 7-17: Output current harmonics during steady-state operation at different network voltage 

levels (constant active power at the sending-end converter 0.8 pu or 640 MW) 
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Figure 7-31: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
In the scenario with the constant power and variable voltage is the reference active power (0.8 pu 
or 640 MW) set at the sending-end converter station. The analysis of the simulation results is 
performed at the ac-side of the receiving-end converter, where the active power is due to losses in 
the system already less than 0.8 pu.  
The THD of the output current is relatively constant and reaches value around 1.3 %. It can be 
also seen that the amplitudes of individual harmonic component vary from the case to case for the 
factor 10 or less. The harmonics with high variation but low amplitude are not alarming (a case 
with harmonics beyond 40th harmonic). 
The harmonics with the highest amplitudes are all harmonics from the 2nd to the 7th, while the 5th 
varies the least and the 4th the most.  
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7.3.1.2 Steady-state – variation of the power: HVDC (EMT) 

 
Pref URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

P = -1.0 pu 377,76 0,002 99,41 1291,20 0,009 106,16 -844,23 -0,42 
P = -0.5 pu 379,00 0,001 99,72 627,82 0,011 51,75 -412,06 0,19 
P = 0 pu 379,96 0,000 99,99 4,12 0,861 0,19 -2,19 0,17 
P = 0.5 pu 380,77 0,001 100,21 590,60 0,015 48,50 389,65 0,17 
P = 1 pu 381,37 0,002 100,36 1156,44 0,008 94,99 763,22 0,16 
Table 7-18: Voltages, currents and power during steady-state operation at different active power 

 
 

Harmonic 
order 

Harmonic current 

P = 1.0 pu P = 0.5 
pu 

P = 0.0 
pu 

P = -0.5 
pu 

P = -1.0 
pu 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 106,16 51,75 0,19 48,50 94,99 

2. 0,35 0,14 0,06 0,15 0,33 

3. 0,19 0,39 0,08 0,54 0,22 

4. 0,25 0,16 0,06 0,23 0,30 

5. 0,69 0,16 0,08 0,30 0,53 

7. 0,25 0,14 0,04 0,27 0,25 

9. 0,02 0,04 0,04 0,04 0,04 

11. 0,10 0,02 0,02 0,04 0,05 

13. 0,12 0,07 0,01 0,04 0,07 

15. 0,01 0,01 0,00 0,01 0,02 

17. 0,01 0,02 0,02 0,02 0,02 

19. 0,02 0,02 0,02 0,02 0,00 

21. 0,01 0,01 0,01 0,02 0,00 

23. 0,00 0,01 0,01 0,01 0,01 

25. 0,01 0,01 0,01 0,01 0,01 

Table 7-19: Output current harmonics during steady-state operation at different active power 
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Figure 7-32: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different active power set-points 
 
Comment: 
 
Variation of the HVDC active power also influences the harmonic spectrum of the output current. 
The most evident harmonics in the output current of the HVDC are the 5th, 3rd. The higher 
amplitudes are evident also with higher frequency harmonics, the 11th and the 13th, which are 
standing out and reaching approx. 0.1%. 
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7.3.1.3 Steady state – variation of voltage harmonics: HVDC (EMT) 

 
 

 
Figure 7-33: Range of current and voltage harmonics amplitudes during network voltage distortion 
defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase angles 
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Figure 7-34: Range of the phase angle between individual harmonic voltage and current; random 

phase angle of voltage harmonics 
 
Comment: 
 
The variation of the harmonic voltage phase angles influences the resultant harmonic current much 
less than with other devices. The variation of the harmonic current amplitude is in range of factor 
two or less while the phase angle between the voltage and current remains in the narrow band 
around 90 degrees. Such difference in comparison to other devices could be the effect of different 
topology of the device (MMC). 
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 Transient scenarios 7.3.2

7.3.2.1 Transient - voltage variation: HVDC (EMT) 

 

 
Figure 7-35: Variation of the HVDC power and current during step-changes of the voltage at the 

PCC  

 
Figure 7-36: Current and voltage waveforms (envelope) during voltage step-change  
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Comment: 
 
The voltage was manipulated at the ac-side of the receiving-end HVDC converter, which controls 
the reactive power to zero and controls also the DC voltage of the HVDC. During voltage variation, 
the transmission of the active power remains practically constant as well as generation of the zero 
reactive power. During the voltage step-change, the current transient remains smooth, without 
overshoots. Based on the measurements of the RMS values, the transient reaches steady-state 
after approx. 50 ms. 
  
The indicated power is under steady state conditions less than 0.8 pu (640 MW), which is the 
reference power for the sending-end converter. The main reason for the lower power are the losses 
that occur in the converter stations and DC-circuits. 
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7.3.2.2 Transient – frequency variation: HVDC (EMT) 

 

 
Figure 7-37: Variation of the HVDC power, current and voltage at PCC during changes of the grid 

frequency 
 
Comment: 
 
The testing results show that the HVDC receiving-end converter station does not respond to the 
frequency variation in the grid voltage, which proves the robustness of the control system. 
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7.3.2.3 Transient – symmetrical voltage dip: HVDC (EMT) 

 

 
Figure 7-38: Power, RMS current and voltage of the HVDC at the PCC during symmetrical voltage 

dip 
 

 
Figure 7-39: Instantaneous waveforms of the current and voltage of the HVDC at the PCC during 

symmetrical voltage dip 
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Comment: 
 
During the symmetrical voltage dip is the power controlled to the constant value. Lower voltage 
causes higher current which increases above the nominal value. In this case, the current limiter 
controller gets activated and limits the current to around 1.1 pu. After the recovering of the ac 
voltage, the current reaches the steady-state again at the same power as before the dip. The 
transient period can be estimated from the figures.   
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7.3.2.4 Transient – unsymmetrical voltage dip: HVDC (EMT) 

 
Figure 7-40: Power and RMS current and voltage of the HVDC at the PCC during unsymmetrical 

voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-41: Instantaneous waveforms of the current and voltage of the HVDC at the PCC during 

unsymmetrical voltage dip 
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Comment: 
 
During unsymmetrical voltage dip, the current increases relatively fast and after reaching maximal 
value it decreases with certain dynamics. The decreasing of the current continues also during 
voltage recovery. 
The active power is due to relatively high transient currents dropped from 0.8 pu to 0.6 pu. The 
power settles down approx. 100 ms after the voltage reaches its post-fault steady state conditions. 
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 Frequency Impedance scanning – HVDC 7.3.3
Scanning of the Norton equivalent circuit of the HDVC was evaluated for different operating points. 
First, the scan was performed at constant active power of the HVDC (500 MW) and variable voltage 
amplitude at PCC (from 0.9 pu to 1.1 pu), which is within the normal operation conditions. 
 
The second scan was performed at constant voltage at PCC (1 pu) and variable power of the HVDC 
(-1 pu to 1 pu, which is -800 MW to 800 MW). 
 
Figures show characteristics for the positive and negative sequence of the admittances and 
currents. The characteristics of different operating points are shown in the same figure with the 
same colour. The legibility of individual characteristic is therefore deteriorated but it clearly shows 
the range within which the characteristics are placed. This information is even more interesting as 
a single characteristic since it shows how is the Norton model dependent on the operating point. 

 
Figure 7-42: HVDC Norton equivalent - Frequency-dependent impedance (amplitude) and current 

source (amplitudes) for operating points at constant active power of the HVDC (500 MW) and 
variable voltage at the PCC (0.9 pu to 1.1 pu) 
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Figure 7-43: HVDC Norton equivalent - Frequency-dependent impedance (amplitude) and current 

source (amplitudes) for operating points at variable active power of the HVDC (-1 pu to 1 pu; -800 
MW to 800 MW) and constant voltage at the PCC (1 pu) 

 
Comment:  
 
Based on the frequency scans of the HVDC Norton equivalent we can conclude that the current 
sources and amplitudes of the impedance vary based on the operating point of the HVDC. The 
impedance in the frequency range above 1000 Hz is the same for positive and negative component 
which is the result of the passive components in the circuit. In the lower frequency range the 
positive sequence impedance varies much more than the negative characteristic, which is due to 
the effect of the control algorithm which controls the fundamental frequency components (active 
and reactive power). The current injections of the Norton equivalent are more dependent on the 
variable level of power, which is evident by the versatile position of the “x” marks on the Current 
injection values of the Figure 7-43.  
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7.4 STATCOM 
 
The STATCOM operates as a source of the variable reactive power. Therefore, the simulations with 
variable power vary the reactive power instead of the active. The topology of the MMC converter of 
the STATCOM is similar to the topology of the HVDC. Due to the lower voltage levels and nominal 
current is the number of modules significantly reduced as well as the size of the converter reactors.  
 
The converter is designed for the 35 kV network level and nominal reactive power 50 Mvar. It is 
connected to the transmission grid via step-up transformer, which is for the analyses considered as 
a part of STATCOM topology.  
 
The special control feature of the STATCOM is the control / compensation of the harmonic 
components in the output current. The controller is designed for 5th, 7th, 11th, 13th, 17th, 19th and 
23rd harmonic component and tuned to meet the stable operation for the particular network grid 
topology. 
 

STATCOM  
 

(see Table 4-8) 

STATCOM topology MMC based VSC 
Nominal power ±50 MVA 
Voltage at PCC 380 kV 
Main controls of the converter:  
DC voltage control  Enabled 
Reactive power control Enabled  
Control of output harmonic currents Enabled (5, 7, 11, 13, 17, 19, 23) 
Other parameters of the testing system:  
Grid voltage 380 kV 
Short-circuit power of the 400 kV grid 20000 MVA 
Step-up transformer 380 kV/ 35 kV 

Table 7-20: Parameters and basic control algorithms used for STATCOM model testing 
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 Steady state scenarios  7.4.1

 

7.4.1.1 Steady-state – variation of the network voltage: STATCOM (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

U=0.9 341,15 0,001 89,78 67,68 0,018 89,02 0,10 39,99 
U=0.95 360,19 0,001 94,79 64,12 0,010 84,37 0,02 40,00 
U=1.0 379,24 0,001 99,80 60,90 0,008 80,19 -0,02 40,01 
U=1.05 398,27 0,001 104,81 57,99 0,009 76,35 -0,06 40,01 
U=1.1 417,31 0,000 109,82 55,35 0,011 72,90 -0,10 40,01 
Table 7-21: Voltages, currents and power during steady-state operation at different network 

voltage levels 
 

Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih 
[%] 

1. 89,02 84,37 80,19 76,35 72,90 

2. 0,09 0,04 0,01 0,05 0,03 

3. 0,20 0,04 0,06 0,03 0,10 

4. 0,18 0,06 0,06 0,10 0,01 

5. 0,48 0,19 0,08 0,05 0,19 

7. 0,77 0,12 0,17 0,06 0,14 

9. 0,46 0,09 0,01 0,04 0,08 

11. 0,65 0,19 0,09 0,11 0,14 

13. 0,36 0,06 0,01 0,06 0,08 

15. 0,13 0,04 0,05 0,07 0,30 

17. 0,25 0,09 0,01 0,12 0,31 

19. 0,08 0,12 0,11 0,05 0,09 

21. 0,16 0,04 0,01 0,03 0,10 

23. 0,23 0,05 0,11 0,12 0,16 

25. 0,11 0,55 0,25 0,34 0,27 
Table 7-22: Output current harmonics during steady-state operation at different network voltage 

levels 



REPORT 
 
 

Page 194 of 323 

 

 
Figure 7-44: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
Under steady-state conditions, the STATCOM controls the output reactive power to constant 
40 Mvar. The THD of the current is the highest during lower voltage conditions (twice as high as at 
voltage 1 pu). The harmonic spectrum of the output current shows the highest amplitudes for 5th, 
7th, 11th and also 25th harmonic. The amplitude of most harmonics vary for the factor up to 10.  
The harmonics which are compensated show lower amplitude as in the case when the harmonic 
controller would be disabled. The 25th harmonic is the first which is not compensated, therefore it 
stands out among all other harmonic components. 
Further reduction of the harmonics that are already compensated could be reached only by 
improving the harmonic controllers. 
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7.4.1.2 Steady-state – variation of the power: STATCOM (EMT) 

 
Qref URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

Q = 1.0 pu 380,94 0,000 100,25 74,98 0,009 98,66 0,78 -49,46 
Q = 0.5 pu 380,48 0,001 100,12 37,95 0,021 49,95 0,34 -25,00 
Q = 0 pu 380,00 0,001 100,00 0,63 5,745 0,14 0,04 0,00 
Q = -0.5 pu 379,52 0,001 99,87 38,04 0,014 50,09 -0,07 25,01 
Q = -1 pu 379,05 0,001 99,75 76,16 0,008 100,29 0,03 50,01 
Table 7-23: Voltages, currents and power during steady-state operation at different active power 

 
 

Harmonic 
order 

Harmonic current 

P = 1.0 pu P = 0.5 
pu 

P = 0.0 
pu 

P = -0.5 
pu 

P = -1.0 
pu 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 98,66 49,95 0,14 50,09 100,29 

2. 0,14 0,16 0,04 0,10 0,04 

3. 0,13 0,05 0,10 0,05 0,06 

4. 0,04 0,08 0,10 0,01 0,13 

5. 0,22 0,20 0,19 0,11 0,08 

7. 0,38 0,45 0,28 0,08 0,04 

9. 0,14 0,10 0,24 0,06 0,16 

11. 0,25 0,25 0,08 0,11 0,18 

13. 0,20 0,09 0,17 0,09 0,05 

15. 0,08 0,07 0,08 0,03 0,07 

17. 0,11 0,14 0,14 0,11 0,13 

19. 0,16 0,31 0,05 0,04 0,05 

21. 0,00 0,12 0,08 0,02 0,04 

23. 0,26 0,18 0,16 0,12 0,07 

25. 0,21 0,06 0,11 0,36 0,58 

Table 7-24: Output current harmonics during steady-state operation at different active power 
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Figure 7-45: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different reactive power 
 
Comment: 
 
During variation of the reactive power, the harmonics vary less than during variation of 
fundamental voltage component. The highest harmonics are the 7th, 9th, 11th 19th, 25th 29th. 
The harmonics from 25th and higher are higher than the lower ones since they are not 
compensated by the control algorithm.  
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7.4.1.3 Steady state – variation of voltage harmonics: STATCOM (EMT) 

 

 
Figure 7-46: Range of current and voltage harmonics amplitudes during network voltage distortion 
defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase angles 
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Figure 7-47: Range of the phase angle between individual harmonic voltage and current; random 

phase angle of voltage harmonics 
 
Comment: 
 
The test with the variable phase angle of the voltage harmonics shows large impact on the 
amplitude range of the current harmonics which vary also for the components that are 
compensated by the harmonic compensation control algorithm.  
 
Based on the results we can conclude, that the model of the STATCOM is relatively sensitive to 
harmonics in the grid. Further improvement of the harmonic elimination should be adopted for the 
systems, operating under heavy harmonic distortion conditions. 
The 3rd harmonic component shows the highest level of sensitivity, which is because the harmonic 
controller for the 3rd harmonic component is not enabled in the particular EMT model of the 
STATCOM.  
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 Transient scenarios 7.4.2

7.4.2.1 Transient - voltage variation: STATCOM (EMT) 

 
Figure 7-48: Variation of the STATCOM power and current during step-changes of the voltage at 

the PCC  
 

 
Figure 7-49: Current and voltage waveforms (envelope) during voltage step-change  
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Comment: 
 
The performance of the STATCOM controller during transient conditions (voltage step-changes) 
shows fast response of the current, which enables constant output reactive power of the device. 
The current responds with the slight overshoot (second-order response) and reaches steady state 
in less than 100 ms. 
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7.4.2.2 Transient – frequency variation: STATCOM (EMT) 

 

 
Figure 7-50: Variation of the STATCOM power, current and voltage at PCC during changes of the 

grid frequency 
 
Comment: 
 
The testing results show that the converter of the STATCOM does not respond to the frequency 
variation in the grid voltage, which proves the robustness of the control system. 
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7.4.2.3 Transient – symmetrical voltage dip: STATCOM (EMT) 

 
Figure 7-51: Power and RMS current and voltage of the STATCOM at the PCC during symmetrical 

voltage dip 
 

 
Figure 7-52  : Instantaneous waveforms of the current and voltage of the STATCOM at the PCC 

during symmetrical voltage dip 
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Comment: 
 
Symmetrical voltage dip causes the increase of the STATCOM current to maintain the reference 
reactive power at the output connection to the grid. Due to the active current limiter, the current is 
limited to approx. 1.1 pu which is the reason for the decrease of the output reactive power.  
As the grid voltage recovers the output reactive power increases and with some overshoot it 
reaches the reference value.   
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7.4.2.4 Transient – unsymmetrical voltage dip: STATCOM (EMT) 

 

 
Figure 7-53: Power and RMS current and voltage of the STATCOM at the PCC during unsymmetrical 

voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-54: Instantaneous waveforms of the current and voltage of the STATCOM at the PCC 

during unsymmetrical voltage dip 
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Comment: 
 
During unsymmetrical voltage dip, the current in all three phases for a short period of time 
increases above the value 1pu, but it slowly reduces due to the current limiter function. The 
limitation function apparently reacts much slower than in case with the symmetrical voltage dip. 
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 Frequency Impedance scanning – STATCOM 7.4.3
Scanning of the Norton equivalent circuit was performed for different operating points. First, the 
scan was performed at a constant active power of the STATCOM (0.5 pu or 25 MW) and variable 
voltage amplitude at PCC (from 0.9 pu to 1.1 pu), which is within the normal operation conditions. 
 
The second scan was performed at constant voltage at PCC (1 pu) and variable power of the 
STATCOM (-1 pu to 1 pu, which is -50 MW to 50 MW). 
 
Figures show characteristics for the positive and negative sequence with different colour while the 
same characteristic at different operating points with the same colour. 

 
Figure 7-55: STATCOM Norton equivalent - Frequency-dependent impedance (amplitude) and 

current source (amplitudes) for operating points at the constant active power of the STATCOM (25 
MW) and variable voltage at the PCC (0.9 pu to 1.1 pu) 
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Figure 7-56: STATCOM Norton equivalent - Frequency-dependent impedance (amplitude) and 

current source (amplitudes) for operating points at variable active power of the STATCOM (-1 pu to 
1 pu;  -50 MW to 50 MW) and constant voltage at the PCC (1 pu) 

 
Comment:  
 
The frequency scan of the STATCOM model shows impressive characteristics of the current 
injections which are low for all compensated harmonic components. The impedance characteristic 
of the model shows low spike values of admittances for the controlled harmonic components which 
indicates that the model is not susceptible to voltage harmonic that come from the network.    
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7.5 Photovoltaics and battery storage converters 
 
The converters which are used for the Photovoltaics (PV) or battery storage (BS) have similar 
power ranges or topology therefore the analysis is provided only for both devices with a single 
model.  
The PV and the battery converters operate at different power levels. The active power is with the 
PV defined by the maximum power production of the solar panels while with the batteries, the 
maximum power is defined by the ratings of the battery or the maximal demand of the power from 
the battery. Both converters can produce the reactive power, for example to meet the network grid 
condes by means of voltage support during low voltage conditions. For the testing scenarios, the 
reactive power of the converter was controlled to zero while the active power follows the reference 
value. 
 
 

PV/BS 
 

 

Converter topology 2-level converter with input LCL 
filter (see Table 4-7) 

Main controls of the converter:  
Active power control Enabled  
Reactive power control Enabled (reference = 0 Mvar) 
Control parameters Table 4-7 
Other parameters of the testing system:  
Simple grid model  
Grid voltage 35 kV 
Short-circuit power of the 35 kV grid 3000 MVA 

Table 7-25: Parameters and basic control algorithms used for PV/Battery converter model testing 
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 Steady state scenarios  7.5.1

 

7.5.1.1 Steady-state – variation of the network voltage: PV/Battery converter (EMT) 

 
 URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

U=0.9 31,50 <0,001 90,00 5,88 0,045 89,19 0,32 0,03 
U=0.95 33,25 <0,001 95,00 5,57 0,052 84,38 0,32 0,03 
U=1.0 35,00 <0,001 100,00 5,29 0,060 80,08 0,32 0,03 
U=1.05 36,75 <0,001 105,00 5,04 0,069 76,25 0,32 0,03 
U=1.1 38,50 <0,001 110,00 4,81 0,078 72,72 0,32 0,03 
Table 7-26: Voltages, currents and power during steady-state operation at different network 

voltage levels 
 

Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih 
[%] 

1. 89,19 84,38 80,08 76,25 72,72 
2. 0,43 0,54 0,13 0,10 0,16 
3. 0,14 0,01 0,06 0,05 0,04 
4. 0,15 0,21 0,05 0,05 0,04 
5. 0,24 0,19 0,18 0,23 0,24 
7. 0,06 0,02 0,02 0,02 0,04 
11. 0,02 0,05 0,03 0,01 0,00 
13. 0,03 0,05 0,03 0,02 0,02 
17 0,03 0,04 0,02 0,01 0,02 
19 0,01 0,03 0,01 0,00 0,01 
23 0,02 0,04 0,00 0,00 0,01 
25 0,03 0,02 0,01 0,01 0,00 

Table 7-27: Output current harmonics during steady-state operation at different network voltage 
levels 
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Figure 7-57: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
The harmonic current contribution of the PV/BS is relatively low for the particular short-circuit 
power of the network. For this reason, the influence on the voltage harmonics is negligible. The 
highest harmonic current components are evident with the harmonics around the switching 
frequency, especially the 58th, 62nd, 56th. From the lower harmonics, the highest amplitude is 
evident with the 2nd and 5th harmonic. Especially the 5th shows the highest minimum value.   
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7.5.1.2 Steady-state – variation of the power: PV/Battery converter (EMT) 

 
Pref URMS  

[kV] 
UTHD U1  

[%] 
IRMS  
[A] 

ITHD I1  [%] P  
[MW] 

Q 
[MVAr] 

P = 1.0 pu 35,00 0,000 100,00 6,60 0,049 99,98 -0,40 0,04 
P = 0.5 pu 35,00 0,000 100,00 3,31 0,098 49,64 -0,20 0,02 
P = 0 pu 35,00 0,000 100,00 0,36 1,902 2,44 0,00 0,01 
P = -0.5 pu 35,00 0,000 100,00 3,32 0,096 50,04 0,20 0,02 
P = -1 pu 35,00 0,000 100,00 6,62 0,048 100,30 0,40 0,04 
Table 7-28: Voltages, currents and power during steady-state operation at different active power 

 
 

Harmonic 
order 

Harmonic current 

P = 1.0 pu P = 0.5 
pu 

P = 0.0 
pu 

P = -0.5 
pu 

P = -1.0 
pu 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 99,98 49,64 2,44 50,04 100,30 
2. 0,12 0,05 0,14 0,34 0,27 
3. 0,05 0,40 0,13 0,05 0,27 
5. 0,04 0,31 0,07 0,14 0,08 
7. 0,47 0,63 0,16 0,25 0,21 
11. 0,06 0,18 0,08 0,09 0,05 
13. 0,00 0,07 0,04 0,04 0,02 
17 0,01 0,08 0,06 0,03 0,03 
19 0,02 0,04 0,01 0,03 0,01 
23 0,01 0,05 0,03 0,03 0,02 
25 0,00 0,04 0,05 0,01 0,01 

Table 7-29: Output current harmonics during steady-state operation at different active power 
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Figure 7-58: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different active power 
 
Comment: 
Similarly as in the previous case, the highest current amplitudes are the ones around the switching 
frequency (sideband harmonics, 58th, 56th and 62nd). In the region of lower harmonics, the highest 
amplitudes are evident with the 5th harmonic. 
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7.5.1.3 Steady state – variation of voltage harmonics: PV/Battery converter (EMT) 

 

 
Figure 7-59: Range of current and voltage harmonics amplitudes during network voltage distortion 
defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase angles 
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Figure 7-60: Range of the phase angle between individual harmonic voltage and current; random 

phase angle of voltage harmonics 
 
Comment: 
 
The results of the simulations of the susceptibility of the device to voltage harmonics shows that 
the device absorb the highest amount of current harmonics for the 5th harmonic component which 
is up to 4 times higher than in case without injected voltage harmonics. The level of harmonics is 
high as well for the 7th and the 2nd harmonic components. The amplitudes of the harmonic currents 
around the switching frequencies do not deviate from the values of the previous test cases.   
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 Transient scenarios 7.5.2

7.5.2.1 Transient - voltage variation: PV/Battery converter (EMT) 

 
 

 
Figure 7-61: Variation of the PV/Battery converter power and current during step-changes of the 

voltage at the PCC  
 

 
Figure 7-62: Current and voltage waveforms (envelope) during voltage step-change  
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Comment: 
 
The PV/Battery converter handles well the variation of the voltage at the PCC. The current 
responds relatively quickly with an overshot of approx. 5%. The steady state is reached practically 
in a couple of fundamental frequency periods. 
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7.5.2.2 Transient – frequency variation: PV/Battery converter (EMT) 

 

 
Figure 7-63: Variation of the power, current and voltage at PCC during changes of the grid 

frequency 
 
Comment: 
 
The testing results show that the PV / Battery converter does not respond to the frequency 
variation in the grid voltage, which proves the robustness of the control system. 
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7.5.2.3 Transient – symmetrical voltage dip: PV/Battery (EMT) 

 
Figure 7-64: Power and RMS current and voltage of the PV/Battery converter at the PCC during 

symmetrical voltage dip 
 

 
Figure 7-65: Instantaneous waveforms of the current and voltage of the PV/Battery converter at 

the PCC during symmetrical voltage dip 
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Comment: 
 
During the symmetrical voltage dip, the reactive power controller increases the reference for the 
output current. As the current crosses the limitations of the current limitation function, it starts to 
decrease to reach the limit value. The fluctuation of the current during limitation is the effect of the 
dynamics of the individual controllers. 
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7.5.2.4 Transient – unsymmetrical voltage dip: PV/Battery converter (EMT) 

 
Figure 7-66: Power and RMS current and voltage of the PV/Battery converter at the PCC during 

unsymmetrical voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-67: Instantaneous waveforms of the current and voltage of the PV/Battery converter at 

the PCC during unsymmetrical voltage dip 
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Comment: 
 
The unsymmetrical dip influences the current transient much less than in the case of the 
symmetrical dip. During the dip, the current increases especially in the first phase (due to Yy 
winding of the transformer). The current limiter decreases fast rising current to the maximal value. 
As the voltage recovers, the current reaches the steady state at the reference value of the power. 
Variation of the current amplitude during voltage dip is caused by dynamics of the current limiter in 
combination with the main current controller. 
  



REPORT 
 
 

Page 222 of 323 

 

 Frequency Impedance scanning – PV/BS 7.5.3
 
Scanning of the Norton equivalent circuit was performed for different operating points. First, the 
scan was performed at constant active power of the PV/BS (0.8 pu, 0.32 MW) and variable voltage 
amplitude at PCC (from 0.9 pu to 1.1 pu), which is within the normal operation conditions. 
 
The second scan was performed at the constant voltage at PCC (1 pu) and variable power of the 
PV/BS (0 to 1 pu, which is 0 MW to 0.4 MW). 
 
Figures show characteristics for the positive and negative sequence with different colour while the 
same characteristic at different operating points with the same colour. 
 
 

 

 
 
 

Figure 7-68: PV/Battery Norton equivalent - Frequency-dependent impedance (amplitude) and 
current source (amplitudes) for operating points at constant active power of the converter ( 0.8 pu, 

0.32 MW) and variable voltage at the PCC (0.9 pu to 1.1 pu) 
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Figure 7-69: PV/Battery Norton equivalent - Frequency-dependent impedance (amplitude) and 

current source (amplitudes) for operating points at variable active power of the STATCOM (0 pu to 
1 pu; 0 MW to 0.4 MW) and constant voltage at the PCC (1 pu) 

 
Comment:  
 
As it can be seen from the Figure 7-68 and Figure 7-69 the most evident harmonic current 
injections are the ones around the switching frequency (around 3kHz). The most constant 
harmonic component in the lower harmonic region is the 5th (negative sequence). Around 1000 Hz 
there are also some harmonic components that stand out from the average, the 900 Hz and 1100 
Hz component.  
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7.6 SVC 
 
The SVC is a device that generates variable amount of reactive power. During the test scenarios, 
the SVC operates in two modes; variable reference reactive power at constant PCC voltage and 
constant firing angle during PCC voltage variation. The analysis of operation at constant firing 
angle was preferred over the constant reactive power generation (as it as the case with the 
previous PE devices). Operating at constant firing angle enables us to perform the analysis of the 
pure PCC voltage influence on the current harmonics. Tracking the constant reactive power would 
significantly change the harmonics due to the change of firing angle which deterministically defines 
the TCR’s current injections.   
 
Due to SVC’s unsymmetrical range in capacitive and inductive reactive power is the nominal power 
given for both power characters at the nominal voltage at the PCC. 
The TCR, which is the controllable element of the SVC, and the filter capacitors are connected to 
the 20 kV network level. The step-up transformer connects the device to the high voltage network, 
which is 400 kV. 
Beside the TCR, there are two filter capacitors with resonant frequency tuned to around 3rd and 4th 
harmonic component to compensate the harmonics produced by the TCR. 
 
 

SVC 
 

(See  Table 4-1) 

SVC topology TCR + HF (3.h) + HF (4.h) 
 

Nominal power -40 Mvar (C) and +70 Mvar(L) 
40 Mvar = 1 pu * 

Nominal voltage 20 kV 
Main active controls of the SVC/TCR:  
Reactive power reference control Enabled 
Simple grid model  
Grid voltage 400 kV 
Short-circuit power of the 400 kV grid 20000 MVA 
Step-up transformer 400 kV/ 20 kV 
* due to unsymmetrical range of capacitive and inductive power and highly voltage-
dependent output power of the SVC is the base value for the per-unit power used from the 
lower range – approx. 40 Mvar 

Table 7-30: Parameters and basic control algorithms used for SVC model testing 
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 Steady state scenarios  7.6.1

 

7.6.1.1 Steady-state – variation of the network voltage (constant firing angle): SVC 
(EMT) 

 
 URMS  

[kV] 
UTHD U1  [%] IRMS  [A] ITHD I1  

[%] 
P [MW] Q [MVAr] 

U=0.9 358,82 0,001 89,71 84,24 0,013 83,37 3,32 52,24 
U=0.95 378,76 0,001 94,69 88,92 0,013 88,00 3,70 58,21 
U=1.0 398,69 0,001 99,67 93,60 0,013 92,63 4,10 64,50 
U=1.05 418,63 0,001 104,66 98,28 0,013 97,26 4,52 71,11 
U=1.1 438,56 0,001 109,64 102,96 0,013 101,89 4,96 78,04 

Table 7-31: Voltages, currents and power during steady-state operation at different network 
voltage levels (constant firing angle) 

 
Harmonic 
order 

Harmonic current 

U=0.9 U=0.95 U=1.0 U=1.05 U=1.1 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 83,37 88,00 92,63 97,26 101,89 
2. 0,00 0,00 0,00 0,00 0,00 
3. 0,00 0,00 0,00 0,00 0,00 
4. 0,00 0,00 0,00 0,00 0,00 
5. 0,67 0,70 0,74 0,78 0,82 
7. 0,58 0,61 0,64 0,67 0,70 
11. 0,00 0,00 0,00 0,00 0,00 
13. 0,38 0,41 0,43 0,45 0,47 
17 0,32 0,34 0,36 0,38 0,40 
19 0,00 0,00 0,00 0,00 0,00 
23 0,24 0,25 0,27 0,28 0,29 
25 0,21 0,22 0,23 0,25 0,26 

Table 7-32: Output current harmonics during steady-state operation at different network voltage 
levels 



REPORT 
 
 

Page 226 of 323 

 

 
Figure 7-70: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different network voltage levels 
 
Comment: 
 
Due to the specific type of harmonic current injections of the SVC (deterministic injections at a 
specific firing angle of the TCR) is the SVC variation of the harmonics verified at constant firing 
angle, which means constant current harmonic injections. Nevertheless, the variation of the 
fundamental harmonic voltage influences the amplitudes of entire 6n±1 harmonic range for the 
same factor.   
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7.6.1.2 Steady-state – variation of the power: SVC (EMT) 

 
Qref URMS  

[kV] 
UTHD U1  [%] IRMS  

[A] 
ITHD I1  [%] P  

[MW] 
Q 
[MVAr] 

Q = -40 Mvar(C) 400,8 0,000 100,20 57,66 0,029 57,04 0,94 -40,00 
Q = -20 Mvar(C) 400,4 0,001 100,10 28,95 0,081 28,56 0,64 -20,00 
Q = 0 pu 400,0 0,001 100,00 2,21 1,984 0,99 0,71 0,00 
Q = 20 Mvar(L) 399,6 0,001 99,90 29,16 0,122 28,65 1,15 19,99 
Q = 40 Mvar(L) 399,1 0,001 99,80 58,08 0,068 57,35 2,15 40,00 
Table 7-33: Voltages, currents and power during steady-state operation at different active power 
 
 

Harmonic 
order 

Harmonic current 

Q= -40 Mvar  
(C) 

Q= -20 Mvar  
(C) 

Q= -0 Mvar  Q= 20 Mvar  
(L) 

Q= 40 Mvar  
(L) 

Ih [%] Ih [%] Ih [%] Ih [%] Ih [%] 

1. 57,04 28,56 0,99 28,65 57,35 

2. 0,00 0,00 0,00 0,00 0,00 

3. 0,00 0,00 0,00 0,00 0,00 

5. 0,00 0,00 0,00 0,00 0,00 

7. 1,27 1,70 1,16 3,20 3,18 

11. 1,01 1,38 1,41 0,83 2,14 

13. 0,00 0,00 0,00 0,00 0,00 

17 0,08 0,54 0,02 0,83 0,50 

19 0,16 0,35 0,56 0,59 0,07 

23 0,00 0,00 0,00 0,00 0,00 

25 0,15 0,23 0,13 0,16 0,29 

Table 7-34: Output current harmonics during steady-state operation at different active power 
 



REPORT 
 
 

Page 228 of 323 

 

 
Figure 7-71: Range of the current harmonic amplitudes (blue) during steady-state operation at 

different active power 
 
Comment: 
 
During the test simulation the SVC controls the output reactive power to the reference value. With 
the different output power, the firing angle changes and redistributes the injected current 
harmonics of the TCR. Therefore the range of the harmonics is in the case with changing reference  
power (different firing angles of the TCR) much higher than in case with the changing voltage at 
constant firing angle.  



REPORT 
 
 

Page 229 of 323 

 

7.6.1.3 Steady state – variation of voltage harmonics: SVC (EMT) 

 

 
Figure 7-72: Range of the current and voltage harmonics amplitudes during network voltage 

distortion defined with maximal allowed (IEC) amplitudes of individual harmonic and random phase 
angles 
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Figure 7-73: Range of the phase angles between individual harmonic voltage and current; random 

phase angle of voltage harmonics 
 
Comment: 
 
Distortion of the network voltage influences the harmonics of the SVC. If the SVC operates at the 
constant firing angle, the passive elements (reactors of the TCR and filters) react to the voltage 
harmonics. The filters represent low impedance for the particular filtered frequency component 
therefore they can absorb relatively high amount of the particular component, which is seen as a 
flow of the 4th harmonic to the SVC. The 3rd harmonic has on the path from the network to the 
filters delta winding of the transformer which damp all symmetrical triple harmonics.  
 
The characteristic harmonics of the TCR are in comparison to the current harmonics caused by 
susceptibility to the voltage harmonics relatively low, which is evident when we compare the 
histograms from the previous simulation tests. The highest harmonics are the 5th and the 7th which 
are in all cases reaching up to approx. 3% and 2% of the nominal current respectively. The filters 
represent the highest susceptibility which increase harmonic flow from the grid into the SVC. This 
fact is evident by relatively high amplitude current / voltage ratio of the 4th harmonic component 
when compared to other voltage induced current component (non 6n±1).      
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 Transient scenarios 7.6.2

7.6.2.1 Transient - voltage variation: SVC (EMT) 

 
Figure 7-74: Variation of the SVC power and current during step-changes of the voltage at the PCC 

(reference reactive current is 30 Mvar) 

 
Figure 7-75: Current and voltage waveforms (envelope) during voltage step-change  
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Comment: 
 
The simulation results prove stable operation of the SVC during the voltage step-changes. Due to 
slower dynamics of the SVC, the variation of the reactive power transients is reaching fluctuations 
up to 10% of the rated power. The generation of the reactive power is stable after transients.  
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7.6.2.2 Transient – frequency variation: SVC (EMT) 

 

 
Figure 7-76: Variation of the SVC power, current and voltage at PCC during changes of the grid 

frequency 
 
Comment: 
 
The testing results show that the SVC does not respond to the frequency variation in the grid 
voltage, which proves the robustness of the control system. 
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7.6.2.3 Transient – symmetrical voltage dip: SVC (EMT) 

 
Figure 7-77: Power and RMS current and voltage of the SVC at the PCC during symmetrical voltage 

dip 

 
Figure 7-78: Instantaneous waveforms of the current and voltage of the SVC at the PCC during 

symmetrical voltage dip 
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Comment: 
 
During the symmetrical fault the current of the SVC changes in a specific way which is different as 
with other converters. The SVC is based on passive elements which cannot generate high current 
at low voltage. The overcurrent can occur only during overvoltage conditions. As it is shown from 
the simulation results, the voltage dip causes excessive unsymmetrical current which is damped.  
After the voltage recovery, the current reaches higher values than the reference value, which is 
due to the dynamics of the controller itself. 
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7.6.2.4 Transient – unsymmetrical voltage dip: SVC (EMT) 

 

 
Figure 7-79: Power and RMS current and voltage of the SVC at the PCC during unsymmetrical 

voltage dip (RMS voltages of the positive sequence components) 
 

 
Figure 7-80: Instantaneous waveforms of the current and voltage of the SVC at the PCC during 

unsymmetrical voltage dip 



REPORT 
 
 

Page 237 of 323 

 

 
Comment: 
 
A voltage dip in a single phase at the 400 kV network causes unsymmetrical dip in all three phases 
at the secondary side of the Yd connected transformer. Consequently, the current is affected for all 
three phases. Since the dip at the MV side are not so deep as in case with the symmetrical dip, the 
current also does not reaches such transient behaviour. Nevertheless, there are additional 
harmonic component caused by filter transient currents, but are damped. 
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 Frequency Impedance scanning – SVC 7.6.3
Scanning of the Norton equivalent circuit was performed for different operating points. First, the 
scan was performed at constant firing angle of the TCR of the SVC (110°) and variable voltage 
amplitude at PCC (from 0.9 pu to 1.1 pu), which is within the normal operation conditions. The 
resultant power of the SVC is for these operation points between 18 and 28 Mvar inductive. 
 
The second scan was performed at constant voltage at PCC (1 pu) and variable power of the SVC 
between -40 Mvar (C) and +70 Mvar (L)). 
 
Figures show characteristics for the positive and negative sequence with different colour while the 
same characteristic at different operating points with the same colour. 
 

 
Figure 7-81: SVC Norton equivalent - Frequency-dependent impedance (amplitude) and current 

source (amplitudes) for operating points at constant firing angle (110°) and variable voltage at the 
400 kV PCC (0.9 pu to 1.1 pu) 
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Figure 7-82: SVC Norton equivalent - Frequency-dependent impedance (amplitude) and current 
source (amplitudes) for operating points at variable firing angle (reactive power) of the SVC (90° 

to 180°, or approx. 65 Mvar to -43 Mvar) and constant voltage at the 400 kV PCC (1 pu) 
 
Comment:  
 
The SVC is in comparison to other in PE devices, analysed within this document, the devices, that 
generates reactive power based on the passive elements (capacitors) and controlled passive 
elements (TCR). This gives a special character to the impedance characteristic. In the two extreme 
operating points (when TCR fully conducts the sinusoidal current and when it is fully closed) there 
is no source of harmonic current and the impedance is fully passive. 
As the firing angle changes, the nonlinear characteristic generates current harmonics as described 
in the chapter 2.1.  
 
The impedance of the Norton equivalent describes the influence of the variable impedance of the 
TCR influencing the characteristic below resonances of the first harmonic filter, while in range of 
higher frequencies, the impedance is mostly defined by the two passive harmonic filters. 
 
During constant voltage conditions and variable power, the operating point of the TCR changes. 
TCR fires with different firing angles, which exactly defines the harmonic current contribution of the 
TCR. These current components represent constant current injections therefore are considered in 
the Norton current source. The passive components, harmonic filters, have no active current 
contribution therefore they are considered in the Norton admittance. 
 
Operating at different power means operating at different firing angles which causes injection of 
different amplitudes of the harmonic current. On the other hand, operating at constant power and 
different voltage again means that due to changing of the voltage-dependent power of the passive 
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filters, the TCR needs to change the operating point to compensate the power variation, which 
means that TCR changes the firing angle and consequently the current injection variates.   
The harmonic current injection would remain the same in case when operating at the constant 
firing angle (at different voltage at PCC).  
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8 APPENDIX II: Verification of the EMT models 
(WTG T4) 

 
Within this chapter we will present the simulations results that were obtained by the EMT models of 
the WTG T4. The models are provided by different manufacturers and are due to the intellectual 
property rights not available for detailed investigation of the control algorithms, topologies and 
other details.  
Usually, the so called “black-box” models offer the basic parametrization of the control algorithms 
as: reference variation, selection of control mode, and similar ones. 
 
The black-box models were tested for the same simulation scenarios as the other WTG T4 EMT 
models in order to verify the operation principles, harmonic emissions and dynamics of the WTG T4 
model developed within this project. We do not expect that the operation of all WTG T4 models will 
be the same, which is due to possible differences in the control approaches, topologies, modulation 
techniques and other important electrical or control elements of the individual device. From the 
electrical point of view, we also did not take into consideration possible mechanical differences of 
the of the wind turbines, which for the particular steady-state simulations and short transient tests 
do not show the important influence.   
 

8.1 Simulation results with WTG T4 model of manufacturer A, B, C and M 
(Migrate).  

Simulation results will present the results of the steady-state and dynamic simulation. To show the 
comparison of the two devices, the results are presented in parallel while due to different ratings 
and nominal parameters (different nominal power) the per-unit system was utilized. The model M 
represent the model developed for the Migrate project, which was described in chapter 4.1.3 and 
simulated in 7.1. The model A, B and C are the available black-box models, whose available data 
are presented in the Table 8-1. 
 

WTG T4 Model A Model B Model C 

    

Nominal output power (MVA) 3.65 2.77 6.0 
Nominal active power (MW) 3.05 2.5 / 

Nominal reactive power (Mvar) +-2 +- 1.2 / 

Nominal voltage 0.69 kV 0.69 kV 0.69 kV 

B2B converter topology 2- level 2- level 2- level 

Modulation techniques PWM PWM PWM 
Table 8-1: Parameters of different WTG black-box models 
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 Steady state scenarios  8.1.1

8.1.1.1 Steady-state – variation of the network voltage: WTG T4 (A / B) 

 Model A Model B 
 ITHD I1  

[%] 

P [pu] Q [pu] ITHD I1  

[%] 

P [pu] Q [pu] 

U= 0.92 pu 0,005 87,29 0,80 -0,05 0,000 91,98 0,80 0,00 
U= 0.95 pu 0,005 84,42 0,80 -0,05 0,001 84,14 0,80 0,00 
U = 1.0 pu 0,005 79,96 0,80 -0,04 0,001 79,94 0,80 0,00 
U= 1.05 pu 0,011 75,93 0,80 -0,04 0,001 76,14 0,80 0,00 
U= 1.08 pu 0,010 73,72 0,80 -0,04 0,002 74,03 0,80 0,00 

 

 Model C Migrate model M 
 ITHD I1  

[%] 

P [pu] Q [pu] ITHD I1  

[%] 

P [pu] Q [pu] 

U= 0.92 pu* 0,004 85,78 0,78 -0,06 0,005 88,86 0,80 -0,04 
U= 0.95 pu 0,004 82,99 0,78 -0,06 0,006 84,25 0,80 -0,03 
U = 1.0 pu 0,005 78,81 0,78 -0,05 0,005 80,05 0,80 -0,03 
U= 1.05 pu 0,007 73,77 0,77 -0,03 0,006 76,24 0,80 -0,02 
U= 1.08 pu* 0,008 72,16 0,78 -0,03 0,017 72,91 0,80 -0,02 

Table 8-2: Voltages, currents and power during steady-state operation at different network voltage 
levels (* Model M is for steady state analyses tested at voltage 0.9 pu and 1.1 pu) 

 

a) Model A b) Model B 

  
c) Model C d) Model M 
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Figure 8-1: Range of the current harmonic amplitudes (blue) during steady-state operation at 
different network voltage levels 

8.1.1.2 Steady-state – variation of the power: WTG T4 (EMT) 

 
 

 Manufacturer A Manufacturer B 
 ITHD I1  [%] P [pu] Q [pu] ITHD I1  [%] P [pu] Q [pu] 
P=0 pu 0,127 3,62 0,00 -0,04 0,006 10,45 -0,10 -0,03 
P=0.5 pu 0,007 50,04 -0,50 0,01 0,001 50,13 -0,50 -0,02 
P=1 pu 0,005 100,99 -1,01 0,07 0,001 99,51 -0,99 0,02 

 

 Manufacturer C Migrate 
 ITHD I1  [%] P [pu] Q [pu] ITHD I1  [%] P [pu] Q [pu] 

P=0 pu 0,254 2,10 -0,01 0,02 0,71 0,77 -0,01 0,01 
P=0.5 pu 0,011 48,93 0,48 -0,01 0,01 48,40 0,49 0,01 
P=1 pu 0,004 98,75 0,98 -0,08 0,01 100,34 1,00 -0,04 

Table 8-3: Voltages, currents and power during steady-state operation at different active power 
 

a) Model A b) Model B 

  
c) Model C d) Model M 
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Figure 8-2: Range of the current harmonic amplitudes (blue) during steady-state operation at 
different active power 

 
 
 
Comment: 
 
The steady state results for the variable voltage conditions show that all the models are capable of 
tracking the reference active power within the voltage range 0.92 pu to 1.08 pu. The test with 
0.9 pu and 1.1 pu voltage range is performed only for the migrate model M, since we are sure that 
the model will not trigger any protection control schemes when the voltage drops or raises to the 
1±0.1 pu. For some of the other models (e.g. model A) it has been identified that dropping the 
PCC voltage to 0.9 pu causes change of the dynamic performance compared to the same transient 
but at the voltage 0.92 pu. 
The steady state conditions show that the reactive power is more or less controlled to the value 
which is within range of 6% of the nominal power. The resultant reactive power, which has 
inductive character, can be caused by the reactive power consumption of the coupling transformer 
of the WTG if the reactive power is controlled to zero at the secondary transformer side. 
The THD is a function of the amplitude of higher harmonic components and the fundamental 
component. The THD is the highest during low power conditions. Under normal operating 
conditions (at the active power 0.8 pu and more) the THD reaches values up to 2% (model M), but 
usually around 1% or less. The THD is the lowest with the model B. 
The harmonic analysis of the output current gives much more detailed insight of the operation of 
the device. It can be seen that the model A and C have similar arrangement of the current 
harmonics. The harmonics which stand out are the 5th, 7th 11th and 13th and all other 6n±1 ones. 
The model A does not show the switching frequency within the spectrum up to 50th harmonic. The 
model C shows higher harmonics for at 46th and 48th harmonics, which represent harmonics caused 
by the switching frequency around 47th. 
The switching harmonics are identified also with the model M. The side harmonics are present for 
the 46th and 44th on the lower side and 50th and possibly the 52nd, which defines the switching 
frequency at 48th harmonic. The model M shows lower distortion at harmonics from 20th to 45th 
while the 5th harmonic reaches the highest value of all the models. The 11th and the 13th are the 
biggest with the model A. 
The model B has special harmonic spectrum, which could be due to slow dynamics, special control 
characteristics, large filters etc.  
When comparing the harmonic range during the voltage variation or power variation, we can 
conclude that based on the model B, power variations influence harmonics much more than voltage 
variations. This, however, we cannot say for other models M, A and C. The harmonic contribution is 
highly dependent on the topology of the converter, output filters and specifically the control 
algorithm, which is for the black-box models unknown. 
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 Transient scenarios 8.1.2

8.1.2.1 Dynamics – voltage variation: 

 

 
 

Figure 8-3: Dynamics of different WTG T4 models during ac voltage amplitude variation  
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Comment: 
 
Model A:  
The dynamics of the model A have shown fast response of the current to the voltage changes in 
order to provide the constant active power. The current response is immediate (up to 20 ms). 
There is slightly longer settling time, defined with the damping of the fluctuation around reference 
value. The settling time takes approx. 1 s.  
The simulation results have shown that by lowering the network voltage to 0.9 pu the controller 
changes dynamics, which is happening due to unknown control approach. To test the normal 
operation conditions during the voltage drops, the model A was tested for lower variation, i.e. 
±8 %. 
After the voltage step of 8 %, the current reaches reference value with high dynamics and the 
damping of the oscillations defines the settling time to approx. 0.5 s. The same fluctuation can be 
observed with the active power whose overshot reaches approx. 3 % of the nominal value. The 
variation of the reactive power is in range of 2 % and is much slower controlled to steady state 
point. 
Overall, the model A has much higher dynamics of the control algorithm than the migrate model M. 
Also the influence on the transient values of the reactive power is lower as with the model M.  
 
Model B: 
The dynamics of the model B are much slower. The increase of the voltage with model B causes 
transient of active power which takes approx. 0.5 s. In addition to that, during high voltage the 
controller increases the generation of the inductive reactive power which helps to reduce the 
voltage at the PCC. The reactive power increases to high reactive power (0.96 puQ = 2.9 Mvar) 
while the active power remains the same after a transient overshoot of approx. 5 % of the rated 
power. During the transient, the reactive power is limited by the maximal available current 
(defined by nominal apparent power of the WTG, which is 3.6 MW). 
As the voltage drops back to 1 pu, the reactive power changes character to the capacitive, to 0.7 
pu. Additional decrease of the voltage forces the generation of the capacitive power, while after the 
voltage settles back at the U = 1 pu, the reactive power is controlled back to zero with a transient 
which takes approx. 6 s. 
 
Model C: 
Variation of the network voltage (±10 %) with the model C shows high response of the current, 
which reaches the reference value in very short period of time, within a single fundamental 
frequency period. The current overshoot is in range of 5 %, and the settling time much shorter 
than with the model A. The reactive power is not controlled to zero, but it varies with the variable 
voltage at the PCC. During high voltage conditions the reactive power reaches 0.13 pu (the 
inductive power) which helps to reduce the voltage at the PCC.  
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Model M: 
 
Model M, which is used with this project shows slower dynamics than the A and C model, but much 
faster than the B model. The variation of the reactive power during transients is in range of 10 % 
but is controlled back to zero after a transient (after approx. 250 ms). There is no additional 
generation of the reactive power during low and high voltage conditions. 
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8.1.2.2 Dynamics – frequency variation: 

 
Figure 8-4: Dynamics of different WTG T4 models during ac voltage frequency variation 
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Comment: 
 
During frequency variation all models behave differently, but in the steady state, all are able to 
generate the desired reference active power. 
 
Model A: 
The active power of the model A is successfully controlled to the constant value during frequency 
variations. The reactive power does changes for a 1% of the nominal power, but this change is 
negligible. 
 
Model B: 
With the model B, during the transition of the frequency, the active power is increased/reduced for 
less than 0.5 %. The maximal overshot of the reactive power during frequency variation is within 
5 %. However, in the steady state, the reactive power is controlled to zero. 
 
Model C: 
The Model C controls the active and reactive power without noticeable transients during frequency 
variation.  
 
Model M: 
The model M does successfully controls both power components to constant values also during the 
frequency variation. 
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8.1.2.3 Dynamics – Symmetrical voltage dip 

 

 
Figure 8-5: Dynamics of different WTG T4 models symmetrical voltage dip 
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Comment: 
 
Model A 
During the voltage dip, the current is instantaneously reduced to zero, which means that also the 
active and reactive power are zero. The converter apparently stops triggering and the control 
freezes. The operation of the converter is enabled as the voltage reaches normal operation range, 
which is around 0.9 pu, and the active power starts to increase linearly back to the set-point – 
0.8 pu with the dynamics 2.5 pu/s. 
 
Model B 
With the model B, the voltage dip causes high overcurrents reaching almost 2.5 pu. After being 
limited to 1 pu the voltage already reaches the nominal value back again, therefore the power is 
controlled back to 0.8 pu. During transient, the active power dropped to 0.1 pu for a short period 
of time, while the reactive power is slowly swinging around zero with a maximum value of approx. 
30 %. 
 
Model C 
The low voltage dip causes excessive current amplitudes in the first step after which the current is 
limited to 1 pu. Active power meanwhile decreases and reactive power increases for a sort time. 
The reactive power reduces with the same dynamics as the voltage increases while the active 
power increases much slower, approx. 0.2 pu/s. 
 
Model M 
The model M does not disable current generation during the low voltage conditions. The current is 
increased and decreased by the current limiter. Dynamically, it reacts similarly as the model C 
while keeping higher dynamics. The reference active power is reached in less than 0.5 s, but the 
settling time takes little bit longer, approx. 2 – 3 s. 
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8.1.2.4 Dynamics – Unsymmetrical voltage dip 

 
Figure 8-6: Dynamics of different WTG T4 models symmetrical voltage dip; due to unsymmetrical 

response, the three phase currents are shown for individual model separately 
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Comment 
 
Model A: 
Similarly as during the symmetrical voltage dip, the unsymmetrical dip causes that the model A 
disables the PWM and no current is generated at that time. As the voltage reaches back the 
minimal required voltage level, the current gradually increases to the reference value.  
 
Model B: 
The model B responds to the unsymmetrical dip with the sudden current increase in the two phases 
(L1 and L2). The current overshoot reaches 1.5 pu and is controlled to limit value 1 pu. As the 
voltage normalizes the current reaches the steady-state conditions in a period of approx. 400 ms.  
 
Model C: 
The model C shows unsymmetrical current loading. The peak value is reached in the phase L1, the 
one which is affected by the voltage dip. The transient is suppressed faster than with the 
symmetrical dip, 100 ms after the voltage restoration.   
 
Model M: 
The current response of the model M is during unsymmetrical voltage dip much more symmetrical 
than with other cases. The current overshot reaches only about 1.15 pu. The transient is 
suppressed approx. 150 ms after the voltage restauration. 
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9 APPENDIX III: Simulation results of average 
models 

 
The following sections show the simulations results of the dynamic simulations of the average 
models of PE devices. The results are referred in the section 5.4 where the detailed result review is 
examined. 

9.1 SVC 

 Dynamic simulation  9.1.1

9.1.1.1 Case 1: Step-changes of the voltage at the PCC (SVC) 

 
Figure 9-1: Variation of the SVC power, current and voltage at PCC during changes of the grid 

frequency 
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9.1.1.2 Case 2: Variation of the grid frequency  

 

 
Figure 9-2: Variation of the SVC power, current and voltage at PCC during changes of the grid 

frequency 
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9.2 Wind turbine generator Type 3 (WTG T3) 

 Dynamic simulation 9.2.1

9.2.1.1 Case 1: Step-changes of the voltage at the PCC 

 

 
Figure 9-3: Variation of the wind turbine generator type 3 power, current and voltage at PCC 

during changes of the grid frequency 
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9.2.1.2 Case 2: Variation of the grid frequency  

 

 
Figure 9-4: Variation of the wind turbine type 3 power, current and voltage at PCC during changes 

of the grid frequency 
 
 
 
 
 
 
 
  

0.9

1

1.1

V
ol

ta
ge

 (p
.u

.)

0.6

0.7

0.8

0.9

C
ur

re
nt

 (p
.u

.)

0.6

0.7

0.8

0.9

A
ct

iv
e 

po
w

er
 (p

.u
.)

-1

0

1

R
ea

ct
iv

e 

po
w

er
 (p

.u
.)

23 24 25 26 27 28 29 30 31 32 33

Time(s)

58

59

60

61

62

G
rid

 

fre
qu

en
cy

 (H
z)



REPORT 
 
 

Page 258 of 323 

 

9.3 Wind turbine generator Type 4 (WTG T4) 
Before the simulation results for the wind turbine generator type 4 are presented, section 9.3.1 
provides detailed information about the controller design. 

 Controller design 9.3.1

This section provides detailed information about the average model and controller design of the 
wind turbine generator type 4 as described in [105]. As outlined in section 4.2.3 the outer 
controller regulates either power or speed. 
Figure 9-5 illustrates the overall model consisting of the wind turbine, permanent magnet 
synchronous generator and power electronic converter with power control. 
 

 
Figure 9-5: Block diagram of wind energy conversion system 

 
The resulting block diagram for a power control loop is depicted in Figure 9-6 and in Figure 9-7 for 
a speed control loop. Both diagrams consist of the outer controller, power or speed, an 
electromagnetic stage consisting of the current vector optimizer, controller and torque generation 
and a mechanical stage including the turbine-rotor interaction process. 
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Figure 9-6: Block diagram of WECS with power control loop 

 

 
Figure 9-7: Block diagram of WECS with speed control loop 

  



REPORT 
 
 

Page 260 of 323 

 

 
1. Current Vector Optimizer, Controller and Torque Generation 
 
The current command synthesizer calculates the current vector references 𝑖𝑖sd,ref and 𝑖𝑖sq,ref based on 
the torque reference 𝑇𝑇e,ref in order to minimize the magnitude |𝑖𝑖s|. 

𝑖𝑖sd,ref =
−𝑇𝑇e,ref

3
2
𝑝𝑝
2 �𝜔𝜔sd − 𝜔𝜔sq�𝑖𝑖sq,ref 

+
Φm

𝜔𝜔sd − 𝜔𝜔sq
 (9.1) 

𝑖𝑖sq,ref
4 =

Φm𝑇𝑇e,ref

3
2
𝑝𝑝
2 �𝜔𝜔sd − 𝜔𝜔sq�

2 
𝑖𝑖sq,ref − �

𝑇𝑇e,ref
3
2
𝑝𝑝
2 �𝜔𝜔sd − 𝜔𝜔sq� 

�

2

= 0 
(9.2) 

Where 𝑝𝑝 is the number of poles of the generator, Φm is the amplitude of the magnetic flux linkage 
in the stator and 𝜔𝜔sd and 𝜔𝜔sq are the stator inductances. 
The modulating signals 𝑚𝑚d and 𝑚𝑚q are given by the current controller as 

𝑚𝑚d =
2
𝑣𝑣dc

�𝐺𝐺i,d(𝑠𝑠)�𝑖𝑖sd,ref − 𝑖𝑖sd� + 𝜔𝜔sq𝑖𝑖sq𝜔𝜔e� (9.3) 

and 

𝑚𝑚q =
2
𝑣𝑣dc

�𝐺𝐺i,q(𝑠𝑠)�𝑖𝑖sq,ref − 𝑖𝑖sq� + �Φm − 𝜔𝜔sd𝑖𝑖sd�𝜔𝜔e� (9.4) 

with 𝜔𝜔e  as the electrical angular velocity and 𝑣𝑣dc  as the DC voltage. 𝐺𝐺i,d(𝑠𝑠)  and 𝐺𝐺i,q(𝑠𝑠)  are PI 
compensators and 𝐺𝐺i,d(𝑠𝑠) is exemplary defined as 

𝐺𝐺i,d(𝑠𝑠) = 𝐾𝐾d,P +
𝐾𝐾d,I

𝑠𝑠  . (9.5) 

𝐾𝐾d,P and 𝐾𝐾d,I can adjust and determine the first-order response time constant 𝜏𝜏i = − 𝐿𝐿sq
𝐾𝐾q,P

 and have to 

fulfill the condition 𝐾𝐾d,I 
𝐾𝐾d,P

= 𝑅𝑅s
𝐿𝐿sd

 where 𝑅𝑅s is the resistance of the stator phase windings. 

The stator terminal voltages 𝑣𝑣sd and 𝑣𝑣sq can be obtained by 

𝑣𝑣sd = 𝜔𝜔sq𝑖𝑖sq𝜔𝜔e − 𝜔𝜔sd
d𝑖𝑖sd
d𝑡𝑡 − 𝑅𝑅s𝑖𝑖sd (9.6) 

and 

𝑣𝑣sq = �Φm − 𝜔𝜔sd𝑖𝑖sd�𝜔𝜔e − 𝜔𝜔sq
d𝑖𝑖sq
d𝑡𝑡 − 𝑅𝑅s𝑖𝑖sq (9.7) 

in the voltage sourced converter in 𝑏𝑏𝑑𝑑-frame. 
For the electrical stage of the PMSG the following conditions are relevant: 

𝑖𝑖sd = −
1

𝑅𝑅s + 𝑠𝑠𝜔𝜔sd
�𝑣𝑣sd − 𝜔𝜔sq𝑖𝑖sq𝜔𝜔e� (9.8) 
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𝑖𝑖sq = −
1

𝑅𝑅s + 𝑠𝑠𝜔𝜔sq
�𝑣𝑣sq − �Φm − 𝜔𝜔sd𝑖𝑖sd�𝜔𝜔e� 

(9.9) 

Finally the electromagnetic torque 𝑇𝑇e is given by 

𝑇𝑇e =
3
2
𝑝𝑝
2 �Φm𝑖𝑖sq − �𝜔𝜔sd − 𝜔𝜔sq�𝑖𝑖sd𝑖𝑖sq�. (9.10) 

2. Turbine-Rotor Interaction Process 
 
For the wind turbine the aerodynamic torque 𝑇𝑇tur of the turbine is given by 

𝑇𝑇tur =
1
2  𝜋𝜋𝜋𝜋𝑟𝑟3𝑉𝑉W2 𝐶𝐶T(𝜆𝜆) (9.11) 

with the tip speed ratio 

𝜆𝜆 =
2𝜔𝜔e𝑟𝑟
𝑝𝑝𝑉𝑉W

 . (9.12) 

Here, 𝜋𝜋 is the air density, 𝑟𝑟 is the blade length, 𝑉𝑉W is the wind velocity and 𝐶𝐶T(𝜆𝜆) is the torque 
coeffiecient. In Figure 9-8 the typical behaviour of the torque coefficient subject to the tip speed 
ratio 𝜆𝜆 is shown. 

 
Figure 9-8: Relation between tip speed ratio and torque coefficient 

 
The rotor and hence mechanical stage of the PMSG are being represented by 

𝐽𝐽
2
𝑝𝑝

d𝜔𝜔e
d𝑡𝑡  = 𝑇𝑇tur − 𝑇𝑇e  (9.13) 

while neglecting the damping torque due to mechanical friction. 𝐽𝐽 is the inertia of the rotating mass. 
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3. Outer Controller 
 
3.1 Power Control 
For the power controller the transfer function 𝐺𝐺P(𝑠𝑠) is 

𝐺𝐺P(𝑠𝑠) =
𝐾𝐾
𝑠𝑠

1 + 𝑠𝑠 𝜏𝜏le
1 + 𝑠𝑠 𝜏𝜏lg  . (9.14) 

In order to be able to perform pole-zero cancelation 𝜏𝜏le and 𝜏𝜏lg are introduced as 

𝜏𝜏le = 𝜏𝜏𝜔𝜔 (9.15) 

and 

𝜏𝜏lg = 𝜏𝜏z (9.16) 

with the lead time 𝜏𝜏z defined as 

𝜏𝜏z =
𝜏𝜏𝜔𝜔

1 − 𝑝𝑝𝜏𝜏𝜔𝜔𝑇𝑇e
2𝜔𝜔e𝐽𝐽

 
 (9.17) 

and the mechanical lag time constant 𝜏𝜏𝜔𝜔 defined as 

𝜏𝜏𝜔𝜔 = −

2𝐽𝐽
𝑝𝑝

𝑏𝑏2𝑉𝑉W + 𝑏𝑏3𝜔𝜔e − 𝐷𝐷 2
𝑝𝑝 

 . (9.18) 

Here 𝐽𝐽 is the wind turbine inertia, 𝐷𝐷 is the damping coefficient and 𝑏𝑏2 and 𝑏𝑏3 can be determined by 
a second-order polynomial of the 𝐶𝐶T-curve in a steady-state operating point. 
Furthermore 𝐾𝐾 determines the time constant of the closed loop 𝜏𝜏Pl: 

𝐾𝐾 = 1
𝜏𝜏Pl

𝑝𝑝
2𝜔𝜔e

𝜏𝜏z
𝜏𝜏𝜔𝜔

 . (9.19) 

 

(9.20) 

𝜏𝜏Pl needs to be set at a suitable value because it is inversely proportional to 𝐾𝐾. Although a larger 
value of 𝐾𝐾 will enhance dynamic power tracking it also leads to more stress for the generator shaft 
and the response sensitivity of 𝜔𝜔e is comparatively low. 
The reference power 𝑃𝑃e,ref can be calculated by using equation (9.21). 

𝑃𝑃e,ref =
1
2  𝜋𝜋𝜋𝜋𝑟𝑟2𝑉𝑉W3 𝐶𝐶P(𝜆𝜆) (9.21) 

3.2 Speed Control 
 
For the speed control loop the speed controller can be expressed as a PI compensator while the 
reference speed can be determined by 

𝜔𝜔e,ref = 𝑉𝑉W
𝜆𝜆𝑝𝑝
2𝑟𝑟 . (9.22) 
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 Dynamic simulation 9.3.2

The following sections represent the graphs of the simulation results which are referred in the 
section 5.4. The average models are tested for different transient simulations as well as for slow 
active power changes to represent variation of the solar radiation and wind speed.  

9.3.2.1 Case 1: Step-changes of the voltage at the PCC  

 

 
Figure 9-9: Variation of the power and current during step-changes of the voltage at the PCC 
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9.3.2.2 Case 2: Variation of the grid frequency  

 

 
Figure 9-10: Variation of the power, current and voltage at PCC during changes of the grid 

frequency 
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9.3.2.3 Case 3: Power fluctuation due to a change of wind speed 

 
Figure 9-11: Power fluctuation measured at the PCC during a change of wind 
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9.4 Two-Level VSC 
 

 Dynamic simulation 9.4.1

9.4.1.1 Case 1: Step-changes of the voltage at the PCC  

 
Figure 9-12: Voltage and current magnitude, active and reactive power of the PV/Battery converter 

at the PCC during step-changes of the voltage at the PCC 
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9.4.1.2 Case 2: Variation of the grid frequency  

 
Figure 9-13: Voltage and current magnitude, active and reactive power of the PV/Battery converter 

at the PCC during frequency variations at the PCC 
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9.4.1.3 Case 3: Power fluctuation due to a change of solar radiance 

  
Figure 9-14: Power fluctuation measured at the PCC during a change of solar irradiation. 
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9.5 HVDC 

 Dynamic simulation 9.5.1

9.5.1.1 Case 1: Step-changes of the voltage at the PCC 

 
Figure 9-15: Variation of the HVDC power and current during step-changes of the voltage at the 

PCC 
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9.5.1.2 Case 2: Variation of the grid frequency  

 
Figure 9-16: Variation of the HVDC power, current and voltage at PCC during changes of the grid 

frequency 
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9.6 STATCOM 

 Dynamic simulation 9.6.1

9.6.1.1 Case 1: Step-changes of the voltage at the PCC 

 
Figure 9-17: Variation of the STATCOM power and current during step-changes of the voltage at 

the PCC 
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9.6.1.2 Case 2: Variation of the grid frequency  

 
Figure 9-18: Variation of the STATCOM power, current and voltage at PCC during changes of the 

grid frequency 
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10 APPENDIX IV: HLF models for probabilistic 
harmonic propagation analysis 

 
 
  
For the purpose of evaluation of the methodology, probabilistic modelling approach was 
implemented on the simulation test system adopted is the NETS-NYPS network with 20 buses with 
DG connections added to the original system. It is a 230 kV transmission system which consists of 
68 buses, 16 synchronous generators, and 35 loads with different ratio of nonlinearity considered 
for different loads.  
 
Each harmonic current injection (magnitude and angle), for each phase, are varied randomly by 
sampling uniform distributions within given ranges using Monte Carlo (MC) simulations technique. 
The ranges are determined based on standards and documented harmonic performance of selected 
PE interfaced devices, distributed generators and loads. The number of simulation N is decided 
based on the required confidence level δ of that the error between the mean of the output and true 
samples 𝜀𝜀𝑋𝑋�𝑁𝑁 is below a certain value, assuming that the output sample is Gaussian distributed 

 

𝜀𝜀𝑋𝑋�𝑁𝑁 =
Φ−1(1 − 𝛿𝛿

2)�𝜎𝜎
2(𝑋𝑋𝑁𝑁)
𝑁𝑁

𝑋𝑋�𝑁𝑁
 (10.1) 

 
where Φ

−1
 the inverse Gaussian conditional probability distribution, δ is the desired confidence 

level. The output sample XNis with N samples, mean X�N P

 and variance σ2 . The variable εX�N is the 

sample mean error Gaussian distributed. 
 
Results in terms of hourly based THD values for the each system bus are for the purpose of better 
understanding presented by using the visual representation for the observed 68-bus test system 
(THD values of each bus is evaluated – Figure 10-1 represents only hour 1, hour 12 and hour 24 of 
one day) 
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Figure 10-1: Harmonic performance 95th percentile of THD values of all buses  
 
 
Individual harmonic injections are also evaluated during the period of 24 hours. The worst hour of 
both the 7th and the 13th harmonics is hour 16 (as can be seen from Figure 10-2 and Figure 10-3). 
The harmonic distortions experience significant variations during the day, and the peaks of the 7th 
harmonics (mainly generated by the FACTS as analysed in this case) and the 13th harmonics 
(mainly generated by the renewables as analysed in this case) appear similarly at hour 16. Thus, 
the harmonic problems of both the renewables and the FACTS devices may become worst at 
similar time point, and more mitigating devices can be applied at such specific hours. 
 

THD=0% THD=3.2
 

Hour 24 
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Figure 10-2: 7th harmonic performance of the most affected 10 buses during 24 hours 

 

 
Figure 10-3: 13th harmonic performance of the most affected 10 buses during 24 hours 
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The results obtained for the analysed 68-bus network enable one to get the better insight in 
harmonic propagation in power system. Specific harmonic can be analysed and visualized thus 
enabling the consideration of different mitigation techniques, which might be applied.  
In order to determine how the harmonic injections on each bus can affect the harmonic distortions 
over other buses an extra current source is added, injecting either the 5th or the 13th harmonics 
to each bus one by one. The magnitude of injections is predefined and its value is 10A. In terms of 
the THD with an injection of 10A, following figures represent the THD values of buses when 
harmonic injection buses are changing. As can be seen from the figures, the best performing buses 
are the ones around the bus 42 and the bus 16, and the worst performing buses are always around 
the bus 48 and the bus 40 regardless of the location of injections, indicating that the distribution of 
the harmonics in the transmission network is not uniform, and therefore mitigation efforts should 
be directed towards areas with consistently poor harmonic performance. 
 

             
                                   Figure 10-4: THD over each bus with the 5th harmonics (10A) injected 

           
                                   Figure 10-5: THD over each bus with the 13th harmonics (10A) injected 
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Appendix IV.A  - Detailed harmonic injection ranges based on reported values in the literature 
 

I (%) 
WTG - 
DFIG 

WTG - 
DFIG 

WTG - 
DFIG 

WTG - 
Typical 

WTG - DFIG 2.5 
MW 

WTG - DFIG 2 
MW 

WTG - 
Type 4 

WTG - 
Type 4 

Harmonics [124] [125] [126] [127] [128]* interharmonics are analysed [129] 
2 0.3429 0.8   0.5 0.318 0.715   <0.1 
3 0.2009 0.45   16.25       <0.1 
4 0.4354 0.4           <0.1 
5 0.4707 1.7 1.9 15 0.397 0.446 0.563 1 
7 0.4014 0.75 0.4 8.75       0.8 
8 0.5449 <0.25           <0.1 
10 0.4707 <0.25           <0.1 
11 1.456 <0.25 0.1 1.5       0.4 
13 1.8535 <0.25 0.1         

<0.1 

14 0.4746 <0.25 0.1         
16 0.3705 <0.25           
17 0.7609 <0.25           
19 0.4203 <0.25           
20 0.3243 

not 
reported           

22 0.3298 
23 0.3693 
25 0.2349 
26 0.2004 
28 0.1328 
29 0.2709 
31 0.24 
35 0.3495 
37 0.2589 
41 0.1568 
43 0.1077 
50 0.1059 
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I (%) PV PV PV PV PV PV PV 
Harmonics  [130] [131] [132]- 1kW [132]- 1kW [132]- 1kW [132] - 1kW [133] 
1 100 100 100 100 100 100 100 
2   0.71           
3   1.85 1.2 0.9 15.7 15.7 1.5 
4   0.57           
5 0.16 0.52 0.6 1.2 10.5 10.5 0.6 
6   0.1           
7 0.18 0.61 0.4 0.6 3 3 0.3 
8   0.07           
9   0.08 0.4 0.4 1.6 1.6 0.4 
10   0.12           
11 0.12 0.24         0.21 
12   0.08           
13 0.11 0.16         0.2 
14   0.25           
15   0.05           
16   0.05           
17   0.06           
18   0.04           
19   0.05           
20   0.04           
21   0.05           
22   0.03           
23   0.07           
25               
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I (%) STATCOM  

 Harmonics  
3 LVL 
[134] MMC [135] 

1 100 100 
2   0.26 
3   0.1 
5 0.19 0.08 
7 0.21 0.05 
9     
11 2.8   
13 2   
15   

  17 0.12 
19     
21   

  23   
25   
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I (%) SVC HVDC 6pulse 12pulse 

Harmonics  
[136] [137] 
Mag  angle Mag  angle Mag Mag 

1 1 49.92 1 -49.56 100 100 

3             

5 7 -124.4 19.41 -67.77 20 1.8 

7 2.5 -29.87 13.09 11.9 14.3 1.6 

9             

11 1.36 -23.75 7.58 -7.13 9.1 6.6 

13 0.7 71.5 5.86 68.57 7.7 5.4 

15             

17 0.62 77.12 3.79 46.53 5.9 0.33 

19 0.32 173.43 3.29 116.46 5.3 0.3 

21             

23 0.43 178.02 2.26 87.47   1.5 

25 0.13 -83.45 2.41 159.32   1.3 

29 0.4 -80.45 1.93 126.79   0.25 

31           0.2 

35           0.8 

37           0.4 
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Appendix IV.B - the detailed evaluation results of the developed EMT models of PE devices 
 
SVC 

h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0014 0.0535 0.0275 
2 0.0000 0.0003 0.0002 22 0.0000 0.0000 0.0000 
3 0.0014 0.0463 0.0239 23 0.0546 0.3505 0.2025 
4 0.0000 0.0001 0.0000 24 0.0000 0.0000 0.0000 
5 0.6200 5.5124 3.0662 25 0.0213 0.3651 0.1932 
6 0.0000 0.0000 0.0000 26 0.0000 0.0000 0.0000 
7 0.4444 1.7324 1.0884 27 0.0020 0.0755 0.0388 
8 0.0000 0.0000 0.0000 28 0.0000 0.0000 0.0000 
9 0.0015 0.0304 0.0159 29 0.0044 0.2518 0.1281 

10 0.0000 0.0000 0.0000 30 0.0000 0.0000 0.0000 
11 0.0921 1.6773 0.8847 31 0.0181 0.2788 0.1484 
12 0.0000 0.0000 0.0000 32 0.0000 0.0000 0.0000 
13 0.1067 0.6962 0.4014 33 0.0055 0.1018 0.0536 
14 0.0000 0.0000 0.0000 34 0.0000 0.0000 0.0000 
15 0.0015 0.0368 0.0192 35 0.0187 0.1827 0.1007 
16 0.0000 0.0000 0.0000 36 0.0000 0.0000 0.0000 
17 0.0439 0.6635 0.3537 37 0.0113 0.2529 0.1321 
18 0.0000 0.0000 0.0000 38 0.0000 0.0000 0.0000 
19 0.0257 0.5366 0.2811 39 0.0061 0.1366 0.0713 
20 0.0000 0.0000 0.0000 40 0.0000 0.0000 0.0000 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 2008.90 2083.57 1998.05 2100.28 
7 3357.17 3645.48 3360.70 3609.70 

11 5969.22 6571.55 5919.97 6543.14 
13 7276.81 8125.20 7333.15 8087.13 
15 8869.42 9727.35 8769.06 9715.87 
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WT Type 3  
h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0023 0.0281 0.0152 
2 0.0078 0.0838 0.0458 22 0.0175 0.1423 0.0799 
3 0.0027 0.0935 0.0481 23 0.0001 0.0345 0.0173 
4 0.0015 0.1344 0.0679 24 0.0088 0.0905 0.0496 
5 0.0490 0.7690 0.4090 25 0.0002 0.0177 0.0089 
6 0.0075 0.1721 0.0898 26 0.0002 0.0087 0.0045 
7 0.0136 0.3844 0.1990 27 0.0006 0.0119 0.0062 
8 0.0060 0.1518 0.0789 28 0.0005 0.0140 0.0073 
9 0.0052 0.0904 0.0478 29 0.0006 0.0176 0.0091 

10 0.0029 0.0885 0.0457 30 0.0004 0.0090 0.0047 
11 0.0010 0.1333 0.0671 31 0.0010 0.0230 0.0120 
12 0.0030 0.1400 0.0715 32 0.0000 0.0063 0.0031 
13 0.0047 0.1065 0.0556 33 0.0011 0.0177 0.0094 
14 0.0028 0.0383 0.0206 34 0.0003 0.0088 0.0046 
15 0.0052 0.1361 0.0706 35 0.0002 0.0217 0.0109 
16 0.0200 0.2426 0.1313 36 0.0002 0.0045 0.0024 
17 0.0037 0.0852 0.0444 37 0.0227 0.3236 0.1731 
18 0.0284 0.2950 0.1617 38 0.0004 0.0055 0.0029 
19 0.0017 0.0393 0.0205 39 0.0042 0.0545 0.0293 
20 0.0053 0.0931 0.0492 40 0.0000 0.0051 0.0026 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 336.25 977.82 300.32 636.61 
7 162.13 1228.32 226.74 329.00 

11 415.69 588.64 463.40 593.53 
13 473.61 614.24 292.73 671.61 
15 205.73 420.02 259.14 400.42 
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WT Type 4  
h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0035 0.1367 0.0701 
2 0.0157 0.2224 0.1191 22 0.0018 0.0413 0.0215 
3 0.0265 0.6226 0.3246 23 0.0045 0.0402 0.0224 
4 0.0369 0.2579 0.1474 24 0.0018 0.0144 0.0081 
5 0.3211 1.7053 1.0132 25 0.0006 0.0303 0.0155 
6 0.0055 0.0946 0.0501 26 0.0047 0.0503 0.0275 
7 0.3072 1.0548 0.6810 27 0.0018 0.0183 0.0101 
8 0.0061 0.0907 0.0484 28 0.0358 0.2048 0.1203 
9 0.0233 0.1380 0.0806 29 0.0022 0.0122 0.0072 

10 0.0216 0.0840 0.0528 30 0.0015 0.0176 0.0095 
11 0.0384 0.2801 0.1593 31 0.0009 0.0139 0.0074 
12 0.0006 0.0377 0.0191 32 0.0411 0.2407 0.1409 
13 0.0215 0.3413 0.1814 33 0.0006 0.0065 0.0036 
14 0.0134 0.0778 0.0456 34 0.0021 0.0691 0.0356 
15 0.0059 0.2233 0.1146 35 0.0006 0.0055 0.0030 
16 0.0094 0.1094 0.0594 36 0.0026 0.0116 0.0071 
17 0.0033 0.1448 0.0741 37 0.0004 0.0081 0.0043 
18 0.0023 0.0403 0.0213 38 0.0074 0.0331 0.0203 
19 0.0131 0.1402 0.0766 39 0.0010 0.0334 0.0172 
20 0.0035 0.0432 0.0234 40 0.0017 0.0274 0.0146 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 191.64 872.27 113.56 1595.31 
7 156.99 1048.65 348.35 1780.54 

11 336.60 1191.12 50.39 1555.54 
13 55.72 650.50 185.13 620.80 
15 144.56 669.37 323.63 8204.73 
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PV 
h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0001 0.0503 0.0252 
2 0.0172 0.7681 0.3926 22 0.0580 0.2820 0.1700 
3 0.0046 0.4194 0.2120 23 0.0012 0.0384 0.0198 
4 0.0914 0.9772 0.5343 24 0.0053 0.0611 0.0332 
5 0.0009 0.2486 0.1248 25 0.0009 0.0318 0.0164 
6 0.0032 0.1848 0.0940 26 0.0005 0.0465 0.0235 
7 0.0057 0.1839 0.0948 27 0.0012 0.0447 0.0229 
8 0.0015 0.0745 0.0380 28 0.0009 0.0356 0.0183 
9 0.0021 0.0741 0.0381 29 0.0025 0.0362 0.0193 

10 0.0010 0.1592 0.0801 30 0.0015 0.0303 0.0159 
11 0.0030 0.1005 0.0518 31 0.0012 0.0706 0.0359 
12 0.0021 0.0647 0.0334 32 0.0024 0.0337 0.0181 
13 0.0014 0.0623 0.0319 33 0.0025 0.0615 0.0320 
14 0.0018 0.0279 0.0149 34 0.0018 0.0385 0.0201 
15 0.0081 0.1279 0.0680 35 0.0053 0.0714 0.0383 
16 0.0013 0.0498 0.0255 36 0.0020 0.0497 0.0259 
17 0.0577 0.2461 0.1519 37 0.0023 0.0495 0.0259 
18 0.0034 0.0605 0.0320 38 0.0006 0.0686 0.0346 
19 0.0016 0.0549 0.0282 39 0.0021 0.0460 0.0241 
20 0.0246 0.3902 0.2074 40 0.0016 0.0690 0.0353 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 2157.43 3169.88 2741.08 3174.85 
7 3185.78 4284.59 3918.17 4563.85 

11 5531.39 5896.29 5835.63 6620.19 
13 6487.92 7382.68 7047.45 8191.60 
15 7823.78 8549.69 8279.82 8993.49 
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HVDC 
h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0001 0.1018 0.0510 
2 0.0063 0.0732 0.0398 22 0.0000 0.0467 0.0233 
3 0.0023 0.6394 0.3209 23 0.0001 0.0688 0.0345 
4 0.0065 0.0815 0.0440 24 0.0000 0.0291 0.0146 
5 0.0764 0.4910 0.2837 25 0.0001 0.0560 0.0280 
6 0.0087 0.0463 0.0275 26 0.0002 0.0033 0.0018 
7 0.0176 0.2416 0.1296 27 0.0001 0.0176 0.0089 
8 0.0009 0.0308 0.0159 28 0.0001 0.0051 0.0026 
9 0.0021 0.2224 0.1123 29 0.0002 0.0236 0.0119 

10 0.0018 0.0213 0.0115 30 0.0003 0.0049 0.0026 
11 0.0016 0.0768 0.0392 31 0.0002 0.0324 0.0163 
12 0.0020 0.0502 0.0261 32 0.0001 0.0086 0.0043 
13 0.0027 0.0932 0.0480 33 0.0002 0.0290 0.0146 
14 0.0004 0.0217 0.0110 34 0.0001 0.0028 0.0014 
15 0.0003 0.0433 0.0218 35 0.0002 0.0227 0.0114 
16 0.0006 0.0834 0.0420 36 0.0002 0.0040 0.0021 
17 0.0025 0.1409 0.0717 37 0.0001 0.1115 0.0558 
18 0.0005 0.1008 0.0506 38 0.0000 0.0092 0.0046 
19 0.0019 0.0766 0.0393 39 0.0001 0.0194 0.0097 
20 0.0003 0.0300 0.0152 40 0.0000 0.0036 0.0018 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 123.76 153.95 152.11 290.96 
7 157.78 309.17 321.30 372.02 

11 375.65 450.41 507.76 819.68 
13 473.19 884.08 593.89 671.58 
15 637.73 692.73 702.49 787.59 
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STATCOM 
h I_min(%) I_max(%) I_avg(%) h I_min(%) I_max(%) I_avg(%) 
1    21 0.0069 0.1122 0.0595 
2 0.0023 0.0366 0.0195 22 0.0019 0.0442 0.0231 
3 0.0067 0.0883 0.0475 23 0.0141 0.1289 0.0715 
4 0.0029 0.0678 0.0354 24 0.0034 0.0499 0.0266 
5 0.0056 0.0986 0.0521 25 0.0290 0.4609 0.2450 
6 0.0029 0.0468 0.0248 26 0.0013 0.0361 0.0187 
7 0.0099 0.0882 0.0490 27 0.0047 0.1472 0.0760 
8 0.0030 0.0610 0.0320 28 0.0011 0.0281 0.0146 
9 0.0050 0.0717 0.0383 29 0.0204 0.2178 0.1191 

10 0.0070 0.0951 0.0511 30 0.0013 0.0307 0.0160 
11 0.0065 0.1513 0.0789 31 0.0373 0.4623 0.2498 
12 0.0063 0.0590 0.0327 32 0.0010 0.0320 0.0165 
13 0.0064 0.0798 0.0431 33 0.0061 0.2416 0.1239 
14 0.0032 0.0621 0.0327 34 0.0010 0.0321 0.0165 
15 0.0071 0.0643 0.0357 35 0.0146 0.2677 0.1411 
16 0.0024 0.0438 0.0231 36 0.0036 0.0245 0.0140 
17 0.0023 0.1076 0.0549 37 0.0527 0.2350 0.1439 
18 0.0022 0.0316 0.0169 38 0.0012 0.0264 0.0138 
19 0.0066 0.1578 0.0822 39 0.0145 0.1845 0.0995 
20 0.0025 0.0224 0.0125 40 0.0006 0.0215 0.0110 

 

h 
|Z1| range (ohm) |Z2| range (ohm) 

min max min max 
5 1752.99 3187.18 6056.75 63476.65 
7 4460.32 11318.00 4565.07 7169.66 

11 3891.23 18967.56 4348.38 31952.38 
13 6509.59 23788.60 5591.36 9338.12 
15 3005.89 4254.81 6273.45 11912.32 
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11 Appendix V: Static-var compensator - SVC 
 
Static-var compensator (SVC) is a device that is used for generation of the dynamically controlled 
reactive power with respect to different objectives of the control functions. In the transmission 
networks, the SVC is often used for the voltage support, by means of generating the capacitive power 
in case of low network voltages, and reactive power in case of high network voltage conditions.  
As a voltage controller, the SVC takes care of stabilizing the voltage levels at the connection point (or 
at some other near bus). Such control could play an important role as a compensator (damper) during 
severe voltage variations, subsynchronous oscillations within larger grids, or during similar voltage-
influencing events. 
 
Topologies of the SVC 
 
SVC can be constructed from different controlled and uncontrolled passive elements that are capable 
of generating variable reactive power. The most common topologies include: 

- Controllable elements: 
o TCR –thyristor controlled reactor, 

- Switchable elements: 
o TSC – thyristor switched capacitors, 

- Fixed elements: 
o Capacitor banks, 
o Filter capacitor banks. 

 
The design of individual SVC device is always based on the specific project requirements. All SVC 
designs include at least one controllable element which defines the dynamic power range of the device. 
The TCR is the device which allows continuous variation of the reactive power while producing great 
amount of current harmonics and is therefore from the power quality perspective one of the most 
influential element. Due to the harmonic emissions, the harmonic filters are practically the mandatory 
part of the SVC design.  
 
Connection to the network 
 
The SVC technology allows connection of different SVC elements to different voltage levels. Which 
combination is chosen depends mostly on the available technology, special requirements of the 
customer and the costs of the device (e.g. total cost in the lifetime). 
The SVC is in industrial networks usually connected directly to an industrial voltage level (medium 
voltage from 10 kV to 35 kV). The technology of the thyristor controlled devices allows direct 
connection of the thyristor stacks to the medium voltage level. The filter capacitors are usually 
connected to the same bus as the TCR or to higher voltage levels.  
When the SVC is used at a transmission system it is usually connected through its own transformer 
which transmits the total power of the SVC to the transmission network. 
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Topology variations 
 
Defining the topology of the SVC is a matter of the design stage of the device. The available 
technology and customer’s requirements define suitable topologies of the SVC device. High demand of 
the reactive power often requires use of multiple parallel connected TCRs. Parallel design can be 
effective also when trying to optimize the device’s losses. If the two TCRs are connected through a 
three-winding transformer, then and the TCRs are operating in a 12-puse arrangement causing that 
some of the harmonics can be partially compensated, which could in fact reduce the need for some 
harmonic filters, etc. [123] 
The demand of the capacitive power is in some cases covered by the reactive power of the filter 
capacitors. In case when the need for capacitive power is greater, then the simple fixed capacitors or 
switchable capacitors can be utilized in the SVC design.   
The Figure 11-1 shows different topologies of the SVC systems that have been utilized in the 
transmission systems. Each design has specific characteristics that suit the requirements defined by 
the individual customer.  
a) b) 

  
c) 

 
 

Figure 11-1: Different designs of the SVC used of the transmission levels [138] 
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The scheme in the Figure 11-2 represents the SVC topology that is used for the SVC model developed 
for the purpose of this task (WP 5.2). The SVC is constructed of: 

- Single TCR, 
- Two filter capacitors (tuned to frequencies that are the most influential for the specific purpose 

of use and specific network). 
 
In our case, the filter capacitors are tuned to the third and the fourth harmonic component. Detuning 
of the filters for approx. 5 to 10 Hz from the exact harmonic frequency prevent high variation of the 
filter impedance for the specific harmonic component which can be caused by slight variation of the 
system frequency or change of the filter element impedances due to aging of the conducting elements. 
The resonance impedances of the SVC filters can represent resonant circuit also for the currents from 
the high-voltage system (at the primary side of the SVC transformer), which needs to be carefully 
analysed in the design stage to prevent unwanted harmonic flows. 
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Figure 11-2: The SVC topology used for WP 5.2 models; TCR with two filter capacitor circuits 
  
The operation range of the SVC’s reactive power at the HV bus (primary side of the transformer) is 
defined by the power of individual element of the SVC (TCR and harmonic filters) at the medium 
voltage level (in our case 20 kV) and the reactive power consumption of the step-up transformer. 
In the particular case, th nominal power of the TCR is 110 Mvar and the nominal power of the filter 
capacitors 20 Mvar. The common power range of the SVC at the 20 kV is therefore from -40 Mvar (C) 
(two capacitor filters and no power from TCR) to 70 Mvar (L) (two capacitor filters and full power of 
the TCR). 
At the HV side is the power of the SVC influenced by the voltage drop on the transformer during 
operation. Higher is the inductive reactive power of the SVC, lower is the voltage at the MV bus and 
consequently the maximal power of the SVC reduces. In case of capacitive power generation, the 
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voltage at the MV bus increases which causes generation of higher amount of capacitive power from 
the harmonic filters which increases the operation range of the TCR. 
 
 
Thyristor controlled reactor - TCR 
The main part of the TCR is the thyristor which operates as a controllable switch and can be used for 
switching individual elements in the circuits to achieve certain operation characteristics. In the SVC 
applications, the semiconductor switches are part of the thyristor controlled reactor (TCR) and 
thyristor switched capacitors. In the SVC topology is the TCR schematically shown in Figure 11-2.  
 
The basic operation principle which explains the harmonic current injections from the TCR is briefly  
explained with a basic, single phase TCR shown in Figure 11-3 [123].  

αab

L UL

UT

ITCR

UTCR

 
Figure 11-3: A basic, one line TCR. 

 
The antiparallel connected thyristors are enabling the reactor to conduct the current in both directions 
and consequently to generate the reactive power. The two thyristors are fired in such a way that the 
conducting times of both during their respective half periods are equal. This symmetrical firing ensures 
that even order harmonics will not be present in the output current.  If the thyristors are fired so that 
they conduct the entire time (α=90°) the impedance of the TCR is equal to the impedance of the coil: 

 ( ) MAX
190B B

L
α

ω
= ° = =

⋅
  (11.1) 

 
The impedance (of the fundamental) at a different value of the firing angle change according to: 
 

 
( ) ( )

TCR MAX

sin 221B B
ααα

π π
 

= ⋅ − − 
    (11.2) 

Figure 11-4 shows the current through the coil for two different firing angles. As the current is not a 
pure sine wave harmonics are present. 
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Figure 11-4: Current for different firing angle in a TCR. [123] 

 
The three phase TCR is made by connecting the three TCR devices to form a delta connection. The 
three phase, 6 pulse TCR thus eliminates the harmonics of order that is a multiple of three (3, 9, 15 
etc. – note that even order harmonics are ideally absent). This is due to the fact that third order 
harmonics of currents will flow only within the interior circuit of the TCR delta connection itself and will 
not permeate into the system. In cases of unsymmetrical operation (unsymmetrical firing angles) or 
unbalanced voltage conditions at the connection point of the TCR the third order harmonics might not 
be equal for all three TCR branches therefore the particular harmonics can penetrate into the system. 
 
 
Harmonic filters  
From the harmonic perspective is the TCR the only element that in steady state generates substantial 
amount of harmonic currents, in some operating points, up to 6 % of the maximum fundamental 
component [123]. To reduce the amount of the harmonic current that are flowing out from the SVC 
device it is necessary to install the harmonic filters in parallel to the TCR. The filters come in different 
topologies (single tuned LC, C-type, double tuned etc.) and serve for two functions, to generate 
capacitive power at the fundamental frequency and to represent low impedance at a particular 
harmonic frequency to absorb the harmonic current components. 
If TCR is operating under balanced conditions, the 5th and the 7th harmonic component are usually the 
highest therefore the harmonic filters for these frequencies are installed in the system. The c-type 
filter is usually utilized in case when filtering the components of lower frequencies (e.g. second 
harmonic). 
In case of unbalanced conditions, which is more often in the industrial SVC applications [139], the 
filters more often tuned to filter the 2nd, 3rd and 4th component which allows stable operation during 
severe industrial processes. 
  
Operation diagrams of the SVC: 
 
The operation range of the SVC power can be most clearly shown in the operation diagrams. The 
Figure 11-5 shows the two diagrams of the particular SVC which can generate capacitive and inductive 
reactive power. In the figure, also the influence of the SVC’s transformer impedance is indicated as 
reduction of the operation range for the inductive character and increase for the capacitive character. 
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Figure 11-5: Operation diagram of the SVC as seen from the HV bus; case with the ideal (ux=0%) and 

the real transformer 
 
The limitation of the maximal power production is defined with the impedance or more often 
susceptance of the SVC. High susceptance means high generation of the reactive power. The limit 
values of the case, described with the Figure 11-5, are defined with (11.3), (11.4)  [123]. 
 
𝐵𝐵max  C 1 = 𝐵𝐵𝐶𝐶   
𝐵𝐵max  C 2 = 𝐵𝐵𝐶𝐶(1 − 𝐵𝐵𝐶𝐶

𝐵𝐵𝑡𝑡𝑡𝑡
)  (11.3) 

 
𝐵𝐵max  L 1 = 𝐵𝐵𝐶𝐶 + 𝐵𝐵𝐿𝐿 
𝐵𝐵max  L 2 = (𝐵𝐵𝐶𝐶 + 𝐵𝐵𝐿𝐿)(1 − 𝐵𝐵𝐶𝐶+𝐵𝐵𝐿𝐿

𝐵𝐵𝑡𝑡𝑡𝑡
)             (11.4) 

 
When the operation diagram is presented for the MV bus (at the secondary side of the transformer) 
(Figure 11-6), we can see that due to power flow through transformer impedance increases or lowers 
the voltage at the MV. In this case we consider constant voltage at the HV level. Operating in the 
capacitive mode increases the voltage at the MV bus, therefore higher capacitive power can be 
generated by the capacitors.  
Operating in the inductive range causes that the voltage at the MV reduces therefore the maximum 
production of the reactive current is reduced.  
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Figure 11-6: Operation diagram of the SVC as seen from the MV bus; Influence of the variable voltage 

drop at the transformer and at the MV bus on the operation range of the SVC at the MV side 
 
The operation characteristics shown in Figure 11-5 and Figure 11-6 show the range of all possible 
operation points when operating at different voltage levels and different reactive power. To define 
exact operating point of the SVC it in necessary to improve the operation diagram with the control 
characteristic, which will be presented in the following section. 
 
Basic control functions of the SVC: 
 
The control functions of the SVC can be divided into the functions that are used for control of the grid-
side variables, as defined by the objectives of the controller, and the control functions that take care 
of optimal operation of the SVC itself to prevent unwanted operation characteristics (e.g. output 
current balancing control, dc offset balancing control etc.)  
 
The SVC is a source of the reactive power which is controlled by a reference controller, that is 
optimized for the following functions: 
 

- Control of the ac voltage in the grid at the PCC or near busses. 
- Control of the reactive power to compensate the reactive power flow from the rest of the 

network. 
- Power factor controller, which is in basis the reactive power controller with the reactive power 

reference defined by the reference power factor, active and reactive power of the specific load, 
which reactive power is to be compensated. 

- Damping of power oscillations, as in the case of the subsynchronous oscillations in the network. 
- Unbalance control for balancing the unbalanced reactive power loads. 
- Flicker compensation, which is based on the fast reference reactive power controller which 

compensates the fluctuating reactive power of load (e.g. electric-arc furnaces) that cause 
fluctuation of the voltage and consequently flickering of the light sources.  
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The other supplementary functions which are important when trying to optimize the SVC for operation 
under different conditions are: 
 

- Susceptance- / var-reserve controller, which takes care that the SVC under steady state 
conditions operates with sufficient reserve of the inductive or capacitive reactive power to be 
able to provide the dynamic response in all available operation quadrants.  

- Susceptance- / current- droop feedback controller, which is the control algorithm that reduces 
the output power demand based on the loading (current or the reference susceptance) of the 
SVC. This function enables parallel operation of multiple devices that control the same 
quantity, e.g. voltage at the certain point in the network. 

- Undervoltage control strategies, which define the steady state operation conditions of the SVC 
during low voltage conditions. The control algorithm prevents operation at the full capacitive 
power which could in case of slow control cause massive overvoltage conditions when the 
network voltage recovers from the e.g. fault conditions. 

- TCR overcurrent limiter, which limits the current through the TCR during high voltage 
conditions. Harmonic filters are passive elements therefore the current increases proportional 
to the increase of the voltage at the connection point. On the other hand, the current of the 
TCR can be reduced by increasing the firing angle which influences the duration of the 
conducting period of the reactors and consequently the RMS current through the TCR. 

- TCR DC balancing control, used for balancing the positive and negative waves of the current 
through the TCR. It reduces the DC current components. 

- TCR 3-phase balancing control, which is used for balancing the RMS current of the three-
phases. This function if mutually exclusive with the load balancing function. 

  
 
The operation diagram where the control algorithms are included are shown in Figure 11-7. The 
generation of the constant reactive power is represented as line for which reactive power is constant. 
Voltage controller controls the reactance to regulate the voltage of the network to the specific value. 
Since the voltage of the network is dependent on the SVC power it can be for the specific bus 
represented by the “System characteristic” showing the voltage of the bus as a function of the SVC 
reactive power. In the Figure 11-8, two different system characteristics are shown (same impedance – 
slope and different voltage level). The crossing of the system characteristic with the control line of the 
specific controller gives you the steady-state operation points as indicated in the Figure 11-8. 
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Figure 11-7: Operation diagram of the SVC with constant reactive power control (left) and constant 

voltage control (right)  
 
 

inductivecapacitive

ISVC

USVC_HV 

1 pu
1.1 pu

System characteristic 1
System characteristic 2

inductivecapacitive

ISVC

USVC_HV 

1 pu
1.1 pu

System characteristic 1

System characteristic 2

Q = const.

 
 

Figure 11-8: Operation diagram of the SVC operating with a specific system characteristic (voltage 
controller with droop) 

 
 
Connecting SVC to the electrical grid 
 
The function of the SVCs is to support the operation of the electrical devices on the grid or just to 
support the grid itself.  
In the industrial networks are the SVCs mostly used for compensation of the reactive power and often 
for compensation of the fluctuated load causing flicker in the rest of the electrical network. The flicker 
compensation is a mandatory SVC function when it needs to compensate the flicker to the acceptable 
levels defined by the grid codes. In other words, the SVC is used to help the heavy and fluctuating 
loads to comply with the grid codes. 
The similar thing is with the integration of the large wind parks into the grid [140]. The ideal grid is 
usually stiff and handles the large amounts of power penetration into it. The reality is often the 
opposite. Particularly in the weak grids, the connection of larger loads or generation units could lead to 
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problems that prevent meeting the grid codes. In such cases the FACTS devices (SVC or STATCOM) 
can help to overcome many issues as are the voltage levels stabilization, dynamic reactive power 
compensation, fault ride-through compatibilities and similar ones. 
 
The SVC itself is a device, which is also obliged to meet the grid code requirements. By connecting the 
SVC to the transmission grid the requirements of the device needs to be clearly defined since some 
design stages of the device can be influenced by them. In particular, with the SVC, the major concern 
remains the harmonic distortion which is produced by the TCR switching characteristic. Harmonics are 
for the TCR relatively well known. The design of the harmonic filters can be trickier since it needs to 
consider the impedance path of the individual injected harmonic component throughout the network. 
Severe resonant conditions in the network could influence a lot the design of harmonic filters or of the 
TCR itself (size, firing angle range, etc.)   
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12 APPENDIX VI: WTG (Type 3 and 4) 
 
Wind Turbine Technologies 
 
Type 3 wind technology is more commonly known as Doubly Fed Induction Generator (DFIG) or 
Doubly Fed Asynchronous Generator (DFAG). Here the rotor of the generator is connected to a 
variable frequency AC source (Figure 12-1), which is supplied from a voltage-source converter which 
is connected back-to-back with a grid side converter and exchanges power directly with the grid as 
required. With this solution it is possible to enable enhanced control ability of the unit and separately 
control active and reactive power, much like traditional synchronous generator, although being able to 
run asynchronously. Compared to the older WTG types there is no need for a soft starter or a reactive 
power compensator.  

 
Figure 12-1: Schematic principle of Type 3 wind turbine generator  

 
Type 4 wind turbines refer to solution where the generator is connected to the grid through full-scale 
frequency converter (Figure 12-2). This solution provides a lot of flexibility in design and operation as 
the speed of the generator is not coupled with grid frequency allowing the unit to rotate at its optimal 
speed. With this technology the rotating machines used in the industry are wound rotor synchronous 
machines, permanent magnet synchronous machines and squirrel cage induction machines. The 
converters used are both responsive and efficient, and may offer possibility to compensate reactive 
power with or without the generator in operation.  

 
Figure 12-2: Schematic principle of Type 4 wind turbine generator  
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Back-to-back converters 
 
Back-to-back converters are highly relevant to wind turbines as it is the most widely used three-phase 
frequency converter today. It may be used for benchmarking the other converter technologies. The 
back-to-back converter is a bidirectional power converter consisting of two conventional pulse-width 
modulated VSCs (Figure 12-3). The DC link voltage is boosted to a level higher than the amplitude of 
the grid line-to-line voltage in order to achieve full control of the grid current. The presence of the 
boost inductance reduces the demands on the input harmonic filter and offers some protection for the 
converter against abnormal conditions on the grid. The capacitor between the inverter and rectifier 
makes it possible to compensate asymmetry on both sides, without affecting the other side of the 
converter. [8]  
 

 
Figure 12-3: Structure of back-to-back frequency converter 

 
 
Wind Power Plant topologies and connection to network 
 
In addition to wind turbines the wind power plant includes additional components and should be 
considered as a system not only as a collection of wind turbines. These additional components include 
collector system, transformers, compensation devices, control system, auxiliary systems, etc.  
 
The main purpose of the wind power plant collector system is to transmit the energy produced from 
the wind turbines to the utility network. Typically, collector system is operated on medium voltage or 
on high voltage level depending on the transmitted power and its configuration is similar to the ones 
in distribution network where mostly radial connections are in use. The collector system feeders are 
almost always configured radially. This configuration is implemented using “daisy chain” principle 
where the feeder is brought to each turbine and then continued from there to another (Figure 12-4a). 
One additional option is to implement configuration where multiple radial feeders exists origin from the 
main feeder (Figure 12-4b). Selection of configuration at the end depends on the geographical location 
and layout of turbines in a specific plant. In most cases the simplest option is selected. There may be 
parallel or closed loop configurations available but the system is always operated radially as in loop 
operation there is need to increase the cross section of the lines and use more sophisticated relay 
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protection solutions thereby meaning higher costs. Current practice in wind power plants is not to 
implement additional chains and use loop operation as the cost for loss of production does not justify 
building additional connections.  
 

  
Figure 12-4:  Wind power plant collector system a) radial feeder and b) extended radial feeder 

configuration.[9] 
 
One of the main components in the wind power plant is the connection substation. In this substation 
the wind power plant is connected to the utility network through step up (MV to HV or EHV levels) 
transformer(s). Selection of busbar configuration and number of transformers is again a question of 
optimization of costs. This substation may also enclose additional equipment necessary to fulfil the 
plant performance requirements regarding reactive power compensation, e.g. shunt capacitors and 
reactor banks, static VAR compensator (SVC) or static synchronous compensator (STATCOM). The 
simplest and most applicable solution is to use one MV busbar and one transformer. The utility side 
part of the substation depends on the utility practice and for reliability purposes may include two 
busbars and redundant connections. Number of transformers is usually a question when the rating of 
the wind power plant is bigger than several hundreds of megawatts. Here the reliability is of 
importance as outage of only transformer will cause outage of the whole plant although having two 
transformers increase the cost of the substation significantly. Option usually used with two 
transformers is that the rating of one of the transformer is not the full power of the plant but only half 
of it. In this way it is possible to balance the costs and reliability requirements and allow the plant to 
operate even if there is an outage of one of the transformer. 
 
Wind turbines are and will be in the future sited in large concentrations with hundreds of megawatts of 
power capacity. They are connected directly to the power grid and will replace conventional power 
plants which means that they will be required to have power plant characteristics (to behave as active 
controllable components in the network). Power electronic technology will therefore become more 
used in large wind parks. There is significant development to the electrical control layout with different 
types of power electronic converters to comply with the high requirements. Depending on how the 



REPORT 
 

Page 301 of 323 

power electronic devices are used inside a wind farm, there are several different topology options. The 
topologies can include the following [8]: 
 

• A completely decentralized control structure with an internal AC network connected to the 
main grid. Each turbine in the wind farm has its own frequency converter and its own control 
system (a). In that case each turbine can operate at its optimum level with respect to local 
wind conditions and thus with a reduced level of mechanical stress and noise. Nowadays, 
almost all wind farms are implemented having this decentralized control structures; 

• A partly decentralized, partly centralized control structure, where each wind turbine has its 
own power electronic converter, so it is possible to operate each wind turbine at an individual 
optimal speed. The power converter is thus “split up” and the output of each turbine is locally 
rectified and fed into an DC network, with the whole farm still connected through a central 
inverter (Figure 12-5 b). It is suggested the use of multiple HV synchronous generator with 
permanent magnets. This configuration provides all the features of the variable-speed 
concept, since each turbine can be controlled independently. The generators could be SCIGs 
as well, if a VSC were used as rectifier; 

• A completely centralized control structure has a central PE converter at the wind farm’s 
connection point. The turbines could have either squirrel cage induction generators (SCIGs) or 
wound rotor synchronous generators (WRSGs). The advantage of such a structure is that the 
internal behaviour of the wind turbines is separated from the grid behaviour. This gives a 
robustness to possible failures in the grid. Disadvantage to this topology is that all wind 
turbines are rotating with the same average angular speed and not at an individual optimal 
speed. 

o An option is the use of a HVDC link as power transmission (Figure 12-5c). This option 
is suitable for long-distance transmission of power (e.g. in case of an off-shore wind 
farm). In the HVDC transmission, the low/medium AC voltage of the wind farms is 
converted into high DC voltage on the transmission side and the DC power is 
transferred after needed distance where the DC voltage is converted back into AC 
voltage. 

o Another option is the centralized reactive power compensation topology with an 
advanced static VAR compensation (ASVC)/static synchronous compensator 
(STATCOM) unit (Figure 12-5d). ASVCs have advantage, that in the case of voltage 
decrease, their available maximum reactive power decreases more slowly compared 
with the static VAR compensation units. 
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Figure 12-5: Example of different wind farm solutions: a) completely decentralized system, b)  partly 
centralized system, c) completely centralized system with a HVDC link for power transmission and d) 

completely centralized system with reactive power compensation. [8] 
 
Basic control functions of wind power plants 
 
Wind power plant control functions and capability depends on the requirements set to the plant. The 
main requirements usually include reactive power, active power, fault-ride through and other 
functionalities. All these requirements are applicable at the connection point, usually at the high 
voltage side of the connection transformer, and therefore the plant should be equipped with plant 
controller which purpose is to enable these control functionalities on plant level. Usually this is made 
using a separate controller, which has inputs form the connection point and based on these sends 
control actions to individual wind turbines considering also the characteristics of the collector system.  
 
Reactive power capability is usually defined in a way that the required reactive power output is stated 
using the functions as Q control, U control or PF control. For example, it may be required that the wind 
plant should be able to have possibility to guarantee 0.95 lagging and 0.95 leading at the connection 
point. Other criterion here may also include that this should be available at all plant power levels 
meaning that somewhat sophisticated control and additional equipment is required.  
 
For active power control there are various aspects that may be specified, e.g. ramp rate speed, 
curtailment options, frequency response including inertial controls, start-up and shut-down, etc. The 
latest requirements that have been included in the grid codes and connection agreements are related 
to the inertial controls as it is directly related to the frequency control philosophy in the networks in 
case the level of synchronous mass is decreasing. This is especially relevant in smaller power networks, 
e.g. UK and Ireland, which are not synchronously connected to larger synchronous areas and where 
the synchronous mass may become low at certain times a year. Other control functionalities have 
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been requested by grid codes and network operators for quite some time and they have become 
standard solutions. 
 
Fault-ride through option has been under discussion for years and nowadays all the grid codes require 
that wind power plants connected to the network should be able to ride through voltage drops, both 
symmetrical and asymmetrical, in the network. For determining the levels special fault ride through 
curves are available and they determine the range and duration of voltage change in which the unit 
has to stay connected to the grid and where trip of the unit is not allowed. Lately also voltage swell 
ride-through requirements have been included to the grid codes in some countries. Some grid codes 
may also specify requirements for fault current contribution during grid faults. 
 
Operation diagrams for WTG’s 
 
Wind generators with converter interface are often designed for operation from 0.9 to 1.1 pu of rated 
terminal voltage. Lagging power factor diminishes as terminal voltage increases or decreases because 
of converter voltage and current constraints respectively.  Leading capability normally increases with 
increasing terminal voltage. Doubly fed (Type 3) and full-converter (Type 4) wind generators are often 
with a “triangular”, “rectangular” or “D-shape” reactive capability characteristics (Figure 12-6). [10] 
 

 
Figure 12-6: Reactive power capability curves for wind generators at nominal voltage. Black line – D-

shape, red line – rectangular and blue line – triangular.[10]  
 
Rectangular or D-shaped reactive capability machines may be used to provide voltage regulation when 
they are not producing active power (low wind speed conditions) by operation in STATCOM mode.  
 
Requirements for connection to the grid 
 
Wind power plant technical requirements depend on needed performance specified in the grid 
contracts and grid codes. In general, these documents and requirements have been developed 
independently across the world depending on the specific network needs and no general document is 
available. However, these codes and requirements are in most cases structured similarly and provide 
information and figures together with required values and definitions.  
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Step towards harmonization has been taken in Europe, where common grid codes were developed by 
the ENTSO-E (European Network of Transmission System Operators for Electricity) and published as 
European Commission Regulation. These include grid codes [11], [12] on requirements for grid 
connection of generators, on demand connection, and on grid connection of high voltage direct current 
networks and direct current connected power park modules. The reason for this kind of harmonization 
has been to facilitate targets of the European Union on renewable energy sources and distributed 
generation penetration, as well as technology innovation and market integration, while ensuring 
security of supply. 
 
Grid codes have in most cases common structure and they specify requirements for wind power plants 
and their performance. The following categorization provides an example of possible requirements, it 
is not to be considered an exhaustive list but rather typical: 

• Operational ranges for voltage and frequency; 
• Active power control and frequency response (synthetic inertia); 
• Voltage regulation and reactive power capabilities; 
• Performance during and after disturbance (fault-ride through); 
• Protection and control; 
• Grid connection capacity and corresponding requirements; 
• Short-circuit current contribution; 
• Earthing and neutral point treatment; 
• Insulation coordination; 
• Power quality (flicker, harmonics, unbalance, etc.); 
• Signals, communication and control locations; 
• Continuous monitoring; 
• Testing and compliance assessment; 
• Information and data provision; 
• Network black-start requirements; 
• Connection procedures. 

 
This structure in principle is followed also in the European legislation but more specific details (not 
exhaustively defined in the European legislation) on different requirements are left to be defined by 
the member states. The code in principle does not distinguish requirements between units connected 
synchronously or via converter but defines general requirements stating the response required by the 
plant.  
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Requirements for power quality 
 
Voltage fluctuation and flicker 
 
Wind turbines may emit voltage fluctuations and flicker. Standard IEC 61400-21 [13] differentiates 
wind turbines characteristics for these between continuous operation and switching operations. For 
continuous operation the flicker coefficient is a normalized measure of the maximum flicker emission 
(99th percentile) from a wind turbine [8]: 
 

 𝑏𝑏(𝜓𝜓𝑘𝑘 , 𝜈𝜈𝑎𝑎) = 𝑃𝑃𝑠𝑠𝑡𝑡
𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛

,                                                   (12.1) 

 
where 𝑏𝑏(𝜓𝜓𝑘𝑘 , 𝜈𝜈𝑎𝑎) is the flicker coefficient of a wind turbine at a network impedance phase angle 𝜓𝜓𝑘𝑘 and 
annual average wind speed 𝜈𝜈𝑎𝑎 , 𝑃𝑃𝑠𝑠𝑡𝑡  is the flicker emission from the wind turbine, 𝑆𝑆𝑛𝑛  is the rated 
apparent power of the wind turbine and 𝑆𝑆𝑘𝑘   is the short-circuit apparent power of the grid. For 
switching operations, there are three most relevant operations that can cause significant voltage 
variations. These are wind turbine start at cut-in wind speed, start at rated wind speed and the 
switching between generators (worse case, applicable only to wind turbines with two or more 
generators or a generator with multiple windings). The acceptance of switching operations depends on 
their impact on the grid voltage and also on how often these may occur. These operations in terms of 
voltage change and flicker are measured with flicker step factor and voltage change factor. Flicker 
step factor of the wind turbine is a normalized measure of the flicker emission due to a single 
switching operation [8]: 
 

𝑘𝑘𝑓𝑓(𝜓𝜓𝑘𝑘) = 1
130

𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛
𝑃𝑃𝑠𝑠𝑡𝑡𝑇𝑇𝑝𝑝1.31,                  (12.2) 

 
where 𝑘𝑘𝑓𝑓(𝜓𝜓𝑘𝑘) is the flicker step factor for the specified switching operation and 𝑇𝑇𝑝𝑝 is the duration of 

voltage variation due to the operation. The voltage change factor is a normalized measure of the 
voltage change due to a single switching operation [8]: 

  
𝑘𝑘𝑢𝑢(𝜓𝜓𝑘𝑘) = √3 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚−𝑈𝑈𝑚𝑚𝑚𝑚𝑛𝑛

𝑈𝑈𝑛𝑛

𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛

,      (12.3) 

 
where 𝑘𝑘𝑢𝑢(𝜓𝜓𝑘𝑘) is the voltage change factor for the specified switching operation, 𝑈𝑈𝑚𝑚𝑖𝑖𝑛𝑛 and 𝑈𝑈𝑚𝑚𝑎𝑎𝑚𝑚 are the 
minimum and maximum voltage (RMS phase to neutral) and 𝑈𝑈𝑛𝑛 is the nominal phase to phase voltage.  
According to EN 50160 (Voltage characteristics in Public Distribution Systems) a rapid voltage change 
for low voltage should generally be less than 5% of 𝑈𝑈𝑛𝑛, though a change up to 10% may occur several 
times a day in some cases. Similarly for medium voltage, the standard indicates 4 and 6% of 𝑈𝑈𝑛𝑛. The 
flicker severity can be given as a short-term value measured over a period of 10 minutes or as a long-
term value, measured over a period of 2 hours and calculated from a sequence of 𝑃𝑃𝑠𝑠𝑡𝑡 values [8]: 

𝑃𝑃𝑙𝑙𝑡𝑡 = �∑ 𝑃𝑃𝑠𝑠𝑡𝑡3

12
12
1

3
       (12.4) 
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The long-term flicker severity can be ≤ 1 during 95% of a week. To ensure this in customer inlets, 
each source of flicker can only be allowed a limited contribution. Different values for these may be 
found using IEC 61000-3-7 [14]. 
 
Voltage dips 
 
Start of the wind turbine may cause sudden reduction of the voltage for a few seconds. The sudden 
voltage reduction may be assessed: 

𝑏𝑏 = 100𝑘𝑘𝑢𝑢(𝜓𝜓𝑘𝑘) 𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛

      (12.5) 

 
Usually d = 3.0%, which is in most cases acceptable because that would mean that voltage dips 
caused by wind turbine are only when the start-up coincides with a high load at the network. This is 
because more wind turbines in a wind power plant are unlikely to start at the exact time. However, 
the requirements to operate through a voltage dip are different. IEC 61400-21 requires that wind 
turbines have to be tested being subject to voltage dips. Testing needs to verify the wind turbine 
response to voltage dips by identifying time-series of active power, reactive power, current and 
voltage at the turbine terminals. Testing needs to be carried out for the wind turbine operating at low 
and high power outputs, 0.1 – 0.3P and above 0.9P respectively. Included are symmetrical three-
phase and two-phase voltage dips.  [8] 
 
Harmonics 
 
The emission of harmonics (current harmonics, interharmonics, higher frequency components) during 
continuous operation are stated for operation of the wind turbine within the active power bins 0, 10, 
20, … , 90, 100% of Pn. Individual harmonic current components need to be specified for frequencies 
up to 50 times of the fundamental frequency. The interharmonic current components need to be 
specified for frequencies up to 2 kHz in accordance to IEC 61000-4-7. The higher frequency current 
components need to be specified for frequencies between 2..9 kHz also in accordance to IEC 61000-4-
7[15]. [8]  
 
Harmonic voltages Uh, Where h donates the harmonic order can be evaluated individually by their 
relative amplitude: 

𝑢𝑢ℎ = 𝑈𝑈ℎ
𝑈𝑈𝑛𝑛

       (12.6) 

 
According to EN 50160, the 10 minute values of each 𝑢𝑢ℎ need to be less than the limits given in the 
standard for 95% of a week. The total harmonic distortion (THD) of the voltage needs to be ≤8%. 
EN50160 does not specify any limits for higher order harmonics. In the same manner, the standard 
does not indicate any levels for interharmonics.  
 
To limit the level of harmonic currents emitted into the network, each source of harmonic current can 
only be allowed limited contribution. The limits depend on the network (e.g. harmonic impedance and 
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voltage level need to be taken into consideration) and can be found using IEC 61000-3-6 [16] as a 
guide. 
 
New solutions – offshore wind parks 
 
Wind power plants have been mostly located onshore having a direct connection to local utility 
network. However, in recent years the wind power plants have been installed offshore with AC 
connection to the grid if the plant is near the shore and with DC connection [17] from the plant to AC 
grid connection point if the distance to the nearest possible utility connection point is long (in general 
over 100 km but depends on cost benefit analysis on case by case basis). When HVDC connection is 
used the VSC-based HVDC has become the preferred solution because its ability to continuously 
transfer any power level, ease of integration with wind turbines in islanded grids, black-start capability, 
future option for multi-terminal connections, etc. In the recent literature a lot of discussion is available 
on future development of DC technology and multi-terminal DC grid in context of wind power plants 
and their expandability. 
 
The main differences when considering the offshore wind power plant technology and operation in 
comparison to standard onshore solutions is HVDC technology and its control and protection system 
coordination, wind turbine design as it should operate in harsher climate conditions compared to the 
onshore units, and collector system protection. Collector system itself can be designed using the same 
principles as in case of onshore plants. Important aspects to consider are the controls between HVDC 
and wind power plant where for example active power control needs to consider both aspects, and 
HVDC should be able start-up the offshore grid, etc. More detailed discussion on these items is 
available in [17] and [18]. 
 
Requirements for offshore power park modules 
 
By the terms of RfG, an AC-connected power park module that is located offshore and has an offshore 
connection point shall be considered as an offshore power park. If the connection is onshore, then it 
will be considered as an onshore park module and thus has to comply with the requirements of 
onshore power park modules. For most cases, offshore power parks have to basically meet the 
requirements as onshore parks. However, there are some exceptions regarding requirements for 
frequency stability, voltage stability and reactive power capabilities, which can be viewed more closely 
in [19]. 
 
Unpredictable behaviour of wind turbines 
 
Wind turbine operation depends on the volatile speed of wind and therefore the output of the wind 
turbines can be unpredictable. This leads to the fluctuations in rotating speed of the rotor and can 
affect the wind turbines productivity, thus having an impact in wind turbine performance. Illustration 
of this is shown on Figure 12-7, where the wind speed, wind power wind generator electrical power 
and the system power coefficient (Cp) over a period of a week (23.07.2010 – 20.07.2010) is shown 
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[22]. Black lines are average values of wind speed and Cp. There can be seen that the energy 
produced by the wind generator follows the wind speed variation.  

 
Figure 12-7: Weather condition and wind generator energy production [22] 
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13 APPENDIX VII: PV generators 
 
Structure 
 
PV system that is connected to the grid is interfaced with the grid with or without battery storage via a 
power converter (similar to wind turbine generator Type 4). For high power PV plants the connection 
to the grid is usually done with a three-phase inverter to connect to the grid using a transformer 
(Figure 13-1). The solar panels are connected in series and in parallel to reach convenient values of 
DC voltage and nominal power. Maximum DC voltage is forced by the maximum isolation allowed by 
the solar panel taking into account current technology and regulation. The maximum nominal power is 
limited by the maximum DC voltage and the maximum current supported by the power switches. The 
maximum power of a PV central inverter is around 1 MW using a conventional two-level insulated gate 
bipolar transistor (IGBT) based three-phase inverter. Some newer central inverters are based on 
multilevel topologies. [20]  

 
Figure 13-1: Connection of PV panels to the grid 

 
Topologies and connection to the grid 
 
To provide more power, the PV plant is divided into several areas. Each area is managed by a central 
inverter independently. To reduce the cost of installation, several central inverters are arranged to 
connect their outputs to the same side of the transformer (Figure 13-2a). Usually the inverters start to 
operate one by one, while the PV power increases. This minimizes the power losses. In order to 
achieve even higher nominal power, the central inverter groups are connected to a sole multi-winding 
transformer (Figure 13-2b). [20] 
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Figure 13-2: Different PV plant topologies for connecting to the grid. a) connection to one transformer 

winding and b) connection to a multi-winding transformer. 
 
Basic control options 
 
PV power plants have usually a central controller which is designed to regulate real and reactive power 
output from the power plant. The plant itself is composed of individual small generators (inverters) 
with each performing its own energy production based on local solar conditions. The function of the 
plant controller is to coordinate power output to provide typical large power-plant features such as 
active power control and voltage regulation. Plant controllers provide the following plant-level control 
functions [21]: 

• Voltage and/or power factor regulation; 
• Real power output curtailment; 
• Ramp-rate controls; 
• Frequency control; 
• Start-up and shut-down control. 

 
Connection to the transmission grid for solar generators is like Type 4 wind turbine generator 
connection. Therefore, the control functions required for grid connection are the same. The main 
requirements include reactive power, active power, fault-ride through and other functionalities.   
 
Operation diagrams 
 
PV inverters have similar technical design to full-converter (Type 4) wind generators and are with 
similar reactive power capability. PV inverters are typically designed to operate within 0.9 to 1.1 pu of 
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rated terminal voltage. Reactive power capability from the inverter varies as a function of terminal 
voltage (to the point available). 
 
Some PV inverters have the capability to absorb or inject reactive power, provided that current and 
terminal voltage ratings are not exceeded. Figure 13-3 shows the reactive capability of an inverter 
based on current limits only. Historical industry practice shows, that this inverter would be rated based 
on unity power factor operation (P1 in figure). Inverters would be able to produce or absorb reactive 
power when operating at power levels lower than P1 (e.g. P2). In principle, inverters could also 
provide reactive power support at zero power, similar to STATCOM. [10] 

 
Figure 13-3: Reactive power capability of an inverter based on current limit [10]  

 
Requirements for connection to the grid 
 
PV power generators that are  connected to the transmission network are regarded similarly as Type 4 
wind turbine generators, the requirements for connection to the grid are the same. The following 
provides an example of possible requirements: 

• Operational ranges for voltage and frequency; 
• Active power control and frequency response (synthetic inertia); 
• Voltage regulation and reactive power capabilities; 
• Performance during and after disturbance (fault-ride through); 
• Protection and control; 
• Grid connection capacity and corresponding requirements; 
• Short-circuit current contribution; 
• Earthing and neutral point treatment; 
• Insulation coordination; 
• Power quality (flicker, harmonics, unbalance, etc.); 
• Signals, communication and control locations; 
• Continuous monitoring; 
• Testing and compliance assessment; 
• Information and data provision; 
• Network black-start requirements; 
• Connection procedures. 
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Requirements to power quality 
 
PV plants requirements for power quality are usually the same as for type 4 wind turbine requirements. 
However, as large PV power plants consist of many inverters (and in some cases many central 
controllers) there are some particular problems that need to be focused on.  
 
Harmonics 
 
The harmonic current characteristic for individual PV inverters largely varies between different models 
and manufacturers. Magnitude and phase angle of harmonic currents depend on factors such as 
voltage distortion, output power or harmonic network impedance. In most cases highest harmonic 
currents are observed at 100% output power. Harmonic magnitudes and phase angles are important 
for realistic studies of cancellation effect between PV inverters/ PV installations and other installations. 
If larger PV plants are built using multiple individual PV inverters of the same models, the harmonic 
currents of individual PV inverters add up arithmetically up to higher harmonic orders. This means that 
the standard IEC 61000-3-6 summation component are not suitable. [23] 
 
In case of large PV power plants, harmonic currents should be added arithmetically independent of 
harmonic order also the risk of high harmonic voltages due to instabilities with multiple controllers 
should be considered. Measurements of PV inverters or PV plants in laboratory or field should include 
harmonic magnitudes and phase angles. This can significantly improve studies for cancellation effects 
or the separation between customer-side and network-side contributions to the harmonic emission 
levels. [23] 
 
General and final conclusions about the impact of PV power on the harmonic levels are not known. 
This means that more comprehensive studies about the current characteristic of large-sized PV 
inverters are needed, particularly in order to improve the accuracy of respective harmonic studies. 
 
Supraharmonics 
 
PV inverters are also the source of supraharmonics. The emission is greatly affected by neighbouring 
devices [23]: 

• The presence of neighbouring supraharmonic sources can cause secondary emission at the PV 
inverter; 

• Changes in impedance due to connection and disconnection of neighbouring devices will 
impact the primary emission from a PV inverter; 

• Voltage harmonics (3rd, 5th and 7th) have shown strong correlations with the supraharmonic 
emission from a PV inverter. 

More effort is needed to study the harmonics covering the whole frequency range up to 150 kHz.  
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Fast and slow voltage variations 
 
Larger PV inverters exhibit slower ramping compared to smaller sized inverters. Relating the PV 
inverter ramping characteristics to voltage fluctuation is dependent on the grid-connection point and 
the associated grid impedance. Simple calculation methods for determining impact from PV inverters 
connected at the single point are given in [23]. When examining voltage impacts due to output 
variability, appropriately sized PV inverter data should be used (e.g. measurement data from a 1 kW 
system and scaling it to a much larger 1 MW system will result in overestimation of PV ramping 
impacts).  
 
The presence of PV installations will result in additional contribution to the variation in voltage 
magnitude at time periods of 10 minutes and longer. This includes daily variations, annual variations 
and intra-hour variations due to weather conditions (e.g. passing clouds).  
 
Flicker 
 
Low levels of flicker can be contributed to the active power production from PV installation. However, 
it is not expected to reach levels that are considered unacceptable. While acceptable flicker levels are 
not found to contribute to the changes in active power from PV installations, some can in fact cause 
unacceptable changes in voltage if the capacity of the PV installation exceeds the local hosting 
capability of the grid. However, these changes are slower and are considered as slow and fast voltage 
variations. [23] 
 
Connection and disconnection 
 
Transient over-voltages due to sudden PV inverter connection and disconnection have been 
documented [24]. Energization of the connecting transformer can result in inrush currents up to 8-10 
times rated current. Laboratory tests have been performed to assess the duration and magnitude of 
transient over-voltages created PV inverters during load-rejection conditions. Also some tests are 
made to assess the inverter behaviour during ground faults once the breaker is opened. These tests 
are based on relatively small inverters so further testing is needed for larger size inverters. Problem is 
also, that there is an absence of acceptance criteria to test that characterize load rejection and ground 
faults over-voltages as they are not standardized yet. [23] 
 
Unpredictable behaviour 
 
PV panel power generation highly depends on the weather conditions (solar radiation). This leads to 
the changes in power output as solar radiation changes. Illustration of this is shown on Figure 13-4 
where solar radiation, PV power and PV system efficiency in period of a one week (23.07.2010 – 
20.07.2010) is shown [22]. The electrical power generated by the PV system has similar behaviour as 
the solar radiation curve has. Peak power is reached when the higher values of solar radiation is 
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measured. PV efficiency depends on the location of installation and respective weather conditions. 
Temperature is also an issue as PV panel efficiency decreases with the temperature of the panel.  
 

 
Figure 13-4: Weather condition and PV panels energy production [22], [25]  
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