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Abstract 

The development of interconnected power systems together with an increasing number of 
renewable non-synchronous power sources, create major challenges for the power system to 
meet the voltage stability and power quality requirements. One way to increase the voltage 
stability in a sustainable way is to locally implement a STATCOM. By enhancing grid voltage 
stability under varying network conditions, the active power transfer capability will increase. 
However, before a STATCOM can be deployed in the power system, the behavior of it needs to 
be investigated for the specific network conditions at the point of interface.       

The thesis develops a software model in RSCAD of a STATCOM along with important control 
functions for real-time simulations in RTDS without hardware-in-the-loop. The model aims to be 
sufficient for representing the gross behavior of a STATCOM in real-time simulations in order to 
get a quick overview of the dynamic response of the system. The model’s overall performance is 
evaluated through simulations in RTDS. 

The results indicate that the main control functions are operating in a stable and sufficient way. 
Hence, the model can perform in different operation modes as well as handling unbalances that 
are introduced in the system without losing controllability. There is potential for improvements in 
order to obtain a model with a more sophisticated control system. The main area would be to 
introduce limiters and anti-windups at appropriate places as well as a fault-ride-through logic to 
ensure a safe and stable operation during disturbances. 
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Populärvetenskaplig Sammanfattning 
Vi står inför en av mänsklighetens största utmaningar hittills – klimatförändringarna. En åtgärd 
för att minska skadliga växthusgasutsläpp är att fasa ut fossila energikällor inom elproduktion. 
Dessa kan ersättas av förnybara produktionskällor så som sol- och vindkraft.  En större andel 
förnybar elproduktion, i kombination med bland annat ett minskat antal synkrongeneratorer och 
större sammankopplade nät, ställer höga krav på elsystemet.  

Elsystemets uppgift är att generera samt överföra elektricitet till slutanvändarna. Detta är en 
komplex process där det vid varje tidpunkt måste råda balans mellan elproduktion och 
elanvändning för att vi ska ha ett fungerande elsystem. För att upprätthålla systembalansen och 
inte riskera kollaps, måste elsystemet kunna hantera spänningsfall och fluktuationer. Detta är 
ett problem som blivit mer signifikant i och med utvecklingen av större sammankopplade nät 
och en större andel variabel elproduktion. Utfasningen av konventionell fossil elproduktion 
bidrar även till utmaningen att upprätthålla systemstabilitet, då dessa genererar elektricitet i 
”tunga” synkrongeneratorer. Fördelen med synkrongeneratorer är dess naturliga förmåga att 
bistå med systemtjänster i form svängmassa. Svängmassan skapar en viss tröghet i systemet, 
vilket bidrar till att elsystemet är mindre känsligt för störningar. Förnybara energikällor ansluts 
ofta via kraftelektronik och bidrar inte naturligt med samma systemtjänster som 
synkrongeneratorer. En ökad andel förnybar elproduktion innebär därmed en minskad mängd 
svängmassa i elsystemet, vilket ökar utmaningen i att upprätthålla frekvens- och 
spänningsnivån.  

Elsystemets förmåga att reglera spänning är nära relaterad till att kontrollera flödet av reaktiv 
effekt i systemet. Ett överskott av reaktiv effekt leder till en ökad spänningsnivå medan ett 
underskott leder till en minskad spänningsnivå. En miljömässigt hållbar och kostnadseffektiv 
lösning är att lokalt implementera reaktiv effektkompensering för att  säkerhetsställa att 
systemspänningen är inom acceptabla och driftsäkra nivåer. Detta kan göras av en så kallad 
STATCOM, vilket står för Static Synchronous Compensator. En STATCOM kan tillföra och 
absorbera reaktiv effekt till nätet som svar på de spänningsvariationer som kan uppstå i och 
med en ökad andel intermittent elproduktion. Kompensering av reaktiv effekt leder till 
förbättrad spänningsstabilitet och således förbättrad överföringsförmåga. Innan en STATCOM 
implementeras är det av stort värde att kunna testa dess förmåga under olika 
nätverksförhållanden. Detta kan göras genom realtidssimuleringar av dess kontrollsystem, 
vilket ger en snabb och översiktlig bild av dess dynamiska beteende.  

Syftet med detta examensarbete är att utveckla en mjukvarumodell av en STATCOM med 
tillhörande kontrollsystem för realtidssimuleringar i RTDS. Modellen är skapad i programvaran 
RSCAD och inkluderar ingen hårdvara, vilket gör modellen mycket tillgänglig och 
resurseffektiv. Målet är att modellen ska representera en förenklad version av en STATCOM 
och följa dess grundläggande arbetsprincip. Modellens övergripande arbetsförmåga utvärderas 
genom simuleringar i RTDS för olika driftlägen och störningar. 
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Resultatet från simuleringarna visar att modellen fungerar stabilt i olika driftlägen och klarar 
av att hantera störningar. Det finns dock potential för att utveckla modellens kontrollsystem till 
en mer förfinad version. I rapporten ges förslag på funktioner som kan implementeras för att 
erhålla en förbättrad modell gällande snabbhet och stabilitet. Detta inkluderar bland annat 
begränsnings- och anti-windup-funktioner, filtrering av signaler och  en så kallad fault-ride-
through logik, vilket syftar till att öka modellens kapacitet att hantera störningar. Genom att 
addera dessa till modellen kan en mer förfinad version av en STATCOMs kontrollsystem 
erhållas.    
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Executive Summary  
An increasing number of renewable non-synchronous power sources, together with the 
development of interconnected power systems, create major challenges in regards of voltage 
stability and power quality requirements. The market for STATCOM is therefore likely to 
increase since it is a sustainable way to enhance the voltage stability. However, before a 
STATCOM can be deployed in the power system, the behavior of it needs to be investigated 
for the specific network conditions at the point of interface. 

The thesis develops a software model in RSCAD of a STATCOM along with important control 
functions for real-time simulations in RTDS without hardware-in-the-loop. The model aims to 
be sufficient for representing the gross behavior of a STATCOM in real-time simulations in 
order to get a quick overview of the dynamic response of the system. The model’s overall 
performance is evaluated through simulations in RTDS.  

The results indicate that the main control functions are operating in a stable and sufficient way. 
Hence, the model can perform in different operation modes as well as handling unbalances that 
are introduced in the system without losing controllability. The model can both bring back the 
voltage at PCC to a stable operation point after a disturbance and at the same time balance the 
DC capacitor voltage between the phase-legs. 

However, it is suggested that the simulation model is further improved to obtain a more 
sophisticated control system and representation of a STATCOM. The main areas would be to 
introduce limiters in the system and anti-windups at appropriate places to avoid integrator 
saturation. Also, a fault-ride-through logic is needed which includes a function that freezes the 
PLL to ensure a safe and stable operation during disturbances. 
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SCR – Short Circuit Ratio 
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Chapter 1  

Introduction   
Humanity is facing one of the biggest challenges of our time – the climate change. Greenhouse 
gas emissions must decrease in order to prevent global warming. Globally, the primary sources 
of greenhouse gas emissions are from electricity and heat generation [1]. The use of fossil fuels 
like coal, oil and natural gas must be replaced by renewable energy sources like wind and solar 
power. However, an increased number of intermittent renewable non-synchronous power 
sources create major challenges for the power system to meet the voltage stability and power 
quality requirements.  
 
The main purpose of a power system is to generate and transmit electrical power via 
transmission lines to various consumers. This is a complex process that should be as efficient 
and sustainable as possible. One challenge that the power system is facing is handling voltage 
drops and fluctuations. This is a problem that has become more significant with the 
development of interconnected power system networks with a larger amount of intermittent 
renewable energy sources. The ability to regulate the voltage is closely related to controlling 
the flows of reactive power in the system. An excess of reactive power will lead to an increase 
in voltage, while a shortage of reactive power will lead to a decrease. Hence, reactive power 
compensation could be used to make sure that the voltage levels are acceptable, and therefore 
mitigate the risks of a worst-case scenario – a voltage collapse.   
 
A sustainable and cost-effective solution is to locally implement a Static Synchronous 
Compensator, STATCOM.  The purpose of STATCOM is to increase the voltage stability of a 
network by providing instantaneous and continuously variable reactive power in response to 
voltage fluctuations. By enhancing grid voltage stability under varying network conditions, the 
active power transfer capability will increase [2].        
                                                                                                                                                    
Before a STATCOM is deployed in the power system, its behavior must be investigated for the 
specific network conditions at the point of interface. One part of the investigation is to ensure 
that the control system works properly. This can be done by connecting the actual hardware of 
the control system with a Real Time Digital Simulator (RTDS), which will represent the 
remaining part of the system in real-time. Hence, real-time simulations can be made, and the 
performance of the control system can be evaluated. The setup of these simulations requires 
access to high performance computers (RTDS) together with hardware-in-the-loop. The setup 
is therefore time-consuming, expensive and requires additional recourses. To get a quick 
overview of the behavior of the system or to do in-house studies without a hardware-based 
control system, another simpler solution is needed. A model of a STATCOM with all the 
important control functions implemented in the RTDS software called RSCAD could therefore 
be a suitable solution where no hardware-in-the-loop is needed.  
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1.1 Thesis Objective  
The purpose of this master thesis is to develop an RSCAD software model of a STATCOM 
along with important control functions without hardware-in-the-loop. The model should be 
sufficient for representing the gross behavior of a STATCOM in RTDS simulations. Hence, the 
goal is that the RSCAD model’s overall dynamic response is consistent with the basic working 
principle of STATCOM.  
 
The model’s overall performance will be evaluated through simulations in RTDS for different 
operation modes and fault exposures, where the results will be discussed and assessed based on 
theory of STATCOM technology. 
 

1.1.1 Limitations & Confidentiality  

The thesis work is limited to develop a simplified STATCOM model, meaning that the model 
should represent the gross behavior and thus not be treated as a replacement of the real 
hardware-in-the-loop control. Only fundamental control functions are implemented in order to 
obtain a simplified model that fulfills the thesis objectives. The unbalance between sub-modules 
of the same phase will be handled by RSCAD’s own algorithm and will thus not be modelled 
in this report. 
 
Also, the PI-controllers used in the model had predetermined settings, and thus have not been 
designed in this project. A stability analysis of the design or discussion regarding how the 
settings should be chosen are therefore excluded from the report.  
 
The development of the model will not be described in detail due to confidential information. 
Hence, implemented equations that are company specific will not be shown in the report, 
instead a more general description of the model will be given in Chapter 4 and Chapter 5. Also, 
the model is developed according to the grid-forming control strategy presented in section 2.5. 
VSC Control Strategies. Due to confidentiality, it will not be presented exactly where the grid-
forming controls are implemented in the model or how they are constructed. Furthermore, the 
parameters used for the STATCOM model in Chapter 4 and Chapter 5 are project specific and 
therefore confidential information and will not be published in the report.  
  

1.2 Disposition of the Report  
The report is divided into the following chapters:   

• Chapter 2: Theoretical background for understanding the general concepts of 
STATCOM technology. 

• Chapter 3: Introduction of the DC capacitor voltage balancing problem in MMC 
based STATCOMs and approaches to handle it.  

• Chapter 4: Description of the model development.  
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• Chapter 5: Description of the control system development.  
• Chapter 6: Presentation of the model performance during different operation modes 

and disturbances.   
• Chapter 7: Discussion of the model and suggestions for further improvements. 
• Chapter 8: Conclusion of the thesis. 
• Appendix: Prints from RSCAD model and theory regarding symmetrical and 

unsymmetrical faults.   
 

1.3 Division of Responsibility  
This master thesis has been done by Jessica Redander and Johanna Lenárd, where both have 
contributed equally. The introduction part, discussion and conclusion have been written 
together. The model has been developed in collaboration, however, each of us have been 
responsible for different sections in the report. 

Johanna is responsible for the following sections: 

• 2.1-2.2 
• Chapter 3 
• 5.1-5.2 
• 5.5 
• 6.1-6.2 
• 6.4 

 Jessica is responsible for the following sections: 

• 2.3-2.6 
• Chapter 4 
• 5.3-5.4 
• 6.3 
• 6.5-6.6 
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Chapter 2 

Background 

This chapter presents background theory regarding the general concepts for understanding 
STATCOM technology. First, Flexible Alternating Current Transmission Systems (FACTS) 
and its benefits are introduced, followed by an overview of the working principle and design of 
STATCOM. Thereafter, concepts of symmetrical components and reference frames used for 
control are described. Finally, concepts regarding the control system are presented. This chapter 
thus gives the reader an overview at a general level of the concepts regarding STATCOM.  

 

2.1 FACTS Technology  
Traditionally, the possibilities to control the power flows were mainly based on mechanical 
devices, such as turbine governors and transformer tap changers. These devices constituted a 
limitation to the speed of control. Nowadays, FACTS technologies are used for reactive power 
and voltage control in a more efficient way. FACTS-devices are controlled by power-
electronics, which enable greater flexibility in the operation of power systems [3]. One way to 
overcome the problem of reactive power without constructing new transmission lines is by 
using FACTS-devices [4]. The technology consists of several different devices that can be 
implemented in the power system in order to keep the power system voltage stable and the 
power quality high. Different FACTS-devices introduce different power system benefits due to 
their variety of topologies. The devices can generally be classified into shunt and series 
controllers [5]. 
 

2.1.1 Benefits of FACTS-devices  

The benefits of using FACTS-devices can be illustrated by a P-V curve, often referred to as 
“nose curve”. Figure 2.1 illustrates a P-V curve with voltage on the vertical y-axis and system 
loading on the horizontal x-axis. The nose of the curve corresponds to the maximum transfer 
capability of the system. The operating point should preferably have a stability margin to 
the nose, i.e. the voltage collapse point. By the use of FACTS-devices the voltage stability can 
be increased, hence the curve can be stretched and thereby allowing an increased transfer of 
power [2]. 
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Figure 2.1. P-V curve showing the increased transfer capability by the use of FACTS-devices. Source: 

modified from [2] 
 
Other benefits from installing FACTS-devices are listed below. For a more in-depth 
explanation, see [5]. 
 

• Increase post-fault dynamic stability  
• Power oscillation damping  
• Voltage balancing  
• Load balancing  

 

2.2 STATCOM Technology  
STATCOM is a shunt connected FACTS-device for reactive power and voltage 
control. Reactive power can either be absorbed or generated depending on the voltage 
regulation mode of the STATCOM. They are typically used in utility applications, which 
require continuous reactive power compensation and voltage control, however, they can also 
be used to compensate for variable loads like arc furnaces in industrial applications [5]. 
 
The operation principle of STATCOM is based on the Voltage Source Converter (VSC), which 
is a power-electronic device that can serve as an interface between direct current (DC) systems 
and alternating current (AC) systems. To increase the voltage capability of a STATCOM, 
several VSCs could be connected in series and create a chain-link Modular Multilevel 
Converter (MMC). The number of series-connected sub-modules is primarily determined by 
the power rating of the STATCOM [6]. The working principle of STATCOM and the theory 
behind VSC and MMC is presented in the following sections.  
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2.2.1 Working Principle & Design of STATCOM 

The working principle of a STATCOM could be explained by a two-bus network, illustrated 
by Figure 2.2. Active and reactive power flows along the line from the sending end to the 
receiving end with the voltages:  

 

𝑉𝑠⃗⃗⃗  = 𝑉𝑠∠𝜙𝑠                                                            (2.1) 

𝑉𝑟⃗⃗  ⃗ = 𝑉𝑟∠𝜙𝑟                                                           (2.2) 

 

 

Figure 2.2. A simple two-bus network connected with a short transmission line, where Bus 1 is 
corresponding to the sending side and Bus 2 to the receiving side 

The transmission line connecting the two buses is considered as a short line, hence it is assumed 
to be lossless and is therefore modeled by a reactance, 𝑋𝐿 [7]. The current is flowing towards 
the receiving end and can be expressed as:  

𝐼 ⃗⃗ = 𝑉𝑠 ⃗⃗ ⃗⃗ ⃗⃗  − 𝑉𝑟⃗⃗ ⃗⃗  ⃗
𝑗𝑋𝐿

                                                             (2.3) 

The apparent power, 𝑆 , is the voltage multiplied by the conjugate of the current. The real part 
of the apparent power corresponds to the active power, 𝑃, while the imaginary part corresponds 
to the reactive power, 𝑄.  

𝑆 =  �⃗� ∙ 𝐼 ⃗⃗ ∗ = 𝑃 + 𝑗𝑄                                           (2.4) 

Let the difference in voltage angle between the sending end and receiving end be denoted by 
delta, (𝜙𝑠 − 𝜙𝑟) =  𝛿, and assume that 𝛿 is small. Following expressions for active and reactive 
power at the receiving end are obtained by combining Equation 2.3 and 2.4 with the 𝛿 
denotation:  

𝑄𝑟 =  
𝑉𝑟(𝑉𝑠−𝑉𝑟)

𝑋𝐿
                                                       (2.5) 

𝑃𝑟 =  
−𝑉𝑟𝑉𝑠 𝛿
𝑋𝐿

                                                          (2.6) 

If the sending end voltage is assumed to be constant, it can be seen from Equation 2.5 that the 
difference in voltage magnitudes between the sending end and the receiving end has a 
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significant impact on the reactive power flow. The active power is mainly controlled by the 
phase angle difference, 𝛿, according to Equation 2.6 [5]. The conclusion is that the reactive 
power could be controlled by the voltage magnitude at the receiving end without having a large 
impact on the active power flow. 

Figure 2.3 illustrates a single line diagram of a STATCOM where a VSC is connected to a 
power system via an inductance. The voltage generated by the VSC, 𝑉𝑐𝑜𝑛𝑣, i.e. the output 
voltage of the STATCOM, represents 𝑉𝑟 from Figure 2.2. The power system voltage, 𝑉𝑠𝑦𝑠𝑡, 
corresponds to the sending end voltage, 𝑉𝑠. 

 

Figure 2.3. Single-line diagram of a STATCOM where Vsyst corresponds to the network voltage and 
VVSC to the STATCOM voltage 

Only reactive power is flowing in the system during steady state operation since the power 
system voltage and the voltage generated by the converter are in phase. The difference in 
voltage angle is therefore zero, 𝛿 = 0. It shall be noted that there will exist a small difference 
in phase angle in practice and thus active power will be transferred in the system. A small 
amount of active power is required in order to compensate for the losses and maintain the DC 
capacitor voltage of the VSC to the desired level [2]. This will be explained further in Chapter 
3 and is for now neglected for broad explanatory purposes.  

Reactive power flows in general from higher voltage to lower. If the voltage generated by the 
converter is equal to the system voltage, the STATCOM does not generate or absorb any 
reactive power. When the power system voltage is higher than the voltage of the converter, the 
STATCOM is operating in inductive mode and thus absorbing reactive power. The current 
flows from the power system to the STATCOM and is phase-shifted, lagging, relative to the 
power system voltage. The opposite is true for the reverse case, i.e. when the power system 
voltage is less than the voltage of the converter, the STATCOM will generate reactive power. 
In capacitive operation, the current flows from the STATCOM to the power system and is 
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leading the voltage [8]. The capacitive and inductive operation modes of STATCOM are given 
in Figure 2.4, one should note that the voltages are in phase.  

To summarize the voltage regulation modes of STATCOM:  

• 𝑉𝑐𝑜𝑛𝑣 > 𝑉𝑠𝑦𝑠𝑡: STATCOM is generating reactive power (capacitive operation) 
• 𝑉𝑐𝑜𝑛𝑣 < 𝑉𝑠𝑦𝑠𝑡 : STATCOM is absorbing reactive power (inductive operation) 

 

Figure 2.4. The operation of STATCOM in capacitive and inductive mode, where Vsyst corresponds to 
the network voltage, Vconv to the STATCOM voltage and Iind and Icap corresponds to the primary side 

current for inductive respectively capacitive mode 

 

2.2.2 STATCOM V-I Characteristic  

Figure 2.5 illustrates the V-I characteristics of STATCOM when operating in voltage regulation 
mode. V-I diagrams are useful tools to see how the STATCOM will operate in the network [9]. 
The voltage reference, 𝑉𝑟𝑒𝑓, is the set voltage output that the STATCOM should achieve, 
normally in the range of ±5 % [10]. 

The STATCOM “slope” is defined as the ratio of the voltage change to the current change over 
a defined range [11]. The slope acts like a “buffer” to the system and prevents competition 
between the STATCOM and other devices from controlling the system voltage. Typical values 
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for the slope are in the range of 2-5 %, which allows the STATCOM to control the system 
voltage and at the same time keep room with other controllers in the same network [10].         

 

Figure 2.5. STATCOM V-I characteristic 

2.3 Voltage Source Converter  
In this section, the VSC will be explained together with the MMC. The VSC is built up by 
Insulated Gate Bipolar Transistors (IGBT), which has both turn-on and turn-off capability [12] 
and is the semiconductor used in STATCOM [2]. The device can have the configuration of a 
half-bridge or a full-bridge and can be used in both single-phase and multiple-phase converters. 
In Figure 2.6 a single-phase, full-bridge VSC can be seen and it will be referred to as one sub-
module (SM). This converter configuration is presented in more detail since it is the building 
block of the STATCOM. Hence, it is the configuration used in the subsequent chapters of the 
report.  

 

Figure 2.6. A full-bridge, single-phase Voltage Source Converter, where S denotes the 
semiconductors, Vc the capacitor voltage, VSM the voltage of the sub-module and ISM the current of the 

sub-module 
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The full-bridge VSC consist of four IGBTs, four anti-parallel diodes, one DC capacitor and one 
series inductance. The sub-module will be turned ON when S1 and S4 are conducting, giving 
VSM = +VC, and when S2 together with S3 are conducting, giving VSM = -VC. The VSC will be 
bypassed, giving VSM = 0, when S1 and S3 are conducting or when S2 is conducting together 
with S4 [12]. The operation principle of the converter is summarized in Table 2.1, where 1 is 
referring to ON and 0 is referring to OFF. The direction of the current through the capacitor 
will determine if it is being charged or discharged, the capacitor will maintain the voltage level 
when the VSC is bypassed.  

 
Table 2.1. Operation principle for a full-bridge, single-phase VSC where 1 is referring to ON and 0 is 

referring to OFF 

S1 S2 S3 S4 VSM 

1 0 0 1 +VC 

0 1 1 0 -VC 
1 0 1 0 0 
0 1 0 1 0 

 

2.3.1 Modular Multilevel Converter 

A single-phase, full-bridge VSC, described in previous section, can only withstand a few 
kilovolts and is therefore not suitable for high voltage applications. The semiconductor IGBT 
was originally developed for low-voltage applications, however, the maximum voltage rating 
has increased over the years and today a rating of 6.5 kV is possible [13]. To increase the voltage 
capability even further, you may connect several VSCs in series in order to create a chain of 
sub-modules. This is also called an MMC chain-link and an example is shown in Figure 2.7. 
The sub-modules will share the required voltage between them; hence the voltage capability is 
increased and MMC chain-links can be used in high power applications. The chain-link is 
representing one phase and if you combine three chain-links in a delta- or wye-connection you 
will have a three-phase converter.  

The modular topology of the converter is favorable since it allows for scalability of medium to 
high voltage ranges by only varying the number of sub-modules. By controlling the state of 
each sub-module, the total voltage (in one chain-link) can be controlled. The terminals of one 
sub-module can be either positive or negative capacitor voltage, or the third state which is zero. 
The amount of voltage levels in the chain-link will therefore be 2N+1, where N is the number 
of sub-modules [14]. The increased number of voltage levels for the MMC compared to other 
converters is contributing to better harmonic performance [15].  
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Figure 2.7. An MMC where Vchain-link represents the total voltage of the chain-link 

 

The MMC based STATCOM have many advantages, the most important ones are:   
• Absence of low-order passive filters  
• Reduced footprint  
• Modularity   
• Low losses  
 

Filters to reduce harmonics at lower orders are in general not needed because of the effective 
switching frequency of the MMC. Low-order filters require a lot of material and space, the 
absence of filters therefore implies that the footprint of the facility is reduced. The absence of 
low-order filters also makes it possible to standardize the components and thereby is the 
modularity an important benefit of the STATCOM. The multilevel concept enables relatively 
low switching frequencies, which results in low losses of the STATCOM [2].  
 

2.4 Reference Frames used in the Control of VSCs 
The transformation between different reference frames will be described in the following 
sections, the theory is compiled from [16]. The STATCOM must be actively controlled to 
achieve the desired output voltage and current. For example, one way of achieving total control 
over the current would be to track the three sinusoidal waveforms, since it will be a three-phase 
system. However, controlling sinusoidal waveforms and still achieve acceptable performance 
demands for compensators of high order and their design is not straightforward. Another option 
is to use other reference frames than the abc-frame. The first one is called αβ-frame, which will 
reduce the number of control loops from three to two. The second one is the dq-frame, which 
will transform the signals to be controlled into DC waveforms under steady-state conditions. 
Hence, if αβ- and dq-transformation is applied then the conventional PI-controller can be used. 
The PI-compensators are robust and easy to design.  

 



 
 

12 
 

2.4.1 αβ-Frame 

The three equations below represent a balanced, three-phase sinusoidal function, e.g. the 
voltage in abc-frame. 

   𝑣𝑎(𝑡) = 𝑣 cos(𝜔𝑡 + 𝜃0)                             (2.7.a)                                                                                                                                 

  𝑣𝑏(𝑡) = 𝑣 cos(𝜔𝑡 + 𝜃0 −
2𝜋
3
)            (2.7.b) 

                                    𝑣𝑐(𝑡) = 𝑣 cos(𝜔𝑡 + 𝜃0 −
4𝜋
3
)                 (2.7.c) 

where 𝑣 is the amplitude, 𝜔 is the angular frequency and 𝜃0 is the initial phase angle. The 
sinusoidal voltage function, Equation 2.7, can be expressed as a space phasor. The space phasor 
is defined as in Equation 2.8. 

𝑣 (𝑡) = 2
3
[𝑒𝑗0𝑣𝑎(𝑡) + 𝑒

𝑗2𝜋3 𝑣𝑏(𝑡) + 𝑒
𝑗4𝜋3 𝑣𝑐(𝑡)]              (2.8) 

where 𝑗 is representing the imaginary unit, which satisfies 𝑗2 = −1. Furthermore, the space 
phasor can be represented by a vector in a plane, and the minimum number of components we 
need to represent any given vector in a plane is two. Hence, the space phasor can be divided 
into its real and imaginary components and therefore be represented by two components as in 
Equation 2.9 below, 

              𝑣 (𝑡) = 𝑣𝛼(𝑡) + 𝑗𝑣𝛽(𝑡)               (2.9) 

where 𝑣𝛼(𝑡) is the real part referred to as the α-axis component and 𝑣𝛽(𝑡) is the imaginary part 
referred to as the β-axis component. The abc-frame with three variables has now been converted 
to the αβ-frame where the number of variables has been reduced to two, a graphical 
representation of the reference frames can be seen in Figure 2.8. By equating the real and 
imaginary part of Equation 2.8 and Equation 2.9, the abc-frame to αβ-frame signal transformer 
is obtained and it is shown in Equation 2.10.  

   [
𝑣𝛼(𝑡)
𝑣𝛽(𝑡)

] =  2
3
[
1 − 1

2
− 1
2

0 √3
2

− √3
2

] [
𝑣𝑎(𝑡)
𝑣𝑏(𝑡)
𝑣𝑐(𝑡)

]                                 (2.10) 

The α- and β-component can be seen as the projection of Equation 2.7 on the real and imaginary 
axis and the space phasor 𝑣 (𝑡) is rotating with the grid frequency. Consequently, the α- and β-
component will change in time. The α- component will vary along the real axis and the β-
component will vary along the imaginary axis, they can therefore be expressed as in Equation 
2.11 and Equation 2.12.   

               𝑣𝛼(𝑡) =  𝑣(𝑡) cos[𝜃(𝑡)]             (2.11) 

               𝑣𝛽(𝑡) =  𝑣(𝑡) sin[𝜃(𝑡)]              (2.12) 
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The two components are sinusoidal functions of time with the amplitude 𝑣 and the angular 
frequency 𝜔 = 𝑑𝜃/𝑑𝑡. The number of components in the system have been reduced from three 
to two, however, the components are still behaving as sinusoidal signals. A three-phase voltage 
signal with arbitrary values is shown in Figure 2.9 for a visual presentation.  
 

2.4.2 dq-Frame 

The oscillating signals that need to be controlled will be transformed to DC signals under 
steady-state conditions in dq-frame. As mentioned before, this means that compensators of a 
simpler structure, e.g. PI-controllers, now can be utilized. This transformation is achieved by 
using a reference frame which is rotating with the same angular frequency as the AC-signals. 
This is mathematically expressed in Equation 2.13 and Equation 2.14.  

         𝑣 (𝑡)𝑒−𝑗𝜑(𝑡) = [𝑣𝛼(𝑡) + 𝑗𝑣𝛽(𝑡)]𝑒−𝑗𝜑(𝑡) = 𝑣𝑑(𝑡) + 𝑗𝑣𝑞(𝑡)             (2.13)
  

                𝜑(𝑡) =  𝜑0 + ∫𝜔(𝑡)𝑑𝑡             (2.14) 

where 𝜑0 is the initial phase angle and 𝜔(𝑡) is the angular frequency which should be the same 
as the frequency of the AC-signals. The αβ-frame to dq-frame signal transformer can be 
obtained through Euler’s identity, see Equation 2.15, and is shown in Equation 2.16. 

              𝑒𝑗𝑥 = cos(𝑥) + 𝑗 sin(𝑥)             (2.15) 

                    [
𝑣𝑑(𝑡)
𝑣𝑞(𝑡)

] =  [
cos 𝜑(𝑡) sin 𝜑(𝑡)
− sin𝜑(𝑡) cos𝜑(𝑡)] [

𝑣𝛼(𝑡)
𝑣𝛽(𝑡)

]            (2.16) 

In Figure 2.8 a graphical representation can be seen of the three reference frames described 
above, abc-, αβ- and dq-frame.  

 

Figure 2.8. Graphical representation of the abc-, αβ- and dq-frame 
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In Figure 2.9 a three-phase voltage signal with arbitrary values is shown together with its αβ-
frame and dq-frame components.  

 

Figure 2.9. An example of a transformation of the abc-frame to αβ- and dq-frame 

 

If the voltage in dq-frame is multiplied with the conjugate of the current in dq-frame, expressed 
in Equation 2.17, the instantaneous real- and reactive power dq-components can be determined 
through Equation 2.18 and Equation 2.19.  

          𝑖∗⃗⃗ (𝑡) = (𝑖𝑑(𝑡) − 𝑗𝑖𝑞(𝑡))𝑒−𝑗𝜑(𝑡)            (2.17) 

       𝑃(𝑡) = 3
2
[𝑣𝑑(𝑡)𝑖𝑑(𝑡) + 𝑣𝑞(𝑡)𝑖𝑞(𝑡)]                                 (2.18) 

     𝑄(𝑡) = 3
2
[−𝑣𝑑(𝑡)𝑖𝑞(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)]            (2.19) 

If 𝑣𝑞(𝑡) is set equal to zero, the real power is directly proportional to 𝑖𝑑(𝑡) and the reactive 
power is proportional to 𝑖𝑞(𝑡). This is an advantageous quality of the dq-frame and it is used 
extensively in the control of grid-connected VSC-systems. The two reference systems, αβ- and 
dq-frame, introduced in this section are an important base for the control functions that will be 
implemented in the subsequent chapters.  
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2.5 VSC Control Strategies  
Voltage source converters can be classified as grid-forming or grid-following. This section aims 
to briefly explain the differences between the control strategies and to point out the benefits of 
using grid-forming control.  
  

2.5.1 Grid-Following Control 

Most converter-based systems to this date are of the grid-following type. Grid-following 
converters can be represented as a current source which inject active and reactive power to the 
grid according to a defined setpoint. Thus, grid-following control “follows” the measured 
voltage by using the measured voltage as reference [17].  
 

2.5.2 Grid-Forming Control 

Grid-forming converters could be characterized as a voltage source behind an impedance, 
illustrated by Figure 2.10. This enables the converter to behave closer to a synchronous machine 
[18]. Unlike the grid-following concept, grid-forming control creates its own internal voltage 
reference based on the output power of the converter. With this strategy, the converter is able 
to provide damping to frequency changes and thus enhance grid voltage stability [17].   

 

Figure 2.10. The concept of grid-forming control  

The trend today is that synchronous generators are decreasing, while non-synchronous 
technologies like wind power and battery energy storage systems are increasing. This leads to 
an increase of the equivalent impedance seen from the fault location due to the decrease of 
synchronous generators in parallel in the system, and therefore a reduced short-circuit MVA-
level. The consequence of this is a higher risk of voltage instability and voltage collapse [19]. 
Hence, with the grid-forming VSC control strategy a STATCOM can be deployed and enhance 
the voltage stability in areas with a low short-circuit ratio (SCR).  

SCR is an indicator of system strength in a specific point of the system [19]. The lower SCR, 
the weaker network. In this thesis, SCR will be the determined by the MVA-level at the point 
of common coupling (PCC) divided by the STATCOM rating, see Equation 2.20.  

                                                      𝑆𝐶𝑅 = 𝑆𝑃𝐶𝐶
𝑆𝑇𝐴𝑇𝐶𝑂𝑀𝑟𝑎𝑡𝑖𝑛𝑔

                                                     (2.20) 
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2.6 Symmetrical Components Theory 

A balanced three-phase system can be defined as a system with three voltage signals of equal 
magnitude and 120 degrees phase displacement. When these conditions are not fulfilled, the 
system is said to be unbalanced. In such situations, symmetrical components theory is often 
used in order to analyze the unbalanced system. The theory is based on a linear transformation 
from phase components to positive-, negative- and zero-sequence components. The equivalent 
circuits for these symmetrical components, called sequence networks, are uncoupled and will 
only be interconnected at the point of unbalance. Hence, the transformation will decompose the 
unbalanced phase components into three balanced set of signals [20]. Symmetrical components 
theory is used in a large variety of application, e.g. fault analysis, reactive power compensation 
and distributed generation [21]. For further theory regarding fault analysis see Appendix B. 

The positive-, negative- and zero-sequence components all consists of three phasors each, they 
are presented in Figure 2.11 and within one sequence the phasors are of the same magnitude. 
The positive- and negative-sequence both have a 120 degrees phase displacement between their 
phasors. However, the negative-sequence vector rotates in a clockwise direction, whereas the 
positive sequence vector rotates in a counterclockwise direction. The phasors within the zero-
sequence have no phase displacement [20]. 

 
Figure 2.11. Phase voltages represented by the three sets of sequence components 

The voltage of a phase can be described in symmetrical components as shown in Equation 2.21. 
Where the indices 0, 1 and 2 denote the zero-, positive- and negative-sequence respectively.  

                 𝑉𝑎 = 𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2              (2.21.a) 

                 𝑉𝑏 = 𝑉𝑏0 + 𝑉𝑏1 + 𝑉𝑏2              (2.21.b) 

                 𝑉𝑐 = 𝑉𝑐0 + 𝑉𝑐1 + 𝑉𝑐2              (2.21.c) 
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If the operator a is used, which is described in Equation 2.22, the phase components can be 
described with symmetrical components as in Equation 2.23.  

            𝑎 = −1
2
+ 𝑗 √3

2
= 1 ⌊120°              (2.22) 

 

           [
𝑉𝑎
𝑉𝑏
𝑉𝑐
] = [

1 1 1
1 𝑎2 𝑎
1 𝑎 𝑎2

] [
𝑉0
𝑉1
𝑉2
]               (2.23) 

The linear transformation from phase components to symmetrical components can be described 
with Equation 2.24.  

            [
𝑉0
𝑉1
𝑉2
] = 1

3
[
1 1 1
1 𝑎 𝑎2
1 𝑎2 𝑎

] [
𝑉𝑎
𝑉𝑏
𝑉𝑐
]               (2.24) 

The linear transformation, between phase components and symmetrical components in 
Equation 2.23 and Equation 2.24, is for the phase voltages. However, the equations also apply 
for the currents [20]. 
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Chapter 3 

The Problem of DC Capacitor Voltage Balancing 
in MMC based STATCOMs 

MMC based STATCOM has many advantages as previous mentioned, such as better 
performance in terms of efficiency, reduced footprint, modularity and absence of low-order 
filters. However, the complexity of the system requires advanced controls. The control systems 
may look different due to various topologies of the STATCOM, which can be achieved by 
connecting the modules in different ways. All of the topologies suffer from the same problem 
irrespective of delta- or wye-configuration: DC capacitor voltage unbalance. The DC capacitor 
voltage unbalance affects the safety operation of the STATCOM and could lead to a system 
collapse [22]. This chapter presents a theoretical background of the DC capacitor voltage 
unbalance problem and how it can be solved for delta-coupled STATCOMs.  

 

3.1 Identifying the Unbalance Phenomena  

Each sub-module of the MMC contains a DC capacitor, which means that several DC voltages 
need to be controlled in an MMC based STATCOM. The DC capacitor voltage unbalanced 
problem consists of two phenomena; unbalance between sub-modules of the same phase and 
unbalance between phases. The DC voltage of each sub-module within the same phase may be 
different due to component tolerances or unequal conducting and switching losses. However, 
this will not be investigated further in this report. The focus will be on the unbalance 
phenomenon between phases, which have to be in balance with each other in order to achieve 
a safe operation. Under normal conditions with balanced phase voltages, the STATCOM only 
provides reactive power. In unbalanced conditions, e.g. during a system fault, there will be a 
flow of active power [23]. The flow of active power creates a charging or a discharging of the 
DC capacitors. Each phase will supply or absorb a different amount of active power which will 
create a DC capacitor voltage unbalance between the phases [7]. However, although exchange 
of active power results in an unbalance between the phases, right amount is needed to 
compensate for the converter losses [2]. In order to simplify the explanation how the phase 
voltage unbalance occurs, the converter losses will be neglected.  
 

3.1.1 Common Mode & Differential Mode Power 

By controlling the flow of active power in and out of the MMC, it is possible to control the DC 
capacitor voltage. Active power is the dot product of voltage and current in each sequence 
according to Equation 3.1.  
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𝑃 = 𝑅𝑒 (�⃗� ∙  𝐼 ⃗⃗ ) = 
 

= 𝑅𝑒 (( 𝑉0⃗⃗  ⃗ +  𝑉1⃗⃗  ⃗ +  𝑉2⃗⃗  ⃗ )  ∙  ( 𝐼0⃗⃗⃗  + 𝐼1 ⃗⃗⃗⃗ + 𝐼2 ⃗⃗⃗⃗  )) = 

 
= 𝑅𝑒 (( 𝑉0⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  ) + (𝑉0⃗⃗  ⃗ ∙ 𝐼1⃗⃗  ) + (𝑉0⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  ) +  (𝑉1⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  ) + (𝑉1⃗⃗  ⃗ ∙ 𝐼1⃗⃗  ) + (𝑉1⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  ) + (𝑉2⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  ) + (𝑉2⃗⃗  ⃗ ∙ 𝐼1⃗⃗  ) +  (𝑉2⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  ))                (3.1) 
 
Where the indices 0, 1 and 2 denotes the zero, positive and negative sequences. 
 
The characteristic variables of a three-phase system could be decomposed into common mode 
and differential mode. This approach is commonly used in signal processing and is applicable 
for both AC and DC quantities [2]. The concept of differential mode and common mode 
quantities is compiled from [7].  
 
Considering three scalar variables, 𝑥1, 𝑥2 and 𝑥3, the common mode represents a quantity that 
is common to all phases as shown in Equation 3.2:  
 

                   𝑥𝑐𝑜𝑚𝑚 =  𝑥1+𝑥2+𝑥3
3

                                                                   (3.2) 
 
The differential terms, which are different in all three phases, can be expressed as Equation 3.3-
3.5:  

                 𝑥1,𝑑𝑖𝑓𝑓 =  𝑥1 − 𝑥𝑐𝑜𝑚𝑚                                                              (3.3) 
                 𝑥2,𝑑𝑖𝑓𝑓 =  𝑥2 − 𝑥𝑐𝑜𝑚𝑚                                                             (3.4) 
                 𝑥3,𝑑𝑖𝑓𝑓 =  𝑥3 − 𝑥𝑐𝑜𝑚𝑚                                                             (3.5) 

 
By definition, Equation 3.6 can be obtained from Equation 3.2 - 3.5: 
 

             𝑥3,𝑑𝑖𝑓𝑓 =  − 𝑥1,𝑑𝑖𝑓𝑓 − 𝑥2,𝑑𝑖𝑓𝑓                                                    (3.6) 
 

This implies that it is sufficient to define only two out of the three differential mode expressions, 
if the common mode, 𝑥𝑐𝑜𝑚𝑚, is known. Substituting Equation 3.2 into Equation 3.3 and 
Equation 3.4 respectively gives: 
 

  𝑥1,𝑑𝑖𝑓𝑓 =  𝑥1 − 𝑥𝑐𝑜𝑚𝑚 = 𝑥1 − (
𝑥1+𝑥2+𝑥3

3
) =  1

3
 (2𝑥1 − 𝑥2 − 𝑥3)                     (3.7)  

 

𝑥2,𝑑𝑖𝑓𝑓 =  𝑥2 − 𝑥𝑐𝑜𝑚𝑚 = 𝑥2 − (
𝑥1+𝑥2+𝑥3

3
) =  1

3
 (−𝑥1 + 2𝑥2 − 𝑥3)                    (3.8)  
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Inserting Equation 3.2, 3.7 and 3.8 in matrix form: 
 

[
𝑥1,𝑑𝑖𝑓𝑓
𝑥2,𝑑𝑖𝑓𝑓
𝑥𝑐𝑜𝑚𝑚

] =  1
3
 [
2 −1 −1
−1 2 −1
1 1 1

] [
𝑥1
𝑥2
𝑥3
]                                                  (3.9) 

 
Finally, applying the concept from Equation 3.9 on three phase active power flow where a, b 
and c denote each phase:  
 

[
𝑥1,𝑑𝑖𝑓𝑓
𝑥2,𝑑𝑖𝑓𝑓
𝑥𝑐𝑜𝑚𝑚

] =  1
3
 [
2 −1 −1
−1 2 −1
1 1 1

] [
𝑃𝑎
𝑃𝑏
𝑃𝑐
]                                                 (3.10) 

 
The following matrix, Equation 3.11, is obtained by multiplying the positive-sequence voltage 
by the positive-sequence current and applying the same transformation as Equation 3.10 to find 
the corresponding common mode and differential mode power. 
  

[
𝑃𝑎11
𝑃𝑏11
𝑃𝑐11

] =  

[
 
 
 

𝑅𝑒(𝑉1⌊(𝜙𝑉1) ∙ 𝐼1⌊(𝜙𝐼1))

𝑅𝑒 (𝑉1 ⌊(𝜙𝑉1 −
2𝜋
3
) ∙ 𝐼1 ⌊(𝜙𝐼1 −

2𝜋
3
))

𝑅𝑒 (𝑉1 ⌊(𝜙𝑉1 −
4𝜋
3
) ∙ 𝐼1 ⌊(𝜙𝐼1 −

4𝜋
3
))]
 
 
 
=  [

𝑉1𝐼1cos(∆𝜙𝑉1𝐼1)
𝑉1𝐼1cos(∆𝜙𝑉1𝐼1)
𝑉1𝐼1cos(∆𝜙𝑉1𝐼1)

]         (3.11) 

 

     [
𝑥1,𝑑𝑖𝑓𝑓
𝑥2,𝑑𝑖𝑓𝑓
𝑥𝑐𝑜𝑚𝑚

] =  [
0
0

𝑉1𝐼1cos(∆𝜙𝑉1𝐼1)
]                (3.12) 

 
and the positive voltage and negative sequence current: 
 

              [
𝑃𝑎12
𝑃𝑏12
𝑃𝑐12

] =  

[
 
 
 

𝑅𝑒(𝑉1⌊(𝜙𝑉1) ∙ 𝐼2⌊(𝜙𝐼2))

𝑅𝑒 (𝑉1 ⌊(𝜙𝑉1 −
2𝜋
3
) ∙ 𝐼2 ⌊(𝜙𝐼2 −

4𝜋
3
 ))

𝑅𝑒 (𝑉1 ⌊(𝜙𝑉1 −
4𝜋
3
) ∙ 𝐼2 ⌊(𝜙𝐼2 −

2𝜋
3
))]
 
 
 
 =  [

𝑉1𝐼2cos(∆𝜙𝑉1𝐼2)
𝑉1𝐼2cos(∆𝜙𝑉1𝐼2 + 

2𝜋
3
 )

𝑉1𝐼2cos(∆𝜙𝑉1𝐼2 − 
2𝜋
3
 )
] (3.13) 

 
 

         [
𝑥1,𝑑𝑖𝑓𝑓
𝑥2,𝑑𝑖𝑓𝑓
𝑥𝑐𝑜𝑚𝑚

] = [
𝑉1𝐼2cos(∆𝜙𝑉1𝐼2)

−𝑉1𝐼2 (
1
2
cos(∆𝜙𝑉1𝐼2) + 

√3
2
sin (∆𝜙𝑉1𝐼2))

0

]             (3.14) 

              
These calculations could be done for all the terms in Equation 3.1. The result is that the product 
of same sequence voltages and currents only contributes towards common mode power whereas 
the product of different sequence voltages and currents only contributes towards differential 
mode power:  
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 𝑥𝑐𝑜𝑚𝑚 {
𝑉0⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  

𝑉1⃗⃗  ⃗ ∙ 𝐼1⃗⃗ 

𝑉2⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  
            𝑥𝑑𝑖𝑓𝑓

{
 
 
 

 
 
 𝑉0⃗⃗  ⃗ ∙ 𝐼1⃗⃗ 

𝑉0⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  

𝑉1⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  

𝑉1⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  

𝑉2⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  

𝑉2⃗⃗  ⃗ ∙ 𝐼1⃗⃗ 

                                                    (3.15) 

 
To summarize, a non-zero common mode power term implies that there is an equal quantity of 
active power flowing in or out of each phase, i.e. the common mode power term causes a 
uniform change of DC capacitor voltages in all phases. The common mode power term could 
be controlled by ensuring that the STATCOM leg currents are out of phase by ±90° with 
respect to the voltages of the same sequence, i.e. the voltages and currents of the same sequence 
are in quadrature.  
 
The differential mode terms represent differential power, a non-zero differential mode power 
term implies thereby that there is an unbalance quantity of active power flowing in the 
STATCOM. This will cause an unbalance change of DC capacitor voltage in each of the phases. 
There are several methods to handle this problem depending on the topology of the STATCOM. 
How to control the differential mode power in delta-coupled STATCOM will be presented in 
the next section.        
 

3.2 How to Solve the DC Capacitor Voltage Unbalance Problem for 
Delta-STATCOM  
The topology of delta-coupled STATCOM allows positive-, negative- and zero-sequence 
currents to flow around the delta. The voltages are phase-to-phase and only represented by the 
positive- and negative-sequence, since the zero-sequence is eliminated due to the delta-
connection. The expression of active power in Equation 3.1 is therefore reduced to:   

𝑃 = ( 𝑉1⃗⃗  ⃗ +  𝑉2⃗⃗  ⃗ ) ∙ ( 𝐼0⃗⃗⃗  +  𝐼1⃗⃗ + 𝐼2⃗⃗⃗   ) =  

= 𝑉1⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  + 𝑉1⃗⃗  ⃗ ∙ 𝐼1⃗⃗ +  𝑉1⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  + 𝑉2⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  +  𝑉2⃗⃗  ⃗ ∙ 𝐼1⃗⃗ +  𝑉2⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗                                         (3.16) 

It is possible to choose the positive- and negative-sequence currents so that the two remaining 
common mode terms becomes zero according to:  

𝑉1⃗⃗  ⃗ ∙ 𝐼1⃗⃗ = 0                                                                 (3.17) 

𝑉2⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  = 0                                                                  (3.18) 
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This does not ensure that the remaining differential mode terms becomes:  

            𝑉1⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  +  𝑉2⃗⃗  ⃗ ∙ 𝐼1⃗⃗  = 0                                                                     (3.19) 

However, another degree of freedom is available; the zero-sequence current. The phase currents 
will not be affected by an imposed zero-sequence current since it only flows inside the delta. 
The idea for controlling the differential mode power in delta-coupled STATCOM is to choose 

 so that:  

𝑉1⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  +  𝑉1⃗⃗  ⃗ ∙ 𝐼2⃗⃗⃗  +  𝑉2⃗⃗  ⃗ ∙ 𝐼0⃗⃗⃗  +  𝑉2⃗⃗  ⃗ ∙ 𝐼1⃗⃗ = 0                                       (3.20) 
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Chapter 4 

Development of STATCOM Model  

To represent the network and the STACOM, an electrical circuit has been built in RSCAD. The 
representation and how it has been done is presented in this chapter. In Appendix A, a print of 
the electrical circuit in RSCAD can be seen.   
 

4.1 RSCAD STATCOM Model 
A STATCOM’s basic operational principles and its building blocks have been described earlier, 
see Chapter 2 and Chapter 3, from this a STATCOM model was obtained in RSCAD. The 
model will be used in order to both run and verify the control functions of the system that will 
be introduced in Chapter 5. A circuit diagram of the electrical model can be seen in Figure 4.1 
with the point of common coupling marked as PCC. 

Figure 4.1. A circuit diagram of the electrical model where PCC marks the point of interface between 
the network and the STATCOM 

The grid is represented by a Thevenin equivalent, where the equivalent source impedance is 
determined from the X/R-ratio and varying with the network strength. The X/R-ratio is 
determined by the ratio of the system reactance, X, to the system resistance, R, and is a way of 
stating the power factor of the source system. The transformer is wye-delta connected, hence 
there will be a phase-shift between the primary and secondary side of 30 degrees [20]. The 
connections are made such that the secondary side will lead the primary side.  

Performing real-time simulations of networks containing VSCs demand for a very small time-
step in the computation, due to the switching of the IGBTs. However, all components in the 
circuit do not need such a small time-step in order to still be represented accurately. To lower 
the processing power needed for the model, a large and a small time-step model can be used. 
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In RTDS this is done through having one main network with a time-step of about 50 µs, and 
then sub-networks containing the VSC circuits with a time-step of 1.4 to 2.5 µs [24]. Therefore, 
the three phase-legs (MMC chain-links) of the STATCOM will be placed in a small time-step 
sub-network. The main network and the small time-step sub-network will interface with each 
other through the transformer. Hence, the primary side of the model will be in the main network 
while the secondary side will be placed in the sub-network.  
 

4.1.1 MMC-Modeling 

The phase-legs in the STATCOM will be represented by the built-in component defined as 
rtds_vsc_MMC5, instead of individual sub-modules. The component can be seen in Figure 4.2. 
One reason for the choice of the component is that the system model is limited to a certain 
number of nodes. Hence, modelling each sub-module individually would result in exceeding 
that limitation, instead a rtds_vsc_MMC5 component can be used to present the whole chain-
link. The rtds_vsc_MMC5 component has an internal control function for capacitor voltage 
balancing which will be used in the model. This is regarding the unbalance problem between 
sub-modules in the same phase that was described in Chapter 3. 

The operational principle of the capacitor voltage balancing is based on the concept that each 
sub-module spends a weighted time in the four different states “blocked”, in “+ve”, in “-ve” 
and in “bypassed”, resulting in the same average capacitor voltage at the end of each small 
time-step for all capacitors. The inputs needed for the rtds_vsc_MMC5 component are a deblock 
signal, which inserts the phase-leg, and a signal with the number of sub-modules to be inserted 
in +ve or – ve. 

 

Figure 4.2. The rtds_vsc_MMC5 component (RTDS Technologies, 2006) that is used to represent the 
MMC chain-link 
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Furthermore, the rtds_vsc_MMC5 component is connected to the small time-step network 
through a Bergeron travelling-wave transmission line model, the travel-time denoted with τ is 
half of a small time-step. The inductance of the transmission line model is represented by DT/2 
in Figure 4.2 and the shunt capacitance can be determined through Equation 4.1[24]. 

  

           𝐶 =  𝜏2

𝐷𝑇/2
= (𝑆𝑚𝑎𝑙𝑙 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝)2

4 ∗ 𝐷𝑇/2
                   (4.1) 

 

The shunt capacitance is an unwanted component in the model, since it is not present in reality. 
Hence, the total series reactance of the chain-link will be divided between DT/2 and L in Figure 
4.2, with the bigger part represented in DT/2 in order to reduce the size of the capacitance and 
its influence on the simulations. Therefore, approximately 90 % of the total series reactance 
was placed within DT/2 and the remaining part within L. This results in a very small capacitance 
that can be neglected.  
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Chapter 5 

Development of Control System  

In the following chapter the applied control method for the system will be introduced. The main 
control objective for a STATCOM is to achieve voltage regulation control at PCC through 
injection or absorption of reactive power. Other control objectives are to achieve a balanced 
power distribution between phase-legs in the VSC and a balanced power distribution among 
the sub-modules within the phase-legs, in order to avoid undesired harmonics, unbalances 
between phases and semiconductor stress [6].  

Figure 5.1 is representing an overview of the control system and the developed control 
functions. Each control block will be presented individually in the upcoming sections of the 
chapter. In Chapter 6 a performance evaluation of the complete control system will be made 
together with the STATCOM model from the previous chapter.  

 

 

Figure 5.1. Schematic diagram of the control system where index 1 denotes the primary side and index 
2 denotes the secondary side of the system 

 

5.1 Phase Locked-Loop 
The STATCOM needs to be synchronized to the PCC in order to inject and absorb reactive 
power and thus regulate the voltage [25]. This is done through a Phase Locked-Loop (PLL). A 
PLL is a closed-loop system which operates by generating an output signal whose phase is 
related to the phase of the input signal [26]. 
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The PLL is a fundamental control function of the model since it enables conversions between 
abc- and dq-coordinates of the STATCOM model by the use of the angle theta, θ. A simplified 
PLL block diagram can be seen in Figure 5.2. The control function is based on aligning the d-
component of the measured voltage with the utility voltage; hence the q-component of the 
measured voltage will go to zero [26]. The definition was chosen in this model since it provides 
the relation that the active power is proportional to the d-component of the current and the 
reactive power is proportional to the q-component, see Equation 2.18 and Equation 2.19. As 
described in [26], the angular position θ for the dq-frame will be obtained through a feedback 
loop which handles the q-component of the voltage as the error and will therefore regulate it to 
zero. See Equation 2.16 for how the q-component is determined.  

 

 

Figure 5.2. Simplified PLL block diagram based on the synchronous reference frame 

 

5.2 AC Voltage Regulator  

The AC Voltage Regulator is one of the two outer voltage control loops that will generate 
reference values for the Current Controller via the Current Limiter. The reference value is for 
the reactive current control loop and it will try to achieve the control objective regarding voltage 
regulation control at PCC [6].  

The AC Voltage Regulator takes the overall phasor magnitude of the positive sequence primary 
bus voltage and compare it to a reference value. The primary side voltage corresponds to the 
system voltage, which is used to decide the regulation mode of the STATCOM, i.e. capacitive 
or inductive operation.  

The AC voltage regulator also includes a slope contribution according to the theory presented 
in 2.2.2 STATCOM V-I Characteristic. A voltage drop is thus created by multiplying the q-
component of the primary side current with a slope constant. The voltage drop is subtracted 
together with the positive primary side voltage from the reference signal before it goes to a PI-
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controller. The output of the PI-controller is the total q-component of the current used in the 
Reference Limiter to control the positive current reference. The process of the AC voltage 
regulator is illustrated in Figure 5.3.  

 

Figure 5.3. Block diagram of the AC Voltage Regulator where index 1 denotes the primary side 

 

5.3 DC Voltage Regulator 

The DC voltage regulator is the second outer voltage control loop and is regulating the DC 
capacitor voltage. As mentioned earlier, the STATCOM should only exchange reactive power 
with the network except for the active power needed to replace the converter losses. This is 
handled by the DC voltage regulator. The controller will ensure that the capacitor voltage 
remains at the desired reference value through control of the active power exchange between 
the STATCOM and the power system [27].  

The principle is that a voltage deviation is generated by comparing a reference voltage, Udc,ref,, 
to the actual voltage, where the actual voltage corresponds to the average value of the DC 
voltages from the three phase-legs of the converter. A PI-controller is then used to regulate the 
obtained voltage deviation [28]. The output of the PI-controller is the total d-component of the 
current that is sent to the DC Voltage Unbalance control function. An illustration of the DC 
Voltage Regulator can be seen in Figure 5.4.  

 

Figure 5.4. Block diagram of the DC Voltage Regulator  
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5.4 Current Limiter 
The overall purpose of the Current Limiter function is to determine the limits for the current in 
the VSC, apply the limits on the positive- and negative-sequence currents, produce a zero-
sequence current reference for DC voltage balancing purposes and finally send the dq0-
references to the Current Controller. This is executed in several steps and the Current Limiter 
control function is composed of four functions called Reference Limiter, Zero-sequence 
Calculation, DC Voltage Unbalance Control and the last one which is also named Current 
Limiter. A schematic diagram of how the functions are interconnected can be seen in Figure 
5.5.  

 

 

Figure 5.5. Schematic diagram of the functions that compose the Current Limiter  

The reactive current reference, iq,ref,ACVreg, from the AC Voltage Regulator will be the input to 
the Reference Limiter, as well as the determined limits from the Current Limiter. Hence, the 
purpose of the function is to limit the positive- and negative-sequence current references from 
the outer control function in case of an unbalance in the system. By doing that, the zero-
sequence current reference that is mitigating the unbalance will be prioritized.  

The Zero-Sequence Calculation computes the zero-sequence current that is needed to balance 
the power between the phases in the delta during unbalanced operation with respect to the 
positive- and negative-sequence current references from the Reference Limiter. The DC 
Voltage Unbalance Control will, based on the theory presented in 3.2 How to Solve the DC 
Capacitor Voltage Unbalance Problem for Delta-STATCOM, compute the zero-sequence 
current needed in order to cancel the differential mode power term. Also, the active current 
reference, id,ref,DCVreg, from the DC voltage regulator will be added to the sequence references 
in the unbalance control.  

The contributions of sequence current references from the three functions Reference Limiter, 
Zero-Sequence Calculation and DC Voltage Unbalance will be added together before entering 
the Current Limiter. Then, based on the total sequence current references, the Current Limiter 
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will calculate new factors which will limit the references of the outer control in the Reference 
Limiter. Also, the total sequence current references will be transformed to dq0-components and 
sent to the Current Controller. 
 

5.5 Current Controller 
The Current Controller controls the dq-components of the current to the respective reference 
and determines the voltage references that will set the firing pulses for the IGBTs and thus the 
reactive power produced or absorbed by the STATCOM. Instabilities in the current control loop 
may deteriorate the performance of the entire system. Therefore, the design of the controller is 
of high importance. Outer voltage control loops, presented in 5.2 AC Voltage Regulator and 5.3 
DC Voltage Regulator, together with the Current Limiter generates reference values to the 
Current Controller. Hence, the Current Controller is an inner control loop, which demands for 
speed as well as accuracy [17].  

In this report, the current control is performed in the synchronous reference frame called dq-
frame, the reference currents will therefore be DC-quantities. The equation used for the control 
can be derived from the circuit in Figure 5.6 and is represented in Equation 5.1 where the 
vectors are space vectors in dq-frame [29]. 

 

Figure 5.6. Electric circuit representation of the converter and network which is used for derivation of 
the current control equations 

 

           𝐿 𝑑𝒊
𝑑𝑡
= 𝒗 − (𝑅 + 𝑗𝜔𝐿)𝒊 − 𝑬              (5.1) 

The differential equation of the system in dq-frame, Equation 5.1, can be divided into one real 
and one imaginary part. Equation 5.2 is representing the real part while Equation 5.3 is 
representing the imaginary part.  

          𝐿 𝑑𝑖𝑑
𝑑𝑡
= 𝑣𝑑 − 𝑅𝑖𝑑 + 𝜔𝐿𝑖𝑞 − 𝐸𝑑              (5.2) 

          𝐿 𝑑𝑖𝑞
𝑑𝑡
= 𝑣𝑞 − 𝑅𝑖𝑞 − 𝜔𝐿𝑖𝑑 − 𝐸𝑞              (5.3) 
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In Equation 5.2 and Equation 5.3 you can see that we have cross-coupling terms, the active 
current id and the reactive current iq are coupled with each other by the inductance, L, in the 
system. Consequently, if you have variations within id, it will lead to variations within iq as 
well. This creates difficulties in the control of the current [29]. A decoupling of the currents can 
be obtained through the addition of compensation terms, which will be the cross-coupling term 
with the opposite sign convention. The decoupled system is shown in Figure 5.7 which 
represents the control loop diagram of the current controller. The active current control loop 
will produce the vd reference which is related to the voltage at the DC-side of the converter, 
while the reactive current loop will produce the vq reference which is related to the reactive 
power exchange with the power system.  

 

Figure 5.7. Block diagram for the active and reactive Current Controller where index 2 denotes the 
secondary side 

 

A control loop for the zero-sequence current is also present in the Current Controller. The 
function will produce the zero-sequence voltage reference, which will drive the zero-sequence 
current in order to mitigate unbalances between the phase-legs. The zero-sequence control is 
not coupled with the active and reactive currents.   
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Chapter 6 

Simulation Results  
In this chapter the basic working principle of the STATCOM model will be evaluated. The 
behavior of the control system will be studied through tests of capacitive and inductive 
operation mode and also through variations of the DC capacitor voltage. The DC Voltage 
Unbalance Control will be evaluated by simulating a fault with the unbalance function enabled 
and disabled.  A comparison between grid-forming and grid-following operation will be made, 
followed by a fault case simulation with the purpose to evaluate the overall system response. 
The simulations have been performed in RSCAD/RTDS and the data were transferred and 
processed in MatLab. If not specified, the following will be used for all simulations:   

• System frequency of 50 Hz.   
• Grid-forming control strategy.     
• Slope constant of 2%.  
• SCR of 10.   

 

6.1 Capacitive Operation Mode 
This section will focus on the behavior of the STATCOM in capacitive operation mode, hence 
when the STATCOM is generating reactive power to the system. According to the theory 
presented in 2.2.1 Working Principle & Design of STATCOM, the converter voltage will be 
larger than the system voltage and the current should lead the voltage.  

The reference for the voltage at PCC was set to 1.03 p.u. in order to validate that the model 
would operate in capacitive mode. The result can be seen in Figure 6.1, the upper graph is 
comparing the primary side voltage to the converter voltage and the lower graph compares the 
primary side voltage to the primary side current.  

The magnitude of the converter voltage is slightly larger than the primary side voltage and thus 
the converter is working in capacitive operation mode. This is confirmed by the calculated 
RMS-values, seen in Table 6.1. The current is reaching its maximum value when the primary 
side voltage is crossing the x-axis, hence almost a 90-degree phase-shift can be observed where 
the current is leading the voltage. The result in Figure 6.1 is consistent with the theory presented 
in Figure 2.4. 
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Figure 6.1. The STATCOM model in capacitive operation mode with the primary side voltage (blue), 
VSC voltage (red) and primary side current (yellow) 

Table 6.1. Calculated RMS-values, phase-shifts and THD of Figure 6.1    

  
 
 
 
 
 
 
 
 
The phase-shift between the converter voltage and primary side voltage is due to two reasons; 
the wye-delta connection of the transformer and that the secondary side voltage is line-to-line 
while the primary side is line-to-neutral. This almost creates a 60-degree phase-shift between 
the voltages, where the secondary side is leading the primary side. Furthermore, one can 
observe that the primary side voltage signal, which corresponds to the voltage at PCC, contains 
higher order harmonics causing a rippled signal. The Total Harmonic Distortion (THD) has 
been calculated to 3.1% for the primary side voltage, according to Table 6.1. The script used 

Parameter Value 

RMS-value of Uvsc 0.77 p.u. 

RMS-value of Uprim 0.72 p.u. 

Phase shift between Uvsc and Uprim 59.5° 

Phase shift between Iprim and Uprim 88.9° 

THD of Uprim 3.1% 
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for THD calculation can be seen in Appendix D and the spectrum graphs can be found in 
Appendix C.    
 

6.1.1 Step Response of PCC Voltage in Capacitive Operation Mode 

To further investigate the control functions of the model during capacitive operation mode, a 
step function was applied to the AC Voltage Regulator reference. The step was from 1.0 p.u. 
for the reference voltage at PCC to 1.03 p.u., hence, showing how the converter goes from a 
neutral operation point to a capacitive operation point.  

The step response for the AC Voltage Regulator with three different slope constants, 0, 2 and 5 
percent is shown in Figure 6.2. One can observe that the actual value reaches the reference 
value when the slope constant is equal to zero. Furthermore, an increasing slope constant is 
leading to a decreasing output of the AC Voltage Regulator, hence a larger steady-state error 
and “buffer” as described in 2.2.2 STATCOM V-I Characteristic.  

The controller is reaching steady-state at approximately 0.8 seconds and the settling time is 0.7 
seconds. The operation is stable with low levels of noise and the voltage with a slope constant 
of zero is having an overshoot of approximately 5.5 percent.  

 
Figure 6.2. Step-response for the AC Voltage Regulator where the slope constant is varied between 0, 

2 and 5 percent 
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The positive step change in the PCC voltage reference indicates that the converter needs to 
supply the system with reactive power in order to increase the voltage. Therefore, a step 
response will be seen in the Reactive Current Controller as well, since the reactive current is 
needed in order to supply the reactive power, see Equation 2.19. The step response for the 
Reactive Current Controller can be seen in Figure 6.3. The controller is tracking the reference 
and is reaching a steady state at approximately 0.7 seconds. However, the noise level of iVSC,q 
is very high compared to the voltage signals in Figure 6.2.  

 

Figure 6.3. The behavior of the reactive Current Controller when a positive step-function is applied 
for the AC Voltage Regulator reference 

In Figure 6.4 the reactive power supplied by the converter to the system can be seen. The 
reactive power is reaching a value of approximately -0.35 p.u. Hence, generation of -0.35 p.u. 
reactive power can therefore keep the voltage at PCC at 1.03 p.u. during steady-state. The 
system definition is that the reactive power supplied to the system is “leaving” the converter, 
therefore, it is assigned a negative sign convention. 
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Figure 6.4. The reactive power supplied from converter to system at the working point of 1.03 p.u.  

 

6.2 Inductive Operation Mode 

This section will focus on the behavior of the STATCOM in inductive operation mode, hence 
when the STATCOM is absorbing reactive power. According to the theory presented in 2.2.1 
Working Principle & Design of STATCOM, the converter voltage will be smaller than the 
system voltage and the current should lag the voltage in inductive operation mode.  

The reference for the voltage at PCC was set to 0.97 p.u. in order to validate that the model 
would behave in such a way. The result can be seen in Figure 6.5, the upper graph is comparing 
the primary side voltage to the converter voltage and the lower graph compares the primary 
side voltage to the primary side current.  

The magnitude of the converter voltage is smaller than the primary side voltage and thus the 
converter is working in inductive operation mode. This is confirmed by the calculated RMS-
values, seen in Table 6.2. The current is reaching its maximum value when the primary side 
voltage is crossing the x-axis, hence almost a 90-degree phase-shift can be observed where the 
current is lagging the voltage. The result in Figure 6.5 is consistent with the theory presented 
in Figure 2.4. 
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Figure 6.5. The STATCOM model in inductive operation mode with the primary side voltage (blue), 
VSC voltage (red) and primary side current (yellow) 

Table 6.2. Calculated RMS-values, phase-shifts and THD of Figure 6.5    

  
 
 
 
 
 
 
 

Similarly, as the capacitive operation mode, one can observe higher order harmonics causing 
ripple in the primary side voltage in Figure 6.5. The THD of the primary side voltage has been 
calculated to 2.9%, as presented in Table 6.2. Also, the almost 60 degrees phase-shift between 
the converter voltage and the primary side voltage is due to the same two reasons: the 
transformer-coupling and the line-to-line voltage on the secondary side compared to the line-
to-neutral voltage on the primary side. 

 

Parameter Value 

RMS-value of Uvsc 0.64 p.u. 

RMS-value of Uprim 0.69 p.u. 

Phase shift between Uvsc and Uprim 59.6° 

Phase shift between Iprim and Uprim 90.6° 

THD of Uprim 2.9% 
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6.2.1 Step Response of PCC Voltage in Inductive Operation Mode 

A step function from 1.0 p.u. to 0.97 p.u. for the reference voltage at PCC was applied to the 
AC Voltage Regulator in order to investigate the inductive operation mode. Hence, showing 
how the converter goes from a neutral operation point to an inductive operation point. 

The step response for the AC Voltage Regulator with three different slope constants of 0, 2 and 
5 percent can be seen in Figure 6.6. The simulation with a slope constant of zero is reaching 
the reference value. While the simulations with a higher slope constant results in an increasing 
output from the AC Voltage Regulator, thus, increasing the buffer area between actual value 
and reference value. All three simulations have a similar behavior and are reaching steady-state 
after approximately 0.7 seconds. The operation is stable with low levels of noise and the voltage 
with a slope constant of zero is having an overshoot of approximately 5.5 percent. 

 

Figure 6.6. Step-response for the AC Voltage Regulator where the slope constant is varied between 0, 
2 and 5 percent 

The negative step change in the PCC voltage reference indicates that the converter needs to 
absorb reactive power in order to decrease the voltage at PCC. Therefore, a step response will 
be seen in the Reactive Current Controller as well and the result of this can be seen in Figure 
6.7. The controller is tracking the reference and is reaching a steady state at approximately 0.7 
seconds. However, the noise level of iVSC,q is very high compared to the voltage signals above 
as in the capacitive operation mode. 
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Figure 6.7. The behavior of the reactive Current Controller when a negative step-function is applied 

for the AC Voltage Regulator reference 

In Figure 6.8 the reactive power absorbed by the converter to the system can be seen. The 
reactive power is reaching a value of approximately 0.35 p.u. Hence, absorption of 0.35 p.u. 
reactive power can therefore keep the voltage at PCC at 0.97 p.u. during steady-state. Note that 
the reactive power is now having a positive sign convention, since the converter is “receiving” 
reactive power.  

 
Figure 6.8. The reactive power absorbed by the converter at the working point of 0.97 p.u. 
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6.3 Step Response of DC Voltage  
The DC voltage regulator will ensure that the capacitor voltage remains at the desired reference 
value through control of the active power exchange between the STATCOM and the power 
system. Hence, the function is vital for the functionality of the control system. This section 
seeks to examine the performance of the DC voltage regulator, which is done through a step 
response of ± 0.02 p.u.    

Figure 6.9. shows a step to 1.02 p.u. and how the active current controller is affected by the 
increased reference. The voltage step response has a fast rise time and is stabilizing relatively 
fast, reaching steady-state in less than 0.1 seconds. The overshoot of the step-response is 7.0 
percent. Furthermore, the lower graph of Figure 6.9, shows that the Active Current Controller 
is responding very fast to the step function. The d-component of the reference and measured 
current are positive since the capacitors are charging when the voltage increases from 1.0 to 
1.02 p.u. Hence, the current goes into the VSC and active power is consumed according to 
Equation 2.18.  

 

Figure 6.9. Results for the DC Voltage Regulator and the active Current Controller when a positive 
step-function is applied to the DC voltage reference 

Figure 6.10 shows a step-down response to 0.98 p.u. with similar result as the step-up response 
except that the d-component of the reference current is negative. This indicates that the 
capacitors are discharging, hence the current goes out of the VSC and active power is 
transferred to the system. The overshoot was calculated to 10.3 percent for the DC Voltage 
Regualtor. 
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Figure 6.10. Results for the DC Voltage Regulator and the active Current Controller when a negative 
step-function is applied to the DC voltage reference 

 

6.4 DC Capacitor Voltage Balancing 
In this section, the DC capacitor voltage balancing of the model is evaluated through a fault 
simulation with the control functions enabled and disabled. The simulated fault is a line-to-line 
(LL) between phase A and phase B on the primary side during 5 cycles with a fault impedance 
of 0.001 Ω, which is a worst-case scenario for unbalance for a delta-coupled STATCOM. 

During the LL-fault with the unbalance control function disabled, one can see from Figure 6.11 
that the system does not manage to bring the three DC phase-leg voltages together after the LL-
fault clears at 0.2 seconds. The oscillations reach a peak-value slightly higher than 2.0 p.u. and 
continue for almost 0.9 seconds after the fault has occurred.       

Figure 6.12 shows the result of the same simulated fault but with the unbalance control function 
enabled. The time to stabilize after the fault is faster and the oscillations are less compared to 
the simulation with the unbalance function disabled. However, the peak value is slighty larger 
and reaches a value of approximately 2.3 p.u.  

One can also see in the lower graph of Figure 6.12, that the zero-sequence current contribution 
coincide with the unbalance in the system. The fault creates unbalances after 0.1 second and by 
that time the zero-sequence current responds. It reaches its largest value of approximately 2.2 
p.u. at the same time as the largest unbalance occurs in the system, around 0.25 seconds. The 
measured zero-sequence current, iVSC,0 follows the reference, iref,0, hence mitigating the 
unbalance.   
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Figure 6.11. The phase-leg voltages for a LL-fault on the primary side with a fault impedance of 0.001 

Ω for the case without unbalance control 

 
Figure 6.12. The phase-leg voltages for a LL-fault on the primary side with a fault impedance of 0.001 

Ω for the case with unbalance control and the contribution from the zero-sequence current  
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6.5 Comparison: Grid-Forming and Grid-Following Control  
This section seeks to compare the operation of the model with grid-forming respectively grid-
following control, where both models have the same parameter values and tuning. A step 
change from 1.0 p.u. to 1.05 p.u. is applied for the AC Voltage Control reference at different 
short circuit ratios, SCRs. The simulated SCRs are 0.25, 0.5 and 1.0, where the lower ratio 
indicates weaker network. The results of the two cases are shown in Figure 6.13.  

Figure 6.13. Step-response for the AC Voltage Regulator with grid-forming and grid-following control 
strategy and SCRs of 1.0, 0.5 and 0.25 

From Figure 6.13 one can observe that the step response for the grid-forming control stays 
relatively stable for all the tested SCRs. However, a slightly larger overshoot can be observed 
for the SCR of 1.0 and 0.5. For the grid-following control, one can observe that the voltage 
starts to oscillate much more compared to the grid-forming step response. With a SCR of 0.25, 
the system becomes unstable with heavy oscillations and steady-state is no longer reached. 
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6.6 Fault Cases 
This section investigates if the model can handle faults and recover. All fault cases were 
simulated on the primary side, where they are most likely to occur in reality. The fault case 
simulation aims to get an overview of the system during faults and therefore the four following 
types of faults are selected for investigation: single line-to-ground (LG), line-to-line (LL), 
double line-to-ground (LLG) and 3-phase line-to-ground (3-phase LG). All cases were 
simulated for 5 cycles with fault impedances of 0.001 Ω, almost bolted faults. The results are 
shown in Figure 6.14, and represents the voltage at PCC before, during and after the fault.  

Figure 6.14. Voltages at PCC during a LG-, LL-, LLG- and 3-phase LG- fault  

One can observe that the system goes from a stable and balanced operation to an unbalanced 
operation when the faults occur at 0.05 seconds. Then the LG-fault, LLG-fault and 3-phase LG-
fault shows voltages of zero for the grounded phases while the LL-fault shows a decreased 
amplitude of phase A and phase B that were in contact with each other during the fault. 
However, when the faults clear at 0.15 seconds, the voltages still contain a lot of disturbances. 
Most disturbance can be observed for the 3-phase LG-fault. The system recovers approximately 
0.1 seconds after the faults have cleared for all the fault cases.  
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Chapter 7 

Discussion and Future Work  
This chapter will discuss the developed model, described in Chapter 4 and Chapter 5, together 
with the implication of the results presented in Chapter 6. The discussion will start with the 
converter performance during capacitive and inductive operation mode, the step response of the 
DC voltage, followed by the DC capacitor voltage balancing and an evaluation of the grid-
forming versus grid-following results. Finally, an assessment of the overall system response 
from the fault cases will be done and proposals will be given for future work and improvements. 

  

7.1 Capacitive & Inductive Operation Mode 

The steady-state operation of the converter in both capacitive and inductive operation mode, 
see Figure 6.1 and Figure 6.5, were consistent with the theory presented in Chapter 2.  As 
mentioned in 2.3.1 Modular Multilevel Converter, the MMC technology does not produce 
lower order harmonics. However, they do produce harmonics of higher orders and this could 
be the ripple that is visible in the primary side voltage. The ripple could also be caused by the 
internal control signals that contain a lot of noise and oscillations, e.g. the reactive current 
control. The current signals have not been filtered, unlike the AC voltage signals. Hence, a 
mitigation could be to add filters within the control system. 

The AC Voltage Regulator is having a stable performance in both capacitive and inductive 
operation mode, see Figure 6.2 and Figure 6.6, as well as with different slope constants. The 
step response demonstrates a settling time of approximately 0.7 seconds for both operation 
modes. This relatively slow response is attributed to the fact that the voltage control loop for 
the grid-forming control has a slower dynamic, since it controls the steady-state voltage 
variations in the system. Depending on the requirements of the grid, the speed of response of 
the AC Voltage Regulator can be modified through fine-tuning of the PI-controller.  

As shown in 5.2 AC Voltage Regulator and 5.5 Current Controller the voltage regulator will 
produce the reference for the reactive current controller. By analyzing Figure 6.2 and Figure 
6.3 for capacitive mode and Figure 6.6 and Figure 6.7 for inductive mode you can see an instant 
change in the current controller when the step function is applied to the AC voltage reference. 
Thus, the performance of the control function is fast and accurate. 

 

7.2 Performance of DC Voltage Regulator  
The DC Voltage Regulator works a lot faster than the AC Voltage Regulator, which can be seen 
from the graphs of the step-responses in section 6.3 Step Response of DC Voltage. Furthermore, 
the DC Voltage Regulator has a stable operation and works fast with just a small overshoot, 
which could be reduced by tuning the PI-controller. The measured DC voltage signal has a low 
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level of noise, almost non-existing. This is probably due to the fact that the signal has been 
properly filtered. The current signals are not filtered and contain a higher level of noise 
compared to the filtered voltage signals. However, the results from Figure 6.9 and Figure 6.10 
shows that the capacitors can be charged and discharged in a stable way, which indicates that 
the behavior of the DC Voltage Regulator is overall acceptable.  

 

7.3 DC Capacitor Voltage Balancing 
The DC Voltage Unbalance Control is clearly fulfilling its purpose: to balance the power 
between the phases in the converter by inserting a zero-sequence current that cancels the 
differential mode term during an unbalance.  

The performance during a fault is much better with the control function enabled if you focus on 
the balancing of the phases. This can be seen from Figure 6.11 and Figure 6.12. However, the 
peak value is slightly higher for the case with the unbalance function enabled compared to the 
disabled case. No explanation has been found why the enabled case leads to a higher peak-value 
of the phase-leg voltage.  

Under unbalanced operation with the unbalance control enabled, the function manages to bring 
back the voltages to the same DC level once the fault has cleared. However, a stable operation 
could be reached faster by developing the control with more sophisticated functions. Also, the 
zero-sequence current is usually having a requirement of not exceeding 1.0 p.u. in reality. The 
peak-value in the tested case reaches slightly over 2.0 p.u., which could be improved if limiters 
were implemented. This would give a more sophisticated model that limits the DC voltage in 
the capacitor to a more reasonable value that ensures a safe operation.   

The DC Voltage Unbalance Control is indeed mitigating the unbalance between the phase-legs 
during a disturbance and the zero-sequence current is used as the tool. Hence, consistent with 
the theory presented in Chapter 3.  

 

7.4 Grid-Forming Control 
The comparison between the grid-forming and grid-following control shows an indication that 
the grid-forming control can perform more stable, especially when the network is weak. In 
Figure 6.13 the difference between grid-forming and grid-following control can clearly be seen 
for SCR-levels below 1.0 since the grid-following control starts to oscillate. SCR-levels below 
1.0 implies that the grid is very weak, such low values are relatively unusual but could 
sometimes be a requirement from customers. The discussion whether grid-forming or grid-
following control method is the best implementation in a control system can therefore vary 
depending on the network conditions and the system requirements. However, this evaluation 
shows that the model is actually representing a working grid-forming control that works as a 
voltage source behind an impedance - improving voltage stability. 
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The model with grid-following control could eventually perform better if the model would have 
been tuned differently. However, the result for the SCR-level of 0.25 contains heavily 
oscillations which indicates an unstable system regardless tuning. Also, a tuning of the grid-
forming control for SCRs of 1.0 and 0.5 could have decreased the obtained overshoots.  

 

7.5 System Performance 

The model was exposed to different kinds of fault in order to assess the overall performance of 
the system. In all cases the system did recover from the fault disturbance and the system was 
returned to a stable operation point shortly after the clearing of the fault. However, one could 
observe disturbances in the PCC voltage for approximately 0.1 seconds after the fault had 
cleared for all cases, as illustrated in Figure 6.14. The worst disturbance was observed for the 
3-phase to ground fault. This could be due to the fact that 3-phase LG-faults are normally the 
most severe for a power system and that is what we are witnessing in the presented voltages at 
PCC. 

The most likely reason why the disturbances occur in the first place is that the model is a 
simplification of the actual control system and no specific control action is taken by the model 
during a fault. This might result in a deteriorated performance and longer recovery time. Having 
a fault-ride-through logic implemented in the control system that is taking certain actions during 
disturbances might enhance the performance. An example of such a control action could be that 
the PLL function is frozen during the fault, to reduce the risk of a distorted and phase-shifted 
output from the converter during and after the fault. Also, the performance could be enhanced 
by introducing anti-windup functionality to mitigate integrator saturation during severe 
disturbances and to add more functions to limit different outputs. The model has only one 
limiting function for the current references from the outer control loops. However, other signals, 
for example the DC capacitor voltage and the zero-sequence current, must also be limited in 
order to ensure a safe operation for the converter.  

Since the fault impedance was very low, 0.001 Ω, the faults could be considered to be bolted 
faults. Hence, they were all severe faults and the recovery of the system implies that the 
developed model is stable and can be exposed to disturbances without losing the controllability. 
However, the model is a simplified version of the control system and the performance of it 
could be improved. This will be further discussed in the following section.  

 

7.6 Suggestions for Further Improvements  
As mentioned above, the STATCOM model developed in RSCAD/RTDS is a simplified 
version of the actual control system. Several improvements must be done in order to obtain a 
more sophisticated model that meets the technical requirements of the customer project.  

PI-controllers could be tuned in order to improve settling-times and overshoots. Furthermore, 
it would be beneficial to implement an anti-windup strategy for the integrating part of the 
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regulators, since it is not desirable for the integral part to continue to grow (windup) when the 
control signal reaches its limit since it could lead to instability. 

Additionally, one should investigate if the signals containing a lot of noise and oscillations, i.e. 
the active and reactive current, could be mitigated through filters at appropriate control and 
measurement signals within the control system.  

Another area of improvement are limiters, which play an important role during faults. The result 
of 6.4.2 Unbalance Operation showed a zero-sequence current above 2.0 p.u. during a fault. 
Implementation of limiters in the DC Unbalance Voltage Control could limit the peak value in 
order to obtain a safer operation. To handle and recover from disturbances during faults, the 
PLL should also be improved. The PLL should ideally freeze during the fault in order to 
improve the recovery time and to maintain a stable operation, as discussed in 7.5 System 
Performance. In electrical power engineering terms, the model should be improved by 
implementing an undervoltage strategy or a fault-ride-through logic. This would increase the 
STATCOM model’s capability to maintain a stable operation during disturbances.  

To summarize what could be implemented and improved to obtain a more sophisticated 
STATCOM model:     

• Tuning of PI-controllers 
• Anti-windup strategy 
• Filters 
• Limiters 
• PLL 
• Fault-ride-through-logic  
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Chapter 8 

Conclusion  
An RSCAD software model of a STATCOM and its control system have been developed where 
the gross behavior and dynamic response of an MMC-based STATCOM is presented without 
hardware-in-the-loop. As shown in the result, the main control functions are operating in a 
stable and sufficient way in order for the STATCOM to work in both capacitive and inductive 
operation modes, as well as handling unbalances that are introduced during faults in the system 
without losing controllability. Hence, the model can both bring back the voltage at PCC to a 
stable operation point after a disturbance and at the same time balance the DC capacitor voltage 
between the phase-legs. The model also shows the grid-forming behavior by demonstrating 
stable performance at very low SCRs. Thus, a working version of the STATCOM control 
system in RSCAD software has been developed and the thesis objective has been fulfilled. 

There is potential for improvements in the model in order to obtain a more sophisticated control 
system performance. The main area would be to introduce limiters and anti-windups at 
appropriate places as well as a fault-ride-through logic to ensure a safe and stable operation 
during disturbances.  
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Appendix 

Appendix A: Prints from RSCAD Model  
This section presents prints of the model and how it is structured in RSCAD. Figure A.1 is a 
print of the electrical model and the control system, arranged in different hierarchy blocks. The 
secondary side is placed in a small-timestep block, marked ”Secondary”. The secondary side 
of the model contain a transformer and three delta-coupled rtds_vsc_MMC5 components, 
illustrated in Figure 4.2. The transformer works as an interference between the different time 
steps.   

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure A.1. Print of the electrical model and control system in RSCAD 
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Appendix B: Fault Theory 
In a three-phase power system faults will occur, and the system will be exposed to short-
circuits. Faults that could arise are listed below, where the first fault is having the highest 
frequency of occurrence and the last one is having the lowest:  
 

• Single line-to-ground fault 
• Line-to-line fault 
• Double line-to-ground fault 
• Balanced three-phase fault 
 

When a fault arises, the path of the fault current could either be through a nonzero impedance 
or zero impedance. A path with a zero impedance will be referred to as a bolted fault. In the 
following sections the different faults will be described, where the theory is compiled from 
[20].  
  

B.1 Single Line-to-Ground Fault  

Single line-to-ground (LG) faults are unsymmetrical faults, meaning that the fault currents and 
voltages no longer have identical phase-magnitudes or a phase angle difference of 120 degrees. 
The fault conditions in the phase-domain (abc-frame) for a LG fault are described in 
Equation B.1 and Equation B.2. Phase a is representing the faulty phase,   
 

                  𝐼𝑏 =  𝐼𝑐 = 0                (B.1) 

                      𝑉𝑎𝑔 =  𝑍𝐹𝐼𝑎               (B.2) 

 
where Ia, Ib and Ic represent the currents for each phase, Vag represents the voltage with respect 
to ground for phase a and ZF is representing the fault impedance. If the fault is 
bolted, ZF is equal to zero, the voltage with respect to ground of the faulty phase becomes 
zero. In the sequence domain the fault conditions will be transformed to the conditions 
presented in Equation B.3 and Equation B.4.    
 

                  𝐼0 = 𝐼1 = 𝐼2               (B.3) 

              𝑉0 + 𝑉1 + 𝑉2 = 3𝑍𝐹𝐼1                                      (B.4) 

 
The positive-sequence is denoted with the index 1, the negative-sequence is denoted with index 
2 and the zero-sequence is denoted with index 0.  
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B.2 Line-to-Line Fault  
A line-to-line (LL) fault will occur if two conductors are short-circuited with each other, which 
is also an unsymmetrical fault. The fault conditions in the phase-domain are described in 
Equation B.5 - B.7. Phase b and c are representing the two phases that are short-circuited. 
 

                       𝐼𝑎 = 0                (B.5) 

                          𝐼𝑐 =  −𝐼𝑏                (B.6) 

                    𝑉𝑏𝑔 − 𝑉𝑐𝑔 = 𝑍𝐹𝐼𝑏               (B.7) 

 
where Ia, Ib and Ic represent the currents for each phase, Vbg and Vcg represent the voltage with 
respect to ground for phase b and c and ZF is representing the fault impedance. If the LL fault 
is bolted, the voltage for phase b and c will be the same. In the sequence domain the fault 
conditions will be transformed to the conditions presented in Equation B.8 - B.10.    
 
                                                              𝐼0 = 0                (B.8) 

                                                                          𝐼2 = −𝐼1                                                              (B.9) 

                   𝑉1 − 𝑉2 =  𝑍𝐹𝐼1                                     (B.10) 

 
The positive-sequence is denoted with the index 1, the negative-sequence is denoted with 
index 2 and the zero-sequence is denoted with index 0. Since a LL fault is not connected to 
ground, there will be no zero-sequence current flowing in the system.  
  

B.3 Double Line-to-Ground Fault  
A double line-to-ground (LLG) fault is when two conductors are short-circuited with each other 
and ground. A LLG fault is also an example of an unsymmetrical fault. The fault conditions in 
the phase-domain are described in Equation B.11 - B.13. Phase b and c are representing the two 
phases that are short-circuited through a fault impedance to ground. 
 

                       𝐼𝑎 = 0              (B.11) 

                         𝑉𝑐𝑔 =  𝑉𝑏𝑔              (B.12) 

                    𝑉𝑏𝑔 = 𝑍𝐹(𝐼𝑏 + 𝐼𝑐)             (B.13) 

where Ia, Ib and Ic represent the currents for each phase, Vbg and Vcg represent the voltage with 
respect to ground for phase b and c and ZF is representing the fault impedance. If the LLG fault 
is bolted, the voltage for phase b and c will be zero. In the sequence domain the fault conditions 
will be transformed to the conditions presented in Equation B.14 - B.16.    
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                  𝐼0 + 𝐼1 + 𝐼2 = 0                                    (B.14) 

                                                                           𝑉2 = 𝑉1                                                            (B.15) 

                    𝑉0 − 𝑉1 = 3𝑍𝐹𝐼0             (B.16) 

The positive-sequence is denoted with the index 1, the negative-sequence is denoted with 
index 2 and the zero-sequence is denoted with index 0.  
  

B.4 Balanced Three-Phase Fault  
A balanced three-phase fault is a symmetrical fault, hence there will only be positive sequence 
fault current when it occurs in a balanced three-phase system. For a bolted three-phase fault to 
ground, the voltages of the system would become the following [7]:  
 

                     𝑉𝑎 = 0              (B.17) 

                         𝑉𝑏 = 0              (B.18) 

                         𝑉𝑐 = 0                                     (B.19) 

In such a situation the positive sequence would also be zero, see Equation B.20 - B.22. 

                     𝑉0 = 0              (B.20) 

                         𝑉1 =  0              (B.21) 

                         𝑉2 = 0                                     (B.22) 

Short-circuit currents during three-phase faults may be several magnitudes larger than normal 
operating currents. These fault currents can cause thermal damage to equipment if allowed to 
persist [20]. Due to the magnitude, which normally is the largest among the fault currents, the 
three-phase fault is commonly referred to as the most severe fault. Hence, the three-phase fault 
current is often considered in the design of equipment and protective relays [30]. 
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Appendix C: Spectral Analysis for Capacitive and 
Inductive Operation Mode 
 

A spectral analysis has been performed for the primary side voltage when the STATCOM is 
working at a capacitive and inductive operation point. The primary side voltage can be seen in 
Figure 6.1 for capacitive operation mode and in Figure 6.5 for inductive operation mode. The 
spectrum for the two working modes can be seen in Figure C.1 for capacitive operation mode 
and in Figure C.2 for the inductive mode.  

 

 

Figure C.1. The frequency spectrum for the primary side voltage in capacitive operation mode 
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Figure C.2. The frequency spectrum for the primary side voltage in inductive operation mode 
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Appendix D: Total Harmonic Distortion 
Calculation 
The total harmonic distortion (THD) was calculated for the primary side voltage in capacitive 
and inductive operation mode. The calculation was performed in MatLab and the script used is 
presented below.  

 

function [THD] = thd_calculation(V,Fs,f0) 
%Function to compute THD for a single column vector 
 
    %Define length of input vector  
    L = length(V);  
 
    %Fast fourier transform 
    Y1 = fft(V); 
    
    % Add nearby points to get accurate peak values: 
    W = [0.44 -0.94 1 -0.94 0.44]; 
    Y2 = conv(Y1, W); 
     
    % Trimming the ends: 
    Y3 = Y2(3:2+L/2+1)/L; 
     
    %Take the absolute value: 
    Y = abs(Y3);  
     
    %Compute frequency for the plot 
    f = Fs/2*linspace(0,1,L/2+1); 
     
    %Plot spectrum 
    plot(f, Y, 'LineWidth',1.2) 
    grid on 
    set(gca,'FontSize',12, 'FontName', 'Times'); 
    xlabel('Frequency [Hz]','fontsize', 14) 
    ylabel('Absolute Value','FontSize',14) 
    title('Capacitive Mode - Single-Sided Amplitude Spectrum of U_{prim}'     
,'FontSize',14) 
     
    %%%%%%%% Compute THD %%%%%%%% 
     
    k0 = f0/Fs*L; % (Decimal) index (-1) of fundamental 
    kr = round(k0/10); % Half length of search range 
     
    A = []; 
    ind = []; 
    for m = 1:min(1000, round(Fs/(2*50))-1) % Include 50 harmonics or 
                                            % as many as can be fit 
        range = round(m*k0)+1 + (-kr:kr); % Find the max in this range 
        [A(m) ind] = max(Y(range)); 
    end 
     
    THD = sqrt(sum(A(2:end).^2))/A(1); % Total harmonic distortion 
end 


