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Problem Description

Increasing integration of variable renewable energy sources in the electric power system raises

the demand for balancing technologies to compensate for fluctuations in production. Of all the

balancing technologies available, pumped-storage hydroelectricity is by far the most mature

technology. In recent years, the interest for adjustable speed drives has increased due to the

ability to adjust power consumption in pumping mode. However, decoupling generators from

the grid using power electronic converters reduces the total inertia of the power system. In

grids with high penetration of power electronic controlled production, this can reduce the

overall system stability.

This work is a continuation of a specialization project carried out during fall 2017. The the-

sis focus on deriving and analyzing control methods which emulate inertia for a convert-fed

synchronous machine in a hydro-electric power plant. Two separate methods are to be de-

rived; classical torque control with supplementary inertia controllers and virtual synchronous

machine control which emulates the dynamic operation of a synchronous machine. These

methods should be tested and compared in a system consisting of a converter-fed hydro-

electric machine connected to a simplified power grid using simulation software.

Project start: January 2018
Supervisor: Trond Toftevaag
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Abstract

As the share of variable renewable energy in the power system rises, the demand for bal-

ancing technologies to compensate for fluctuation in production increases. Pumped-storage

hydropower has significant potential globally and is seen as the most mature storage technol-

ogy available. Modern pump-storage plants utilize a power electronic interface between the

machine and power system to control power consumption in pump mode. Introducing power

electronic converters between the machine and grid causes the rotating mass of the machine to

be independent of the frequency in the power grid. Therefore, the machine loses its ability to

contribute to the inertia in the power system. To solve this, the converters can be controlled

such that the effect of inertia is synthesized, often termed synthetic inertia.

A number of methods to emulate inertia exist, with a broad span in complexity and de-

sign. The most straightforward solutions release stored kinetic energy based on the frequency

derivative or deviation. Other more complex solutions mimic the behavior of a synchronous

machine, often referred to as virtual synchronous machine (VSM). The VSM method enables

the converter to operate as a grid-connected synchronous machine with a speed governor and

excitation system.

In this thesis two methods are developed; classical torque control with supplementary

inertia controllers and virtual synchronous machine control. The methods are tested in a

simulation model consisting of a converter-fed hydro-electric power plant connected to a sim-

plified grid. It is shown that both methods performed as intended, emulating the effect of

inertia during a power imbalance event. The classical torque control and VSM control improve

the frequency nadir by 36.4% and 54.5% respectively based on the steady-state frequency for
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a given test case. The VSM method is found superior in the context of inertia support due

to fast power control. Also, the VSM inherits a number of other advantages such as the

possibility for dynamic inertia support. Dynamic inertia support allows the VSM to change

the amount of synthetic inertia in the grid during operation, which can improve small-signal

stability.



Sammendrag

Økende innslag av uregulerbar kraftproduksjon, som vindkraft og solkraft, stiller større krav

til tilgjengelig fleksibilitet i kraftsystemet. Pumpekraftverk har et betydelig potensiale for

å levere nødvendig fleksibilitet, og kan hevdes å være den mest modne lagringsteknologien

tilgjengelig. Moderne pumpekraftverk er integrert i kraftsystemet ved hjelp av kraftelektron-

ikkomformere, for å øke fleksibiliteten til kraftverket. Dette fører derimot til at den roterende

massen til maskinen er uavhengig av frekvensen til kraftnettet, og derav vil den ikke bidra

til treghet i systemet. Dette kan løses ved at omformerne styres slik at virkningen av treghet

syntetiseres, ofte betegnet syntetisk treghet.

En rekke metoder for å etterligne treghet eksisterer, med et bredt spekter av kompleksitet

og design. De enkleste løsningene frigjør lagret kinetisk energi basert p̊a frekvensderivatet eller

frekvensavviket. Andre og mer kompliserte løsninger etterligner oppførselen til en synkron-

maskin, ofte referert til som virtuell synkronmaskin (VSM). VSM-metoden gjør at omformeren

oppfører seg som en synkronmaskin som er direkte koblet til kraftnettet.

Denne avhandlingen foresl̊ar to metoder for å etterligne treghet for en omformermatet

maskin i et vannkraftverk; klassisk dreiemomentkontroll med tilleggsregulatorer for treghetsstøtte

og virtuell synkronmaskinkontroll. Metodene blir testet i en simuleringsmodell, best̊aende av

en omformermatet vannkraftmaskin koblet til et forenklet kraftnett. Resultatene viser at

begge metodene har en gunstig innvirkning p̊a frekvensresponsen til kraftsystemet. Klas-

sisk dreiemomentkontroll og VSM-kontroll forbedrer bunnpunktet til frekvensen med hen-

holdsvis 36,4 % og 54,5 %, sammenlignet med frekvensen uten støtte fra treghetskontrollerne.

VSM-metoden viste seg å være overlegen frekvensregulering p̊a grunn av rask effektrespons.
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Dessuten har VSM-metoden en rekke andre fordeler, som muligheten for dynamisk treghetsstøtte.

Dynamisk treghetsstøtte gjør at omformeren kan endre mengden av syntetisk treghet i kraft-

nettet, noe som kan være gunstig for å dempe svingninger.
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Chapter 1

Introduction

1.1 Background

Penetration of power generated from variable renewable energy sources has increased rapidly

in recent years and is expected to continue to grow in the future [1]. This is energy sources

that are non-dispatchable due to their fluctuating nature, like photovoltaics and wind gener-

ation, as opposed to controllable energy sources such as hydroelectricity and biomass. Power

grids are also undergoing a transformation from centralized power production to distributed

generation. This transformation towards distributed and unpredictable power production is

the primary motivation behind the transition towards a new power system architecture with

more flexibility between generation and load, often termed ”Smart Grid” [2].

In this new power system, energy storage is often considered an essential factor to ensure

a reliable supply of power [3]. Today, hydroelectricity amounts to around 16% of global

electricity production, which in turn constitutes most of the renewable energy production

in the world [4]. According to [4], storage hydropower represents 99% of electricity storage

globally. With the implementation of more pumped-storage facilities, hydropower could play

an essential role in ensuring a reliable supply of electricity in the future power system.

The principle of pumped-storage hydroelectricity is to pump water back to the reservoir

when there is a surplus of power in the grid. However, traditional pumped-storage plants

lack the flexibility and controllability necessary to compensate for rapid fluctuations in power

production. To solve this modern pump storage plants are often equipped with an adjustable

speed unit where the machine is decoupled from the grid through a power electronic converter.

This enables the plant to follow the surplus in power production with high precision, con-

tributing to frequency stability [5]. However, decoupling a machine using a converter reduces

the total inertia in the power system.
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The use of power electronic converters in power production is not unique for pump storage

plants and is becoming increasingly common for other energy sources. In 2000, the portion of

electrical energy controlled by power electronic converters was around 40%, while ECPE/EPE

estimated in 2007 that this number would increase to 80% by 2015 [6]. This number represents

the percentage of power which passes at least one converter from primary energy conversion

to consumption. Even though the development was slightly lower than estimated, the number

is still significant and is expected to increase in the future [7].

In recent years, a number of solutions to contribute to inertia from converter controlled

generation have been suggested. Most solutions take advantage of the dynamic operation of

modern voltage source converters to emulate the effect of inertia. The solutions are many,

with a wide range of complexity and design. The most straightforward solutions focus on

adding supplementary inertia controllers to classical control schemes. Other more complex

solutions mimic the behavior of grid-connected synchronous machines with speed governor

and excitation system. The latter solution enables the VSC to contribute to inertia, primary

frequency regulation and voltage control similar to a synchronous machine, often termed

virtual synchronous machine (VSM) [7].

1.2 Objectives

This thesis includes a thorough review of two control strategies to enable inertia support from

a converter control synchronous generator; classical torque control with supplementary inertia

controllers and virtual synchronous machine control. The control strategies are developed and

analyzed separately, then compared using simulation tools. A brief overview of the motivation

and technology behind adjustable speed drives will also be presented, along with challenges

related to frequency stability due to loss of inertia.

1.3 Scope of Work

Based on the objectives described in Section 1.2 above, the scope of work can be summarized

as:

• Investigate the main benefits and challenges related to adjustable speed drives in hydro-

electric power plants.

• Investigate available technologies for enabling adjustable speed operation.

• Develop a dynamic model for a converter-fed synchronous machine using classical torque

control, including supplementary inertia controllers which aim to emulate inertia.

Page 2 of 103



CHAPTER 1. INTRODUCTION NTNU

• Develop a dynamic model for a converter-fed synchronous machine using virtual syn-

chronous machine control.

• Analyze and compare the two methods with a focus on synthetic inertia using simulation

software.

1.4 Limitations

This thesis is limited only to consider technical aspects related to inertia support from

converter-fed synchronous machines in hydro-electric power plants. The focus is on deriving

the control systems and testing these in a simulation model. For the power system stability

analysis, only frequency stability is considered. The theoretical study focuses mainly on the

controllers, i.e., no in-depth mathematical analysis of power system stability is performed.

1.5 Software

MATLAB R©/Simulink is the main simulation tool chosen in this project. The mechanical and

electrical system is simulated using predefined Simscape models, while the control system is

simulated with Simulink blocks. In addition, PowerFactory R© is used for some simulations

where MATLAB R©/Simulink is unsuitable.

1.6 Report Structure

Chapter 1 - Introduction: Provides the background for the thesis work and an overview of

objectives, limitations and report structure.

Chapter 2 - Adjustable Speed Hydro: Reviews the development and state-of-the-art technolo-

gies available to enable adjustable speed operation in hydroelectric power plants. In addition,

the chapter gives a brief overview of benefits and challenges using the technology, and an

example of a large-scale project.

Chapter 3 - Frequency Stability : Gives the underlying reason for the importance of frequency

stability in a power grid, and how it can be maintained. In the last part of the chapter, the

concept of synthetic inertia is presented.

Chapter 4 - System Description: Introduces the system which will be investigated in this

thesis. The most critical parameter values are presented along with essential characteristics

and structure.
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Chapter 5 - Classical Torque Control : Derives the first control system presented in this

thesis. The chapter gives a thorough review of the modeling and control which leads to the

final control system with inertia emulation.

Chapter 6 - Virtual Synchronous Machine Control : Derives a second control system for the

system presented in the system description. At the end of the chapter, the method from this

chapter is compared to technique from the previous chapter.

Chapter 7 - Results and Discussion: Presentation, analysis and discussion of the results of

simulations for both control methods. The control methods are tested individually, and then

compared based on the simulation results.

Chapter 8 - Conclusion: Sums up the results with some concluding remarks. In the final part

of this chapter, suggestions for further work is included.
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Chapter 2

Adjustable Speed Hydro

As of 2012, approximately 270 pumped-storage plants were operating or under construction

worldwide. These units represent a generating capacity of 127 GW combined. 36 of the 270

plants consist of adjustable speed units, 17 of which are in operation as of 2012 [8]. The first

adjustable speed pumped-storage plants were installed in Japan in the early 1990s. In Japan,

the goal was to reduce the number of thermal plants operating as reserves during the night

[9].

2.1 Available Technologies

To realize adjustable speed operation of an electric generator, a power electronic converter is

often used. Other solutions exist, such as a pole changing mechanism to enable different speed

modes. However, this is often unpractical and only enables two modes of speed [10]. Using

converters, two main topologies exist; doubly-fed induction machine (DFIM) and converter-

fed synchronous machine (CFSM). As seen in Fig. 2.1a, a DFIM is directly connected to

the grid through the stator windings, while a power electronic converter feeds the rotor. By

adjusting the rotor frequency, the machine can operate at different speeds even though the

stator is directly connected to the grid. An advantage of this topology is that the converter

only needs to be rated at 15-30% of the rated machine power [9]. However, this results in a

complicated rotor structure which limits the speed of the machine, making it unsuitable for

locations with high heads [11].
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DFIM

∼

∼=

=

(a) DFIM

SM
∼

∼=

=

(b) CFSM

Figure 2.1: CFSM and DFIM topology

As seen in Fig. 2.1b, a CFSM is fed by a back-to-back converter without any direct

connection to the grid. Compared to the DFIM, the converter needs to be rated equally to

the machine as all power needs to pass the converter. However, the machine itself is a standard

synchronous machine, which is much less complicated than a doubly-fed machine. Besides,

the CFSM offers superior technical performance compared to the DFIM. This is due to less

complicated machine design, and the machine is entirely decoupled from the grid. Some of

the technical advantages include the possibility for black start, high starting torque and the

option to bypass the converter [9]. Even though DFIM is the current industry standard, CFSM

is expected to be the preferred choice in the future with advancements in power electronic

converters [9].

A comparison by Voith shows that synchronous machines have higher efficiency (98.8%)

compared to the doubly-fed induction machines (98.3%). However, CFSM has a lower effi-

ciency overall (97.3%) compared to DFIM (97.9%) due to more losses in the converter [12].

Modern plants are often equipped with a back-to-back voltage source converter (VSC).

In the past, cycloconverters (converters without an intermediate DC link) and other current

source converters (CSC) has been widespread. Modular multi-level converter (MMC) is an

emerging technology which can offer even higher power rating and efficiency [11]. MMC is

receiving much attention for use in HVDC systems, though it has many other applications

such as high power adjustable speed drives.

Page 6 of 103



CHAPTER 2. ADJUSTABLE SPEED HYDRO NTNU

2.2 Benefits and Challenges

The ability to control power consumption in pumping mode is the primary motivation for

installing adjustable speed drives in pumped-storage plants. Adjustable speed drives offer high

controllability and fast response. This enables the power plant to improve frequency stability

by following the surplus in electrical power, which is an increasingly more important ability as

the power system is penetrated with more renewable energy sources. For small power system,

such as on islands, research shows that by implementing adjustable speed pumped-storage

units the share of variable renewable energy can increase while still maintaining grid stability

[13][5]. The same principles apply to larger grids with high penetration of renewable energy.

The value of having adjustable speed units became evident during the Hanshin earthquake

in Japan in 1995. Measurements from the event shows that the adjustable speed machine

of Ohkawachi hydropower plant functioned satisfactory, absorbing disturbances and spikes in

the power grid [14].

Since a VSC is often used for modern plants, the converter can function as a FACTS-

device. The converter can function as a STATCOM, delivering and absorbing reactive power,

even though the machine is not operating [11]. As can be seen in Fig. 2.2, the system can

absorb and deliver a substantial amount of reactive power under normal grid operation.

Active
power

Reactive
power

Generation mode
Overexcited

Pump mode
Overexcited

Generation mode
Underexcited

Pump mode
Underexcited

Figure 2.2: Typical PQ-diagram of a CFSM 1

1Based on [11]
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In generating mode, the plant also benefits from the same accurate and fast response as

in pump mode. In addition, the efficiency of the turbine can increase by tracking the optimal

point of operation using a maximum power point tracking (MMPT) algorithm. The plant can

experience reduced vibration and cavitation due to adjustable speed operation, increasing the

lifespan and reducing service costs [15]. However, to justify the use of the adjustable speed

drive in generation mode the reduced stress on equipment and improved efficiency needs to

compensate for increased losses due to the converter.

The most significant challenge with installing adjustable speed drives is profitability. To

justify the investment, it has to be a sufficient difference between peak and off-peak electricity

price. In the profitability calculation, losses associated with the pumping process needs to

be accounted. In addition to profiting from the price difference, ancillary services can also

provide a possible profit [9]. The increase of unpredictable production such as wind and solar

might raise both the price difference between peak and off-peak and the need for ancillary

services. This might make it more profitable to install adjustable speed drives in the future.

The challenge which will be investigated in the coming chapters is related to grid stability.

Decoupling synchronous generators from the grid reduces the total inertia of the power system.

However, the fast and dynamic performance of VSC can be taken advantage of to emulate

the effect of inertia.

2.3 Example: Grimsel 2

A 100 MW full-size converter was installed at the Grimsel 2 pumped storage power plant in

Switzerland in 2013. This became the largest operating drive converter at the time. The plant

consists of four synchronous machines, each rated at 80/90 MW (turbine/pump operation)

[16]. Before the drive converter was installed, the machine could only pump in steps of power

consumption. To reach intermediate levels of power consumption, one machine needed to run

in generator mode. Pumping and generating at the same time reduce the pumping capability

of the plant and is an inefficient solution [16].

When the plant was built, the largest existing frequency converter for synchronous ma-

chines available was 100 MW, which was based on load-commutated inverters (LCI). However,

it was found unsuitable due to high harmonic distortion and the voltage curve of the LCI would

severely overload the existing machine [17]. For these reasons, it was found that a VSC would

be a better option. The converter that was installed consists of two back-to-back VSC, each

rated at 50 MVA, based on integrated gate-commutated thyristor (IGCT) [16].
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SM

∼

∼
=

=

SM SM SM

80/90 MW 80/90 MW 80/90 MW 80/90 MW

100 MW

Figure 2.3: Schematic overview of Grimsel 2 pumped-storage plant

The plant has four modes of operation: pumping at adjustable speed (converter), pumping

at a constant speed (direct grid-connected), generating at a constant speed (direct grid-

connected) and phase angle correction. Since adjusting the Francis turbine speed to the

small head range gave little increase in efficiency compared to converter losses, generating at

adjustable speed was not considered [16]. Therefore, the plant was equipped with a bypass-

switch as can be observed in Fig. 2.3. The pump unit can be operated in a power range of

60 MW to 100 MW, where cavitation defines the lower limit, and the converter power rating

determines the maximum limit [17].

The experience at Grimsel 2 has been promising, setting a new standard for high powered

pump storage plants [9]. In the first year of operation, the plant provided 3500 hours of

controlled pumping and 850 hours of phase-synchronous condenser operation [16].
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Chapter 3

Frequency Stability

Power system stability is the ability for a power system to regain initial operation after being

subjected to a disturbance. This stability can be categorized into frequency stability, voltage

stability and rotor angle stability [18]. Each of these categories can again be divided into

different subcategories of stability. Voltage stability is the ability to maintain steady voltage,

which is related to flow of reactive power in the system. Rotor angle stability is dependent

on the system’s ability to remain in synchronism during a disturbance. Finally, frequency

stability is related to active power balance in the system and the ability to maintain a steady

frequency. Even though power system stability is classified into different categories, they are

not independent of each other. For instance, a collapse in frequency leads to changes in voltage

magnitude and rotor angle. In this report, frequency stability will be the main investigation

and will be thoroughly investigated in this chapter.

IEEE/CIGRE defines frequency stability as the ability for a power system to maintain

steady frequency following a severe imbalance between generation and load [19]. This means

that the stability will depend on the system’s ability to oppose frequency deviation and restore

the frequency after an imbalance has occurred. There are three main factors important to

ensure frequency stability [20]:

• Inertia, which is the power system’s ability to withstand changes in frequency. This

ability emanates mainly from stored kinetic energy in rotating synchronous generators

directly connected to the gird. The importance of inertia in the power system will be

thoroughly reviewed in Section 3.2.

• Dimensioning incident, which is the highest instantaneously occurring imbalance of

active power expected in the system. The dimensioning incident is often termed as the

largest power unit which can be subject to an outage while the system still manages

to operate within the requirements. As an example, the Nordic power system has a
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dimensioning incident of 1400 MW, which means that the power system would be able

to handle an unbalance of 1400 MW while maintaining an operation within the defined

requirements [21].

• Reserves, which is active power reserves available to restore system frequency. Restor-

ing frequency after an imbalance is in the Nordic power grid ensured by three reserves;

primary, secondary and tertiary reserves [22]. Primary control changes the power output

on a generator according to a speed-power characteristic in the governor, which will be

explained in the next section. If the primary control fails to restore the frequency within

a few minutes, the secondary control is triggered [23]. The secondary control changes

the set point of generation units to restore the frequency. When the secondary control

is activated, the primary control is freed to handle new imbalances. The last reserve is

the tertiary reserve, which in the Nordic power grid is controlled by central regulators

[22]. Tertiary control includes a wide range of possibilities, such as connect/disconnect

generators, loads or pumped-storage hydro stations.

3.1 Synchronous Machines

Synchronous generators are the workhorse in the process of converting mechanical energy to

electrical energy. Nearly all of the electric power in the world is generated by synchronous

generators driven by steam turbines, combustion engines or hydro turbines [24]. Synchronous

machines have some important advantages compared to other alternatives, such as [25][26]:

• Power output can be proportional to grid frequency.

• Excitation system can accurately control terminal voltage.

• Short-term frequency regulation from inertia response.

• Stable parallel operation with other generators and load sharing.

• High short-circuit current.
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Figure 3.1: Typical control scheme for a gird-connected synchronous generator

Two main control structures control grid-connected synchronous generators. The first

is the governor controlling active power by for instance changing the flow of water into the

turbine. The governor is often automatically regulated according to a power-speed charac-

teristic, often referred to as droop speed control. Fig. 3.2 show a typical droop speed control

curve. From the figure, it is evident that a deviation from nominal frequency will result in

a change in output power. Similarly, the reactive power flow from a synchronous generator

can be controlled by the rotor excitation. This is often referred to as an automatic volt-

age regulator (AVR), which regulates the field current to change the terminal voltage. Also,

the excitation system enhances the power system stability using a power system stabilizer,

which provides damping in power system oscillations [27]. A simplified representation of these

control structures is shown in Fig. 3.1.

Figure 3.2: Speed–droop characteristics
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3.2 Inertia

As mentioned in the previous section, synchronous generators inherits many characteristics

that are desirable for the power grid. One of these is the ability to contribute to inertia

response during a frequency event. Inertia is defined as an object’s resistance to change its

state of motion. In the context of power system stability, inertia is used as the power system’s

ability to withstand changes in frequency [27]. The moment of inertia, J , of a synchronous

machine is dependent on the rotor mass and radius. In a power system, the total inertia

is given by the sum of the inertia of every individual unit [23]. It is common to use the

inertia time constant to the describe machine inertia, often termed H, which is the kinetic

energy stored in the rotating mass divided by the rated machine power. This constant can be

interpreted as the amount of time the machine can deliver full rated power using solely the

kinetic energy stored in the rotation.

Figure 3.3: Typical frequency event following a power imbalance

When a power imbalance occurs in a network, the electromagnetic torque output (Tem)

changes instantaneously on the generators in the system [27]. The swing equation can be

written in a simplified form as [28]:

Tm − Tem = J
dωm
dt

(3.2.1)

The change in the electromagnetic torque causes a mismatch between electromagnetic and

mechanical torque (Tm). From the equation above, this mismatch will result in a change in

speed for generators connected to the grid. If the load increases, the generators will decelerate

and vice versa for a decrease in load.
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In the case of a sudden increase in load, the generators in the system will decelerate. This

causes a release of kinetic energy stored in the rotating masses to electrical energy in the grid.

As the generators decelerate, the frequency drops, since the frequency is dependent on the

rotational speed of the generators in the systems [29]. Fig. 3.3 illustrate such a situation.

In a short period of time after the imbalance has occurred, the balance of electrical power is

only dependent on stored kinetic energy being converted to electrical energy. Grids with low

inertia (i.e., little stored kinetic energy) will be less resilient to oppose changes in frequency

compared to grids with higher inertia.

As the frequency falls, the deviation from nominal frequency increases. This causes the

governors in the generating units to increase the power output, which is the first and primary

control loop. This control loop typically responds after some seconds [23]. Furthermore, the

secondary and tertiary control loop is activated if necessary, as mentioned in the introduction

to this chapter.

Generators or motors controlled by power electronic converters, such as CFSM and DFIM,

do not provide natural inertia response [30]. The power output (or input) from these units

depend on the control of the converter, which makes the machine speed independent of the

grid frequency. Grids with substantial penetration of converter controlled production can

experience frequency instability [31]. However, modern power electronic converters have the

advantage of a dynamic and rapid response, which can be used to emulate inertia, often

referred to as synthetic inertia.

3.3 Synthetic Inertia

In recent years, synthetic inertia has received much attention due to increased integration of

power electronic controlled generation in the grid. Such topologies are especially relevant for

integration of modern wind turbines where DFIM and CFSM are becoming the new industry

standards [32]. This has led to the development of a large number of different methods for

implementing inertia emulation from converter controlled production.

The simplest method for implementing inertia response is to add a supplementary control

loop to the existing control system. The additional control loop often changes the speed/-

torque of the machine, releasing or absorbing energy. Also, a new method for inertia emulation

is gaining attention know as virtual synchronous machine (VSM). The concept of VSM control

is to emulate the dynamic and static operation of a synchronous machine. This is claimed to

give many other advantages, such as virtual damping [33].
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3.3.1 Supplementary Inertia Control

Even though there are a number of different control strategies for emulating inertia using an

additional control loop, the principle is often the same. To emulate inertia, the speed/torque-

control changes the speed of the machine in such a way that kinetic energy is released or

absorbed depending on the power imbalance [34]. This is achieved by measuring the frequency

and changing the speed reference according to frequency deviation or derivative. Similarly,

the voltage on a DC link in a back-to-back converter can be changed to release and absorb

energy in the capacitor.

fgrid d
K

��/�V
dt

(a) df/dt method

fgrid

-
+

fgrid,ref

�f
K

��/�V

(b) ∆f method

fgrid

-
+

fgrid,ref

�f

��/�V

(c) Trigger method

Figure 3.4: Different supplementary inertia control topologies

Inertia response based on frequency derivative (df/dt) is often referred to as natural inertia

response [35]. The rate of change of frequency (ROCOF) is multiplied by a gain which is tuned

based on available kinetic energy, as seen in Fig. 3.4a. This method gives a close to natural

response, though it can cause power fluctuations and can be complicated to tune [31]. Another

method is to respond based on the frequency deviation (∆f) as shown in Fig. 3.4b. This

method offers a less complicated implementation; however, it can conflict with the primary

frequency regulator [31]. Fig. 3.4c show one of the most straightforward implementations of

inertia response. This method triggers a constant release of energy if the frequency deviation

reaches a certain level.
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3.3.2 Virtual Synchronous Machine

The principle of a VSM is to emulate the static and dynamic operation of a synchronous

machine using a VSC. This can be achieved by taking advantage of the dynamic operation

of modern inverters and the operation principle of synchronous machines. In 2007, Beck and

Hesse were among the first to propose this idea, then labeling it VISMA [36]. Since then a

number of approaches have been proposed with a wide range of complexity and terminology.

A comparison and classification of different methods are proposed in [37] and [38].

Figure 3.5: Basic concept of a virtual synchronous machine

The different VSM control methods can be classified into high-order models (as in [39][40][41])

and low-order models (as in [42][43][44]) [45]. High-order models are complex, representing the

full dynamics of a synchronous machine, which can result in an unnecessary level of complex-

ity [37]. Most of the research focuses on second-order models, which contains the mechanical

part of a synchronous machine. The mechanical part reflects the rotor damping and inertia

characteristics of a synchronous machine, which is described by the swing equation [46]. Some

research also includes the electrical characteristic of synchronous machines by implementing

the relationship between stator voltage and current [38]. In order to replicate a synchronous

machine accurately, a full order model needs to be included in the system. This would result

in a 7th order model built of a 5th order electrical model and 2th order mechanical model [37].

Fig. 3.6 show the implementation of a typical VSM control scheme. As observed in the

figure, the magnitude and phase of the converter output voltage are regulated to control

reactive and active power respectively. The swing equation that calculates the phase angle

based on the power error inherits the inertia response and damping.
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Figure 3.6: Typical VSM control with voltage and current control
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Chapter 4

System Description

The system which will be investigated in this report consist of a converter-fed hydro-electric

power plant connected to a grid through a transformer. The system is presented in Fig.

4.1 together with essential parameter values. As can be observed in the figure, the grid

is represented by a large synchronous machine and two loads. The grid and hydro-electric

power plant are separated through an ideal transformer. In this chapter, the construction and

important characteristics of the system are described. The governor and AVR are presented

in this chapter, while the control of the converter is the subject of the next two chapters. In

Appendix C, the simulation models developed in MATLAB R©/Simulink are presented, while

all parameter values are given in Appendix B.

Figure 4.1: System overview

4.1 Hydro-Electric Power Plant

The hydro-electric power plant consists of a synchronous machine connected to a back-to-back

VSC. A 15 MVA salient poled synchronous machine is chosen, with the parameter presented

in Appendix B.1.1. The machine has the same control system as a traditional grid-connected

synchronous machine as described in Chapter 3, i.e., a governor and AVR. A voltage level of

11 kV and 66 kV is chosen on the machine and grid side of the converter respectively [47].
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4.1.1 Impedances

Between the GSC and transformer the impedance can be divided into line impedance (Zg,L)

and converter impedance (Zg,C). The line impedance is the equivalent impedance in the line

between the converter terminals and transformer, while the converter impedance is internal

impedance in the converter. Between these impedances is the terminal voltage of the converter,

vT . On the machine-side, the line impedance is neglected. The resulting impedance is the

converter impedance in series with the machine impedances, which will be elaborated in the

next chapter.

(a) Grid-side

(b) Machine-side

Figure 4.2: Impedances and voltages

4.1.2 Governor and Turbine

The governor and turbine model is based on a simplified Francis turbine as shown in Fig. 4.3.

The deviation from nominal speed/frequency is the input of the governor, which generate the

desired gate opening based on the speed deviation. A simplified turbine is used to represent the

turbine mechanics which generates the mechanical power/torque based on the gate opening

from the governor. The parameter values for the governor and turbine model are presented

in Appendix B.1.1.
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Figure 4.3: Governor and Turbine model based on a simplified Francis turbine

In the turbine transfer function, Tw represents the time required for the head to accelerate

the water from standstill to a given velocity. This time constant varies with load and is

typically in the range of 0.5 seconds to 4 seconds [27]. The transfer function inherits an

important characteristic of the hydraulic turbine, which can be observed in Fig 4.4. As the

gate position suddenly increase, the flow does not change instantly due to the water inertia.

However, the pressure in the turbine reduces immediately, causing the power to decrease

before increasing to the desired value.
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Figure 4.4: Power response form the turbine for a step in gate position

4.1.3 AVR

A simplified AVR is implemented in the excitation system which aims to keep the stator

terminal voltage constant. The AVR is constructed of an outer loop controlling the terminal

voltage and an inner field current loop as presented in Fig. 4.5. The terminal voltage (vt) of the

machine is measured and regulated using a PI-controller. From this controller, the reference
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field current is generated, which is regulated to the desired value using a PI-controller. The

parameter values for the PI-controllers are presented in Table B.5 in Appendix B.1.1.

As observed in the figure, the excitation system is not equipped with any power system

stabilizer. However, since the active and reactive power can be controlled separately using

the converter, it is claimed the there is no need for a power system stabilizer in adjustable

speed units [48].

Figure 4.5: AVR control loop

4.1.4 Converter

The converter is rated correspondent to the machine, i.e., 15 MVA. In the simulation, it is

favorable to use an average model of a VSC. An average model does not simulate the switching

in the converter. However, it has the same average V-I terminal relationship on AC and DC

side as a VSC [49].

A back-to-back VSC consist of two converters connected through an intermediate DC link.

The converters are denoted grid-side converter (GSC) and machine-side converter (MSC), as

seen in Fig. 4.1. The DC link voltage is chosen as twice the peak of the phase voltage, which

is a restriction for the modulation. An overview of all parameter values for the converter is

given in Appendix B.1.2.

4.2 Grid

The grid is simplified to a large synchronous generator connected to two loads. One large

load acts as a constant base load while the other load is attached to the grid through a

controllable switch. The generator is rated to 120 MVA, and is controlled like a typical grid-

connected synchronous machine as shown in Fig. 3.1 with a governor and AVR. A standard

MATLAB R©/Simulink governor and turbine model are used where the governor and turbine

are both represented as two separate time constants. The droop constant in the governor is

set to 2%. The same AVR as described in Section 4.1.3 is used for the grid machine.

A voltage rating of 15 kV is chosen as it is a typical voltage level for large grid-connected
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synchronous machines in the Nordic power system. Similarly, inertia constant of 3.5 seconds

is typical for these types of machines [47].

There are two loads connected to the grid, one constant base load (Load 1) and one

connected to the grid through a switch (Load 2). Both loads are wye-connected, and set to

draw constant active power of 60 MW and 5 MW for Load 1 and Load 2 respectively. Load 2

will be connected/disconnected during steady-state operation to establish a power imbalance.

The line is assumed to be ideal, i.e., there is no impedance in the line. For a full overview of

all parameter values, see Appendix B.2.
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Chapter 5

Classical Torque Control

Three main control responsibilities need to be accounted for in the system; machine speed,

DC link voltage and power flow. In this chapter, classical torque control for the converter will

be derived which allocates responsibilities in the following manner:

• Governor: Active power control

• Machine-side converter: Speed control

• Grid-side converter: DC link voltage control

Figure 5.1: Overview of classical torque control with supplementary inertia control

In addition, supplementary control loops for inertia emulation will be added on both

GSC and MSC, extracting stored energy in the capacitor and kinetic energy from rotation

respectively. The inertia control loops will be in addition to the generic control loops and
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will make the MSC and GSC responsible for short-term active power control. The complete

control system for the converters is shown in Fig. 5.1, where the red part is the supplementary

inertia control loops. As observed in the figure, both control systems consist of an inner current

control an one outer control loop.

5.1 Synchronous Reference Frame (SRF)

To control time-varying currents and voltages it is favorable to represent them in a rotating

dq-reference frame, often termed as a synchronous reference frame (SRF). This is achieved

by synchronizing the reference frame with the control variables such that the variables can

be represented as DC quantities. In addition, the d and q axis is perpendicular to each other

which permits decoupling of the d and q axis. In other words, the d and q axis variables can

be controlled independently of each other [50].

The transformation of a three-phase time-varying signal to a rotating dq-frame can be

achieved by performing a Park transformation. To explain this it is common to use the Clark

transformation. The Clark transformation represents a three-phase time-varying signal as

a two-phase time-varying signal in a stationary reference frame, often termed as αβ-frame.

Further, the Park transformation transforms this rotating two-phase signal to DC quantities

by rotating the reference frame at synchronous speed. This is illustrated in Fig. 5.2 and

mathematically described in Appendix A.1.

Figure 5.2: Stationary and rotating reference frames

Fig. 5.3 show the signal path from the transformation of measured signals, through the

control system, and back to reference signals for the converter. After the control system, the

signals are transferred back to a three-phase time-varying signal by performing an inverse

transformation. In this work, the converters operate with a separate rotating axis. On the
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GSC, the q-axis is aligned with a virtual grid flux vector while the d-axis is aligned with the

grid voltage vector. For the MSC, the d-axis is aligned with the rotor flux and lags the q-axis

by 90 electrical degrees.

abc
⍺β

⍺β
dq

dq
⍺β

⍺β
abc

Control
system

Stationary reference frame Rotating reference frame Stationary reference frame

AC DC AC

Measurements (input) Reference (output)

Figure 5.3: Signal reference frame through control system

5.2 Governor

The governor and turbine model is presented in Fig. 4.3, Chapter 4. In the classical torque

control, the governor regulates the steady-state active power output from the plant by ad-

justing the flow of water into the turbine. To contribute to primary frequency regulation, the

governor measures the grid frequency on the grid-side (from the PLL), and regulates power

accordingly. This will result in similar primary frequency response from the governor as if the

machine was directly grid-connected, with the lack of inertia support.

Figure 5.4: Governor control using classical torque control

Page 27 of 103



CHAPTER 5. CLASSICAL TORQUE CONTROL NTNU

5.3 Machine-Side Converter (MSC)

The MSC controls the electromagnetic torque and terminal voltage separately. The control

consists of an inner current loop which controls the current and decouples the dq-axis to

achieve independent control of the torque and voltage. The outer loops change the reference

for igq and igd to control electromagnetic torque and terminal voltage respectively. In this

report, only the control of electromagnetic torque is of interest, therefore the voltage control

loop will not be derived. In addition, a supplementary inertia control loop emulates inertia

by changing the speed reference. Fig. 5.5 show the final structure of the MSC control system

which which is to be derived in this section. As seen in the figure, the control system consists

of three main parts; the current controller, speed controller and inertia controller.

Figure 5.5: MSC final control system with modulation

5.3.1 Inner Loop: SRF Current Controller

Figure 5.6: MSC-side system

The inner current loop aims to control the current on the AC-side and decouple the dq-axis

to improve the dynamic performance of the system. The stator voltage equations for a salient

poled synchronous machine with rotor field excitation can be expressed as [50]:
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(5.3.1)

Where λsd and λsd are the d and q axis flux linkage respectively which can be expressed

as:

λsd = Lsdisd + Lmdird + Lmdifd

λsq = Lsqisq + Lmqirq
(5.3.2)

In the equation above, Lsd and Lsq is the sum of the leakage inductance (Lls) and mag-

netizing inductance (Lmd/q) in the d and q windings respectively. Note that the magnetizing

inductance is unequal (Lmd 6= Lmq) due to the salient structure of the rotor. However, the

leakage inductance is the same for both windings (Lls = Llsd = Llsq) [50]. In order to simplify

the stator voltage equations, the damper winding currents (ird and irq) in both axes can be

neglected. This results in the following voltage equations:

[
esd

esq

]
= Rs

[
isd

isq

]
+
d

dt

[
Lsdisd

Lsqisq

]
+ Lmd

d

dt

[
ifd

0

]
+ ω

[
0 −Lsq
Lsd 0

][
isd

isq

]
+ ωifd

[
0

1

]
︸ ︷︷ ︸

Coupling

(5.3.3)

As observed in Fig. 5.6, the converter resistance (Rm,C) is in series with the stator resis-

tance (Rs). The equivalent resistance, Rm,eq, can be defined as the sum of these resistances.

Similarly, the converter inductance (Lm,C) is in series with Ls,d/q. The equivalent induc-

tances, Lm,eq,d/q, can be defined as the sum of these inductances. Using the stator voltage

equation presented above and the equivalent impedances, the converter voltage, vm,abc, can

be represented in the dq-reference frame as:[
vmd

vmq

]
= Rm.eq

[
isd

isq

]
+
d

dt

[
Lm,eq,disd

Lm,eq,qisq

]
+ Lmd

d

dt

[
ifd

0

]

+ω

[
0 −Lm,eq,d

Lm,eq,q 0

][
isd

isq

]
+ ωifd

[
0

1

]
︸ ︷︷ ︸

Coupling

(5.3.4)

From Eq. (5.3.4), it is evident that the d-q axis is coupled. To independently control these

variables, the current controller needs to decouple the axis. In addition to decoupling the d

and q axis, the current controller needs to regulate the current to the desired reference value.
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In order to control the current, it is desirable to use a PI-controller and a feedback loop for the

current. PI-controllers are widely used in industrial application due to a simple structure and

low cost. PI-controllers eliminates forced oscillations and steady-state error [51]. Analyzing

the equation above, the decoupling of the d-q axis variables and control of current can be

achieved using:

v∗sd = (kI,psd +
kI,isd
s

)︸ ︷︷ ︸
PI

(i∗sd − isd)− ωLm,eq,qisq

v∗sq = (kI,psq +
kI,isq
s

)︸ ︷︷ ︸
PI

(i∗sq − isq) + ω(Lm,eq,disd + ifdLmd)

(5.3.5)

Where v∗sd and v∗sq are the converter voltage reference values in the d and q axis respectively.

By inserting Eq. (5.3.5) in Eq. (5.3.4) it can be shown that the controller cancels out the

coupling terms in both axes. The decoupling terms can be seen in the SRF current controller

in Fig. 5.5. The current controller can be represented as a block diagram, as shown in Fig.

5.7. As seen in the figure, the current error is sent through a PI-controllers, which generates

the reference voltage.

Figure 5.7: SRF inner current loop block diagram for both axes

5.3.2 Outer Loop: Speed Controller

The swing equation can be used to express the rotor motion of a synchronous machine as:

Tem − Tm = J
dω

dt
(5.3.6)

During steady state operation the electromagnetic torque (Tem) and the mechanical torque

(Tm) is equal. This leads to constant speed, as the acceleration term is zero. In order to change

and control the speed of the machine, the electromagnetic torque can be controlled. Developed

electromagnetic torque can be expressed as [50]:

Tem =
p

2
[Lmd(ifd + ird)isq + (Lsd − Lsq)isdisq︸ ︷︷ ︸

Saliency

−Lmqirqisd] (5.3.7)
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As with the current controller, the damper winding currents (ird and irq) can be ne-

glected. Furthermore, the saliency can be neglected to simplify the expression. From this,

the expression yields:

Tem =
p

2
Lmdifdisq (5.3.8)

From the equation above it can be observed that by controlling the current isq the

torque/speed can be controlled. Similarly, it can be derived that the current isd can be

controlled to control the voltage. The speed controller is shown as it is implemented in the

control system in Fig. 5.5. As seen in the figure, the speed controller has two inputs; the

speed reference and speed measurement feedback. The error between these inputs is sent

through a PI-controller, which becomes the reference value for the q-axis current i∗sq. This

process can also be illustrated in a block diagram as shown in Fig. 5.8.

Figure 5.8: Outer speed loop block diagram for both axes

5.3.3 Supplementary Inertia Controller

Section 3.3 described a number of supplementary inertia control principles. In this section,

both the df/dt-method and ∆f -method will be derived. To describe the ROCOF method (or

df/dt-method) the swing equation and energy equation of rotating masses can be used. The

equations can be written as [52]:

Pem − Pm
ωm

= J
dωm
dt

(5.3.9a)

Ekin =
1

2
Jω2

m (5.3.9b)

By linearizing Eq. (5.3.9a) around a steady state operation point and taking the derivative

of both sides of Eq.(5.3.9b), Eq. (5.3.10a) and (5.3.10b) can be derived from Eq. (5.3.9a) and

(5.3.9b) respectively. The full mathematical deduction of these two equations is presented in
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Appendix A.5.

∆Pem = K ′
d∆f

dt
(5.3.10a)

∆Pem = −J∆ωm (5.3.10b)

Eq. (5.3.10a) show the relation between a power imbalance in a grid and the frequency.

From the equation, it is evident that a power imbalance in the grid will cause a change

in frequency based on the derivative of the frequency multiplied by a constant. From Eq.

(5.3.10b) it is evident that a reduction in the mechanical speed of a machine will cause

a release of electrical power. Therefore, by controlling the speed deviation based on the

ROCOF, inertia can be emulated similarly as the response would be for a grid-connected

machine.

Another possible implementation is the frequency deviation method (or ∆f -method). This

method releases energy based on the deviation in frequency, similar to how droop control in

a governor function. As with the ROCOF method, this method reduces the speed of the

machine to release kinetic energy, according to Eq. (5.3.10b). This method can, however,

conflict with the primary frequency controller in the governor.

Both methods described above can be combined in one controller. The derivative method

will give a rapid and massive response as the frequency changes while the deviation part will

prevent the machine from accelerating or decelerating back to nominal speed immediately

after the initial frequency descent. The combined control system is shown in Fig. 5.9.

Figure 5.9: MSC inertia controller
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5.4 Grid-Side Converter (GSC)

The GSC aims to control the DC link voltage by adjusting the flow of active power. The

control consists of an inner current loop which controls the current and decouples the dq-axis

similar to the MSC inner current loop. The current in the d and q axis controls the active

and reactive power respectively. The outer voltage loop controls the active power reference

such that the DC link voltage is kept constant. In this report, only active power control is of

interest. Therefore a reactive power control loop will not be derived. Also, a supplementary

inertia control loop emulates inertia by changing the DC link voltage reference. Fig. 5.10

show the final structure of the GSC control system which is to be derived in this section. As

seen in the figure, the control system consists of three main parts; the current controller, DC

link voltage controller and inertia controller.

Figure 5.10: GSC final control system with modulation

5.4.1 Inner Loop: SRF Current Controller

The inner current loop aims to control the current on the AC-side and decouple the dq-axis

to improve the dynamic performance of the system. Fig. 5.11 show the grid-side system

with impedances, voltages and currents. In the figure, eg,abc is the three-phase grid voltage,

ig,abc is the three-phase grid current and vg,abc is the three-phase converter voltage. Note that

the current direction is chosen to be towards the converter. Between the grid voltage and

converter voltage, there is an equivalent resistance and inductance (Rg,eq and Lg,eq), which is

the sum of the line and converter impedance presented in Fig. 4.2.
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Figure 5.11: GSC-side system

Using KVL and KCL, the following equations can be derived:

eg,abc = Rg,eqig,abc + Lg,eq
dig,abc
dt

+ vg,abc (5.4.1a)

Cdc
dVdc
dt

= idc − iL (5.4.1b)

Using the Park transformation, Eq. (5.4.1ba) can be represented in the synchronous

reference frame as:[
egd

egq

]
= Rg,eq

[
igd

igq

]
+ Lg,eq

d

dt

[
igd

igq

]
+ ωLg,eq

[
0 −1

1 0

][
igd

igq

]
︸ ︷︷ ︸

Coupling

+

[
vgd

vgd

]
(5.4.2)

From the equation above it is evident that the d-q axis is coupled. In order to control the

current it is desirable to use a PI-controller and a feedback loop for the current. Analyzing the

equation, the decoupling of the d-q axis variables and control of the current can be achieved

using:

v∗d = − (kI,pd +
kI,id
s

)︸ ︷︷ ︸
PI

(i∗gd − igd) + ωLg,eqigq + egd

v∗q = − (kI,pq +
kI,iq
s

)︸ ︷︷ ︸
PI

(i∗gq − igq)− ωLg,eqigd + egq

(5.4.3)

Where v∗d and v∗q are voltage reference values in the d and q axis respectively. By inserting

Eq. (5.4.3) in Eq. (5.4.2) it can be shown that the controller cancels out the coupling terms

in both axes. The decoupling terms can be seen in the SRF current controller in Fig. 5.10.

The block diagram for the inner current control loop is equal to the MSC current loop shown

Fig. 5.7.
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5.4.2 Outer Loop: Voltage Controller

The outer voltage loop aims to control the DC link voltage to its reference value by controlling

the flow of active power. If the governor increases power production, the GSC voltage control

will forward this power, ensuring that the DC link voltage stays at the reference value. This

also enables inertia response from the DC link as lowering and increasing the DC link voltage

will inject and absorb active power. The equation for active and reactive power can be

represented as (derived in Appendix A.3) [53]:

P =
3

2
vgdigd

Q = −3

2
vgdigq

(5.4.4)

From this, it is evident that igd and igq control active and reactive power respectively.

The relation between igd and Vdc can be derived from Eq. (5.4.1b), and results in (derived in

Appendix A.4):

Cdc
d(∆Vdc)

dt
=

3

2

v̄d∆igd
V ∗dc

(5.4.5)

The equation above shows the relation between the d-axis current and DC link voltage.

As shown in Eq. (5.4.4), a change in the d-axis current will change the active power. By

controlling the DC link voltage based on the d-axis current reference, the active power flow

is regulated such that the DC voltage is kept constant.

As observed in Fig 5.10, a PI-controller is used in the voltage controller. As with the speed

controller, the voltage controller acts on the error from the feedback and reference value. This

process can be represented in a block diagram as seen in Fig. 5.12.

Figure 5.12: Outer voltage block diagram

5.4.3 Supplementary Inertia Controller

The capacitor in a back-to-back voltage source converter can store a considerable amount of

energy. Similar to the kinetic energy inertia control system on the MSC, a supplementary

control system can be added to the GSC to enable frequency support. Energy stored in a
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capacitor is given by [54]:

Edc =
1

2
CdcV

2
dc (5.4.6)

Energy released for a given deviation in DC link voltage can be expressed as:

∆Edc =
1

2
Cdc(V

2
dc − (Vdc −∆Vdc)

2) (5.4.7)

Taking the derivative of Eq. (5.4.7), the equation can be written as Eq. (5.4.8). This is

thoroughly described in Appendix A.6.

∆Pem = Cdc∆Vdc (5.4.8)

By using the relation of power and voltage deviation above, an inertia controller based on

frequency deviation or derivative can be implemented supplementary to the voltage controller.

Fig. 5.13 show the supplementary controller using the ∆f -method. There is, however, a limit

to how much the voltage can be reduced given by the modulation, which needs to be accounted

for in the implementation.

Figure 5.13: GSC inertia controller

5.5 Space vector modulation (SVM)

Space vector modulation is an algorithm for control of pulse width modulation (PWM),

often referred to as space vector pulse with modulation (SV-PWM). This method combines

traditional PWM with digital signal processors to achieve even better control of electric drives.

SV-PWM has been shown to generate less harmonic compared to sinusoidal PWM in

both output voltage and current [55]. In addition, SV-PWM utilizes the DC voltage better,

increasing the limit on the available output voltage by approximately 15% compared to sinu-

soidal PWM [50]. This is an important factor for the DC link inertia contribution which is

dependent on reducing the DC link voltage for short-termed power response.

PWM can be implemented by comparing control voltages with a triangular waveform

signal at switching frequency. The control system derived above generates sinusoidal signals
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which need to be synthesized as space vectors. This can be done by synthesizes an average

space vector. To implement this, the control voltages can be written as [50]:
va,control

vb,control

vc,control

 = 2
V̂tri
Vdc


v∗a − vk
v∗b − vk
v∗c − vk

 (5.5.1)

Where

vk =
max(v∗a, v

∗
b , v
∗
c ) +min(v∗a, v

∗
b , v
∗
c )

2
(5.5.2)

Using Eq. (5.5.1) and (5.5.2), SV-PWM can be implemented as presented in Fig. 5.14.

Figure 5.14: SV-PWM implementation

5.6 Tuning of Controllers

A number of methods exist for tuning PI-controllers which results in different performance of

the controllers. The choice of method depends on the specification of the control system, such

as measurement sensitivity, set-point following and robustness [56]. The current controllers

and the speed and voltage controllers will be tuned according to modulus optimum and

symmetrical optimum respectively.

5.6.1 Current Controllers: Modulus Optimum

From the current loop block diagram shown in Fig. 5.7, the open loop transfer functions can

be expressed as:
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GI,OL,GSC(s) = (kI,pd/q +
kI,id/q

s
)

1

1 + Tsws

1

Rg,eq + Lg,eqs

GI,OL,MSC(s) = (kI,psd/q +
kI,isd/q

s
)︸ ︷︷ ︸

PI

1

1 + Tsws︸ ︷︷ ︸
PWM

1

Rm,eq + Lm,eq,d/qs︸ ︷︷ ︸
System

(5.6.1)

Where:

Tsw =
1

2fsw
(5.6.2)

Modulus optimum can be applied to this control system to achieve a satisfying response.

This is a popular method due to simple implementation and rapid response. The method

keeps the magnitude of the closed-loop function at unity for a wide frequency span as possible

[57]. To use the method, a standard open loop transfer function can be considered:

gOL(s) = (kp +
ki
s

)Ks
1

1 + Tsums

1

1 + T1s
(5.6.3)

To tune according to modulus optimum, the PI-controller time constant is chosen to cancel

the largest time constant, and the gain is set higher than unity. Based on the transfer function

above, this can be achieved using the following relation:

ki =
1

2KsTsum
(5.6.4)

kp =
T1

2KsTsum
(5.6.5)

Following this procedure, the resulting PI-controller parameter values are given in Table

B.7 in Appendix B.1.2.

5.6.2 Voltage and Speed Controllers: Symmetrical Optimum

For the outer control loops, the current controller can be simplified to a time delay (Teq).

From the voltage and speed loop block diagrams, the open loop transfer function can be

expressed as:
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GV,OL,GSC(s) = (kV,p +
kV,i
s

)
1

1 + Teqs

3v̄d
2V ∗dc

1

Cdcs

Gω,OL,MSC(s) = (kω,ps +
kω,is
s

)︸ ︷︷ ︸
PI

1

1 + Teqs︸ ︷︷ ︸
Cur.loop

kT︸︷︷︸
P.gain

1

Tms︸︷︷︸
System

(5.6.6)

Where:

Teq =
1

fsw
(5.6.7)

Since the transfer function contains an integrator, modulus optimum cannot be used to

tune the controllers. Instead, symmetrical optimum can be used to achieve satisfying perfor-

mance. Symmetrical optimum produce maximum phase margin for the closed loop system,

enabling high delay tolerance [58]. The method offers high disturbance rejection compared

to other methods and easy implementation. To tune the regulator according to symmetri-

cal optimum, the following general open loop transfer function with an integrator can be

considered:

gOL(s) = (kp +
ki
s

)Ks
1

1 + Teqs

1

T1s
(5.6.8)

Using this function, the controller can be tuned according to the symmetrical optimum

criterion by choosing the gains as:

ki =
T1

a3T 2
eq

(5.6.9)

kp =
T1

aTeq
(5.6.10)

Where ”a” is a design parameter which is usually chosen such that the bandwidth of

the controller is at least one decade below the current controller bandwidth. Following this

procedure, the resulting PI-controller parameter values are given in Table B.8 in Appendix

B.1.2.
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Chapter 6

Virtual Synchronous Machine

Control

To implement VSM control on a converter-fed synchronous machine, the function of the MSC,

GSC and governor is changed compared to classical torque control. The MSC and GSC control

the DC link voltage and active power respectively, while the governor controls the machine

speed. In this chapter, VSM control will be derived which allocates the control responsibilities

in the following manner:

• Governor: Speed control

• Machine-side converter: DC link voltage control

• Grid-side converter: Active power control

Figure 6.1: Overview of the converter control system using VSM control
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In the classical torque control, the converter can only regulate the short-term response

of power using stored energy while the governor controls the power output under normal

operating conditions. For VSM control the GSC controls the power output while the MSC

and governor control the DC link voltage and machine speed respectively. In principle, any

energy source could be connected to the MSC, as the VSM control in the GSC do not take

into account the type of power source. However, the power source will limit the amount of

power the VSM can deliver. An overview of the control system is presented in Fig. 6.1 for

both GSC and MSC. As can be observed in the figure, both converters have an inner current

control similar to that of classical torque control.

In addition to the inner current control, the GSC is equipped with a voltage controller as

can be observed in Fig. 6.1. Control of inverters can be classified into grid-feeding converters

and grid-forming converters [45]. A grid-feeding converter can be simplified to a current

source connected with a high impedance in parallel. Similarly, a grid-forming converter is

equivalent to a voltage source with low impedance in series. The main difference between

the two methods is the ability for stand-alone operation. The grid-feeding converter cannot

regulate the voltage; therefore it is not able to operate individually. By implementing a grid-

forming control method and VSM control, a converter can, in theory, operate without any

synchronous generators in the grid and maintain a robust grid due to the presence of virtual

inertia. As illustrated in Fig. 6.2, the main difference between these two methods is the

presence of a voltage controller.

(a) Grid-feeding converter control

(b) Grid-forming converter control

Figure 6.2: Comparison of grid-feeding and grid-forming converter control

A number of methods to implement VSM exist today, with a wide range of design. Some

methods focus on making the VSM self-synchronizing, such as in [31][59][60][61]. By doing

this, the VSM can synchronize with the grid without any additional synchronization method

such as a PLL. Such a method is implemented in this thesis, as presented in Fig. 6.1.
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6.1 Governor

The governor in the hydro-electric power plant aims to control the speed of the generator. The

structure of the governor is the same as for the classical torque control presented in Fig. 4.3.

However, the governor now measures the mechanical speed of the machine which it regulates

to a constant reference speed. This is similar to how a typical gird-connected synchronous

machine is controlled, regulating the speed to synchronous speed.

Figure 6.3: Governor control using VSM control

6.2 Machine-Side Converter (MSC)

As shown in Fig. 6.1, the MSC consist of an inner current loop and one outer voltage loop.

The inner current loop is identical as for the classical torque control in Section 5.3, and aims to

control the current and decouple the d and q axis variables. The outer loop aims to regulate

the DC link voltage by controlling the active power/torque reference i∗sq. In the previous

chapter, the DC link voltage controller was derived for the GSC. The derivation is similar

with the same tuning of the PI-controller. The current and DC link voltage controllers on

the MSC are not derived in this section since it is similar to the classical torque control. An

overview of the complete control system for the MSC is presented in Fig. 6.4.
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Figure 6.4: MSC final control system with modulation

6.3 Grid-Side Converter (MSC)

As shown in Fig. 6.5, the GSC consist of an inner SRF current loop, an SRF voltage loop

and a power controller. The power controller aims to mimic the behavior of a grid-connected

synchronous generator. This can be achieved by implementing the dynamic equations of

a synchronous machine in the control system. The power controller also synchronizes the

converter to the grid by calculating the angle based on the power balance.

Figure 6.5: GSC final control system with modulation
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6.3.1 SRF Current and Voltage Controller

As shown in Fig. 6.5, the control system consists of an inner current controller similar to the

classical torque control and one outer voltage controller. As with the MSC, the inner current

loop is identical as for the classical torque control in Chapter 5.3. The voltage controller

aims to control the voltage on the converter terminals, vT . Often a decoupling of an LCL-

filter is performed in the voltage controller to improve transient stability, as explained in [33].

However, in this study, an average model of a VSC is used such that a filter is not required.

The current reference is, therefore, calculated from the voltage error using a PI-controller as

follows:

i∗sd = (kv,pd +
kv,id
s

)(v∗Td − vTd)

i∗sq = (kv,pq +
kv,iq
s

)(v∗Tq − vTq)
(6.3.1)

6.3.2 Power Controller and Synchronizer

The power controller aims to control the power output by changing the rotor angular posi-

tion, θ. To achieve, the dynamic equations of a synchronous machine is implemented such

that the power controller mimics the behavior of a synchronous machine. The VSM control

synchronizes to the grid using the phase angle calculated from the swing equation. The swing

equation can be written as [27]:

2H

ωb

d2δ

dt2
+
KD

ωb

dδ

dt
= Pm − Pem (6.3.2)

With the following identities:

ωb∆ω =
dδ

dt

Ta = 2H

(6.3.3)

Substituting the above identities in the swing equation yields:

Tas∆ω +KD∆ω = P ∗ − P (6.3.4)

Where Ta is the mechanical time constant and KD represent the damping coefficient. The

angle can be calculated as:

θT =
ωb
s
ωT (6.3.5)
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Power Controller

In Fig. 6.6, the GSC represented as a VSM is shown connected to the grid. As observed in

the figure, the impedance between the grid and the VSM is the line impedance Zg,L. The

converter impedance (Zg,C) is between the terminal voltage (vT ) and the internal voltage of

the converter (Vg,abc). This impedance is similar to the stator impedance of a synchronous

machine.

Figure 6.6: Simple schematic of power delivered from the VSM

In the figure above, the current flowing from the VSM to the grid can be expressed as:

I =
VT∠δT − Vg∠δg

ZL∠φL (6.3.6)

The power at the VSM terminal can be expressed as:

PT = Re

{
VT∠δT (

VT∠− δT − Vg∠− δg
ZL∠− φL

)

}
= Re

{
V 2
T

ZL
∠φL −

VTVg
ZL

∠(δT − δg + φL)

}
=
V 2
T

ZL
cos (φL)− VTVg

ZL
cos (δT − δg + φL)

(6.3.7)

From the equation above it can be observed that to change the active power either the

voltage or angle needs to be regulated. Since the voltage controller aims to keep the terminal

voltage constant, VT can be assumed constant. Therefore, the angle is changed to control the

active power. The relation between the angle δ and θ is given by [62]:

θT (t) = ωt+ δT (t) (6.3.8)

Where δ is the rotor angular position with respect to a synchronously rotating reference

while θ is the rotor angular position with respect to a stationary axis.
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Understanding KD and Ta

To investigate the effect of changing the mechanical time constant (Ta) and damping coefficient

(KD), Eq. (6.3.7) can be further investigated. A linear approximation of the equation yields:

P + ∆P =
V 2
T

ZL
cos (φL)− VTVg

ZL
cos (δT0 − δg0 + φL)

+
VTVg
ZL

sin (δT0 − δg0 + φL)︸ ︷︷ ︸
k1

[∆δT −∆δg]
(6.3.9)

Which can be rewritten as:

P + ∆P =
V 2
T

ZL
cos (φL)− VTVg

ZL
cos (δT0 − δg0 + φL)− k1(δT0 − δg0)︸ ︷︷ ︸

P

+ k1(δT − δg)︸ ︷︷ ︸
∆P

(6.3.10)

Furthermore, a small signal analysis of the swing equation (presented i Eq. (6.3.4)) can

be performed to find:

Ta
ωb

d2∆δ

dt2
+
KD

ωb

d∆δ

dt
= ∆P ∗ −∆P (6.3.11)

Substituting the expression for ∆P from Eq. (6.3.10), Eq. (6.3.11) can be written as:

Ta
ωb

d2∆δ

dt2
+
KD

ωb

d∆δ

dt
= ∆P ∗ − k1(∆δT −∆δg) (6.3.12)

d2∆δ

dt2
+
KD

Ta

d∆δ

dt
+
k1ωb
Ta

∆δT = (∆P ∗ + k1∆δg)
ωb
Ta

(6.3.13)

Which can be written in the Laplace-domain as:

(s2 +
KD

Ta
s+

k1ωb
Ta

)∆δT = (∆P ∗ + k1∆δg)
ωb
Ta

(6.3.14)

From this, the following transfer functions can be derived:

∆δT
∆P ∗

=

ωb
Ta

s2 + KD
Ta
s+ k1ωb

Ta

∆δT
∆δg

=

k1ωb
Ta

s2 + KD
Ta
s+ k1ωb

Ta

(6.3.15)

Analyzing the equations above, the poles of the system yields:
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s1,2 = −KD

Ta
± 1

2

√
K2
D

T 2
a

− 4
k1ωb
Ta

(6.3.16)

From this, the system is stable as long as k1 is greater than zero. Using the equation

above, the natural frequency (ωn) and damping (ζ) can be expressed as:

ωn =

√
k1ωb
Ta

ζ =
KD

2

√
1

Tak1ωb

(6.3.17)

From the above equations, it is clear that increasing the damping coefficient increases

the damping in the system. Similarly, increasing the mechanical time constant decreases the

damping and natural frequency.

Power Droop

There are two methods often used to control the steady-state power output of the VSM. The

first is by adding a droop speed control on the power reference P ∗, as shown in Fig. 6.7. This

method requires the measurement of the frequency in some way, such as measuring it using a

PLL. Furthermore, the speed reference (ω∗) in the swing equation is set as the measured grid

frequency, as shown in Fig. 6.7.

Figure 6.7: Power controller with and without a PLL

The other method is to use the damping coefficient (KD) as a droop. This can be achieved

by setting the speed reference (ω∗) in the swing equation to a constant of 1 pu. The advantage

of this method is a more straightforward implementation and removal of the frequency mea-

surement. However, the damping coefficient now works as a droop rather than as damping,

which can make the system less stable. With this implementation, the power droop can be

written as:
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∆P = KD∆ω
(6.3.18)

Eq. (6.3.18) show that the damping coefficient in the swing equation is inversely linked

to the droop gain in a droop controller.

6.4 Tuning of Controllers

Since the system is the same as with the classical torque control, the current controllers are

tuned as described in Section 5.6. The tuning of the DC link voltage controller is the same as

with the DC link voltage controller in torque control, which is also described in Section 5.6.

Analyzing the SRF voltage loop, the transfer function can be simplified to the PI-controller

and time constants representing the current controller and filter. This transfer function can

be written as:

Gv,OL,GSC(s) = (kv,pd/q +
kv,id/q

s
)︸ ︷︷ ︸

PI

1

1 + Teqs︸ ︷︷ ︸
Cur.loop

1

Tfis︸︷︷︸
Filter

(6.4.1)

The controllers can be tuned using modulus optimum, by canceling the current controller

time constant. The result from the tuning is given in Table B.9 in Appendix B.1.2 using the

method described for modulus optimum in Section 5.6

6.5 Comparison of Torque Control and VSM Control

The two control methods differ in how the control responsibilities are divided and the method

inertia is emulated. As shown in Fig. 6.8a, the GSC, MSC and governor control the DC link

voltage, machine speed and power respectively for the classical torque control. In addition,

the GSC and MSC control the inertia support, which is short-termed active power. For the

VSM control the GSC, MSC and governor control active power, DC link voltage and speed

respectively. A comparison of the two methods is shown in Table 6.1. The response from the

governor is typically slower than modern converters, which makes the decision of the control

responsibility a question of prioritization. If speed control is the most important factor, then

speed should be controlled by a converter. The argument is valid for power control and DC

link voltage control. The classical torque control with supplementary inertia control uses the

fast speed control to achieve short-termed power control. This way the control methods tries
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to achieve the best of both worlds with both fast speed control and fast short-termed power

control.

(a) Classical torque control with supplementary inertia controllers

(b) Virtual synchronous machine control

Figure 6.8: Comparison of classical torque control and VSM control

Table 6.1: Comparison of control responsibilities for the two methods

Method GSC MSC Governor

Classical torque
control

DC link voltage Machine speed Active power

VSM control Active power DC link voltage Machine speed

Other than the different allocation of control responsibilities, the most significant difference

from a control implementation perspective is the possibility for self-synchronization using VSM

control [31]. The VSM control also inherits other advantages such as natural damping and

improved load sharing capability. However, the VSM control is a more complicated method to

achieve inertia emulation compared to the other methods. In Case 1 in the following chapter,

the performance of these two methods is compared during a load disturbance.
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Results and Discussion

The system simulated in this chapter is described in Chapter 4. Initially, the system operates

at steady-state, and both the grid machine and hydro-electric power plant delivers active

power to the load in the grid. The hydro-electric power plant deliverers 0.6 pu active power,

while the grid machine delivers the remaining active power to the load. During steady-state

operation Load 2 (described and quantified in Chapter 4) connects to the grid such that a

load imbalance is established. This scenario will be the basis for the following two sections

where the classical torque control (from Chapter 5) and VSM control (from Chapter 6) will

be tested and analyzed separately. The goal of these two sections is to understand how the

control method function and operate, and how the different parameters for inertia emulation

in the controllers affect the performance.

In the third section of this chapter, three case studies are conducted. The goals of the

three case studies are as follows:

• Case 1: Comparison of classical torque control with supplementary inertia controllers

and virtual synchronous machine control. The goal of this case is to compare the inertia

response for the two control strategies during the event described in the introduction to

this chapter. Factors such as frequency nadir, oscillation in frequency and ROCOF are

compared.

• Case 2: Comparison of virtual synchronous machine and synchronous machine. This

case aims to understand how the VSM compares to a SM during the event described

in the introduction to this chapter. The case investigates the influence of changing Ta

and KD, and compares this to a simulation of a SM and theory derived in the former

chapter.

• Case 3: Dynamic inertia for a VSM. The goal of this case is to investigate advantages
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with dynamic control of the inertia time constant using the VSM control method. Since

the inertia time constant is set in the controller, it can be changed during operation

depending on the state of the system to improve small-signal stability.

The results in this chapter are given in a per unit representation where the base values

are based on the hydro-electric power plant, presented in Table B.3 in Appendix B.1.1.

7.1 Classical Torque Control with Inertia Controllers

In this section, the supplementary control scheme for the classical torque control will be tested

and evaluated. The goal is to understand how both the kinetic inertia controller and capacitor

inertia controller function. The different gain parameters (Kdf , K∆f,m and K∆f,dc) will be

tuned for best performance.

7.1.1 Kinetic Inertia Control

Fig. 7.1 present the grid frequency for different values of Kdf and K∆f,m. As can be observed

in the figure, increasing Kdf results in an improved frequency nadir up to Kdf=20. After

this point the performance of the controller reduces. It is, therefore, reasonable to choose

Kdf=20 for this situation. Increasing K∆f,m improves the frequency nadir as shown in Fig

7.1b. However, K∆f,m also conflicts with the primary frequency control in the governor,

which leads to more oscillation as the frequency recovers. K∆f,m is chosen to be 20 based on

a trade-off between best inertia response and avoiding interference with the primary response.
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(b) Changing K∆f,m

Figure 7.1: Grid frequency

In Fig. 7.2 and 7.3 it can be observed that as the machine decelerates it contributes to a

short-term active power response. As seen in Fig. 7.2a, increasing Kdf improves the inertia

response, however, the consequence is reduced power output after the inertia response. This

aftermath effect is the reason why the frequency response is worse for large values of Kdf .

Similarly, Fig. 7.2b shows the oscillation in power after inertia response due to the deviation

inertia controller.
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Figure 7.2: Active power delivered from the hydro-electric power plant
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Figure 7.3: Hydro-electric synchronous machine speed (ωm)

7.1.2 Capacitor Inertia Control

Enabling inertia support from the DC link capacitor as presented in Section 5.4.3 results in

the frequency shown in Fig. 7.4. The frequency improves slightly, however, the inertia support

from the capacitor is significantly less than the kinetic energy inertia support. The resulting

active power presented in Fig. 7.5 show minor increase in active power delivered during the

frequency event due to the capacitor inertia controller. Increasing the gain K∆f,dc would not

increase the power output much as the DC link voltage saturates at the minimum allowable

value which can be observed in Fig. 7.7.
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Figure 7.4: Grid frequency
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Figure 7.5: Active power delivered from the hydro-electric power plant
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Figure 7.6: Hydro-electric synchronous machine speed (ωm)
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Figure 7.7: VSC DC link voltage (Vdc)
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7.2 Virtual Synchronous Machine Control

In this section, the VSM control method will be tested and evaluated during the case described

in the introduction to this chapter. The VSM is set to deliver 0.6 pu active power, similar to

the governor power set-point in the previous section. The goal is to investigate the performance

of the VSM for different values of Ta and KD.

7.2.1 Inertia Time Constant

Increasing the mechanical time constant Ta (equivalent to 2H) improves the inertia contri-

bution from the VSM, as observed in Fig. 7.8. Since the inertia time constant is set in the

controller, the amount of synthetic inertia can be chosen freely. However, the contribution

would, of course, be limited by the amount of available energy and rating of the converter, as

will be discussed in the last section of this chapter. As observed in Fig. 7.9 and 7.8, changing

the inertia time constant only affects the transient performance of the VSM. This is expected

as the amount of inertia would not affect steady-state performance, as can be shown from Eq.

(6.3.4).

The improved inertia response is also reflected in the active power, where the amplitude of

the power increases for large values of Ta, as shown in Fig. 7.9. However, the consequence of

large inertia is more oscillation after the power imbalance has occurred, i.e., the small-signal

stability is worsened. In Case 3 in the following section, a solution for this will be suggested

based on implementing dynamic inertia.
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Figure 7.8: Grid frequency
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Figure 7.9: Active power delivered from the hydro-electric power plant

7.2.2 Damping Coefficient

Fig. 7.10 present the active power delivered from the VSM during the frequency event for

different values of KD. In the figure, it is clear that the VSM contribute to a significant

amount of active power during the initial phase of the event. After the initial phase, the

VSM stabilizes at a higher power output due to the droop mechanism in the VSM control.

Comparing the result, increasing KD causes the droop controller to be more aggressive, which

is also clear from Eq. (6.3.18). For KD=100, the frequency stabilizes at 0.994 pu, as observed

in Fig. 7.11. Using Eq. (6.3.18), the increase in delivered active power for this deviation in
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frequency can be calculated to be 0.08, i.e., from 0.6 to 0.68 pu. This can be observed in Fig.

7.10, which confirms that the damping coefficient represents the droop gain in steady-state

operation.

It should be noted that the damping coefficient acts as a droop mechanism rather than

as a damping in the system as discussed in the previous chapter. The effect of changing the

damping coefficient in terms of system damping will be investigated in Case 2 in the next

section.
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Figure 7.10: Active power delivered from the hydro-electric power plant

Page 61 of 103



CHAPTER 7. RESULTS AND DISCUSSION NTNU

48 50 52 54 56 58 60

Time [s]

0.998

0.9985

0.999

0.9995

1

1.0005

F
r
e
q
u
e
n
c
y
 
[
p
u
]

K
D

=50

K
D

=100

K
D

=150

K
D

=200

(a) Initial

50 60 70 80 90 100 110 120

Time [s]

0.998

0.9985

0.999

0.9995

1

1.0005

F
r
e
q
u
e
n
c
y
 
[
p
u
]

K
D

=50

K
D

=100

K
D

=150

K
D

=200

(b) Final

Figure 7.11: Grid frequency

Fig. 7.13 show the DC link voltage during the power imbalance event. It is clear that the

DC link voltage controller on the MSC is fast enough to ensure that the DC link voltage is

constant during transient events. Furthermore, it can be observed in Fig. 7.12 that the speed

of the hydro-electric machine decelerates during the frequency event. This is expected as the

governor in the plant respond slower than the VSM, and therefore it is not able to keep the

speed constant as the VSM suddenly increase the power output.
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Figure 7.12: Hydro-electric synchronous machine speed (ωm)

50 55 60 65 70 75 80

Time [s]

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

V
o
l
t
a
g
e
 
[
p
u
]

K
D

=50

K
D

=100

K
D

=150

K
D

=200

Figure 7.13: VSC DC link voltage (Vdc)
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7.3 Case Studies

7.3.1 Case 1: Comparison of VSM and Classical Torque Control

This case aims to compare the two control schemes under the same load disturbance as in

the former sections. For the VSM control, KD and Ta is chosen to be 100 and 4 respectively.

The permanent droop gain in the governor for the classical torque control is chosen such that

the system reaches the same steady-state level as the VSM. This is done such that the two

control schemes can be compared on the same basis. The result labeled ”No Inertia Support”

is identical to the classical torque control without the inertia support.
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Figure 7.14: Grid frequency
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Figure 7.15: Active power delivered from the hydro-electric power plant

Fig. 7.14 shows the frequency behavior during this disturbance, both the initial and until

it reaches steady-state. Compared to classical torque control, VSM control has an improved

frequency nadir and reaches steady-state frequency faster. This can also be observed in Fig.

7.15, where the injected power is presented. As observed in the figure, the VSM respond fast

and stabilizes at a higher power immediately after the disturbance. The inertia controller for

the classical torque control respond similarly to the VSM, however, the primary frequency

control is much slower. The reason for this is that the primary frequency control is regulated by

the governor, which is a slow controller consisting of mechanical valves and gates. The result

is a worse frequency nadir for the classical torque control compared to the VSM. However,
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the frequency nadir is significantly improved compared to not having inertia controllers.

For the classical torque control with supplementary inertia control, the frequency nadir

is improved from 0.9967 pu to 0.9979 pu compared to no inertia support. This corresponds

to an improvement of 36.4% based on the steady-state frequency deviation1. Similarly, for

the VSM control, the frequency nadir is improved from 0.9967 pu to 0.9985 pu compared to

no inertia support. This corresponds to an improvement of 54.5% based on the steady-state

frequency deviation.

Comparing the ROCOF, the initial value is equal for both inertia emulation methods

and without inertia support. However, during the frequency descent, both inertia controllers

improve the ROCOF, as can be observed in Fig. 7.15. The improvement on the initial ROCOF

seems to be equal for both inertia emulation methods.

As can be observed in the figure, the VSM causes more oscillation during the initial phase

of the event. This can could be improved by implementing the damping using a PLL, as

discussed earlier. However, the oscillations are limited and are not causing any instabilities in

the system. The classical torque control seems to reduce the initial oscillation compared to the

case without inertia support. However, the amplitude of the oscillation towards steady-state

operation is higher for the classical torque control compared to VSM control.

7.3.2 Case 2: Comparison of VSM and SM

(a) System with VSM control simulated in MATLAB R©/Simulink

(b) System with a SM simulated in PowerFactory R©

Figure 7.16: Topology of system simulated in MATLAB R©/Simulink and PowerFactory R©

The concept of VSM is to resemble the dynamics of a synchronous machine. This case aims to

compare the dynamic operation of the VSM to an equivalent SM using the two systems shown

in Fig. 7.16. The first figure illustrates the system with VSM control which has been used

for the previous cases. In the second system, the converter-fed hydro-electric power plant is

1Calculated using (∆foriginal − ∆fimproved)/∆foriginal
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replaced with a single synchronous machine which is equivalent to the VSM. This system is

simulated using PowerFactory R© as it is possible to set the damping coefficient KD directly.

The VSM control which is implemented in this thesis focus only on the mechanical system,

and it is, therefore, the mechanical system which will be investigated in this case. To do this,

the effect of changing the inertia time constant and damping factor can be studied.
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(a) VSM speed (ωT ) from MATLAB/Simulink R©

48 50 52 54 56 58 60

Time [s]

0.9988

0.999

0.9992

0.9994

0.9996

0.9998

1

S
p
e
e
d
 
[
p
u
]

T
a
=2

T
a
=4

T
a
=6

T
a
=8

(b) SM speed from PowerFactory R©

Figure 7.17: VSM/SM speed for different values of Ta

From Eq. (6.3.17), it is expected that increasing the inertia constant will reduce the

damping and frequency of oscillation. The reduced damping can be observed in Fig. 7.17a,

however, the change in frequency is difficult to observe. Running the same simulations in

PowerFactory R© with a SM instead of a VSM show similar results, as shown in Fig. 7.17b.
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This suggests that the inertia time constant in the VSM work as intended.

Increasing the damping coefficient KD is expected to increase the damping factor (ζ)

according to Eq. (6.3.17). This is clear in the simulation of a SM in Fig. 7.18c, where

increasing the damping coefficient increases the damping. However, this is not necessarily the

case for the VSM since the damping coefficient here functions as a power droop. As discussed

in Section 6.3.2, to obtain damping in the same manner as a grid-connected machine the

reference speed in the controller needs to be measured using a synchronization method such

as a PLL. Using a PLL as shown Fig. 6.7, results in the VSM speed presented in Fig. 7.18b

for various values of KD. As observed in the figure, this method gives similar results as the

SM from PowerFactory R©. This shows that a VSM can contribute to damping in a similar

fashion as a grid-connected SM.

Note that the steady-state response from PowerFactory R© and MATLAB R©/Simulink is not

equal since it is not feasible to get the same governor setting in the two cases. The power in

the VSM is based on a simple droop control while a hydro governor and turbine drives the

SM.
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(a) VSM speed (ωT ) from MATLAB/Simulink R© (without PLL)
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(b) VSM speed (ωT ) from MATLAB/Simulink R© (with PLL)
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(c) SM speed from PowerFactory R©

Figure 7.18: VSM/SM speed for different values of KD
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Fig. 7.19 shows swinging between the grid synchronous machine and the virtual syn-

chronous machine. This is typical for a system with multiple synchronous machines, often

termed local mode oscillations [27]. In Fig. 7.20, the same swinging can be observed between

the machines from simulation in PowerFactory R©. This indicates that the VSM acts similar

to a grid-connected SM.
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Figure 7.19: VSM and grid machine speed from MATLAB R©/Simulink
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Figure 7.20: SM and grid machine speed from PowerFactory R©

As discussed in Section 3.3.2, other VSM models includes a more detailed model of a SM

with a mechanical and electrical part. For detailed models of a VSM, many of the advantages

listed in Section 3.1 can be accurately emulated. However, some restrictions will apply such
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as the amount of short circuit current a VSM can supply due to converter current limits.

7.3.3 Case 3: Dynamic Inertia from a VSM

Since the inertia time constant in a VSM is set in the controller, it can be changed during

operation. By doing that, the amount of synthetic inertia in the system can be adjusted

depending on the system status. This can, for instance, be beneficial to improve the small-

signal stability. During normal grid operation, it is desirable to have a large inertia time

constant to ensure a robust grid resilient to changes. However, after a load imbalance the

large inertia worsen the small-signal stability, i.e. it leads to more oscillation, as observed in

Section 7.2.1. This can also be observed in Eq. (6.3.17), where increased inertia leads to less

damping in the system.

In this case, the mechanical time constant (Ta) is reduced after the load imbalance. This

is achieved by setting a step on the inertia time constant as the frequency reaches the initial

nadir in the frequency event. In an actual implementation, this should be implemented as an

autonomous controller.

The frequency event is the same as described in the introduction to this chapter, i.e., a

load is connected at 50 seconds. The mechanical time constant (Ta) is set to 10 seconds (which

corresponds to an inertia time constant (H) of 5 seconds). Fig. 7.21 show the frequency for

various steps from Ta=10 to 5 and 0.5. From the figure, it can be observed that reducing the

inertia after the load imbalance can reduce the oscillation in grid frequency while maintaining

the same frequency nadir. Similar to the frequency, from the delivered power shown in Fig.

7.22 it can be observed that the oscillation reduces when the inertia time constant is stepped

to a lower value.
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Figure 7.21: Grid Frequency
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Figure 7.22: Active power delivered from the hydro-electric power plant

As shown in this case, implementing dynamic inertia support gives damping in the system,

which is especially vital in weak AC grids. As seen in the results above, the inertia time

constant can be changed during operation to improve the small-signal stability. In principle,

the total amount of synthetic inertia can be controlled accurately such that the best system

performance is achieved for any given situation. To benefit from this, the inertia time constant

can be set to a large value during steady-state operation to maintain a robust grid resilient to

changes. While in load events, the time constant can be reduced such that the small-signal

stability is improved.
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7.4 Evaluation of Results

The case studies conducted on the simulation models show that the implemented inertia

controllers perform as intended. Both models accomplish to emulate inertia by controlling

short-termed power delivered to the grid. By adjusting the various gains, the amount of

inertia support can be varied to achieve different performance.

The two methods differ significantly in structure and control method. The supplementary

inertia controllers worked satisfactory, presenting a way to enable inertia from a generic control

structure. However, the VSM control method proved to be even better due to fast active

power response. Another favorable feature of the VSM is setting the inertia time constant

directly enables the possibility of controlling the amount of synthetic inertia during operation.

This can also be performed by adjusting the gains in the supplementary inertia controllers.

However, the implementation would be more difficult as the inertia time constant cannot

be set directly as with the VSM. The classical torque control with supplementary inertia

controllers does, however, make for an overall less complicated implementation compared to

the VSM.

A significant difference between the two methods was the speed of the power controller.

Since the governor controlled the primary controller in the classical model, the power controller

acted significantly slower compared to the VSM method. However, the drawback for the VSM

method is slower control of the machine speed. This might be problematic for various purposes

where fast and accurate speed control is essential, such as MMPT to find the best speed for a

given head. In the end, the allocation of control responsibility is a question of prioritization,

where the governor controls the variable with the lowest prioritization. The slow response of

the governor during the initial phase of the load event might be improved by adjusting the

transient droop. However, a large transient droop with a long resetting time is often required

for stable operation due to the mechanics in a hydropower plant [27]. The effect of changing

the transient droop was therefore not investigated in this report.

As shown in this chapter, the amount of inertia support can be regulated by adjusting the

various parameters. By doing this, it is possible to regulate the amount of synthetic inertia in

the system by merely tuning the controllers differently. The synthetic inertia support from a

converter-fed machine of a given size can, therefore, exceed the natural inertia support from

a grid-connected machine of the same size. However, the cost of this is that the converter-fed

machine uses more power during the initial phase of the load imbalance. This power needs

to be restored after the imbalance, which can worsen the response after the frequency nadir.

Synthetic inertia also has physical weaknesses since it is not a natural process. Instead, its

implemented in a control system. This makes it more fragile to failure since the converter
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with the control system consists of a complex architecture with many components.

As seen in the last case, the amount of synthetic inertia in the system can be regulated

during operation. This enables the VSM to adjust the amount of inertia to obtain the best

system performance for a given situation. In the last case, it is shown that changing the

inertia during a load event improved the small-signal stability. This was taken advantage of

by setting the inertia large during steady-state to improve frequency stability while reducing

the inertia during the transient to strengthen small-signal stability. Doing this, damping in

the system could be achieved by merely implementing dynamic inertia.

Except for Case 2, the simulation of the VSM was based on a model without a PLL. As

discussed earlier, the damping coefficient acts as a droop when the PLL is removed. Since

inertia support was the primary investigation of this report, this does not affect the results

significantly. However, removing the damping can make the system less stable, especially in

weak grids where the frequency deviates considerably from the nominal frequency. In larger

more robust grids, such as the Nordic power system, it might be sufficient to use the method

without a PLL. The advantage would be a more straightforward implementation due to the

removal of the PLL. Besides, in the last case, it was shown that damping could be achieved

by merely implementing dynamic inertia. This way, the damping could still be obtained even

though the damping is not implemented as a damping coefficient.

7.5 Inertial Support Constraints

The most obvious constraint for the inertia support is the amount of available energy. In

the simulations, it was assumed that the machine operated at nominal speed when the load

imbalance occurred. However, the adjustable speed unit might operate at a lower speed, which

leads to less available kinetic energy. Also, the machine might have a limit to the amount

of speed decrease which is possible. This limit will determine the amount of inertia support

available and can vary dependent on the restriction of the plant.

Fast deceleration of the machine can also lead to increased mechanical stress on both the

machine and the turbine. This can reduce the lifetime of the machine and increase service

cost. This is undesired, and additional restriction on the speed decrease might be necessary

to take increased mechanical stress into account.

Regarding the electrical equipment, there are also some constraints related to their ratings.

A short-term increase in power causes a fast increase in current and voltages, which can be

problematic. Fast rise/fall of current and voltage can damage semiconductor devices and other

electrical components such as the capacitor. For the plant to deliver more short-termed power

than the rating of the power plant, the converter needs to be overrated (rated more than the
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machine). This is not a feasible solution as converters at these power levels are expensive.

Another solution is to modify the inertia controllers such that the power output never exceeds

the rated power. However, this will limit the amount of inertia support available, depending

on how much power the plant is delivering at the time of the power imbalance. If the plant

runs at full capacity, it would not be capable of supporting the grid with synthetic inertia.
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Chapter 8

Conclusion

8.1 Summary and Concluding Remarks

This work contributes to research on inertia support from converter-fed synchronous machines

in hydro-electric power plants. Simulation models of a converter-fed hydropower plant con-

nected to a grid have been established. Two separate models have been developed. The first

model investigates inertia support using supplementary controllers added on a classical torque

control scheme. The other model investigates a method often termed virtual synchronous ma-

chine control, where the converter mimics the operation of a synchronous machine. The overall

goal has been to derive and test these control methods during a load imbalance in a weak AC

grid.

The implemented inertia emulation for the classical torque control works as intended. By

changing the gains in the inertia controller, it was observed that the amount of inertia support

was changed. It was also observed that increasing the gains beyond a certain level caused

problems, such as conflict with the primary controller and too large speed deviations. Using

the method in a load imbalance situation, the frequency nadir improved from 0.9967 pu to

0.9979 pu compared to no inertia support. This corresponds to an improvement of 36.4%

based on the steady-state frequency deviation. The method also improved initial ROCOF

and reduced oscillation in frequency.

The implemented VSM control method also works as intended. It was observed how the

different parameters in the control system changed the performance of the system. By varying

these parameters, it was observed that the amount of synthetic inertia and damping in the

system could be changed. In the load imbalance case, the frequency nadir improved from

0.9967 pu to 0.9985 pu compared to no inertia support. This corresponds to an improvement

of 54.5% based on the steady-state frequency deviation. Also, the VSM control method made
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it possible to control the inertia time constant during operation, which in this thesis was

labeled dynamic inertia. Doing this, better performance was achieved as the inertia was set

high during steady-state to improve frequency stability and reduced after the load event to

achieve improved small-signal stability.

Comparing the two methods, it was found that the VSM method was superior in the con-

text of inertia support due to fast power control. In the classical torque model, the converter

only controlled the short-term power response. The steady state power was controlled by the

governor, which is significantly slower. The result was a more seamless response with the

VSM.

8.2 Recommendations for Future Work

8.2.1 Laboratory Work

In the initial phase of working on this thesis, the possibility for a laboratory setup was

investigated. A number of challenges arose, mostly related to lack of equipment. Fig. 8.1

present two different suggested laboratory setups which could be used to test the methods

derived in this thesis. The first is a full-scale system where both control methods can be

investigated. The synchronous machine in the plant can be driven by a motor which should

mimic the behavior of a hydro turbine. The other method is a simplified version where the

hydro-electric power plant is replaced by a converter connected to a DC source. In this case,

only the VSM method would be possible to investigate since the dynamics in the hydropower

plant is neglected.

(a) Full-scale system

(b) Simplified setup for analysis of VSM

Figure 8.1: Suggested laboratory setups
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The grid can be represented by a synchronous machine driven by a mechanical power

source such as in the simulation. In Fig. 8.1, it is suggested to use a synchronous machine

driven by a DC motor. Such a setup is present at the National Smart Grid Laboratory at

NTNU, and the control system needed to get it operating is under development [47].

Figure 8.2: Motor-generator set suggested for grid representation

The results from laboratory experiments can be compared with the results from the thesis,

verifying the methods and concepts derived. The challenge is, however, to establish a realistic

small-scale system which is comparable to the large-scale system used in this report.

8.2.2 Simulation Model

This report was limited to investigate the importance of synthetic inertia on frequency sta-

bility, with some investigation on small-signal stability. However, more in-depth research on

other stability issues should be performed. The last case investigates solutions related to

improving small-signal stability using dynamic inertia in a VSM. This is a research area with

little existing studies. However, the results obtained in this thesis indicate a potential, which

would be interesting to investigate further.

As discussed previously, the VSM model used in this thesis contains only the mechanical

parts of a synchronous machine. This model can be further developed to include a higher-

order model with an electrical part. With a focus on inertia support, it would be interesting

to compare different order models of a VSM. Another development which can be done to

further investigate the VSM model with a PLL. In this way, the damping of the system can

be more thoroughly analyzed.
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A further development on the classical torque control would be to change the control

responsibilities such that the GSC controls the active power. This would make for an inter-

esting comparison to the VSM control as the power controller has the same potential since

both methods control active power using the GSC. The suggested power control is shown in

Fig. 8.3. The power reference should be determined similarly as the VSM power droop to get

the same steady-state response. Supplementary inertia controllers can be added to this setup

to enable inertia emulation.

Figure 8.3: Suggested control setup

Table 8.1: Comparison of control responsibilities for suggested methods

Method GSC MSC Governor

Classical torque
control

DC link voltage Machine speed Active power

VSM control DC link voltage Machine speed Active power
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Appendix A

Identities and Deduction

A.1 Park Transformation

The voltage invariant Park transformation when the rotating frame is aligned with the a-axis

is given as [27]:
ud
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Inverse transformation is given by [27]:
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The voltage invariant Park transformation when the rotating frame is 90 degrees behind

a-axis is given as [27]:
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Inverse transformation is given by [27]:
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A.2 Taylor Series Expansion

Consider a general function fi with the given evolution of state xi:

dxi
dt

= fi(x1, ..., xn, u1, ..., um) (A.1)

In order to linearize the non-linear equation above Taylor Series expansion can be applied.

Linerizing this equation around the equilibrium point x̄1, ..., x̄n, ū1, ..., ūm yields [63]:

d∆xi
dt

=

n∑
j=1

∂fi
∂xj

∣∣∣∣∣∣
xj=x̄j

∆xj +

m∑
j=1

∂fi
∂uj

∣∣∣∣∣∣
uj=ūj

∆uj (A.2)

A.3 Power in dq-Reference Frame

The apparent power for the voltage invariant dq-frame can be expressed as:

S =
3

2
vdqi

∗
dq

=
3

2
(vd + jvq)(id − jiq)

=
3

2
((vdid + vqiq)︸ ︷︷ ︸

P

+j (vqid − vdiq)︸ ︷︷ ︸
Q

)

(A.1)

P =
3

2
(vdid + vqiq)

Q =
3

2
(vqid − vdiq)

(A.2)

Since the d-axis is placed along the voltage vector, the q-axis voltage is equal to zero

(vq = 0). Using this, the above equations yields:

P =
3

2
vdid

Q = −3

2
vdiq

(A.3)

A.4 Relation Between Vdc and id

Neglecting converter losses, the relation between active power one the AC and DC-side is:

3

2
vdid = Vdcidc (A.1)

Substituting Eq. (A.1) in Eq. (5.4.1b) yields:
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Cdc
dVdc
dt

=
3

2

vdid
Vdc
− iL (A.2)

Since this equation is non-linear, it needs to be linearized around a steady state operating

point. Applying Taylor Series expansion as described in Appendix A.2 the following can be

found:

Cdc
d(∆Vdc)

dt
=

3

2

v̄d∆id
V ∗dc

+
3

2

īd∆vd
V ∗dc

− 3

2

v̄dīd
V ∗2dc

∆Vdc −∆iL (A.3)

Neglecting the disturbance iL and focusing on the input id the equation above can be

simplified to [64]:

Cdc
d(∆Vdc)

dt
=

3

2

v̄d∆id
V ∗dc

(A.4)

A.5 Kinetic Energy Inertia Power

The swing equation can be written as:

Pem − Pm
ωm

= J
dωm
dt

(A.1)

Since this equation is non-linear it needs to be linearized around a steady state operating

point. Applying Taylor Series expansion as described in Appendix A.2 the following can be

found:

J
d∆ωm
dt

=
1

ω∗m
∆Pem −

1

ω∗m
∆Pm −

P̄em
ω∗2m

∆ωm +
P̄m
ω∗2m

∆ωm (A.2)

Assuming that Pm is constant during a short period of time (∆Pm = 0) and looking at

Pem the following can be found:

J
d∆ωm
dt

=
1

ω̄m
∆Pem (A.3)

Which can be written as:

∆Pem = K
d∆ωm
dt

= K ′
d∆f

dt
(A.4)

Energy stored in the rotation can generally be expressed as:

Ekin =
1

2
Jω2

m (A.5)
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The energy released for a given reduction in speed can be expressed as:

∆Ekin = −1

2
J(ω2

m − (ωm −∆ωm)2) (A.6)

Further, the derivative of both sides of the equation expresses the power released for a

given reduction in speed:

∆Ekin
dt

= ∆Pem = −1

2
J
d

dt
(ω2
m − (ωm −∆ωm)2) (A.7)

Solving the equation above results in:

∆Pem = −1

2
J(2ωm − 2(ωm −∆ωm)) (A.8)

Which can be written as:

∆Pem = −J∆ωm (A.9)

A.6 Capacitor Energy Inertia Power

Energy stored in a capacitor can generally be expressed as:

Edc =
1

2
CdcV

2
dc (A.1)

The energy released for a given reduction in voltage can be expressed as:

∆Edc =
1

2
Cdc(V

2
dc − (Vdc −∆Vdc)

2) (A.2)

Further, the derivative of both sides of the equation express the power released for a given

reduction in speed:

∆Edc
dt

= ∆Pem =
1

2
Cdc

d

dt
(V 2
dc − (Vdc −∆Vdc)

2) (A.3)

Solving the equation above results in:

∆Pem =
1

2
Cdc(2Vdc − 2(Vdc −∆Vdc)) (A.4)

Which can be written as:

∆Pem = Cdc∆Vdc (A.5)
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Appendix B

Parameter Values

B.1 Hydro-Electric Power Plant

B.1.1 Synchronous Machine

Table B.1: Synchronous machine ratings

Machine parameter Rated Values

Power 15 MVA/MW
Stator voltage (star connected) 11 kV
Inertia constant 2 s
Frequency 50 Hz

Table B.2: Synchronous machine reactances and time constants

Explanation Value

d-axis transient short-circuit time constant 0.5 s
d-axis subtransient short-circuit time constant 0.02 s
q-axis subtransient short-circuit time constant 0.02 s
d-axis synchronous reactance 0.8 pu
q-axis synchronous reactance 0.5 pu
d-axis transient reactance 0.25 pu
q-axis transient reactance 0.5 pu
d-axis subtransient reactance 0.15 pu
q-axis subtransient reactance 0.16 pu
Stator leakage reactance 0.06 pu
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Table B.3: Machine base values

Explanation Symbol Base value

Power (rated) Ss,base 15 MVA

Frequency (rated) fn 50 Hz

Voltage (peak value of rated line

to neutral voltage)
Vs,base 8981.5 V

Current (peak value of

rated line current)
Is,base 1113.4 A

Impedance Zs,base 8.06 Ω

Speed (electrical) ωel,base 100π rad/s

Speed (mechanical) ωm,base 104.7 rad/s

Inductance Ls,base 0.0257 H

Torque Tem,base 143 kNm

Table B.4: Governor and turbine parameter values

Parameter Symbol Value

Pilot valve and servomotor time constant Tf 0.05 s
Governor Time Constant Tr 8 s
Temporary Droop Rt 0.2
Permanent Droop Rp 0.06
Servo Time Constant Tg 0.2 s
Water Time Constant Tw 0.5 s
Minimum Gate Limit Gmin 0
Maximum Gate Limit Gmax 1
Servo gain Ks 5
Maximum Gate Opening Rate Rmax,open 0.16 pu/s
Maximum Gate Closing Rate Rmax,close 0.16 pu/s

Table B.5: AVR PI-controller parameter values

Explanation Value

Voltage loop proportional constant 0.1
Voltage loop integral constant 1
Current loop proportional constant 0.0955
Current loop integral constant 6.36
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B.1.2 Converter and Line

Table B.6: Converter parameter values

Converter parameter Rated Values

Power 15 MVA/MW
DC-link voltage 107.8 kV
Capacitor 77.5 µF
Machine-side voltage 11 kV
Grid-side voltage 66 kV

Table B.7: Current controllers parameter values (Classical torque control and VSM control)

Parameter Value

kI,pd 0.24
kI,id 1.5
kI,pq 0.24
kI,iq 1.5
kI,psd 8.1
kI,isd 29
kI,psq 8.1
kI,isq 34

Table B.8: Voltage and speed controllers parameters (Classical torque control)

Parameter Value

kV,p 42.6
kV,i 3.2
kω,ps 363.5
kω,is 12084

Table B.9: SRF voltage controller and DC link voltage controller (VSM control)

Parameter Value

ks,pd 0.023
ks,id 10
ks,pq 0.023
ks,iq 10
kV,p 42.6
kV,i 3.2

Page 93 of 103



APPENDIX NTNU

Table B.10: Line parameter values

Explanation Value

Converter inductance 0.0124 pu
Converter resistance 0.0025 pu
Line inductance 0.0074 pu
Line resistance 0.0012 pu

B.2 Grid

Table B.11: Synchronous machine ratings

Machine parameter Rated Values

Power 120 MVA/MW
Stator voltage (star connected) 15 kV
Inertia constant 3 s
Frequency 50 Hz

Table B.12: Synchronous machine reactances and time constants

Explanation Value

d-axis transient short-circuit time constant 0.5 s
d-axis subtransient short-circuit time constant 0.02 s
q-axis subtransient short-circuit time constant 0.02 s
d-axis synchronous reactance 0.8 pu
q-axis synchronous reactance 0.5 pu
d-axis transient reactance 0.25 pu
q-axis transient reactance 0.5 pu
d-axis subtransient reactance 0.15 pu
q-axis subtransient reactance 0.16 pu
Stator leakage reactance 0.06 pu

Table B.13: Load 1

Explanation Rated Value

Power 60 MW
Voltage 15 kV

Table B.14: Load 2

Explanation Rated Value

Power 5 MW
Voltage 15 kV
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Simulation Models

In this appendix, the simulation models implemented in MATLAB R©/Simulink is presented.

In all the models, discrete blocks and a discrete solver are used with a sampling time of

0.002 seconds. For the physical part of the simulation (electrical and mechanical system),

the Simscape Power System library is used. The machine in the hydro-electric power plant is

modeled using the built-in model Synchronous Machine Salient Poled (standard). Similarly,

the grid machine is modeled using Synchronous Machine Model 2.1 (fundamental).

C.1 Hydro-Electric Power Plant
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Figure C.1: Synchronous machine with measurements, excitation, governor and turbine
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Figure C.4: Conversion to physical system after turbine
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C.1.1 GSC: Classical Torque Control
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C.1.2 GSC: VSM Control
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C.1.3 MSC: Classical Torque Control
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C.1.4 MSC: VSM Control
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C.2 Grid
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