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FOREWORD

In recent years, the electric power delivery system has been changing dramatically.

Concern for the environment, the economy, and power system security has placed

stringent demands on power transmission. We must acknowledge the inevitable de-

pletion of fossil fuels and the growing importance of sustainable and environmental

awareness. Electricity derived from renewable energy sources offers advantages in

terms of economical efficiency, especially when compared with oil, gas and coal.

Existing rights-of-way for high voltage transmission lines are generally underuti-

lized and some transmission circuits are nearing their end of life. New rights-of-way

for overhead transmission lines are becoming difficult if not impossible to acquire.

Voltages Sourced Converter (VSC) transmission is the way forward with its capabil-

ity to operate with many terminals, allow for greater power density in its circuits, and

replace aging AC transmission lines or existing AC lines that may be converted to DC.

DC overhead transmission lines can be compacted to share right-of-way with roads

and railway lines. VSC transmission is more favorable for use with underground and

undersea cable transmission where it is expedient to do so.

In the future, issues of the combination of diversity of loads, wind and solar energy

across wide geographical areas will become crucial. DC grids are critical to solving

these major concerns.

This book initiates the technical background that applies to multi-terminal DC

transmission as well as the evolution through to the VSC converter configurations

xiii



xiv FOREWORD

and the anticipated and inevitable DC grids. It covers basic theory setting the stage

for on-going developments. At this present time, this book is likely to be a useful

resource and of great benefit to the student of DC transmission, both in graduate

studies and in the workplace.

Dennis Woodford

Electranix Corporation

Winnipeg, Canada



PREFACE

Electric power transmission primarily relies on the alternating current (AC) technol-

ogy with the direct current (DC) alternative being used only in very specific (e.g.,

very long distance overhead lines and subsea or underground cables for moderate

distances) applications. The majority of the presently operational and planned high

voltage direct current (HVDC) links are point-to-point with two points of connection

with the AC networks. However, it is envisaged that DC electric networks embedding

more than two terminal converter stations, which are commonly referred to as multi-
terminal direct current (MTDC) grids, would offer the possibility of meshed subsea

interconnections between countries and continents to share the diversity in renewable

energy portfolios for better supply reliability. It is not clear what the exact topology

of such DC grids would be and where they are going to be installed. However, the

vision is that there would be an MTDC grid around the North Sea to tap into the rich

offshore wind resources in the region and also strengthen the interconnection among

the UK, Scandinavia, and continental Europe. In the long-run, the plan is to build a

pan-European subsea grid to interconnect the major generation and load centers and

eventually, interconnect this grid with the solar power generation sites in sub-Saharan

Africa. Although some of these visions are quite ambitious and futuristic, the need

for a subsea DC grid is now almost established.

There is a strong case for a subsea MTDC grid to share the diverse renewable

energy resources across different geographical regions (e.g., UK, Scandinavia, and

xv
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continental Europe; parts of North America) and also interconnect offshore energy

(e.g., WFs) sources for better supply reliability and operational flexibility. However,

at present, there is no such MTDC grid in operation except the first phase of the

Zhoushan project commissioned in China in 2013. Despite the need, the uptake is

delayed due to technological barriers like unavailability of fast protection system, DC

circuit breakers and efficient voltage source converters (VSCs) with DC-side fault-

clearing capability. Alongside protection and DC fault current interruption, another

major cause of concern for the system operators is the unknown interaction between

the DC grid and the host AC systems. An MTDC grid based on VSC technology is

unprecedented with no operational experience. Hence, there is a lack of understand-

ing of the unknown interaction between theMTDC grid and the host AC systems. For

instance, what kind of services (e.g., frequency support and power oscillation damp-

ing) can an MTDC grid provide for the host AC systems. What are the implications

of such service provisions on the overall stability of the AC–DC grid system. In order

to analyze these system level issues, a systematic modeling framework for stability

studies of combined AC-MTDC grid system is essential. These have received little

attention until recent times, when a number of research papers were published on DC

grid modeling, control, power quality, and so on, by and large in the context of off-

shoreWFs. However, a single and comprehensive source of reference which includes

the modeling, analysis, and control of MTDC grids has not yet been published.

This monograph is the first of its kind on the topic “multi-terminal direct current

(MTDC) grids." Although several research papers have been published recently on

this important topic area, a comprehensive text is yet to be compiled as a single source

of reference. This monographs aims to fill this gap by presenting the following:

1. A generic modeling framework for combined AC-MTDC grids which can be

used by system planners and operators for stability analysis.

2. Validation of the averaged model of an AC-MTDC grid in MATLAB®/

SIMULINK® against switched model in EMTDC/PSCAD.

3. Modal analysis to study the interactions between the MTDC grid and surround-

ing AC system as observed in time-domain simulation.

4. Design of control to enable the MTDC grid to provide AC system support (e.g.,

reduced loss-of-infeed and frequency support).

5. State-of-the-art research challenges in protection of MTDC grids.

The main body of this monograph begins with an overview of the voltage-sourced

converter (VSC) systems that are the basic building blocks ofMTDC grids. A generic

modeling framework for MTDC grid is developed, enabling easy integration of the

MTDC grid model with a multi-machine AC system model for stability studies. One

particular concern is how an MTDC grid would react to loss/outage of one or more

converter stations and the resulting power imbalance. Sharing the burden of such a

loss/power mismatch has to be appropriate in order to minimize the impact on the
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converters and the neighboring AC systems. The concept of droop control for au-

tonomous power sharing in MTDC grids is covered. With increasing penetration of

asynchronous generation (wind farms) and transmission (HVDC), reduction in sys-

tem inertia and its effect on frequency control is a growing concern. Hence, provision

for frequency support among the surrounding AC systems across the MTDC grid is

critical. Modification of the autonomous power sharing (droop) control to exercise

such frequency support across the MTDC grids is described. Towards the end of

the monograph, a chapter is dedicated to a review of the protection issues of MTDC

grids including the present state of research in high power DC circuit breakers and

fault blocking VSC systems. Also, the challenges in MTDC grid protection are high-

lighted along with an overview of some of the protection strategies that could be used

in future.

This monograph is targeted at the academicians with research and/or teaching in-

terest in DC electric power transmission, graduate students focusing on DC power

transmission, manufacturers of DC power transmission systems, developers of off-

shore transmission networks and utilities/system operators who have or are planning

to have VSC DC links connected to their system or contemplating being part of a DC

grid in future.

N. Ray Chaudhuri

Niskayuna, NY, USA

April, 2014

B. Chaudhuri

London, UK

April, 2014

R. Majumder

Raleigh, NC, USA

April, 2014

A. Yazdani

Toronto, ON, Canada

April, 2014
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CHAPTER 1

FUNDAMENTALS

1.1 Introduction

Commercial supply of electric power began in the late 1880s through electrification of

the Wall Street area in New York City using direct current (DC) technology pioneered

by Thomas Alva Edison. It was driven by the availability of DC generators and incan-

descent bulbs working with DC. Use of DC was the only option for electric supply

until Nicola Tesla advocated for the use of alternating current (AC) form. Amidst

fierce competition and lobbying for both DC and AC options, historically known as

war of currents [1], AC started to win primarily due to more efficient power transmis-

sion enabled by use of transformers to step up or down voltage levels to reduce the

power losses. As the need for long distance power transmission grew, the efficiency

became a predominant consideration, which worked in favor of AC. For the first half

of the twentieth century, AC transmission enjoyed unrivaled popularity and growth

while DC was virtually ruled out for electric power transmission.

During the early 1950s, there was renewed interest in the use of DC technology

primarily driven by the need for long distance cable transmission. It was realized

that the power capacity of an AC cable reduces drastically due to excessive charging

current even for moderate distances and voltage levels necessitating the use of DC

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
© 2014 The Institute of Electrical and Electronics Engineers, Inc. Published 2014 by John Wiley & Sons, Inc.
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2 FUNDAMENTALS

cables where no such limitation exists. This led to the first DC cable link between

mainland Sweden and Gotland island in 1953. Although DC reappeared in the scene

in the context of cable transmission, it was soon realized that DC could be a cost-

effective option even for overhead line transmission if the transmission distance is

very high (beyond 1000 km) where AC transmission capacity is increasingly limited

due to stability considerations.

Electric power generation and consumption continued to use AC, which meant

converters were required at both ends to convert AC-to-DC and then DC-to-AC. At

the beginning, these converters were based on mercury arc valves until the semicon-

ductor switching devices like a thyrsitor was commercially available for high power

applications. The converter technology evolved over time driving the costs down,

which meant overhead DC transmission started to be cost-effective even for relatively

small distances of the order of 700–900 km. This triggered a proliferation of long dis-

tance overhead DC links either embedded between two points within an AC system

or interconnecting two separate AC systems. Alongside overhead DC lines, under-

ground or subsea DC cables were also installed in different parts of the world. Until

the late 1990s, high voltage direct current (HVDC) converter stations were built with

either mercury-arc (before the seventies) or semiconductor switches, which could be

turned on in a controllable way but relied on the polarity reversal of AC system volt-

age for turning off (or commutation). Over the years, the so-called line-commutated

converter (LCC)-based HVDC technology got matured. Today, it constitutes the bulk

of the installed and planned DC transmission capacity around the world.

It was only after 1997 that semiconductor switches with both controlled turn-on

and turn-off capability, like an insulated gate bipolar transistor (IGBT) became com-

mercially available at high power ratings. This enabled the use of voltage-sourced

converter (VSC)-based HVDC technology, which offered significant advantages over

its LCC counterpart. These include but are not limited to reliable operation with weak

AC systems, low cost and footprint of converter stations, use of lighter, and stronger

cables that makes VSC particularly attractive for offshore transmission. Despite the

obvious potential and promise, the uptake of VSC technology was initially hindered

by its limited power ratings (few hundred MWs) compared to LCC (up to 8000 MW).

Rapid development in the VSC technology since has resulted in availability of rel-

atively higher ratings (up to 1000 MW is under development now) for VSC-based

HVDC links, but it is yet to catch up with the ratings offered by LCC.

Most of the HVDC links in operation today are connected between two points

of a single AC system or two separate AC systems. These are commonly known as

point-to-point HVDC links. There are only two exceptions around the world where

the HVDC system has more than two points of connections to the AC system, which

is referred to as multi-terminal direct current (MTDC) systems. Incidentally, both

multi-terminal links in operation — Sardinia–Corsica–Italy link and Quebec–New

England link — work with power flowing through the DC link from a generation

center (e.g., hydro power from James Bay region in the north of Quebec province) to

a main load center (e.g., Boston area and parts of New England) with another inter-

mediate load center (e.g., Montreal region) on the way. However, unlike a meshed in-

terconnected AC network, a truly meshed HVDC grid is yet to be realized in practice.
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For overhead lines, HVDC is cost-effective only at large transmission distances (e.g.,

above 600 km) at which level meshed interconnections are not economically justifi-

able. For underground or subsea cable transmission, the distance beyond which DC

technology is effective is much shorter. This has resulted in a number of point-to-

point interconnections between AC systems separated by sea to allow exchange of

cost-effective electricity.

With increased penetration of intermittent renewable energy sources (e.g., wind

power), balancing the supply and demand is likely to be a major problem. To ensure

reliable operation of the system, there is a growing need for meshed interconnection

to effectively share the diverse portfolio of renewable energy resources and thereby

increase operational flexibility. For instance, in Europe, the hydropower from Nor-

way and solar power in Spain and Portugal could be utilized when the wind is not

blowing in the UK or mainland Europe and vice versa. To enable such sharing of

power and also harness remote offshore wind, there is a business case for setting up

an European Offshore Supergrid [2, 3, 4, 5]. There are several visions for an offshore

grid in Europe, some of which are shown in Fig. 1.1. One aspect in common with

all such visions is that several DC links are connected at a single point forming a DC

grid.

Because of the subsea transmission distances involved, the only viable option is to

use DC, which essentially calls for an MTDC or meshed grid. In such a meshed DC

grid, the power flow in the DC links would have to reverse frequently depending on

the geographical distribution of renewable generation and the electricity price differ-

ential at a given point in time. The VSC technology allows such power flow reversals

Airtricity

NORTH SEA

2030: EWEA offshore grid vision

European Wind Energy Association European Commission

Friends of the SuperGrid

Figure 1.1 Visions for European Offshore Supergrid [2, 3, 4, 5].
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without altering the DC voltage polarity and is therefore the only option for a meshed

DC grid. LCC on the other hand relies on reversing voltage polarity to change the

power flow direction which is not a problem for a point-to-point link but does not

support a meshed grid operation without physical isolation. The situation is different

from the two multi-terminal links in operation today where power flow is essentially

unidirectional (from generation to load centers). Hence, they work with LCC tech-

nology, which was the only available option anyway at the time of installation of these

systems.

The business case for meshed MTDC grids based on the VSC technology is getting

stronger in Europe and elsewhere in the world. In China, the five-terminal Zhoushan

project is expected to be operational in 2015 [6]. Despite tremendous potential, a

VSC MTDC grid is yet to be realized in practice. There are several technical barriers

that manufacturers, network planners, and operators are trying to resolve to facilitate

the deployment of an MTDC grid. Protection and fault-current interruption in VSC

MTDC grids are arguably the most challenging research and development problems

that the manufacturers and academia are presently engaged in. As VSC MTDC grids

are unprecedented with no operational experience, the network operators do not have

much understanding of the interaction between an MTDC grid and the host AC sys-

tems and the overall stability. Moreover, there is lack of clarity about whether and

how an MTDC grid could be operated and controlled to support the host AC systems.

The prerequisite to studying the above in a systematic way is to develop a generic

modeling and stability analysis framework for VSC MTDC grids that is compatible

with those for conventional AC systems. This can then be used to analyze the overall

stability of AC-MTDC grids and identify and resolve potential interactions. System

support provisions (for instance frequency support) through an MTDC grid are bene-

ficial for the network operation especially, considering the lower inertia of the turbine

systems. However, they need to be exercised carefully to avoid adverse interactions

leading to potential overall instability.

A comprehensive modeling, analysis, and control design framework aimed at eval-

uating the impact and potential benefits of DC grids on the surrounding AC network

is the subject matter of this monograph. The main body of the monograph begins with

an overview of the VSC systems which are the basic building blocks of MTDC grids.

A generic modeling framework for MTDC grid is developed enabling easy integra-

tion of the MTDC grid model with a multi-machine AC system model for stability

studies. One particular concern is how an MTDC grid would react to loss/outage of

one or more converter stations and the resulting power imbalance. Sharing the burden

of such a loss/power mismatch has to be appropriate in order to minimize the impact

on the neighboring AC systems. The concept of droop control for autonomous power

sharing in MTDC grids is covered. With increasing penetration of asynchronous gen-

eration (wind farms, WFs) and transmission (HVDC), reduction in system inertia and

its effect on frequency control is a growing concern. Hence, provision for frequency

support among the surrounding AC systems across the MTDC grid is critical. Modi-

fication of the autonomous power sharing (droop) control to exercise such frequency

support across the MTDC grids is described. Toward the end of the monograph, a

chapter is dedicated to review of the protection issues of MTDC grids including the



RATIONALE BEHIND MTDC GRIDS 5

present state of research in high power DC circuit breakers and fault blocking VSC

systems. In addition, the challenges in MTDC grid protection are highlighted along

with an overview of some of the protection strategies that could be used in future.

1.2 Rationale Behind MTDC Grids

In any power system, the objective is to ensure that the power generation matches

the demand while considering the quality, security, reliability, and economics of the

system. The rationale behind choosing an MTDC grid over multiple point-to-point

DC links lies with the merits of the integrated operation of a power systems that can

meet these requirements. Let us consider an example system shown in Fig. 1.2 where

two options of interconnecting multiple offshore WFs to the onshore grid are shown.

In one option individual WFs can be connected to the onshore grid via multiple point-

to-point HVDC links as shown in Fig. 1.2(a). The other option considers integration

of the WFs using a meshed MTDC grid. The onshore AC grids can be interconnected

or might be isolated from each other (as shown in this figure). The advantages of the

MTDC grid can be summarized as follows:

1. Improved reliability: A single-point failure in the point-to-point HVDC link

results in loss-of-infeed into the AC grid which might have a significant impact

on the system stability depending on the amount of loss. An MTDC grid can

12

3 4

AC grid 

#1

AC grid 

#2

(a)

Wind 

farm #2

Wind 

farm #1

AC

DC

AC

DC

DC

AC

DC

AC
12

3 4

AC grid 

#1

AC grid 

#2

(b)

Wind 

farm #2

Wind 

farm #1

AC

DC

AC

DC

DC

AC

DC

AC

Figure 1.2 (a) Point-to-point HVDC links connecting wind farms to AC grids and (b)

meshed MTDC grid connecting multiple wind farms to the AC grids.
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reroute the power flow when a single-point failure occurs, thereby improving

the reliability of the system. For example, the loss of cable connecting stations

#3 and #4 will lead to loss-of-infeed from WF #2 for the point-to-point link,

whereas the power can be rerouted in the meshed system.

2. Reduced capacity: The peak demand of different AC systems (e.g., AC grids

#1 and #2) do not occur at the same time. Therefore, the peak demand of the

MTDC system is much less than the sum of peak demands of multiple point-

to-point HVDC links. Thus, the installed capacity of power generation can be

reduced as well as the ratings of the expensive converter stations.

3. Reduced reserve capacity: The spinning reserve requirement in the AC systems

can be reduced a lot when the DC grid connects the generation to different load

centers.

4. Reduced curtailment from WFs: When multiple WFs are connected via multi-

ple point-to-point HVDC links to different AC grids, the system operators might

have to do wind curtailment1from individual farms to match the load profile of

the corresponding AC systems. When the WFs are integrated through the MTDC

grid, the curtailment can be reduced since the power exchange can happen be-

tween different areas.

5. Reduced variability in renewable generation: Since the MTDC grid can facili-

tate integration of multiple WFs, it can reduce the variability in the generation

profile.

6. Ease of maintenance: The annual maintenance and preventive maintenance of

the generators and the converter systems become much easier since power can

be rerouted through the meshed grid in the event of shutdown of one or more

converter stations.

7. Power exchange and trading: MTDC grid can facilitate energy trading between

multiple regions like today’s AC power systems.

1.3 Network Architectures of MTDC Grids

An MTDC grid can be realized by connecting the converter stations in series or paral-

lel configurations or in combinations thereof. These architectures are dual in nature.

1.3.1 Series Architecture

In the series architecture of an MTDC grid, the converter stations have to be connected

around a loop as shown in Fig. 1.3. The series connection of converter stations im-

poses circulation of the same DC current Id around the network. One converter station

1when the power output of the WF is reduced even though wind energy is available
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Figure 1.3 (a) MTDC network and (b) series architecture of converter stations.

is grounded and the voltage ratings of the converter stations are proportional to their

individual power ratings. However, each converter transformer should be rated for

the full DC system voltage insulation.

The series-connected scheme suffers from certain limitations. Different converter

stations need different levels of insulation which makes the insulation coordination

very challenging. Moreover, future expansion of an existing series-connected MTDC

scheme is highly difficult as it needs complete redesign of insulation level. In addi-

tion, a permanent DC fault leads to the shutdown of the entire DC grid.

1.3.2 Parallel Architecture

In this architecture, the converter stations are connected in parallel, and therefore,

they operate with the same voltage rating. Dual to the series counterpart, the current

ratings of the converter stations are proportional to the power ratings. The MTDC

grid can have either radial or meshed connection. A radial connected MTDC grid in

parallel architecture is shown in Fig. 1.4 and a meshed connected grid is shown in

Fig. 1.5.

Depending on the technology used (i.e., LCC or VSC), the control philosophies

and corresponding challenges differ. Till date, only radial MTDC grids with parallel

architecture based on LCC technology exist in practice. These schemes are described
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in Section 1.4.1.2. Section 1.4 elaborates on the control philosophies and limitations

of the parallel architecture for the LCC and VSC technologies. Irrespective of the

type of converter used, it is widely accepted that the parallel connection is easier to

control, has lower line losses, and is more flexible toward future expansion.

In the rest of this monograph, MTDC grid with parallel architecture will be con-

sidered.

1.4 Enabling Technologies and Components of MTDC Grids

The point-to-point HVDC links use either LCC or VSC technology for the converters.

In principle, both LCC and VSC converter technologies can be used for realizing an

MTDC grid, although VSC offers some advantages. In this section, the LCC and

VSC technologies are briefly reviewed.

1.4.1 LCC Technology

The LCC technology is the most mature HVDC technology and is commonly used

for bulk DC power transmission. Details of this technology can be found in many

text books including [7, 8, 9, 10, 11]. The LCC converter stations use thyristors as

switching devices that can be turned on using gate pulses when they are forward

biased. However, they are naturally turned off only when the instantaneous AC com-

mutating voltage becomes negative. Large smoothing reactors are connected to the

DC side and fundamentally, the current in the DC side of these converters is unidirec-

tional, i.e., the DC side behaves as a current source. Therefore, this technology is also

called the current-sourced converter (CSC) technology. The direction of real power

flow is reversed by reversing the polarity of the DC voltage. The converters consume

reactive power under rectification as well as inversion mode of operation due to the

inductive nature of the commutation circuit consisting converter transformer leakage

reactance. The typical reactive power consumption is 50-60% of the real power at

full-load condition. The consumption of reactive power changes with the loading

condition.

In the AC side, converter transformers connect the terminals of the converter sta-

tions to the AC grid. Tap changing transformers are almost always used. Capacitor

banks are used to meet the reactive power demand. Since the reactive power demand

changes with loading, circuit breakers are used to switch the capacitor banks in and

out. Fixed harmonic filters are connected to AC switchyard for harmonic cancela-

tion and reactive power compensation. The footprint of an LCC HVDC converter

station is large due to the requirement of large capacitor banks, harmonic filters, and

AC switch gears. Both overhead lines and cables are used for DC power transmis-

sion. Most of the LCC cable transmission systems use mass impregnated cables. The

polymeric cables cannot handle voltage polarity reversal.

For point-to-point HVDC links, the two converter stations work under different

modes of operation. It is a common practice for the rectifier to control the DC line

current and the inverter to control the DC voltage or commutation margin angle under
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nominal conditions. The margin angle control mode is less stable compared to the DC

link voltage control mode. Mode shifts occur under off-nominal operating conditions

by an arrangement called the current margin control [9, 12]. The tap changing trans-

formers operate to bring the firing angles of the converter stations within the nominal

operating range. Following a fault in the DC side, the fault current is extinguished

by a technique called forced retard where the rectifier is pushed into the inversion

zone. This generates a reverse voltage polarity at the rectifier side and takes the fault

energy away from the DC side.

LCC converter stations face challenges when connected to weak AC systems due

to reasons including high dynamic over voltage, voltage instability, large voltage

flicker, and harmonic instability. Synchronous condensers or static VAr compensators

(SVCs) are connected at the inverter bus to overcome some of these problems.

1.4.1.1 Control Modes in LCC-based MTDC Grid For the stable operation of the

MTDC grid, the operating characteristics of the converter control should intersect at

a common point. To achieve this, one converter station should maintain the voltage at

its terminal and the others should control current injected/ drawn at their DC termi-

nals. A rectifier or an inverter can be tasked with the DC voltage control. However, it

is always more beneficial if a large rectifier terminal maintains DC link voltage while

the rest of the stations control the current. This makes the system more stable and less

dependent on fast communication. The major drawbacks of the LCC MTDC system

include [12]:

need for fast acting mechanical switches during power reversal.

commutation failure at one inverter terminal drawing current from other termi-

nals which can make the recovery more difficult.

1.4.1.2 Examples of Existing LCC MTDC Systems At present, there are two

MTDC systems in the world that are operational: (1) the Sardinia-Corsica-Italy

(SACOI) interconnection and (2) the Hydro-Quebec-New England interconnection.

Both projects started as point-to-point links and later got extended to multi-terminal

schemes. The LCC technology has been used in the converter stations, which are

connected in parallel architecture.

The SACOI Interconnection [13, 14] The first phase of the SACOI interconnec-

tion was commissioned in 1967 by English Electric as a point-to-point 200 MW

200 kV monopole interconnection between San Dalmazio in Tuscany on the

mainland Italy and Codrongianos on Sardinia. The converter stations were us-

ing mercury arc technology. The link was used to import power from Corsica

to mainland Italy. The transmission system had three overhead line segments

and two subsea cable sections. The overhead line segments were 22 km long on

Italy, 156 km on Corsica, and 86 km over Sardinia, whereas the undersea cable

segments between Italy and Corsica was 105 km long and 16 km in distance

between Corsica and Sardinia, respectively.

A third converter station of 50 MW capacity was commissioned by CGE Alstom

at Lucciana in Corsica in 1988 making it an MTDC station. This station used
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Codrongionos

Figure 1.6 The Sardinia-Corsica-Italy (SACOI) interconnection [14].

the thyristor technology. The Lucciana converter station was equipped with high

speed changeover switches to facilitate bidirectional power flow from Corsica—

although the power flow is unidirectional from Sardinia to Italy.

In 1992, the mercury-arc rectifier-based stations at Dalmazio and Codrongianos

were decommissioned. Two new 300 MW, 200 kV stations based on thyristor

technology were built in Suvereto and Codrongianos by Ansaldo A.S.I. (Italy)

and General Electric (USA). Figure 1.6 [14] shows the geographic location of

this radial MTDC interconnection.

The Hydro-Quebec-New-England Interconnection This is the only MTDC sys-

tem involving more than three converter stations. The project was done in two

phases. During Phase I, a bipolar point-to-point HVDC transmission corridor

rated 690 MW was built in 1986 between Des Cantons located near Sherbrooke,

Quebec, and Comerford, near Monroe, New Hampshire.

The Quebec–New England HVDC link was built during Phase II. Power gen-

erated at the La Grande II hydro power station in the James Bay area is converted

into DC at the Radisson Converter Station and transmitted over the multi-terminal

system to load centers in Montreal and Boston [15]. In this phase, three addi-

tional converter stations were installed and modifications were made to the ex-

isting scheme. In the north, the transmission system was extended from Des

Canton over a distance of 1100 km to the Radisson terminal. In the south, an

extension was done over a distance of 214 km from Comerford to a new 1800

MW converter terminal at Sandy Pond, Massachusetts.

In 1992, another terminal was placed in service on the MTDC system. This

terminal is rated 2138 MW and located at Nicolet in the Montreal area [15].

Figure 1.7 shows the geographic location of this radial five-terminal MTDC in-

terconnection. Table 1.1 summarizes the basic data of this MTDC system.
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Figure 1.7 The Quebec–New England interconnection.

Table 1.1 Basic data of Quebec-New England MTDC grid [15]

Ratings Radisson Nicolet Des Cantons Comerford Sandy Pond

Power, MW 2250 2138 690 690 1800

DC voltage, kV 450 450 450 450 450

max kV 500 475 463 458 460

DC current, A 2500 2250 773 768 2000

AC voltage, kV 315 230 230 230 345

1.4.2 VSC Technology

The VSC technology has been used for point-to-point HVDC transmission since the

late nineties. This is still a developing technology unlike the LCC, which is mature

and well-proven. The VSCs typically use IGBTs with antiparallel diodes. IGBTs

offer both controlled turn-on and turn-off capability which can be exploited to de-

rive an alternating voltage out of a fixed DC voltage maintained across the DC link

capacitors. Both the magnitude and phase angle of the synthesized AC voltage can

be controlled enabling independent control over active and reactive power exchange

with the AC system at both ends. With advanced multi-level control of VSCs, much
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smoother AC voltage waveforms are synthesized using relatively low switching fre-

quencies than what could be achieved with two- or three-level conversion using high

frequency switching. This has drastically reduced the need for harmonic filtering and

the power losses in the converters. Details of the VSC topologies and control are pro-

vided in Chapter 2. Due to significantly less (if not zero) filtering and reactive power

requirement, the footprint (and hence the platform cost) of a VSC station is much

less than an equivalent LCC station which makes the former particularly attractive

for offshore installations.

Unlike an LCC HVDC link, the DC link voltage polarity of a VSC HVDC is

fixed. Reversal of power flow is achieved through the reversal in the direction of

current flow. Fixed DC side voltage polarity permits the use of polymeric (e.g., cross-

linked polyethylene, XLPE) cables which are stronger and lighter and particularly

suited for harsh subsea environment. Most of the VSC HVDC installations worldwide

are driven by the need for subsea cable transmission. One exception is the Caprivi

link [16], which is an overhead line. The motivation there is the strengths (short

circuit ratios) of the terminal AC systems which are inadequate to support an LCC

HVDC operation. Since the LCC systems rely on AC system voltage for turning off

the thyristors, they can only operate if the AC system strengths are above a certain

threshold. There is no such restriction for a VSC HVDC link which can work even

with weak/isolated AC systems and even offer black start capability [10].

In case of a fault on the DC side, the antiparallel diodes of the IGBT modules act as

an uncontrolled rectifier even if the IGBTs are blocked. Due to a very low inductance

in the DC side, the rate of rise of short circuit current is extremely high — which

is further aggravated by the DC link capacitor discharge. Since the converter is no

longer controllable in this fault case (in contrast to LCC HVDC), circuit breakers on

the AC side are typically opened to interrupt the fault current. In principle, circuit

breakers on the DC side could be used as well but high power fast acting DC circuit

breakers are yet to be commercially available [17]. Due to this vulnerability to the

DC-side faults, the VSC technology is more suited for cable transmission rather than

overhead lines which are more exposed to short circuits. Details of the fault response

of the VSC and the protection issues are provided in Chapter 6.

VSC HVDC links are limited in terms of their rated capacities. This is due to

the available voltage and current ratings of individual IGBTs (up to 5 kV, 2 kA) and

also the voltage ratings (up to 320 kV) of the subsea polymeric cables. The largest

VSC HVDC link commissioned until 2013 is the East-west interconnector project

(EWIP) between Ireland and Wales [18] with a capacity of 500 MWs. The INELFE

project between France and Spain which is to be commissioned in 2014 would use

two VSC HVDC corridors each rated at 1000 MW. A list of the major VSC HVDC

projects presently operational or is being planned/under construction is provided in

Table 1.2.

Due to the late development and relatively low available capacity, the deployment

of VSC technology has been limited to only a small fraction (< 10 GWs) of the overall

HVDC installed capacity worldwide (over 100 GWs with an additional 200 GWs be-

ing planned in China alone [20]; majority of which are LCC HVDC). However, there

is enormous potential for VSC HVDC especially, for offshore applications. Today,
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Table 1.2 List of major VSC HVDC projects: present and future [19]

Project Name Year Supplier MW Voltage Converter

Murray link 2002 ABB 220 ±150 kV 3-level

Estlink 2006 ABB 350 ±150 kV 2-level

BorWin1 2009 ABB 400 ±150 kV 2-level

Trans Bay Cable 2010 Siemens 400 ±200 kV ML

Caprivi Overhead Link 2010 ABB 300 350 kV 2-level

East-West Interconnect 2013 ABB 500 ±200 kV 2-level

BorWin2 2013 Siemens 800 ±300 kV ML

HelWin1 2014 Siemens 576 ±250 kV ML

DolWin1 2014 ABB 800 ±320 kV ML

INELFE (France to Spain) 2014 Siemens 2×1000 ±320 kV ML

SylWin1 2014 Siemens 864 ±320 kV ML

South-West Link 2014 Alstom 1440 ML

HelWin2 2015 Siemens 690 ±320 kV ML

Dolwin2 2015 ABB 900 ±320 kV ML

the VSC technology is, in principle, available for higher powers (up to 2000 MWs),

limited mainly by the voltage ratings of XLPE DC cables.

For VSC HVDC system, there is more flexibility in control than an LCC HVDC. In

a point-to-point VSC HVDC link, one converter station controls the DC link voltage,

while the other usually sets the active power reference. In addition, each converter

can independently control the AC side voltage or reactive power at either end. In

the case of remote offshore WFs connected to the onshore network through a VSC

HVDC link, the offshore converter could be operated as an ideal AC voltage-source,

which would absorb all the incoming power from the WF and pass it on to the DC

link [21].

Similar to the conventional AC networks, the power reversal in a particular VSC

HVDC link within an MTDC grid is achieved simply by reversing the current through

that link while maintaining the voltage polarity at both ends. Use of LCC technology

would require reversal of voltage polarity to reverse the power flow direction in a

particular link, which could affect the power flow direction in the other links as well.

Thus, the VSC technology is the obvious and arguably the only choice for meshed DC

grids. For the rest of this book, the scope and focus of discussion would be MTDC

grids using the VSC technology.

1.5 Control Modes in MTDC Grid

Control of an MTDC grid is fundamentally different from that of a traditional AC grid

that relies primarily on the control of generators (governors and exciters) to regulate
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the power flows and voltages. In an MTDC grid, the fast acting converters can control

the power exchange (both active and reactive) with the AC systems and regulate the

voltages on both AC and DC sides. The basic operating principle of a VSC system

is based on a fixed voltage on the DC side. Hence, it is essential to firmly control the

DC link voltage similar to controlling the frequency in AC systems. Frequency is a

global variable with a common steady-state value everywhere while the DC voltage

differs across the MTDC grid.

As a natural extension to the control of point-to-point VSC HVDC link, any one

converter station within an MTDC grid could control the DC link voltage. The re-

maining converter stations would control the active power exchange with the respec-

tive AC systems. In addition, all the converters could control either the AC voltage or

reactive power exchange. With one converter controlling the DC link voltage while

the rest operating with a set active power reference there is a danger that following

the outage of one converter, the converter under DC voltage control picks up the en-

tire burden of the power imbalance. This issue is highlighted through case studies in

Chapter 3. This is not desirable as the AC system connected to that particular con-

verter station will experience a large change. Instead, it is desirable that following an

outage of one or more converters, all the remaining ones should share the resulting

power imbalance in a certain proportion. Thus, all the converter stations should op-

erate in DC link voltage control mode rather than trying to follow a set active power

references. However, set values of the DC link voltage references at all the converter

stations could be conflicting unless they are modified properly depending on the ref-

erence and actual power and the DC link voltage.

The situation is similar to the parallel operation of generators in an AC system

where power-frequency droop is used in the governor control loop to avoid potential

conflict in frequencies. Along the same lines, active power-DC link voltage droop can

be used to modify the reference values of DC link voltages at each converter station

(under voltage control mode) as described in Chapter 4. Several mechanisms for con-

trolling the DC link voltage in a VSC MTDC grid have been proposed in the literature.

An overview is presented in Chapter 4. The droop control can be further modified to

allow exchange of frequency support among the AC systems interconnected through

the MTDC grid. This is particularly important as AC systems of future are going to

have less effective inertia (e.g., due to high wind power penetration), which neces-

sitates additional frequency support from other AC systems. Exchange of frequency

support through an MTDC grid is covered in Chapter 5.

1.6 Challenges for MTDC Grids

Protection: A major challenge toward the reliable operation of an MTDC grid arises

from the need for a very fast (within 1 ms) detection of a DC side fault and iden-

tification of the faulty cable. Locating a DC side fault within an MTDC networks

is difficult. In AC systems, impedance relays are typically used to identify the

location of the fault. As the resistance of the cables in a DC grid is negligi-

ble compared to the impedance of AC networks, it is virtually impossible for
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a relay to determine whether a DC fault is within its protective zone. More-

over, the protection system in a DC rid needs to act in a very short time (about

1ms), as the rate of rise of DC fault current is much higher compared to the AC

fault current which is restricted by the circuit reactance. The DC grid protection

system should be discriminative enough to distinguish between the AC and the

DC side faults since the currents and the voltages in the DC system are also af-

fected during an AC fault. Challenges and potential solutions toward designing

appropriate protection systems for MTDC grids are discussed in Chapter 6.

Fault current interruption: Following a DC side fault within an MTDC grid, the

fault current increases very fast. In order to limit the fault current within man-

ageable levels, it should be interrupted within 2 ms. Existing point-to-point VSC

HVDC links use the AC side circuit breakers to interrupt the fault current lead-

ing to loss of the whole link. Adopting a similar measure for an MTDC grid with

large power transfer levels (potentially tens of GWs) would require opening of

all the AC circuit breakers at interfaces with the AC systems which could be

prohibitively disruptive in terms of loss of infeed. It is therefore, critical to iso-

late only the faulted cable and keep the remaining MTDC grid operational. This

could be achieved primarily in two ways: (1) Using fast acting high power DC

circuit breakers at both ends of each DC cable. Unfortunately, such DC breakers

are yet to be commercially available. (2) Using fault-blocking converters where

there is always a controllable switch (IGBT) in the fault current path; together

with isolators which are simpler switches meant to open/close once the fault-

blocking converters have ramped the fault current down to zero. Both the above-

mentioned approaches rely on the presence of fast semiconductor switches in the

normal current path which increases the on-state losses. Ongoing research and

development is trying to strike a proper balance between efficient normal oper-

ation and fast and reliable fault current interruption as discussed in Chapter 6.

Power flow control: The basic challenges in controlling the MTDC grid have been

described in Section 1.5. In addition to those, another key challenge is the con-

trol of power in a DC line. In traditional meshed AC grids, the power flow

through lines can be controlled by changing the AC voltage magnitude and/or

phase angle at either end of the line. Also, controllable elements like Flexible

AC Transmission Systems (FACTS) devices can be used to change the line reac-

tance to control the power flow. In DC lines, the line reactance is zero and only

voltage magnitude can be altered at each end of the lines, i.e., at the converter

DC terminals.

Therefore, it is not easy to control the line flow in a particular DC line without

additional power electronics (DC FACTS) installed in series with the DC lines.

1.7 Configurations of MTDC Converter Stations

Possible configurations of the converter stations in an MTDC grid are described in this

section. Figure 1.8 shows the converter stations in monopole configuration. For the
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Figure 1.8 Configurations of converter stations. (a) Symmetric monopole, (b) asymmetric

monopole with ground return, and (c) asymmetric monopole with metallic return.

sake of clarity, only two stations are illustrated — each of which could be connected

to multiple converter stations. In this configuration, the converter station has only one

independent converter bridge or group of bridges.

In the symmetric monopole configuration shown in Fig. 1.8(a), the center of the

DC bus of each converter station is grounded and the converter stations are con-

nected to two transmission lines at equal and opposite potentials. Note that this center

point might be an example of the physical node defined as the DC-side midpoint in

Section 2.2.

In the asymmetric monopole configuration, each converter station is connected to

a transmission line (usually negative polarity for overhead lines) while the current re-

turns through the ground (Fig. 1.8(b)) or metallic return path (Fig. 1.8(c)). For ground

return configuration, each station is grounded whereas the metallic return needs only

one grounding point. Metallic return is used under situations where ground return is

not acceptable due to high earth resistivity, interference with underground metallic

installations, or maritime regulations. The metallic return path has a very low insula-

tion requirement. A negative polarity for the overhead transmission line is preferred

over the positive polarity due to reduced corona losses and radio interference. The
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monopole configuration suffers from the reliability consideration if the outage of the

converter or degradation of insulation in one line is treated probabilistically as (N-1).

The asymmetric monopole configuration can be commissioned as the first phase

of a bipolar installation. A bipolar converter station has two independent converter

bridges or group of bridges. Figure 1.9(a) shows the symmetric bipole configura-

tion. One terminal of the DC bus of an independent group is grounded, and the other

is connected to the transmission line with positive or negative polarity. Each con-

verter pole can operate independently. Under normal conditions, the positive and the

negative poles carry equal current and no current flows through the ground return

path. For overhead lines, it also produces considerably less harmonic interference

with nearby lines and telephonic interference compared to the asymmetric monopo-

lar link.

Following the outage of a converter pole or outage of one of the transmission lines,

the other pole can be overloaded based on the reserve capacity of the converters,

transmission lines, ambient condition, and duration. The converters can be operated

with a reserve capacity so that they can be overloaded by 200% for a short time.
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Figure 1.9 Configurations of converter stations. (a) Symmetric bipole and (b) asymmetric

bipole with metallic return.
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The ground return current under such conditions will be equal to the current flowing

through the healthy transmission line.

When ground return is not viable, a metallic return network can be used as shown

in Fig. 1.9(b). This configuration is called the asymmetric bipole with metallic return.

The insulation requirement of the metallic return pole is minimal. For overhead trans-

mission system, this line may act as shielding wire. From the reliability standpoint,

if the outage of the converter or degradation of insulation in one line is treated prob-

abilistically as (N-1), the asymmetric bipolar link is equivalent to the double circuit

line in AC systems.

Another configuration called the homopolar configuration needs a continuous flow

of ground current twice the rated current. This is not discussed here as it has not been

adopted in any practical installation. Most point-to-point installations are based on

bipole configuration and operate as monopole only under contingency situations or

in the first phase of development.

Each converter pole within above-mentioned configurations consists of multiple

valve groups connected in series on the DC side and in parallel on the AC side by

means of converter transformers to match the voltage and current rating requirements.

1.8 Research Initiatives on MTDC Grids

Following a review of the possible MTDC grid architectures, converter technology,

control modes, and converter station configurations, this section highlights the current

research initiatives dedicated to MTDC grids. Recently, The International Council on

Large Electric Systems (CIGRE) has initiated multiple research activities through its

study committees. CIGRE study committee B4 on HVDC and Power Electronics has

several working groups (WGs), some jointly with other study committees (like B5),

which are currently active on studying different aspects of MTDC grids [22]. The

aim of some of these WGs are summarized in the following:

B4-56: Guidelines for Preparation of Connection Agreements or Grid Codes for

HVDCGrids The objective of this WG is to provide information for the HVDC grid

designer, concerning the constraints within which the network should be designed,

e.g., direct voltage range, temporary voltages and durations, power ramp rates, and

faults current stresses. It would also provide information concerning information

required by anyone providing new equipment for an existing HVDC grid in order that

his terminal will integrate satisfactorily in the existing system, without any negative

impact on the overall system performance.

B4-57 Guide for the Development of Models for HVDC Converters in an HVDC

Grid The objective of this WG is to facilitate the development of generic models

that will allow a high level study of the HVDC grid and AC network interactions to

be performed. A EMTDC model will be used as an example of conversion to a “black

box” model. The input/output signals for this model will be defined in collaboration

with WG B4.56.
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B4-58 Devices for Load Flow Control and Methodologies for Direct Voltage Con-

trol in a Meshed HVDC Grid The objectives of the WG are to (1) confirm the

feasibility of power flow control in the HVDC grids to meeting changing import and

export needs at the HVDC grid nodes, (2) identify methods and devices for control-

ling the power flow in HVDC grids, and (3) compare the merits of different methods

and devices.

B4-60DesigningHVDCGrids for Optimal Reliability and Availability Performance

The WG will develop the definitions of reliability and availability for HVDC grids,

e.g., considering the ability of different parts of the system to transport power between

each part, as well as the capability of the converter stations to provide the relevant

power interface between the HVDC grid and the AC network. Issues to be considered

will include mean time to failure, repair times, capacity loss, etc. Reference will be

made to the criteria developed for AC networks, as well as those developed for point-

to-point HVDC systems. All components of the HVDC grid will be considered, but

unavailabilities in the AC system should be disregarded in this context. The WG will

provide guidance in respect to the additional costs that may be incurred by adopting

different reliability and availability criteria.

B4/B5-59 Control and Protection of HVDC Grids The objective of this WG is to

provide guidelines for the control and protection system needed for an HVDC grid,

with the emphasis on the protection of the HVDC grid and the elements within it, and

not on the converter or AC side equipment. The WG will consider the entire HVDC

grid protection system, e.g., the measurement, fault detection, and interruption de-

vices. It will develop the requirements for the system in relation to availability and

reliability including redundancy, requirements, speed, selectivity, and maintainabil-

ity. All possible faults within the HVDC grid or affecting the AC grid, including DC

line faults, “DC breaker” failures, and converter faults, will be considered.

JWG A3/B4.34 Technical requirements and specifications of state-of-the-art DC

switching equipment This joint working group (JWG) will investigate technical

requirements and the state-of-the-art specifications for “mechanical” based DC switch-

ing equipment in order to identify a guideline that may facilitate the development of

efficient, reliable, and cost beneficial DC switching equipment applied to the future

DC grids and systems. This way, this JWG will review the technical requirements of

DC switching equipment for different applications such as MTDC systems and off-

shore WF connections. It will collect all available specifications of the state-of-the-art

DC switching equipment used at transmission and distribution voltages. It will also

investigate the technical capabilities and limitations of existing and projected switch-

ing equipment mainly with mechanical operating drives and then foresee the future

capability of these DC switching equipments.

JWG B4/C1.65 Recommended voltages for HVDC Grids Prior CIGRE activi-

ties within B4 recognized that agreeing on a set of recommended DC voltage levels

to be used in HVDC Grids could be very beneficial, for anyone planning HVDC
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projects, which might potentially become part of a future HVDC grid. However,

while adopting the recommended DC voltages would facilitate future extensions to-

ward HVDC grids, they would preclude the optimization of DC voltage levels in

individual projects, thereby leading to potentially higher investment costs. Therefore,

while a first proposal for recommended voltages for HVDC grids could be produced,

it was recognized that before these values and guidelines for their use could be pub-

lished outside CIGRE and used by, e.g., IEC as input to standardization activities,

the views, and recommendations from System Development and Economics experts

within CIGRE should be included. This WG is jointly organized with C1 for this

purpose.

For further details about the scope and specific objectives of this WG, the readers

should refer to the individual Terms of Reference documents available at [22].

1.9 Focus and Scope of the Monograph

The aim of this monograph is to facilitate understanding of the system level aspects of

an MTDC grid and provide a systematic framework to study its impact on AC system

operation. To that end, an overview of the VSC technology and its modeling for sys-

tem level studies is provided in Chapter 2. A generic modeling framework for stability

analysis of a combined AC-MTDC system is presented in Chapter 3. Autonomous

power sharing among the converter stations within an MTDC grid and its implication

on stability is discussed in Chapter 4 along with a case study for demonstration. In

Chapter 5, exchange of frequency support between AC systems (including offshore

WFs) connected through an MTDC grid and its impact on overall system stability

is illustrated and a case study is presented. An overview of the technical challenges

in MTDC grid protection and interruption of DC fault current using fault-blocking

converters or DC circuit breakers and ongoing research and development is presented

in Chapter 6. Some of the discussions in Chapters 3, 4, and 5 are based on recent re-

search undertaken by the authors while Chapter 6 summarizes the recent and ongoing

work by others.

The monograph is intended for the academic community with research and/or

teaching interest in DC electric power transmission, graduate students focusing on

DC grids, manufacturers of DC grid technologies, developers of offshore transmis-

sion network, and utilities/grid system operators who has or is planning to have VSC

DC links connected to their system or contemplating being part of a DC grid in future.





CHAPTER 2

THE VOLTAGE-SOURCED
CONVERTER (VSC)

2.1 Introduction

The voltage-sourced converter (VSC) would constitute the backbone of future MTDC

grids. A VSC interfaces an AC grid with a DC grid and enables an efficient bidirec-

tional trade of energy between the two. More specifically, (1) it may impress the

voltage of the DC grid and then let the energy flow result based on the prevailing

conditions or, alternatively, (2) operate off an impressed DC voltage (e.g., impressed

by one or more other VSCs interfaced with the same DC grid). In addition, it can

exchange (in either direction) a pre-specified amount of reactive power with the AC

grid. The aforementioned functionalities are realized by a circuit comprising power

diodes, semiconductor power switches with turn-off capability, inductors, and capac-

itors. As circuit elements, resistors are avoided, but they inevitably exist as parasitic

elements.

Adopting a generalized approach, this chapter discusses the modeling, control,

and simulation of the VSC.

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
© 2014 The Institute of Electrical and Electronics Engineers, Inc. Published 2014 by John Wiley & Sons, Inc.
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2.2 Ideal Voltage-Sourced Converter

Consider the system of Fig. 2.1 in which a five-terminal device, labeled as the ideal
VSC, serves as an energy transfer medium between a DC grid and an AC grid. As

Fig. 2.1 indicates, the two left-hand side terminals of the ideal VSC identify a port,

referred in this book to as the DC side, whose voltage and current are denoted by,

respectively, Vdc and Idc (both functions of time, in general); a positive current is

assumed to be one entering the positive terminal of the port. The three remaining

terminals identify the AC side of the VSC and assume voltages vta, vtb, and vtc, relative

to a potential reference node, 0 in Fig. 2.1. This potential reference node is referred to

as the DC-side midpoint of the VSC and is a (physical or virtual) node whose voltage

is the algebraic mean of the voltages of the DC-side positive and negative terminals

(relative to any other node). In other words, relative to the DC-side midpoint, the

positive and negative DC-side terminal voltages of the VSC are equal to within a

sign. Typically, the DC-side midpoint of the VSC is not an accessible physical node,

but it is a virtual node used to simplify the analysis. The currents ita, itb, and itc leave

the corresponding AC-side terminals of the VSC and enter the AC network.

The following properties characterize the ideal VSC:

1. The AC-side voltages vta, vtb, and vtc constitute a balanced three-phase set of

sinusoidal voltages whose magnitude and phase angle are controllable.

2. The ideal VSC is a network of passive, loss-less, memory-less, circuit elements,

including the ideal fully controllable switch, the ideal diode, and the ideal trans-

former.
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Vdc / 2
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Figure 2.1 Ideal VSC interfacing a DC grid with an AC grid.
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The first assumption above can be mathematically expressed as

vta(t) = Vt(t) cos [𝜀(t)] (2.1)

vtb(t) = Vt(t) cos
[
𝜀(t) − 2𝜋

3

]
(2.2)

vtc(t) = Vt(t) cos
[
𝜀(t) − 4𝜋

3

]
(2.3)

where Vt(t) and 𝜀(t) are the (generally time-varying) magnitude and phase angle,

respectively, of the balanced three-phase AC-side voltage. Commonly, 𝜀(t) is not

directly controlled, but it is a by-product of the frequency, 𝜔(t), as

𝜀(t) = 𝜀0 + ∫
t

0

𝜔(𝜏)d𝜏 (2.4)

where 𝜀0 is the constant of integration (i.e., the initial phase angle). Thus, 𝜔(t) is a

stand-alone control variable.

Assuming a undistorted sinusoidal Thevenin voltage for the AC grid at the cou-

pling point, a nonzero average energy transfer, i.e., a nonzero real-power flow, can

exist only if the VSC operates at the same frequency as that of the AC grid, that is, if

𝜔(t) is made equal to the power system frequency; the mechanism to ensure that this

will be discussed in Section 2.4.2.5. Thus, if the power system frequency is constant

at, say, 𝜔s, then, based on (2.1) through (2.4), the AC-side voltages assume the forms:

vta(t) = Vt cos
[
𝜔st + 𝜀0

]
(2.5)

vtb(t) = Vt cos
[
𝜔st + 𝜀0 −

2𝜋

3

]
(2.6)

vtc(t) = Vt cos
[
𝜔st + 𝜀0 −

4𝜋

3

]
(2.7)

The second assumption implies that the instantaneous power that the VSC draws

from the DC network, Pdc, equals the real power that the VSC delivers to the AC

network, Pt:

VdcIdc
⏟⏟⏟

Pdc(t)

= vtaita + vtbitb + vtcitc
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Pt(t)

(2.8)

which can be reordered as

Idc =
vtaita + vtbitb + vtcitc

Vdc
(2.9)

Based on the forgoing discussion, the operation of the ideal VSC can be explained

as follows: The control results in the generation of a balanced three-phase AC-side

voltage, (2.5–2.7), whose magnitude Vt is also proportional to the DC-side voltage

Vdc. The AC-side voltage, on the other hand, results in the generation of a corre-

sponding three-phase AC-side current. Thus, the interaction of the AC-side voltage
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and current translates into a power flow, which, based on (2.9), translates into a cor-

responding amount of DC-side current Idc. Therefore, proper operation of the ideal

VSC requires that Vdc be fairly constant. This, in turn, means that the DC grid should

exhibit a small Thevenin impedance to the DC-side port of the ideal VSC. On the

other hand, since vta, vtb, and vtc do not depend on the AC-side currents, ita, itb, and

itc, proper operation of the VSC requires the AC grid to exhibit, from any two of

the coupling nodes, a large Thevenin impedance to the VSC. The aforementioned re-

quirements are equivalent to stating that proper operation of the VSC requires the host

DC and AC grids to be of the voltage source and current source natures, respectively.

If the AC grid is linear, then ita, itb, and itc also constitute a balanced three-phase set of

sinusoids and, therefore, Pt (=Pdc) is constant, which, if Vdc is also constant, implies

a constant Idc. The aforementioned discussion indicates that the ideal VSC behaves as

a controllable three-phase voltage source from its AC side, and it acts as a dependent

current source from its DC port. This point will be further discussed in Section 2.5.

A VSC is never directly interfaced with the AC and DC grids in the way shown

in Fig. 2.1. Rather, an AC filter is placed between the AC-side terminals and the

AC grid. Similarly, a DC filter is placed between the DC port of the VSC and the

DC grid. There are two reasons for the insertion of these filters: First, one cannot

count on, let alone control, the Thevenin impedance of the grids, to be able to en-

sure the current-source nature of the AC grid and the voltage-source nature of the

DC grid. The second reason is that, as will be discussed in Section 2.3, a practical

VSC employs switching techniques for AC voltage synthesis and, consequently, its

AC-side terminal voltage is harmonically distorted. If the Thevenin impedance of

the AC grid is small, the voltage harmonics result in large corresponding current har-

monics, which do not contribute to the energy transfer process, but stress the VSC

(and perhaps even the grid) and decrease the efficiency. Therefore, some impedance

must be deliberately inserted between each AC-side terminal of the VSC and the cor-

responding phase of the AC grid, at the coupling point, to act as a buffer between the

VSC and the Thevenin voltage of the AC grid and, thus, ensure an acceptably small

current harmonic distortion. In a dual manner, an excessively large DC grid Thevenin

impedance results in a poor DC-side voltage regulation and adversely affects the op-

eration of the VSC. Thus, a DC-side filter ensures that the DC port of the VSC is

voltage-supported, irrespective of the Thevenin impedance of the grid.

Figure 2.2 shows the same system as that of Fig. 2.1 with the VSC equipped with

the AC- and DC-side filters; both filters are indicated to be of the LC type. The

AC-side filter inductance, L, provides a large harmonic impedance between the VSC

terminals, while the capacitance C exhibits a short path to the current harmonics

and, therefore, prevents them from entering the AC grid. This, in turn, ensures low

harmonic voltage distortion at the grid side. The capacitance also supports the funda-

mental component of the grid voltage at the coupling point, vg,abc. Thus, effectively

a deterministic inductance, i.e., L, ties each AC-side terminal of the VSC to the cor-

responding phase of a three-phase voltage source. Hence, L is also know as the tie
reactor of the VSC. Depending on the design, C may be connected in parallel with,

or even be entirely substituted by, one or more series LC circuits tuned to certain

harmonic frequencies. R represents the ohmic power loss of the inductor.
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Figure 2.2 Ideal VSC equipped with DC-side and AC-side filters.

Similarly, the DC-side filter capacitor Cdc, while open for the average (DC) com-

ponent of Idc, must exhibit a small impedance to the harmonics of Idc. To that end,

the capacitance does not have to be large, since, typically, the harmonics are of high

frequencies. However, an inductance, Ldc, may need to be included to ensure that the

capacitor remains effective regardless of the impedance that the DC-grid exhibits to

the VSC (Rdc represents the ohmic power loss of Ldc). On the other hand, the ca-

pacitance must be large to mitigate double-frequency ripples of Vdc, which develop

due to grid voltage imbalances. Therefore, in practice, the capacitor consists of low-

capacitance high-frequency capacitors connected in parallel with high-capacitance

low-frequency capacitors. To enable large DC voltages, multiple such composite ca-

pacitors must be connected in series and parallel.
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Figure 2.3 Simplified schematic diagram of the two-level VSC.

2.3 Practical Voltage-Sourced Converter

For obvious reasons, the ideal VSC described in Section 2.2 cannot exist in prac-

tice. However, it can be approached to varying degrees, depending on the expected

performance and acceptable cost, by a variety of circuit configurations, which are in-

variably of the switched-mode type to be able to offer high efficiencies. This section

introduces the most notable circuit configurations and switching strategies.

2.3.1 Two-Level Voltage-Sourced Converter

Figure 2.3 shows a simplified schematic diagram of the most basic (and perhaps the

most widely used) of all such switched-mode circuits. The circuit, known as the two-
level VSC, consists of three half-bridge converters, one per AC-side terminal, and

the common DC sides of the half-bridge converters identify the DC port of the VSC.

As Figure 2.3 indicates, each half-bridge converter consists of two fully controllable,

reverse-conducting, semiconductor switches. The switches can be based on different

technologies such as the insulated gate bipolar transistor (IGBT) and integrated gate-

commutated thyristor (IGCT)1 and are turned on and off in a complementary manner,

that is, when the one switch is commanded to turn on, the gate command of the

other switch must have been canceled. Consequently, at each switching instant, the

terminal voltage of the half-bridge converter transitions from one of the two possible

levels −Vdc∕2 and Vdc∕2 to the other one. Thus, if the aforementioned switching

action is periodic, then the terminal voltage has a fundamental component, which

1Regardless of the technology, in this book, we will use the symbol of the IGBT to illustrate a fully
controllable semiconductor switch.
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can be made to have the desired frequency 𝜔, as⟨vta⟩1(t) = Vt(t) cos [𝜀(t)] (2.10)⟨vtb⟩1(t) = Vt(t) cos
[
𝜀(t) − 2𝜋

3

]
(2.11)

⟨vtc⟩1(t) = Vt(t) cos
[
𝜀(t) − 4𝜋

3

]
(2.12)

where 𝜀(t) and 𝜔(t) are related by (2.4).

The AC-side terminal voltage also includes harmonics, which are of odd orders if

the switching action features half-wave symmetry. Thus, the number and moments

of terminal voltage transitions (from −Vdc∕2 to Vdc∕2 and vice versa) in each half

cycle may be controlled in such a way that (1) the magnitude of the fundamental

component, Vt(t) has the desired value, and (2) a number of low order harmonics are

eliminated from the terminal voltage2. However, typically, this method of control is

nonlinear, since the ratio Vt(t)∕Vdc is, in general, a highly nonlinear function of the

switching instants.

The most frequently used switching strategy for the two-level VSC is the suboscil-
lation, carrier-based, pulse-width modulation (PWM) strategy, in which the switch-

ing instants of a constituting half-bridge converter are determined by comparing a

corresponding modulating signal, m(t), with a high frequency periodic triangular

carrier signal, as Figure 2.4 illustrates. A special case of the suboscillation, carrier-

based, PWM strategy employs a sinusoidal modulating signal and, hence, is referred

commonly to as the sinusoidal pulse-width modulation (SPWM) strategy. Figure 2.5

depicts waveforms typical of the SPWM switching strategy. Thus, in a three-phase

VSC, there are three modulating signals, one per half-bridge converter, which are

compared with a common carrier signal, and they constitute a balanced three-phase

sinusoidal signal, i.e., they have the same magnitude, but are phase displaced by 120∘
relative to each other. Under the SPWM method, (1) the fundamental component of

each AC-side terminal voltage is a magnified version of the corresponding modulat-

ing signal and (2) the frequencies of voltage harmonics are pushed up to multiples of

the carrier signal frequency and, therefore, the AC-side filter inductance, L in Fig. 2.2,

can be made smaller.

As mentioned earlier, based on the SPWM strategy, the fundamental components

of the AC-side voltages are the amplified versions of their corresponding modulating

signals, as

⟨vta⟩1(t) =
1

2
Vdc(t)ma(t) (2.13)

⟨vtb⟩1(t) =
1

2
Vdc(t)mb(t) (2.14)

⟨vtc⟩1(t) =
1

2
Vdc(t)mc(t) (2.15)

2This method of control is known as selected-harmonic elimination (SHE) switching strategy. No triple-n
harmonic needs to be eliminated, however, if the AC network has three wires (such as shown in Fig. 2.1)
and is also balanced.
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Figure 2.4 Signal flow diagram of the suboscillation, carrier-based, pulse-width modulation
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Figure 2.5 Waveforms of the modulating signal, carrier signal, and AC-side terminal

voltage, based on the SPWM switching strategy.

where ma(t), mb(t), and mc(t) denote the modulating (control) signals, for phases a,

b, and c, respectively. It then follows from (2.13) through (2.15) that, if

ma(t) = M(t) cos [𝜀(t)] (2.16)

mb(t) = M(t) cos
[
𝜀(t) − 2𝜋

3

]
(2.17)

mc(t) = M(t) cos
[
𝜀(t) − 4𝜋

3

]
(2.18)

then,

⟨vta⟩1(t) =
1

2
Vdc(t)M(t) cos [𝜀(t)] (2.19)

⟨vtb⟩1(t) =
1

2
Vdc(t)M(t) cos

[
𝜀(t) − 2𝜋

3

]
(2.20)

⟨vtc⟩1(t) =
1

2
Vdc(t)M(t) cos

[
𝜀(t) − 4𝜋

3

]
(2.21)

where M(t) is the magnitude of the modulating signals and an independent control

variable. The phase angle 𝜀(t), however, is not a stand-alone control variable, but
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is calculated from the controllable frequency 𝜔(t), based on (2.4). Thus, if the DC-

side voltage is constant, then the fundamental components of the AC-side terminal

voltages also constitute a balanced three-phase voltage. Further, if the magnitude and

frequency of the modulating signals are also constants, say, at M and𝜔s, respectively,

then the fundamental AC-side voltages take the forms:

⟨vta⟩1(t) = Vt cos
[
𝜔st + 𝜀0

]
(2.22)

⟨vtb⟩1(t) = Vt cos
[
𝜔st + 𝜀0 −

2𝜋

3

]
(2.23)

⟨vtc⟩1(t) = Vt cos
[
𝜔st + 𝜀0 −

4𝜋

3

]
(2.24)

where the constant Vt = 0.5VdcM is the magnitude of the AC-side three-phase volt-

age.

It should be pointed out that each switch of the two-level VSC must be able to

withstand an off-state voltage of, at least, Vdc. Therefore, in order to enable the VSC

to operate at higher DC and AC voltage levels, each switch may be implemented by

series-connecting multiple individual switches, which are gate-commanded simulta-

neously. For a higher current-handling capability, multiple individual switches may

need to be connected in parallel and gated in synchronism.

2.3.2 Three-Level Voltage-Sourced Converter

The terminal voltage of a VSC can more faithfully approximate a sinusoid, i.e., it can

have a smaller harmonic distortion, if it is allowed to assume more levels than just

two. For example, a three-level voltage waveform can be synthesized by an H bridge3

(Fig. 2.6) in conjunction with the so-called unipolar SPWM switching strategy illus-

trated by the signal flow diagram of Fig. 2.7. Thus, as Fig. 2.8 illustrates, the AC-side

terminal voltage vt swings between the values 0 and Vdc during the positive half cy-

cle of the sinusoidal modulating signal and between 0 and −Vdc in the negative half

cycle of the modulating signal. Then, as shown in Fig. 2.9, a three-phase three-level

VSC may be realized by three H bridges, which are controlled by three correspond-

ing modulating signals constituting a balance three-phase set of waveforms; the H

bridges are connected in parallel from their DC ports to identify the DC port of the

composite VSC, and their AC outputs are combined by three corresponding single-

phase transformers whose grid-side windings are connected as a wye configuration.

A three-level voltage waveform can, however, be most economically synthesized

by the configuration of Fig. 2.10, known as the three-phase neutral-point clamped
(NPC) VSC4. Here, the voltage of an AC-side terminal swings between the values 0

and Vdc∕2 during the positive half cycle of the modulating signal and between 0 and

−Vdc∕2 in the negative half cycle of the modulating signal, as shown in Fig. 2.11. In

particular, the voltage level 0 calls for a connection between the AC-side terminal to

3Formally, the full-bridge converter.
4For a more elegant use of acronyms, in the remainder of this book, we use the term NPC converter instead
of “NPC VSC.”
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Figure 2.7 Signal flow diagram of the unipolar carrier-based PWM switching strategy for

the H bridge.

the DC-side midpoint of the VSC (that is, to the potential reference). Consequently,

in contrast to the two-level VSC, the DC-side midpoint in the NPC converter is a

physical node. As indicated in Fig. 2.10, the DC-side midpoint is taken as the mid-

point of a capacitive voltage divider that is connected in parallel with the DC port

of the converter, and it consists of two nominally identical capacitors, 2Cdc. Prac-

tically, these two capacitors act, effectively, also as the DC-side filter capacitor for

the converter (Fig. 2.2). A three-level AC-side terminal voltage can be synthesized

by the SPWM switching strategy of Fig. 2.12, which is a slightly different variation

of the scheme of Fig. 2.7; here, the triangular carrier signal is allowed to swing be-

tween 0 and 1. Similar to the case of the two-level VSC, under the SPWM strategy,

the magnitude and phase angle of the three-phase AC-side terminal voltage can be
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Figure 2.8 Waveforms of the modulating signal, carrier signal, and AC-side terminal voltage

of the H bridge, based on the SPWM switching strategy for the H bridge.
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Figure 2.9 Schematic diagram of a three-phase three-level converter.

controlled, respectively, by those of a balanced three-phase modulating signal, and

low frequency harmonics are absent from the voltage spectrum.

In a three-phase NPC converter (Fig. 2.10), if the circuit elements are identical

and switching instants are precise, i.e., ideally, the midpoint current inp has a zero

DC component, while it pulsates, almost sinusoidally, with a frequency of 3𝜔 (𝜔 is

the angular frequency of the modulating signal). However, such inevitable imper-

fections as unequal on-state voltage drops, switching delays, and so on, result in a

nonzero DC component for inp which, if not nullified, causes the two capacitor volt-

ages to drift until the DC-side voltage drops entirely on only one capacitor. Thus, to

maintain (the DC components of) the capacitor voltages, the DC component of the

midpoint current is dynamically changed, and forced to zero in the steady state, by a

feedback mechanism that compares the capacitor voltages with one another and adds

a corrective DC offset to the modulating signals of the PWM switching scheme. To

mitigate the triple-frequency ripples of the capacitor voltages, which, in turn, are due

to the triple-frequency component of inp, the capacitance of the two capacitors. i.e.,

2Cdc, must be adequately large. This also ensures that the effective DC-side filter

capacitance, Cdc, is adequately large.
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Figure 2.11 Waveforms of the modulating signal, carrier signal, and AC-side terminal

voltage, based on the SPWM switching strategy for the NPC three-level VSC.

One technical advantage of the NPC converter over an equivalent two-level VSC,

apart from its lower voltage harmonic content, is that the switches and diodes of the

NPC converter are subjected to only half of the DC-side voltage. Therefore, the NPC

converter can achieve twice the voltage rating of a two-level VSC that uses the same

switches. Alternatively, with the same voltage rating as that of the two-level VSC,

the NPC converter can employ power switches with half the voltage rating. This

advantage also exists over the three-level converter of Fig. 2.9.
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Figure 2.12 Signal flow diagram of the suboscillation carrier-based PWM technique for the

NPC three-level VSC.

2.3.3 Multi-Level Voltage-Sourced Converter

Harmonic distortion of the AC-side terminal voltage of a VSC can be further reduced

if the number of levels used to synthesize the waveform is increased beyond three. For

example, the NPC converter of Fig. 2.10 can be evolved to a five-level, seven-level,

or even nine-level diode-clamped VSC5; Fig. 2.13 shows the schematic diagram of a

five-level diode-clamped VSC.

In recent years, however, a new breed of multi-level VSCs has found applications.

This breed, known as the modular multi-level converter (MMC), employs multiple

half-bridge converters (Fig. 2.14) connected in series from their AC-side terminals, to

synthesize a multi-level AC voltage waveform; Fig. 2.15 illustrates the configuration

for one phase of a three-phase MMC.

Assume for the converter of Fig. 2.15 that the DC-side voltage, Vdc, is externally

supported (for example, by a host DC grid) and that the DC-side capacitors of the

constituting half-bridge converters, also known as the sub-modules of the MMC, are

equally charged with a voltage of Vdc∕n, where n is the number of series-connected

half-bridge converters of one arm. Depending on the state of the corresponding

switches, Q1 and Q4, the AC port of a half-bridge converter can be forced to assume

a voltage of 0 (corresponding to an off converter) or Vdc∕n (for an on converter).

Therefore, the voltage across each arm, varm1 or varm4, can be varied from 0 to Vdc∕2,

in steps of Vdc∕n, by turning the half-bridge converters of the arm on or off.

Ideally, the AC-side terminal voltage of the MMC, vt, is zero if the two arm volt-

ages are equal at Vdc∕2, and vt can be varied in steps of Vdc∕n, by varying varm1 and

varm4 in a complementary fashion. Thus, vt rises by one step if varm1 is reduced by

Vdc∕n (i.e., if one of the half-bridge converters of arm 1 is turned off) while varm4 is

increased by Vdc∕n (i.e., if one of the half-bridge converters of Arm 4 is turned on),

and so on. Similarly, vt drops by one step if varm1 is increased by Vdc∕n while varm4 is

5It should be pointed out that the NPC converter (Fig. 2.10) is indeed a three-level diode-clamped VSC.
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Figure 2.15 Schematic diagram showing one leg of a three-phase MMC.

decreased by Vdc∕n, etc. Hence, the AC-side terminal voltage of the MMC has n + 1

steps, indicating that it can be made remarkably smooth with a sufficiently large num-

ber of half-bridge converters. Therefore, carrier-based PWM switching strategies are

often not adopted for MMCs, and the switching power losses are almost nonexistent.
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A salient merit of the MMC is its modularity and capability to bypass faulty half-

bridge converters and continue to operate.

To absorb transient differences between Vdc and varm1 + varm4 and, thus, to pre-

vent the half-bridge converters from experiencing large transient currents, each arm

is connected in series with a corresponding reactor, Larm. To regulate the DC-side

voltage of a half-bridge converter at Vdc∕n, the switching scheme of the half-bridge

converter must ensure that the average real-power flowing through the AC side of

the half-bridge converter is zero, i.e., the respective DC-side capacitor is charged

in a switching cycle for as long as it is discharged; this is achieved through a feed-

back mechanism. Moreover, since the reactors cannot absorb any long-term voltage

mismatch, the control must also fine-tune varm1 and varm4, through a feedback mech-

anism, such that the value varm1 + varm4 is regulated at Vdc.

2.4 Control

2.4.1 Control of Real and Reactive Powers

Different control modes of a VSC and modeling of the corresponding controllers are

described in this section. Section 3.2.3 will use the conclusions from this section to

develop controller models for the converter stations in an MTDC grid. The control

of a three-phase VSC boils, in essence, down to the control of the real and reactive

power that the VSC exchanges with the host AC grid, Pg and Qg (Fig. 2.2). Real-

power control may be employed for power-flow control or, indirectly, for regulating

the DC-side voltage of the VSC. Reactive-power control may be directly employed

for ancillary services or, indirectly, for regulating the grid voltage magnitude at the

coupling point. Pg and Qg can be controlled based on either voltage-mode control
strategy or current-mode control strategy, as discussed in the following.

In the voltage-mode control strategy, Pg and Qg are controlled directly by the phase

angle and magnitude of the terminal voltage of the VSC, vt,abc, relative to those of the

grid voltage vg,abc. Thus, if the tie reactor of the VSC has a small R∕L ratio, then the

AC-side terminal powers Pt and Qt are fairly precisely proportional to, respectively,

the angle and magnitude of vt,abc (relative to those of vg,abc). If the power losses of the

tie reactor are small, then Pg equals the terminal real power Pt. In addition, Qg equals

the terminal reactive power Qt minus the reactive power that the filter capacitance C
generates. It is remembered from Sections 2.2 and 2.3 that the ability to control

the magnitude and phase angle of the AC-side terminal voltage is the most essential

capability of a VSC and its adopted switching strategy.

The voltage-mode control strategy is easy to implement, but it renders the VSC

vulnerable to external AC-side faults. Thus, a drop in vg,abc, for example due to a

fault within the AC grid, results in corresponding drops in Pg and Qg. Consequently,

in an attempt to maintain Pg and Qg, the control of the VSC increases the phase

angle and magnitude of vt,abc, with respect to those of vg,abc. Due to the typically

small values of L and R, this corrective action results almost certainly in a damaging

large AC-side current. Another issue of the voltage-mode control strategy lies in the
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fact that power control through the control of phase angle and magnitude is based

on a steady-state relationship (model) and, therefore, typically results in a fairly poor

transient performance. Further, the control becomes sensitive and difficult to stabilize

as the tie reactance L is reduced, for example, in a multi-level VSC. For these reasons,

the current-mode control strategy is invariably preferred.

In the current-mode control strategy, Pg and Qg are controlled by the AC-side cur-

rent it,abc, with reference to the grid voltage vg,abc (with a discrepancy of the reactive

power that the filter capacitance C generates). In turn, it,abc is regulated through the

AC-side terminal voltage of the VSC, vt,abc. Therefore, the VSC is protected against

over-currents and external faults since the magnitude of it,abc will be limited if the

magnitude of the reference current is constrained. This is the main reason for the

invariable selection of the current-mode control strategy over its voltage-mode coun-

terpart.

It should be pointed out that both the voltage-mode and current-mode control

strategies require a measure of the grid voltage vg,abc. The current-mode control strat-

egy also needs a measure of the current it,abc.

2.4.2 Design and Implementation of Control

2.4.2.1 Space Phasors A three-wire three-phase AC system, such as the AC side

of a three-phase VSC, is most elegantly represented, analyzed, and controlled through

the concept of space phasors.

Let fa(t), fb(t), and fc(t) signify three signals of arbitrary waveforms that are re-

quired to only satisfy the relationship:

fa(t) + fb(t) + fc(t) ≡ 0 (2.25)

Then, their corresponding space phasor6 is defined as

F(t) = F𝛼(t) + jF𝛽 (t)

= 2

3

[
ej0fa(t) + ej 2𝜋

3 fb(t) + ej 4𝜋
3 fc(t)

]
(2.26)

and is a complex-valued time function for which F𝛼(t) and F𝛽(t) are the real and

imaginary components, respectively. In terms of real-valued signals, one can write[
F𝛼(t)
F𝛽(t)

]
= 2

3
C

⎡⎢⎢⎢⎣
fa(t)
fb(t)
fc(t)

⎤⎥⎥⎥⎦ (2.27)

where

C =

[
1 − 1

2
− 1

2

0
√

3

2
−

√
3

2

]
(2.28)

6Also known as a space vector.
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Conversely, if the space phasor is given, the three constituting signals can be re-

trieved as

fa(t) = Re
{

F(t)e−j0
}

(2.29)

fb(t) = Re
{

F(t)e−j 2𝜋
3

}
(2.30)

fc(t) = Re
{

F(t)e−j 4𝜋
3

}
(2.31)

where Re{⋅} means “real part of.” In terms of the real-valued components F𝛼 and F𝛽 ,

the constituting signals are given by

⎡⎢⎢⎢⎣
fa(t)
fb(t)
fc(t)

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣

1 0

− 1

2

√
3

2

− 1

2
−

√
3

2

⎤⎥⎥⎥⎦
[

F𝛼(t)
F𝛽(t)

]

= CT

[
F𝛼(t)
F𝛽 (t)

]
(2.32)

where C is defined by (2.28) and superscript T denotes matrix transposition.

The significance of transform (2.26) and its inverse, (2.29–2.31), can be best un-

derstood through the example of a balanced three-phase sinusoidal signal. To that

end, consider the general case of a variable-amplitude, variable-frequency signal:

fa(t) = F(t) cos [𝜃(t)] (2.33)

fb(t) = F(t) cos
[
𝜃(t) − 2𝜋

3

]
(2.34)

fc(t) = F(t) cos
[
𝜃(t) − 4𝜋

3

]
(2.35)

where

𝜃(t) = 𝜃0 + ∫
t

0

𝜔(𝜏)d𝜏 (2.36)

and 𝜃(t), 𝜔(t), and F(t) are the instantaneous phase angle, frequency, and magnitude

of the three-phase signal, respectively, and 𝜃0 is the initial phase angle. Then, based

on (2.26), the space phasor of the three-phase signal is

F(t) = F(t)ej𝜃(t) (2.37)

Let us now graphically represent (2.37) by a phasor on the complex plane, as Fig. 2.16

shows; we have labeled the real and imaginary axes as 𝛼 and 𝛽 axes, respectively.

Thus, the three-phase signal (2.33–2.35) is equivalent to a rotating phasor whose

length equals the (instantaneous) peak value of the signal (i.e., F(t)), whose angular

displacement relative to the 𝛼-axis equals the phase angle of the signal (i.e., 𝜃(t)), and
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ia
ib
ic

υa

υb

υc

Figure 2.17 A three-wire three-phase network.

whose instantaneous angular velocity equals the instantaneous angular frequency of

the signal (i.e., 𝜔(t)). Therefore, it follows from (2.29–2.31) that changes made to

any of the attributes length, phase angle, and rotational speed of a space phasor are

instantaneously reflected in, respectively, the peak value, phase angle, and frequency

of the constituents fa(t), fb(t), and fc(t). This important property is the basis of the

so-called vectorial control of power-electronic converters, in electric drive systems

and utility applications, which will be detailed in Section 2.4.2.4.

We conclude this section by defining the instantaneous real and reactive powers,

using space phasors. Consider the three-wire three-phase network of Figure 2.17

whose terminal voltages and currents are vabc and iabc, respectively; neither vabc nor

iabc has to be balanced or even sinusoidal. The instantaneous power flowing into the

network is given by

P(t) = va(t)ia(t) + vb(t)ib(t) + vc(t)ic(t) (2.38)

Using (2.29–2.31), vabc and iabc in (2.38) can be expressed in terms of their corre-

sponding space phasors, to yield

P(t) = Re
{

V(t)ej0
}

Re
{

I(t)ej0
}

+Re
{

V(t)e−j 2𝜋
3

}
Re

{
I(t)e−j 2𝜋

3

}
+Re

{
V(t)e−j 4𝜋

3

}
Re

{
I(t)e−j 4𝜋

3

}
(2.39)
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Using the identity Re{𝛼}Re{𝛽} = (Re{𝛼𝛽} + Re{𝛼𝛽∗})∕2, one can rewrite (2.39) as

P(t) =
Re

{
V(t)I(t)

}
+ Re

{
V(t)I

∗
(t)

}
2

+
Re

{
V(t)I(t)e−j 4𝜋

3

}
+ Re

{
V(t)I

∗
(t)

}
2

+
Re

{
V(t)I(t)e−j 8𝜋

3

}
+ Re

{
V(t)I

∗
(t)

}
2

(2.40)

where ∗ denotes “complex-conjugate of.” Since ej0 + e−j 4𝜋
3 + e−j 8𝜋

3 ≡ 0, equation

(2.40) is simplified to

P(t) = Re
{

3

2
V(t)I

∗
(t)

}
(2.41)

It should be noted that (2.41) is developed with no assumptions on the forms of vabc
and iabc. These variables can have any arbitrary waveforms. However, if vabc and iabc
are sinusoids of constant amplitudes and equal constant frequencies, (2.41) is reduced

to the expression for the real power in the conventional phasor analysis. Therefore,

one is motivated to also define instantaneous reactive power and instantaneous com-

plex power, as

Q(t) = Im
{

3

2
V(t)I

∗
(t)

}
(2.42)

S(t) = P(t) + jQ(t) = 3

2
V(t)I

∗
(t) (2.43)

where Im {⋅} denote the “imaginary part of.” It can be verified that if vabc and iabc
are constant-amplitude sinusoids of equal constant frequencies, (2.42) and (2.43) are

identical to the expressions of reactive and complex powers in the conventional phasor

analysis.

2.4.2.2 Space-Phasor Representation of the AC Side Now consider the system

of Fig. 2.2, in which the AC-side current of the VSC is governed by the following

dynamic equations:

L
dita
dt

= −Rita + vta − vga (2.44)

L
ditb
dt

= −Ritb + vtb − vgb (2.45)

L
ditc
dt

= −Ritc + vtc − vgc (2.46)
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Multiplying the two sides of (2.44–2.46) by, respectively,
2

3
ej0,

2

3
ej 2𝜋

3 , and
2

3
ej 4𝜋

3 ,

adding the resulting equations, and using (2.26), one obtains

L
dIt

dt
= −RIt + Vt − Vg (2.47)

It is then understood from (2.47) that the space phasor of the AC-side current (and,

therefore, the phase angle, frequency, and magnitude of the phase currents ita, itb, and

itc) can be controlled by the space phasor of the VSC terminal voltage, while the grid

voltage phasor acts as a disturbance input. Further, regarding a conventional phasor

(used in sinusoidal steady-state analysis) as a special case of a space phasor7, one

can devise control strategies for the VSC. For example, if the VSC in the system of

Fig. 2.2 is to only deliver reactive power to the host AC grid, then its terminal volt-

age phasor must be made aligned with the grid voltage phasor, such that the current

phasor is perpendicular to the grid voltage phasor8; whether the current leads or lags

the grid voltage phasor depends on the magnitude of the terminal voltage phasor, rel-

ative to that of the grid voltage phasor. The desired terminal voltage phasor, which

is specified by the controller, is then transformed to three desired phase voltages,

based on (2.29–2.31), which are synthesized by the VSC using a switching algorithm

(Section 2.3). Care, however, should be taken in interpreting the results: The mag-

nitude of a space phasor equals the peak value of its respective three-phase signal,

whereas the traditional phasor uses rms characterization.

2.4.2.3 Current Control in the Stationary Frame Expressing each space phasor

in (2.47) in terms of its 𝛼-axis (i.e., real) and 𝛽-axis (i.e., imaginary) components and

splitting the resulting equation to its real and imaginary components, one finds

L
dIt𝛼

dt
= −RIt𝛼 + Vt𝛼 − Vg𝛼 (2.48)

L
dIt𝛽

dt
= −RIt𝛽 + Vt𝛽 − Vg𝛽 (2.49)

Therefore, the control of the VSC boils down to controlling two subsystems; and

the two subsystems are decoupled if the grid voltage components Vg𝛼 and Vg𝛽 are

independent, as in a stiff grid. Thus, two independent control loops, respectively,

determine the desired terminal voltage components, V∗
t𝛼 and V∗

t𝛽 , based on the con-

trol objectives, for example, regulation of I𝛼 and I𝛽 . Then, using (2.29–2.31), the

desired three-phase signals v∗ta, v∗tb, and v∗tc are calculated from the space phasor

V
∗
t = V∗

t𝛼 + jV∗
t𝛽 and fed for synthesis to the switching scheme of the VSC. The

method of control is known as control in the stationary frame or 𝛼𝛽 frame. It then

follows from substituting for Vg = Vg𝛼 + jVg𝛽 and It = It𝛼 + jIt𝛽 in (2.41) and (2.42)

7See [23] for a proof.
8The phase angle and/or magnitude of a space phasor can be changed by multiplying the space phasor by
a complex-valued function, kej𝜌, in a phase-shifter/scaler signal processing block; k and 𝜌 are the scale
factor and phase shift, respectively [23].
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that

Pg(t) =
3

2

(
Vg𝛼It𝛼 + Vg𝛽 It𝛽

)
(2.50)

Qg(t) =
3

2

(
−Vg𝛼It𝛽 + Vg𝛽It𝛼

)
+ Qc(t) (2.51)

where Qc(t) is the instantaneous reactive power generated by the bank of filter ca-

pacitors (Fig. 2.2)9. Thus, knowing the grid voltage components Vg𝛼 and Vg𝛽 , one

can control Pg and Qg by the controlling the VSC AC-side current components It𝛼
and It𝛽 .

The 𝛼- and 𝛽-axis components of a space phasor corresponding to set of three

time-varying signals are time-varying themselves. In particular, in power system ap-

plications, such that those discussed in this book, the 𝛼- and 𝛽-axis components are

sinusoids, as (2.37) indicates. Consequently, to ensure small errors and high perfor-

mance, the compensators and filters of the control scheme must be designed such that

the control loops feature sufficiently large gain crossover frequencies, corresponding

to adequately wide closed-loop bandwidths; and the design is typically onerous. The

control design and implementation tasks are considerably simpler if the signals are

DC in nature (except in transients). This objective can be fulfilled if the control is

performed in an orthogonal rotating frame whose angular velocity equals the angular

frequency of the grid voltage. This topic is further discussed in Section 3.2.6 where

integration of space-phasor-based converter and controller models with phasor-based

host AC systems is described.

2.4.2.4 Current Control in a Rotating Frame Consider a variable-amplitude,

variable-frequency, balanced, three-phase grid voltage, as

vga(t) = Vg(t) cos
[
𝜃g(t)

]
(2.52)

vgb(t) = Vg(t) cos
[
𝜃g(t) −

2𝜋

3

]
(2.53)

vgc(t) = Vg(t) cos
[
𝜃g(t) −

4𝜋

3

]
(2.54)

where

𝜃g(t) = 𝜃g0 + ∫
t

0

𝜔g(𝜏)d𝜏 (2.55)

and 𝜃g(t), 𝜔g(t), and Vg(t) are the instantaneous phase angle, frequency, and magni-

tude of the grid voltage, respectively, and 𝜃g0 is the initial phase angle. Then, based

on (2.26), the corresponding space phasor is

Vg(t) = Vg(t)ej𝜃g(t) (2.56)

9We are ignoring transient excursions in the magnitude and phase angle of Vg(t). Otherwise, the power
exchanged with the capacitor would also have a real component, PC(t).
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Figure 2.18 A space phasor and a rotating frame.

which is a phasor that rotates with an instantaneous angular velocity of 𝜔g(t), as

shown in Fig. 2.18. Now consider another Cartesian frame of coordinates, which,

hereafter, is referred to as an XY frame10, whose X-axis makes an angle of 𝜌(t) with

respect to the 𝛼-axis of the stationary frame. Thus, the frame rotates around the origin

at an instantaneous angular velocity of

𝜔(t) = d𝜌
dt

(2.57)

Commonly, however, 𝜔(t), rather than 𝜌, is a control variable, whereas 𝜌(t) is a by-

product. Thus, one can calculate 𝜌 from 𝜔(t), as

𝜌(t) = 𝜌0 + ∫
t

0

𝜔(𝜏)d𝜏 (2.58)

where 𝜌0 is the initial value of 𝜌. Then, if the signal magnitude, Vg, is constant,

the components of Vg(t) along the X- and Y-axes, i.e., VgX and VgY , become time-

invariant if and only if the XY-frame rotates at the same angular velocity11 as that of

Vg(t), that is, if𝜔(t) = 𝜔g(t); in the same frame, the other waveforms also correspond

to time-invariant phasors based on the fact that they have the same angular frequency,

in the steady state, as that of the grid voltage.

The expression of a space phasor, F(t) = F𝛼(t) + jF𝛽(t), in the XY-frame of

Fig. 2.18 is mathematically formulated as

FX(t) + jFY (t) = F(t)e−j𝜌(t) (2.59)

10It is most commonly known as a dq frame. In this book, however, we have chosen the name XY frame
to circumvent potential confusions with a similar concept employed for the analysis of synchronous ma-
chines.
11And, therefore, in the same direction.
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which we refer to as the 𝛼𝛽- to XY-frame transformation. In terms of real-valued

signals, one can write [
FX(t)
FY (t)

]
= R [𝜌(t)]

[
F𝛼(t)
F𝛽 (t)

]
(2.60)

where

R [𝜌(t)] =

[
cos 𝜌(t) sin 𝜌(t)
− sin 𝜌(t) cos 𝜌(t)

]
(2.61)

Conversely, the XY- to 𝛼𝛽-frame transformation is defined by

F(t) =
(
FX(t) + jFY(t)

)
ej𝜌(t) (2.62)

which, in terms of real-valued signals, can be rewritten as[
F𝛼(t)
F𝛽(t)

]
= R−1 [𝜌(t)]

[
FX(t)
FY (t)

]

= R [−𝜌(t)]

[
FX(t)
FY (t)

]
(2.63)

where

R−1 [𝜌(t)] = R [−𝜌(t)] =

[
cos 𝜌(t) − sin 𝜌(t)
sin 𝜌(t) cos 𝜌(t)

]
(2.64)

It can also be verified that

R−1 [𝜌(t)] = RT [𝜌(t)] (2.65)

It is also useful to derive an expression for the derivative of a space phasor, in

terms of its XY-frame expression:

dF
dt

=
(

dFX

dt
+ j

dFY

dt

)
ej𝜌 + 𝜔

(
−FY + jFX

)
ej𝜌 (2.66)

where 𝜔 = d𝜌∕dt (2.57). The AC side of the system of Fig. 2.2 can now be expressed

in an XY-frame, if each space phasor in the model of (2.47) is expressed in terms of

the corresponding XY-frame components, based on (2.62) and (2.66). The result is

L
dItX

dt
= −RItX + L𝜔ItY + VtX − VgX (2.67)

L
dItY

dt
= −RItY − L𝜔ItX + VtY − VgY (2.68)
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It then follows from replacing Vg and It in (2.41) and (2.42) with, respectively,(
VgX + jVgY

)
ej𝜌 and

(
ItX + jItY

)
ej𝜌 that

Pg(t) =
3

2

(
VgXItX + VgY ItY

)
(2.69)

Qg(t) =
3

2

(
−VgXItY + VgY ItX

)
+ Qc(t) (2.70)

where Qc(t) is the instantaneous reactive power generated by the bank of filter capac-

itors (Fig. 2.2). Therefore, knowing the grid voltage components VgX and VgY , one

can control Pg and Qg by the controlling the VSC AC-side current components ItX
and ItY .

Equations (2.67) and (2.66) represent a two-input/two-output dynamic system

(Fig. 2.19) for which VtX , VtY , and 𝜌 are the control inputs, ItX and ItY are the out-

puts, and VgX and VgY are the disturbance inputs. The control inputs, VtX and VtY
are, in turn, produced through a switching strategy, from two other control variables.

For example, based on the SPWM switching strategy (Section 2.3.1), VtX and VtY
are proportional to mX and mY , i.e., the X- and Y-axis components of the three-phase

modulating signal; the system of Fig. 2.19 assumes the SPWM switching strategy.

In practice, due to the harmonic distortion of the terminal voltage vt,abc, VtX and VtY
include time-varying components in addition to the DC components (Vdc∕2)mX and

(Vdc∕2)mY . These components, not shown in Fig. 2.19, act as disturbance signals

X

X

ac current dynamics
SPWM

X

X

mX

mY

VtX
ItX

ItY
VtY

VgY

VgX

L

L

Vdc

2

−

−

−
Ls + R

1

Ls + R
1

ω

Figure 2.19 Block diagram of the control plant describing the dynamics of the AC-side

current in a general XY-frame.
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and result in corresponding time-varying components in ItX and ItY , which, in turn,

translate into harmonic distortion of the AC-side current it,abc. The magnitudes of the

time-varying components of ItX and ItY depend on the magnitudes and frequencies

of the harmonics, relative to the corner frequency of the filter 1∕(Ls + R), i.e., R∕L;

the filter corresponds to the tie reactor of the VSC. Therefore, for a sinusoidal AC

current, one must either minimize the harmonic distortion of vt,abc by, for example,

multi-level AC voltage synthesis techniques or increase the harmonic frequencies of

vt,abc by, for example, the SPWM switching strategy.

For the system of Fig. 2.19, let us assume that the control objective is to regulate

ItX and ItY at two respective setpoints I∗tX and I∗tY , by the control inputs VtX and VtY ; to

ensure DC signals, 𝜔 will be regulated at the angular frequency of the grid voltage,

𝜔g, through a mechanism that we will shortly describe. The control, however, is

not straightforward as ItX and ItY are coupled due to the terms 𝜔(t)ItX and 𝜔(t)ItY .

Moreover, in practice, the grid voltage vg,abc depends on the current contribution of

the VSC, it,abc, due, most importantly, to nonzero Thevenin impedance of the host

AC grid. Consequently, VgX and VgY depend on ItX and ItY and, as such, may not be

considered as disturbance signals. Further, the dependence of vg,abc on it,abc translates

into the dependence of 𝜔 on ItX and ItY , for the reasons discussed in Section 2.4.2.5.

Furthermore, 𝜔g (and therefore 𝜔, which is made to follow 𝜔g) depends on ItX and

ItY , if the VSC is large relative to the rating of the host AC grid.

Figure 2.20 shows the block diagram of a control scheme that largely (almost en-

tirely) overcomes the aforementioned couplings and nonlinearities associated with

the control plant of Fig. 2.19. Thus, the control scheme may be considered to con-

sist of two sub-controllers, the X- and Y-axis controllers. For the X-axis controller, a

XY-frame current controller
X-axis compensator

Y-axis compensator

Decoupling signals

0.5

−−

−

×

×
ω

L

L

eX

eY

uX

uY

V*
tX

V*
tY

VgY

KI (s)

KI (s)

VgX

Vdc

mY

mX

I*
tY

I*
tX

ItY

ItX

Figure 2.20 Block diagram of the current-control scheme for control plant of Fig. 2.19.
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corresponding compensator, KI(s), processes the error signal eX = I∗tX − ItX and gen-

erates the control signal uX . Then, the desired value of the X-axis AC-side terminal

voltage, V∗
tX , is produced by supplementing the compensator output uX with two sig-

nals, −ItY𝜔 and VgX; the former signal decouples ItX from ItY , whereas the latter acts

as a feedforward signal and mitigates the dependance of ItX on VgX in Fig. 2.19. Sim-

ilarly, in the Y-channel controller, a corresponding compensator processes the error

signal eY = I∗tY − ItY and generates the control signal uY . Then, the desired value of

the Y-axis AC-side terminal voltage, V∗
tY , is produced by supplementing uY with two

signals, ItX𝜔 and VgY , which decouple ItY from ItX and VgY . Finally, if the SPWM

switching strategy is employed, the X- and Y-axis components of the three-phase

modulating signal, mX and mY , are produced by dividing the desired AC-side termi-

nal voltage components V∗
tX and V∗

tY by the gain of the VSC. The gain, Vdc∕2, can

either be measured, thus acting as a feedforward signal, or be considered a constant

equalling the nominal steady-state value of the VSC DC-side voltage. The control

requires signal transformations from the abc frame to the XY (for feedback and feed-

forward signals) and from the XY- frame to the abc-frame (for the production of the

modulating signals ma, mb, and mc from the controller outputs mX and mY ), which

take place in the transformation blocks of Fig. 2.21. The transformations require

angle 𝜌(t), which is calculated from 𝜔(t), based on (2.58).

Eqn.

(2.63) 

and
(2.64)

Eqn.

(2.60) 

and

(2.61)

Eqn.
(2.27)
and

(2.28)

Eqn.

(2.32)

(a)

(b)
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FX

FY

FX
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abc-to-αβ

XY-to-αβ

abc-to-XY

XY-to-abc

αβ-to-XY

αβ-to-abc

Fα

Fα

Fβ

Fβ

abc

abc

ρ ρ

ρ ρ

XY

XY

Figure 2.21 Block diagrams of (a) abc- to XY-frame signal transformation, and (b) XY- to

abc-frame signal transformation.
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We shall remember that the feedback and feedforward signals in the control scheme

of Fig. 2.20 are measures of the actual corresponding variables in the plant of Fig. 2.19.

However, we use the same symbol for both a variable and its measure, as we assume

that the measurement dynamics are fast, or, alternatively, the voltage and current

transducers offer sufficiently wide-band, low pass, frequency responses, such that the

measure of a variable equals the variable itself over the frequency range of interest.

Figure 2.22 illustrates the current-control process, based on the control scheme of

Figure 2.19 and control plant of Fig. 2.20. It can be readily verified that the control

is equivalent to two independent current-control loops, as shown in Fig. 2.23. One

loop regulates ItX at setpoint I∗tX , whereas the other loop regulates ItY at I∗tY . Moreover,

as Fig. 2.23 indicates, the compensator outputs uX and uY equal, respectively, the X-

and Y-axis components of the voltage that is required to be dropped across the RL tie

reactor. It is further noted that the control plant is the same for both control loops,

1∕(Ls + R), and, therefore, the compensators can have the same transfer function,

KI(s), as also indicated in the block diagram of Figure 2.20.
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Figure 2.22 Block representation of the current-control process in an XY-frame.
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X-axis controller X-axis plant

Y-axis controller Y-axis plant

I*
tX

I*
tY

ItX

ItY

eX uX

eY uY

KI (s)
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Figure 2.23 Block diagrams of the decoupled X- and Y-axis current-control loops equivalent

to the current-control process illustrated in Fig. 2.22.

Considering the DC nature of the signals and first-order transfer function of the

control plants in the control loops of Fig. 2.22(b), the simplest compensator that en-

sures regulation with zero steady-state error is a proportional-integral (PI) compen-

sator, as

KI(s) =
kps + ki

s
(2.71)

where kp and ki are the proportional and integral gains, respectively. A particularly

interesting set of gains is

kp = L
𝜏i

(2.72)

ki =
R
𝜏i

(2.73)

for which the closed-loop transfer functions assume the following first-order forms:

ItX(s)
I∗tX(s)

=

ItY (s)
I∗tY (s)

= 1

𝜏is + 1
(2.74)

where 𝜏i is the desired time-constant of the closed-loop step response or, alternatively,

reciprocal of the −3 dB bandwidth of the closed-loop transfer function.

The choice of compensator parameters based on (2.72) and (2.73) corresponds to

canceling the plant pole, −R∕L, by the compensator zero, −ki∕kp, such that the trans-

fer function of the open-loop gain is 𝓁(s) = 1∕(𝜏is), thus resulting in a first-order

closed-loop transfer function (2.74). A first-order closed-loop transfer function, on

the other hand, is desirable as its response exhibits no overshoots. Therefore, to pro-

tect the VSC, it is sufficient to place suitable upper limits on I∗tX and I∗tY . The pole-

zero cancelation, however, cannot be perfect, mainly, due to the fact that R is a poorly
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known parameter which also varies widely with temperature. Nonetheless, compen-

sator parameters calculated based on estimates of R and L, using (2.72) and (2.73), re-

sult in predominantly first-order closed-loop transfer functions for the current-control

loops of Fig. 2.22(b).

It should be noted that the block diagrams of Fig. 2.22 are valid for any XY-frame,

i.e., irrespective of the 𝜔(t), of course, if the feedback and feedforward signals are

faithful replica of their corresponding currents or voltages, as assumed. The impact

of 𝜔, however, manifests itself in the frequency at which the signals vary in a steady

state: Two extreme choices are (1) 𝜔(t) = 𝜔g(t), which results in DC signals as dis-

cussed earlier, and (2)𝜔(t) = 0, which results in sinusoidal signals with the frequency

𝜔g. The control in the 𝛼𝛽 frame is a special case of this type of control, in which,

as discussed earlier, the compensators have to process time-varying error signals.

Moreover, the transducers producing feedback or feedforward signals must adhere to

more stringent bandwidth requirements to be able to produce faithful measures of the

electrical variables.

We conclude this section by pointing out to that fact that, regardless of the control

strategy, i.e., current-mode or voltage-mode, a VSC interfaced with an AC grid is

vulnerable to DC-side short circuits, due to the conduction of the antiparallel diodes of

the switches, irrespective of its power circuit configuration, and this is considered the

most important shortcoming of the VSC technology for power system applications.

The response of two-level converters and MMC following DC-side faults will be

analyzed in Sections 6.3.1 and 6.3.2, respectively. The concept of “Fault-Blocking

Converters” will also be introduced in Section 6.4.

2.4.2.5 Phase-Locked Loop As discussed in Section 2.4.2.4, the most salient ad-

vantage of control in an XY frame, i.e., the involvement of DC signals, manifests

itself if the angular velocity of the XY frame, 𝜔(t), equals the angular frequency of

the grid voltage phasor, 𝜔g(t) (Fig. 2.18). One way to achieve this goal is to force the

angle 𝜌(t) to track the angle 𝜃g(t), as explained in the following.

Consider the scenario illustrated in Fig. 2.18; the XY frame lags the grid voltage

phasor Vg, that is, 𝜌(t) is smaller than 𝜃g(t). Therefore, the angular velocity of the XY

frame, 𝜔(t), must be increased, in order for the XY frame to reach Vg. Alternatively, if

the frame led Vg, then 𝜔(t) would need to be reduced, to allow Vg to overtake the XY
frame. That the frame lags or leads the grid voltage phasor can be identified by the

sign of VgY , the Y-axis component of Vg; a positive VgY signifies a lagging XY frame

(the scenario illustrated in Fig. 2.18), calling for an increased 𝜔, whereas a negative

VgY represents a leading XY frame and indicates the need for a reduced 𝜔. Once, 𝜌

equals 𝜃g, VgY = 0 and 𝜔 must be kept constant.

Figure 2.24 illustrates the feedback loop known as a phase-locked loop (PLL) that

regulates 𝜌(t) at 𝜃g(t), based on the strategy described earlier. Thus, first, the grid

voltage is transformed to the XY frame, using angle 𝜌, and then VgY is processed by

a compensator, H(s). The output of the compensator, 𝜔, is then fed to a voltage-

controlled oscillator (VCO) which produces 𝜌, a periodic sawtooth signal swinging

between zero and 2𝜋 with a frequency of 𝜔∕(2𝜋). In practice, the frequency of the
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Figure 2.24 Block diagram of a PLL.

grid voltage varies in a small vicinity of a nominal value, 𝜔s. For example, 𝜔s = 377

rad/s in a 60-Hz power system. Therefore, 𝜔 is also sufficient to be variable over a

fairly narrow range about 𝜔s. Therefore, to circumvent the need for large compen-

sator output variations, for example, in start-up or other severe transient regimes, the

output of H(s) is constrained to a small positive upper limit and a small (in absolute

values) negative lower limit, and then offset by a constant value of 𝜔s, to produce

𝜔 (Fig. 2.24). Hence, the XY frame is guaranteed to rotate at an angular velocity

of about 𝜔s, even if the output of H(s) is saturated. Although ineffectual for small-

signal disturbances, the aforementioned technique remarkably improves large-signal

performance of the PLL.

To characterize and design H(s), one must develop a control block diagram for the

PLL of Fig. 2.24. To that end, let us first express Vg(t) = Vg(t)ej𝜃g(t), (2.56), in the

XY frame, using (2.59):

VgX(t) + jVgY (t) = Vg(t)ej𝜃g(t)e−j𝜌(t)

= Vg(t)ej
(
𝜃g(t)−𝜌(t)

)
(2.75)

Using Euler’s identity ej(.) = cos(.) + j sin(.), one finds

VgY (t) = Vg(t) sin
(
𝜃g(t) − 𝜌(t)

)
(2.76)

which, assuming that the feedback loop is stable and has kept 𝜌(t) close to 𝜃g(t), can

be approximated as:

VgY(t) ≈ Vg(t)
(
𝜃g(t) − 𝜌(t)

)
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

e(t)

(2.77)

It then follows from (2.77), in conjunction with the block diagram of Fig. 2.24, that

the PLL can be represented by a unity-feedback control loop, as shown in Fig. 2.25,

for which 𝜃g(t) and 𝜌(t) are the reference and output signals, respectively. Thus,

e(t) = 𝜃g − 𝜌 is the error signal, Vg(t), i.e., the instantaneous peak of the grid (line-

to-neutral) voltage, is a time-varying gain, and the VCO, an integrator, is the control

plant. The objective of this control loop is to tune the compensator H(s) such that 𝜌(t)
is tightly and rapidly regulated at 𝜃g(t).
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Figure 2.25 Control block diagram for the PLL of Fig. 2.24.

The compensator of the PLL, H(s), must ensure sufficient phase margin, gain mar-

gin, and gain crossover frequency, for closed-loop stability, robustness to parameter

variations, and disturbance rejection. Since the command signal 𝜃g(t) is more or less

a ramp function of time12, H(s) must have at least one pole at s = 0, to ensure that the

overall open-loop gain includes at least two integrators (including the integral action

of the VCO), i.e., the control loop is of the so-called “type 2.” This also renders con-

stant disturbances ineffectual; these are the offset of 𝜔s added to the output of H(s),
the initial phase angle of the grid voltage, and the initial value of 𝜌. In its simplest

form, H(s) can be of the PI type. However, a more sophisticated filter is often pre-

ferred. For example, the grid voltage imbalance, however small, causes VgY to pulsate

at a frequency of 2𝜔g. The pulsations, in turn, result in pulsations in both 𝜔 and 𝜌13.

Hence, H(s) may also be delegated the task of filtering of the double-frequency pul-

sations of VgY , for ripple-free 𝜔 and 𝜌. In practice, under normal conditions, Vg(t)
may be considered constant at its nominal value and, therefore, acts as a pure gain.

Equations (2.52) through (2.54) assume that, as with any other node voltage, vga,

vgb, and vgc are measured with reference to the DC-side midpoint of the VSC; and

the DC-side midpoint may not be accessible or even be a physical node. However, it

can be readily shown that the expression for the corresponding space phasor, (2.56),

remains the same even if vga, vgb, and vgc are measured with reference to an arbitrary

node whose voltage with reference to the DC-side midpoint is, for example, vx. Thus,

using (2.26) and the identity ej0+ej 2𝜋
3 +ej 4𝜋

3 ≡ 0, one can verify that the space phasor

corresponding to the three constituents vga + vx, vgb + vx, and vgc + vx has the same

expression as that of (2.56). A convenient such measurement reference node is one of

the three coupling nodes, for example, the one corresponding to phase c, as indicated

in Fig. 2.26.

Once the PLL locks itself to the grid voltage and reaches a steady state, the 𝜌(t) =
𝜃g(t), 𝜔(t) = 𝜔g(t), VgY = 0, and VgX = Vg(t). These relationships also hold in

transients, albeit approximately. That is, 𝜌(t) ≈ 𝜃g(t), 𝜔(t) ≈ 𝜔g(t), VgY ≈ 0, and

VgX ≈ Vg(t), unless the disturbances are so large that the output of H(s) is satu-

rated (for example, due to an external fault within the AC grid). Therefore, in sub-

sequent chapters, we shall denote a PLL by the symbol of Fig. 2.27. In addition,

12If 𝜔g(t) is constant at its nominal value, 𝜔s, then, based on (2.55), 𝜃g(t) = 𝜔st + 𝜃g0, which is a ramp
function of time with a constant component.
13The impact of these pulsations is discussed in [23].
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Figure 2.27 A simplified symbol for the PLL, based on its steady-state performance.

the current-control scheme of Fig. 2.20 can be simplified as shown in Fig. 2.28. The

current-control scheme can be further simplified by replacing the signals 𝜔g(t) and

Vg(t) with their respective nominal values, in view of the fact that, in practice, the two

aforementioned quantities vary over relatively narrow ranges around their respective

nominal values and may be considered constant for control purposes.

However, perhaps, the most important and desirable result of the synchronization

process enabled by the PLL is that the real- and reactive-power outputs of the VSC

become proportional to and can therefore be independently controlled by the direct-

and quadrature-axis components of the VSC AC-side current, i.e., ItX and ItY , respec-

tively. This can be verified by substituting for VgY ≈ 0 in (2.69) and (2.70) to arrive

at

Pg(t) =
3

2
Vg(t)ItX(t) (2.78)

Qg(t) = −3

2
Vg(t)ItY (t) +

3

2
C𝜔g(t)V2

g (t)
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

Qc(t)

= −3

2
Vg(t)

[
ItY (t) + C𝜔g(t)Vg

]
(2.79)

Hence, based on (2.78), to regulate Pg, one can compute the VSC X-axis current

setpoint, I∗tX , from the real-power setpoint, P∗
g. Similarly, to regulate Qg, the setpoint

for the Y-axis component of the VSC current, I∗tY , can be calculated from the reactive-

power setpoint, Q∗
g, based on (2.79), where, depending on the required precision, Vg

and 𝜔g may either be received from the PLL or be approximated by their nominal

values. Alternatively, for outmost precision, I∗tX and I∗tX may be determined through
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shown in regards to implementation.

two corresponding feedback mechanisms, as illustrated in Fig. 2.29; in their simplest

forms, compensators Kp(s) and KQ(s) can be of the PI type. The current setpoints I∗tX
and I∗tY are received by the current-control scheme of the VSC (Fig. 2.28). They are

bounded by judiciously chosen lower and upper limits, to ensure protection of the

VSC.

2.4.3 Control of the DC-Side Voltage

As mentioned earlier, in the system of Fig. 2.2, a VSC may be employed for power-

flow control, in which case the objective is to regulate Pg at a respective setpoint,

by ItX , based on (2.78), or through a closed-loop mechanism as shown in Fig. 2.29.

Alternatively, however, Pg may be controlled as an intermediate variable, as before

by ItX , for the ultimate goal of regulating the DC-side voltage Vdc, at its respective

setpoint V∗
dc.

The basis of controlling Vdc by Pg is the following power-balance equation:

d
dt

WCdc
= VdcIl − Pdc (2.80)
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regulating (a) real-power output, Pg, and (b) reactive-power output, Qg.

where WC, equalling
1

2
CdcV2

dc, signifies the energy stored in the DC-side capacitance

Cdc, and Pdc is the power entering the DC side of the VSC. Ignoring the power losses

of the VSC, Pdc equals Pt, i.e., the power that leaves the AC-side terminals of the

VSC. In turn, Pt ≈ Pg, in view of the fact that the power loss of inductor L is small

(i.e., R is small) and assuming that the instantaneous powers exchanged with L and

C are negligible. Hence, Pdc ≈ Pg and, using (2.78), one can rewrite (2.80) as(
Cdc

2

) dV2
dc

dt
= VdcIl −

3

2
VgItX

⏟⏟⏟
Pg

(2.81)

Figure 2.30 shows the block diagram of the process of regulating Vdc, based on

the model of (2.81). As Fig. 2.30 illustrates, a compensator, KVdc(s), processes the

error between the square of the measure of Vdc, i.e., V2
dc, and its corresponding set-

point, (V∗
dc)

2, in order to determine one component of the setpoint I∗tX , i.e., uvdc. The

other component of I∗tX , i.e., uf , is determined through a feed-forward compensation

strategy whose objective is to minimize the impact of the current Il (Fig. 2.2) on the

regulation process (2.81). In a special case where Il is independent of Vdc, it acts as

a disturbance input and its effect would be rejected by the closed-loop mechanism,

without a need for feed-forward compensation. However, Il almost always depends

on Vdc, among other variables, in a substantial hard-to-characterize way, hence the
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feed-forward compensation. In its simplest form, the transfer function relating the

measure of Il to the feed-forward signal uf (Fig. 2.30) can be the pure gain

Gf (s) =
2Vdc

3Vg
(2.82)

for which Vdc and Vg are either dynamic measures or nominal values of the corre-

sponding voltages. Then, I∗tX is passed through a hard limiter and delivered to the

current-control scheme of the VSC.

It should be noted that uf , the feed-forward component of I∗tX , is communicated

through the X-axis current-control loop and, consequently, is delayed. Therefore, for

an effective feed-forward compensation, one must ensure a fast current-control loop,

corresponding to a small time-constant 𝜏i. Assuming this to be the case, the DC-side

voltage regulation loop is equivalent to the control loop of Fig. 2.31. As with any

typical control loop, the objective here is to design the compensator KV dc(s) such

that the closed loop is stable, robust to uncertainties of the parameter (such as that

of Vg which acts as a gain), and sufficiently fast. For a feedback loop of the form

illustrated in Fig. 2.31, i.e., one whose plant consists of a first-order lag in series

with an integrator, the simplest compensator is a PI transfer function whose gains are

determined through the method of symmetrical optimum [24].

2.4.4 Control of the AC Grid Voltage

Irrespective of whether Pg is controlled for the objective of power-flow control or

for regulating the DC-side voltage, the reactive-power output of the VSC, Qg, can be

controlled for reactive-power flow regulation, by direct assignment of I∗tY or through

the feedback loop of Fig. 2.29(b), or, alternatively, it can be controlled, as an interme-

diate variable, to regulate Vg, i.e., the magnitude of the grid voltage at the coupling

point. This can be achieved by the feedback loop of Fig. 2.32.
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Figure 2.32 Block diagram illustrating the process of AC voltage regulation at the coupling

point.

In the feedback loop of Fig. 2.32, a compensator, KV ac(s), compares the error

between the measure of Vg and its setpoint, V∗
g , and determines one component of

the VSC Y-axis current setpoint, while the feed-forward signal C𝜔gVg constitutes

the other component of I∗tY . The feed-forward signal is to compensate for Qc, the

reactive-power contribution of the filter capacitors (Fig. 2.2). It is straightforward to

show that, assuming a purely inductive AC grid, Vg is incrementally proportional to

−ItY , with the constant of proportionality being equal to the fundamental-frequency

Thevenin reactance seen from the point of coupling [23]14. In practice, due to the

resistance of the lines, Vg depends also on Pg and, therefore, on ItX , as Fig. 2.32

indicates. The dependance is, however, negligible in high voltage grids.

2.4.5 Multi-unit Control of DC Grid Voltage and/or AC Grid Voltage

In a multi-terminal system, more than one VSCs may be given the task of regulating

the DC grid voltage. Thus, depending on the resistances of the lines connecting the

DC ports of the VSCs, the process can entail undesirable power circulations among

the VSCs, or even instabilities, even if the VSCs are assigned (nominally) equal DC-

side voltage setpoints.

One way to avoid the aforementioned conflicts is to modify the voltage setpoints

based on the amount of power that the respective VSCs channel. Thus, as Fig. 2.33(a)

illustrates, the DC-side voltage setpoint, (V∗
dc)

2, can be varied in dynamic proportion

to the output real power of the VSC, Pg, which can be readily calculated from mea-

sures of the grid voltage and VSC AC-side current, based on (2.78); 𝛽P(s) is a filter

with a positive DC gain (i.e., 𝛽P(0) > 0). Consequently, if the regulation of V2
dc at

(V∗
dc)

2 requires, for example, that an excessive amount of power be exported to the

AC grid because, for example, the other VSCs have stiffly set the DC grid voltage at

a larger value, then (V∗
dc)

2 is made larger by 𝛽P(s)Pg and the condition is relaxed. On

the other hand, if the DC grid voltage is stiffly smaller than the setpoint, such that the

VSC must import a large amount of power from the AC grid (i.e., Pg is negative with

14The box labeled as “AC Grid Voltage Model” in Fig. 2.32 indicates that Vg depends on Qg, to remind
one of the general understanding that the AC voltage is dependent on the reactive power. However, based
on (2.79), it is understood that Qg is, in turn, related to ItY , as also illustrated by Fig. 2.32
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a large absolute value), in order to increase V2
dc toward (V∗

dc)
2, then (V∗

dc)
2 is made

smaller by 𝛽P(s)|Pg| to relax the condition. Eventually, contingent upon the stability

of the overall system, an equilibrium is reached, in terms of the real power that each

VSC channels and the DC-side voltage that each VSC assumes.

The aforementioned issue also arises if more than one VSCs attempt to regulate

the AC grid voltage, depending on the reactances between the lines connecting the

AC coupling points. Similarly, as shown in Fig. 2.33(b), the AC voltage setpoint, V∗
g ,

can be changed in dynamic proportion to the output reactive power, Qg, which can be

calculated from measures of the grid voltage and AC-side current of the VSC, based
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on (2.79), in order to enable stable multi-VSC regulation of the AC grid voltage; the

filter 𝛽Q(s) has a positive DC gain, similar to its real-power counterpart, 𝛽P(s).
Each of the two correction mechanisms described earlier is known as a droop

mechanism. Thus, V∗
dc and V∗

g are said to be drooped against the real power and the

reactive power, respectively. Usually, 𝛽P(s) and 𝛽Q(s) are chosen as first-order filters

of the forms:

𝛽P(s) =
𝛽P

𝜏Ps + 1
(2.83)

𝛽Q(s) =
𝛽Q

𝜏Qs + 1
(2.84)

for which the DC gains 𝛽P and 𝛽Q are known as the droop gains or droop coefficients.

These gains and the time constants 𝜏P and 𝜏Q are design choices. The magnitude

of 𝛽P is in a trade-off with the closeness of Vdc to V∗
dc, and the magnitude of 𝛽Q is

in a trade-off with the closeness of Vg to V∗
g . In other words, the droop mechanism

results in steady-state errors, in the interest of cooperation of multiple VSCs. Further

details of droop control will be analyzed in Chapter 4.

2.4.6 Control of Islands

In some applications, one or more VSCs may be required to energize, and regulate

the voltage magnitude and frequency of, a relatively small AC grid. Such an AC grid

hosts and exchanges energy with small-scale generators, for example, wind turbines

in an off-shore wind farm, as well as regional loads. Thus, the loads and generators

are synchronized to the AC grid voltage. Hereafter, to circumvent confusions with the

AC grid mentioned in the previous sections, the small AC grid is hereafter referred

to as an island. Figure 2.34 illustrates the scenario.

The task of regulating the voltage magnitude and frequency of the island can be

fulfilled through different methods. However, the control we present here is based on

the basic controls discussed in the previous sections. Thus, it is assumed that the VSC
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is voltage-supported by the DC grid and current-controlled by the control scheme of

Fig. 2.28, repeated here as Fig. 2.35 for the ease of reference. Hence, the dynamics

of the grid voltage at the coupling point, vg, abc, is described by

C
d
dt

(
vga − vn

)
= ita − iga (2.85)

C
d
dt

(
vgb − vn

)
= itb − igb (2.86)

C
d
dt

(
vgc − vn

)
= itc − igc (2.87)

where vn is the voltage of the common node of the AC-side filter capacitors, with

reference to the DC-side midpoint of the VSC.

Multiplying both sides of (2.85–2.87) by, respectively,
2

3
ej0,

2

3
ej 2𝜋

3 , and
2

3
ej 4𝜋

3 ,

adding the resulting equations, and using (2.26), one finds the following space-phasor

equation:

C
dVg

dt
= It − Ig (2.88)

in which vn does not appear due to the fact that ej0 + ej 2𝜋
3 + ej 4𝜋

3 ≡0.

Next, it is assumed that the PLL has perfectly aligned the X-axis of the XY frame

with the grid voltage space phasor and, therefore, Vg = Vgej𝜃g , where Vg is the
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instantaneous magnitude of the line-to-neutral grid voltage. Thus, substituting for

Vg = Vgej𝜃g , It =
(
ItX + jItY

)
ej𝜃g , and Ig =

(
IgX + jIgY

)
ej𝜃g in (2.88), performing

the differentiations, and splitting the resulting equation into its real and imaginary

components, we obtain

dVg

dt
=

(
1

C

) (
ItX − IgX

)
(2.89)

and

0 = −C𝜔gVg + ItY − IgY (2.90)

which can be rewritten as

𝜔g =
(

1

C

) ItY − IgY

Vg
(2.91)

where

d𝜃g

dt
= 𝜔g (2.92)

Equations (2.89) and (2.91) indicate that the magnitude and frequency of vg,abc
can be controlled by the converter current components ItX and ItY , which, in turn, are

controlled by their respective setpoints I∗tX and I∗tY , based on (2.74).

Figure 2.37 shows a block diagram of the control scheme. Thus, two compen-

sators, KVac(s) and K𝜔(s), process the corresponding error signals, evac = V∗
g − Vg

and e𝜔 = 𝜔∗
g − 𝜔g, and produce the setpoints I∗tX and I∗tY , respectively. The com-

pensators are, however, difficult to design since the current components IgX and IgY
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depend on both 𝜔g and Vg, in an uncertain manner. Therefore, as Fig. 2.37 shows,

the compensator outputs are augmented with measures of IgX and IgY , as feedforward

signals. Figure 2.37 also shows that the output of K𝜔(s) may be multiplied by CVg to

counteract the impact of Vg on𝜔g (Fig. 2.36). However, assuming that Vg is regulated

about a small neighborhood of its nominal value, the feedforward signal CVg may be

replaced with a constant gain, as a factor of K𝜔(s). In order for the aforementioned

feedforward compensation strategies to be effective, 𝜏i must be sufficiently small,

corresponding to adequately fast X- and Y-axis closed current-control loops. In their

simplest forms, KVac(s) and K𝜔(s) can be of the PI form. KVac(s), in particular, can be

tuned through the method of symmetrical optimum [24]. To enable multiple VSCs to

concurrently regulate the voltage magnitude and frequency of an island, the setpoints

V∗
g and 𝜔∗

g of each VSC can be drooped against the reactive and real powers that the

VSC exchanges with the grid, Qg and Pg in Fig. 2.34, as

V∗
g = Vgn − 𝛽Q(s)Qg (2.93)

and

𝜔∗
g = 𝜔s − 𝛽P(s)Pg (2.94)

where Vgn and 𝜔s are the nominal frequency and magnitude of the island voltage,

respectively. Filters 𝛽P(s) and 𝛽Q(s) are described in Section 2.4.5.

2.5 Simulation

In general, simulation studies constitute the first and most important step in evaluation

of a design and its impact on the host AC and DC grids. Depending on the available

simulation platforms or the type of study to be conducted, a system of VSCs can be

modeled in different ways, e.g., using the mathematical relationships and signal pro-

cessing blocks in MATLAB®/SIMULINK® [25] software environment, etc. How-

ever, a circuit-based simulation model, developed on a specialized software platform,

such as EMTDC/PSCAD [26], PSIM, or PSPICE, offers a more tangible perspective

of the operation and performance of the system and its transients. Moreover, a circuit-

based simulation model can be more conveniently expanded to study more complex

systems which typically include transmission lines, electric machines, loads of differ-

ent characteristics, transformers, switching devices and relays, and so on. To enable

convenient modeling of the control, circuit-based simulation platforms offer libraries

of various signal processing building blocks and, in some software packages, such

as EMTDC/PSCAD, even the capability to link user-developed control and signal

processing codes. The subsequent sections discuss the development of circuit-based

simulation models for the VSCs in a multi-terminal AC/DC system.

To model a VSC, one major task is to model of switches of the VSC; the model

of this specific component effectively determines the trade-off between the accuracy

and speed of simulation of the model. Some software packages (e.g., PSPICE) of-

fer sophisticated models for transistors and diodes (based on generic mathematical
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equations whose parameters may be specified by device manufacturers) and can there-

fore capture such transient phenomena as diode reverse recovery and transistor tail-

ing current. However, some others represent a diode or a transistor by a nonlinear

resistor. Thus, the type of study and transients to be captured, size and complex-

ity of the overall simulation model, and tolerable simulation runtime are among the

factors that determine the level of complexity required for the switches of a VSC.

For example, detailed device models are suitable for studying fast overvoltage tran-

sients, device thermal states, switching power losses, etc., while they significantly

increase the runtime of the simulation. By contrast, simplified device models can-

not capture the aforementioned transients, but adequately capture transients relevant

to power system studies, with a reasonably low runtime. A circuit-based simula-

tion model of the VSC in which the switches and their switching scheme are in-

cluded is referred to as a topological model, a detailed model, or a switched model
and is generally considered the closest, in terms of accuracy, to a hardware proto-

type.

As the size and complexity of the study system grow, the simulation runtime based

on a switched model can quickly become prohibitively large, even if the crudest mod-

els are adopted for the switches, especially if a multitude of VSCs coexist within the

study system. The computational burden becomes particularly onerous when multi-

ple VSCs connected to a large AC grid comprising many generators and transmission

lines are studied. For such cases, the switched VSC models can be replaced by models

in which no switching device scheme is included, but the AC-side terminal voltages

(or currents) of the VSC are produced by dependent voltage sources. Throughout the

rest of the book, this model will be referred as the averaged model. This averaged

model will be used in Chapter 3 to develop the modeling framework for AC-MTDC

grids.

Figure 2.38 illustrates a circuit-based VSC model in which the AC-side terminal

voltages are produced by three dependent voltage sources. The positive terminals

of the voltage sources correspond to the AC-side terminals of the VSC, while their

negative terminals meet at a common node, “0,” as the virtual DC-side midpoint of

the VSC (Figs 2.1 and 2.2); to circumvent convergence difficulties, it is sometimes

necessary to connect the node “0” to the circuit ground, through a large resistor, as

shown in Fig. 2.38, especially if nowhere else within the AC grid is connected to the

ground. In the model of Fig. 2.38, each voltage source establishes a voltage (with

reference to node “0”) that is equal in value to the fundamental component of the

corresponding AC-side terminal voltage of the VSC. Thus, the control signals of the

voltage sources producing the voltages vta, vtb, and vtc are obtained from XY- to abc-

frame transformation of the signals V∗
tX and V∗

tY , i.e., the XY-frame components of

the desired voltage phasor. In turn, V∗
tX and V∗

tY are obtained from the XY-frame

components of the modulating signal, mX and mY , which are produced by the control

scheme of the VSC (for example, by the scheme of Fig. 2.28); the angle for the XY-

to abc-frame transformation, 𝜃g, is the phase angle of the grid voltage phasor, which

is obtained from the PLL of the control scheme (Section 2.4.2.5). The gain kPWM ,

also commonly known as the converter gain, depends on the switching strategy. For

example, for a two-level VSC (Fig. 2.3.1), kPWM is 0.5 under the SPWM strategy,
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Figure 2.38 A circuit-based averaged model of the VSC based on dependent voltage and

current sources.

0.577 (= 1∕
√

3) under the SPWM with third-harmonic injection, and 0.577 under

the space-vector modulation (SVM) strategy. If the impact DC-side voltage on the

AC-side terminal voltage is deemed to be negligible, for example, because Vdc is

known to be constant or tightly regulated, the signals V∗
tX and V∗

tY may be directly

obtained from the control scheme.

Figure 2.38 also indicates that the DC-side current of the VSC, Idc, is produced

by a dependent current source. Thus, the value of the current is determined by (2.9).

Rewriting the numerator of (2.9) in terms of the XY-frame components of vt,abc and

it,abc, one finds



68 THE VOLTAGE-SOURCED CONVERTER (VSC)

Idc =
3

2

(
VtXItX + VtY ItY

)
Vdc + 𝜖

(2.95)

in which the relatively small constant 𝜖 is deliberately introduced to prevent division

by zero which would otherwise occur when Vdc is zero, e.g., at the start of the sim-

ulation study. The signals ItX and ItY are obtained from an abc- to XY-frame signal

transformation, as Fig. 2.38 illustrates.

The averaged model of Fig. 2.38 does not include the switches or switching scheme.

Therefore, it runs considerably faster than its switched counterpart. However, it does

not predict the voltage/current harmonics (generated through the PWM process) and

their impact on the control and host grids. Moreover, assuming a SPWM switching

strategy, it is valid for frequencies up to about one-third of the switching frequency

(carrier signal frequency) and only if the VSC in the actual system or in the switched

model operates in its linear modulation region, that is, if
√

V∗
tX

2 + V∗
tY

2 ≤ 0.5Vdc

(the condition is modified to
√

V∗
tX

2 + V∗
tY

2 ≤ 0.575Vdc if the SPWM strategy with

third-order harmonic injection or the SVM strategy is assumed). The averaged model,

however, can be expanded to also include AC-side voltage harmonics, as illustrated

by the following example.

Consider the three-level waveform of Fig. 2.39, representative of the AC-side ter-

minal voltage of, for example, the NPC converter of Fig. 2.10, produced through the

so-called single-pulse modulation switching strategy. The terminal voltage, vta, may

be expressed as

vta(𝜀) = k cos 𝛼 cos 𝜀
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟⟨vta⟩1

+

k
(−1

3
cos 3𝛼 cos 3𝜀 + 1

9
cos 9𝛼 cos 9𝜀 + −1

15
cos 15𝛼 cos 15𝜀 + ...

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

triple-n harmonics

+

3π
2

3π
2

−π π
ε(t)

π
2

−

− πγ
2

2α

2α

Vdc/2

−Vdc/2

υta

0

Figure 2.39 Waveform of a three-level AC-side terminal voltage produced by an NPC

converter through single-pulse modulation strategy.
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k
(

1

5
cos 5𝛼 cos 5𝜀 + −1

7
cos 7𝛼 cos 7𝜀 + −1

11
cos 11𝛼 cos 11𝜀 + ...

)
+

(2.96)

where

k =
(

Vdc

2

) (
4

𝜋

)
=

(
2

𝜋

)
Vdc (2.97)

and

𝜀(t) = 𝜃g(t) + 𝜀0 (2.98)

where 𝜃g is the phase angle of the grid voltage phasor provided by the PLL, and 𝜀0

is the phase angle of the fundamental component of vta, relative to 𝜃g. Thus, vta con-

sists of a fundamental component, ⟨vta⟩1, superimposed with odd-order harmonics

grouped as triple-n harmonics and the other harmonics. Assuming a balanced three-

phase operation, the phase voltages vtb and vtc can be found by replacing 𝜀(t) in (2.96)

with 𝜀(t) − 2𝜋∕3 and 𝜀(t) − 4𝜋∕3, respectively:

vtb(𝜀) = vta

(
𝜀 − 2𝜋

3

)
(2.99)

vtc(𝜀) = vta

(
𝜀 − 4𝜋

3

)
(2.100)

Based on (2.26), one finds the space phasor corresponding to vta, vtb, and vtc as

Vt = (k cos 𝛼) ej𝜀

⏟⏞⏞⏞⏟⏞⏞⏞⏟

fundamental

+

(−k
7

cos 7𝛼
)

ej7𝜀 +
( k

13
cos 13𝛼

)
ej13𝜀 +

(−k
19

cos 19𝛼
)

ej19𝜀 + ...+
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

positive-sequence harmonics( k
5
cos 5𝛼

)
e−j5𝜀 +

(−k
11

cos 11𝛼
)

e−j11𝜀 +
( k

17
cos 17𝛼

)
e−j17𝜀 + ...

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

negative-sequence harmonics

(2.101)

Thus, Vt is composed of individual space phasors, each corresponding to a harmonic

component, including the fundamental component, of the three-phase voltage vt, abc,

with the exception of the triple-n harmonics which are common for the phase voltages

vta, vtb, and vtc. The space phasors corresponding to harmonics of order 6n + 1 (n a

positive integer) rotates in the same direction as the space phasor corresponding to

the fundamental component, whereas the space phasors corresponding to harmonics
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of order 6n − 1 rotate in the opposite direction. Hence, relative to the fundamental

component, a harmonic component belonging to the former group is referred to as a

positive-sequence harmonic, whereas a member of the latter group is referred to as

a negative-sequence harmonic. A triple-n harmonic is referred to as a zero-sequence
harmonic.

Replacing 𝜀 with 𝜃g + 𝜀0, based on (2.98), one can rewrite (2.101) as

Vt =
[
VtX,1 + jVtY ,1

]
ej𝜃g +[

VtX,5 + jVtY ,5

]
e−j5𝜃g +

[
VtX,7 + jVtY ,7

]
ej7𝜃g + ...

where

VtX,1 + jVtY ,1 = k cos(𝛼)ej𝜀0

VtX,5 + jVtY ,5 = k
5
cos(5𝛼)e−j5𝜀0

VtX,7 + jVtY ,7 = −k
7

cos(7𝛼)ej7𝜀0

VtX,11 + jVtY ,11 = −k
11

cos(11𝛼)e−j11𝜀0

VtX,13 + jVtY ,13 = k
13

cos(13𝛼)ej13𝜀0

VtX,17 + jVtY ,17 = k
17

cos(17𝛼)e−j17𝜀0

VtX,19 + jVtY ,19 = −k
19

cos(19𝛼)ej19𝜀0

.

.

.

(2.102)

in which the numerical part of a subscript denotes the harmonic order.

Equation (2.102) indicates that each harmonic component of vt, abc can be pro-

duced by a corresponding XY- to abc-frame transformation, from the corresponding

X- and Y-axis components given by (2.102); the phase angle for the XY- to abc-frame

transformation is the harmonic order times 𝜃g (for a positive-sequence harmonic) and

the harmonic order times −𝜃g (for a negative-sequence harmonic). Figure 2.40 illus-

trates the concept for a simulation that is intended to include the 5th, 7th, and 11th

harmonics.

Equation (2.102) indicates that the magnitude of the fundamental component of

vt,abc is proportional to cos 𝛼, which varies from 0 to 1 as the pulse width 𝛾 (Fig. 2.39)

is varied from 0 to 𝜋. Therefore, cos 𝛼 qualifies to be defined as the magnitude of the

modulating signals, M:

M = cos 𝛼 (2.103)
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Figure 2.40 Circuit-based averaged model of Fig. 2.38 extended to include AC-side terminal

voltage harmonics.

It then follows from (2.102) and (2.103) that

VtX,1 = kM cos 𝜀0 (2.104)

VtY ,1 = kM sin 𝜀0 (2.105)

which, based on (2.97), can be rewritten as

VtX,1 = 2

𝜋
VdcmX

⏟⏞⏟⏞⏟
V∗

tX

(2.106)

VtY ,1 = 2

𝜋
VdcmY

⏟⏞⏟⏞⏟
V∗

tY

(2.107)

where

mX = M cos 𝜀0 (2.108)
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mY = M sin 𝜀0 (2.109)

Note that V∗
tx and V∗

tY , issued by the control, are indeed the X- and Y-axis components

of the fundamental component of the VSC AC-side terminal voltage, i.e., VtX,1 = V∗
tx

and VtY ,1 = V∗
tY .

Equations (2.106) and (2.107) indicate that the converter gain, kPWM , is equal to

2∕𝜋, in this example. As Fig. 2.40 illustrates, the X- and Y-axis components of the

harmonic space phasors (2.102) can be calculated from mX , mY , and Vdc, either ana-

lytically or by means of look-up tables (relationships 𝐟𝟓, 𝐟𝟕, etc.). For example, VtX,5

(= k
5
cos 5𝛼 cos 5𝜀0) and VtY ,5 (= − k

5
cos 5𝛼 sin 5𝜀0) can be expressed in terms of

cos 𝛼 (= M), sin𝛼 (=
√

1 − M2), cos 𝜀0 (= VtX,1

kM
), and sin 𝜀0 (= VtY ,1

kM
); the impact of

Vdc is embedded in k.

For a current-controlled VSC, the averaged model of Fig. 2.38 (and Fig. 2.40) can

be further simplified to that of Fig. 2.41, in view of the fact that, assuming an unsat-

urated control, the X- and Y-axis components of the VSC AC-side current, i.e., ItX
and ItY , rapidly and precisely track their respective setpoints, I∗tX and I∗tY , as explained

in Section 2.4.2.4. Thus, as Fig. 2.41 shows, in the simplified model, the AC-side

voltage sources are substituted by three controllable current sources producing the

AC-side currents ita, itb, and itc, and only the AC-side filter capacitors, C (Fig. 2.2),

are retained; the three-phase tie reactors are omitted from the model, not only because

their currents are now dictated by the dependent current sources, but also since the

series connection of a series RL branch and a current source can create convergence

problems for the simulation software.

In the model of Fig. 2.41, the control signals for the AC-side current sources are

calculated through an XY- to abc-frame transformation of the filtered measures of the

setpoints I∗tX and I∗tY , with the (first-order) filters emulating the dynamics of the closed

current-control loops (2.74). These setpoints are determined based on the desired

real- and reactive-power outputs of the VSC, as explained in Section 2.4.2.4, or they

may be issued by the control schemes for DC- and/or AC-side voltage regulation

(Sections 2.4.3, 2.4.4, and 2.4.5). The DC side of the model remains a dependent

current source, as in the model of Fig. 2.38, whose value is, as before, calculated

from (2.95). Note that the model of Fig. 2.41 assumes, as an approximation, that the

AC-side terminal voltage of the VSC is equal to the grid voltage, i.e., VtX ≈ VgX and

VtY ≈ VgY .

Similar to the model of Fig. 2.38, the accuracy of the model of Fig. 2.41 is com-

promised if the constraint
√

V∗
tX

2 + V∗
tY

2 ≤ 0.5Vdc (for the SPWM strategy) or√
V∗

tX
2 + V∗

tY
2 ≤ 0.575Vdc (for the SPWM strategy with third-order harmonic injec-

tion or for the SVM strategy) is not satisfied. Further, in the actual VSC or its switched

model, the current-control scheme measures, estimates, or assumes the grid voltage

components VgX and VgY , and controls the AC-side terminal voltage components VtX
and VtY in such a way that the voltage across the filter reactor, L (Fig. 2.2), is always

regulated in spite of the disturbances; it is the proper implementation of this pro-

cess that makes the filter reactor act as a three-phase current source with controllable
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magnitude and phase angle. Depending on the structure, implementation, and pa-

rameters of the current-control scheme, the assumption of the current-source nature

of the VSC and its tie reactor may or may not be valid if the grid voltage is unbalanced,

sagged, swelled, etc. Therefore, to correctly interpret the results, one should be cog-

nizant of the conditions under which the aforementioned composition of components

acts as a current source. Finally, the model of Fig. 2.41 underestimates the power
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Figure 2.41 A simplified circuit-based averaged model of the VSC in which the AC-side

currents are produced by controllable current sources.
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(a)

(b)

(c)

Figure 2.42 (a)–(c) Circuit symbols for the VSC.

loss of the VSC and its tie reactor, due to the omission of the resistance R (Fig. 2.2).

However, the introduced error is typically negligible, since even the switched model

may not be able to accurately predict the power losses if it employs a crude model

for the switches of the VSC.

We conclude this section by making a remark about proper initialization of the

simplified models of Figs 2.38, 2.40, and 2.41. When a switched model is adopted

for a VSC (Fig. 2.2) in a circuit-based simulation, at the system start-up, the DC-

side capacitor, Cdc, is charged by either the DC gird or the AC grid (through the

antiparallel diodes of the VSC switches). However, the switches are absent from the

simplified models of Figs 2.38, 2.40, and 2.41. Therefore, a mechanism is needed to

ensure that the DC-side capacitor is adequately charged and, more importantly, whose

voltage can never be negative. As Figs 2.38, 2.40, and 2.41 indicate, this goal can

be achieved by, for example, connecting a series branch consisting of a DC voltage

source, a resistor, and a diode in parallel with the DC-side terminals of the VSC

model; the DC source voltage should be set to about the peak value of the AC grid

line-to-line voltage. Subsequent to the start-up process and during normal operation,

the DC-side voltage exceeds the peak value of the grid line-to-line voltage, due to the

boosting property of the VSC, and, therefore, the diode turns off.
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2.6 Symbols of the VSC

Depending on the context, the remainder of this book may employ any of the three

symbols of Fig. 2.42 to graphically represent a VSC, irrespective of such details as

the circuit configuration and technology of the constituting semiconductor switches.





CHAPTER 3

MODELING, ANALYSIS, AND
SIMULATION OF AC–MTDC GRIDS

3.1 Introduction

It is envisaged that a subsea MTDC grid based on the VSC technology would be built

around the North Sea to tap the rich wind resource of the region and also interconnect

the UK and Nordic pool with continental Europe [27]. Sections 1.1 and 1.2 described

the business case and rationale behind such an MTDC grid. It was also mentioned in

Sections 1.4.1 and 1.4.2 that the VSC technology is the obvious choice over the LCC

technology for this application.

For system planning and operation, both steady-state and dynamic simulation of

the MTDC grid in conjunction with the surrounding AC network is essential. From

the network operators’ point of view, the possibility of an enormous loss of in-feed

(tens of gigawatts) due to a single-point failure in such VSC based MTDC grid is one

of the major concerns. Following DC side faults, isolating only the faulty component

(a converter or a cable) of the MTDC grid is a challenge. Besides protection and DC

breaker development issues, there are primary control problems such as autonomous

sharing of power imbalance among the converters following a converter or cable out-

age. Moreover, the MTDC grid could be required to provide AC system support

such as allowing exchange of frequency reserves. To study these issues, interaction

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
© 2014 The Institute of Electrical and Electronics Engineers, Inc. Published 2014 by John Wiley & Sons, Inc.
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between multi-machine AC systems and an MTDC grid along with the impact on the

overall stability of the combined AC–MTDC system needs investigation, which is the

subject matter of this chapter.

A lot of research attention has been focused on MTDC grids based on the LCC

technology. Modeling of such systems and representation in stability program are

well reported [28, 29]. However, VSC-based MTDC has received relatively less at-

tention until the recent past when modeling [30, 31], control strategies [32, 33, 34],

and protection [35] were studied.

The focus of this chapter is to present a comprehensive modeling and analysis of

an MTDC grid interconnecting the AC networks. The following topics are covered:

First, an asymmetric bipole MTDC grid model with the provision of metallic return

network is described. The averaged model of the converters described in Chapter 2 is

modified to integrate the MTDC grid with the AC grid. Different control modes of op-

eration are covered, followed by the modeling of the DC network. Next, the dynamic

model of the AC grid is briefly discussed. A steady-state model of the combined AC–

MTDC grid is presented, and the load flow analysis methodology of such networks is

described. Also, small-signal stability analysis of the AC–MTDC grid is performed

to characterize different modes using participation factors and analyze the interac-

tion of the MTDC network with the AC system. The approach for nonlinear time-

domain simulation for transient stability analysis is presented. Finally, three case

studies are presented to demonstrate the validation of the proposed averaged model

in MATLAB®/SIMULINK® [25] against a switched model in EMTDC/PSCAD [26]

software enabling easy integration of the MTDC grid with the multi-machine AC sys-

tem models for stability studies.

3.2 MTDC Grid Model

Different configurations of MTDC converter stations were shown in Section 1.7.

From a modeling standpoint, the asymmetric bipole configuration with a metallic

return network (Fig. 1.9(b)) is the most generic one, and except the symmetrical

monopole (Fig. 1.8(a)), the rest are special cases of this configuration. From an N-1

reliability consideration, such a configuration has the highest availability. Figure 3.1

shows further details of two converter stations in an MTDC grid connected in this

configuration. In this book, this particular MTDC converter configuration is consid-

ered. Fundamentals of modeling of VSC were described in Chapter 2. Based on

the conclusions drawn in Chapter 2, the converter modeling and control is described,

followed by the generic model of the DC transmission network in the subsequent

sections.

3.2.1 Modeling Assumptions

As described before, the motivation behind developing the model of the MTDC grid

which can be integrated to surrounding AC grid model is to carry out dynamic
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Figure 3.1 The ith and the jth converter stations in the MTDC grid connected in asymmetric

bipole configuration with metallic return network. ©[36], 2011.

simulation studies for planning and operation. To that end, the following assump-

tions are made:

1. AC grid model: For stability studies, the positive sequence fundamental fre-

quency phasor model of the AC system is traditionally used. Other than the

dynamic components (such as generators, exciters, etc.), the AC transmission

network is represented by algebraic power balance equations. The AC net-

work voltages and currents are expressed in a reference frame Re–Im rotating
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with synchronous speed 𝜔s. This is called the common network frame of refer-
ence as shown in Fig. 3.2. Further details of the AC grid model is described in

Section 3.3.

2. Modeling adequacy for converters: As mentioned in Section 2.5, dynamic sim-

ulation of a large AC grid connected to the MTDC grid using a switched model

is unrealistic because of a prohibitively large simulation runtime. Therefore, a

circuit-based averaged model using dependent voltage source and current source

(Fig. 2.38) can be used for this purpose. Since the AC network interfacing the

AC coupling point terminals in Fig. 2.38 is represented in a synchronously rotat-

ing phasor reference frame, only the positive sequence fundamental frequency

component of the voltage generated by the converter can be considered.

3. Reference frame for converter model: To integrate with the AC network ex-

pressed in a synchronously rotating common reference frame, it is more con-

venient to express the circuit model of Fig. 2.38 in the X–Y frame as shown in

Fig. 2.19. The ith converter station is modeled using the frame Xi–Yi rotating at a

speed 𝜔gi, as shown in Fig. 3.2. The speed 𝜔gi deviates from 𝜔s during dynamic

conditions.

4. AC side filter capacitor: Since the averaged converter model does not consider

any harmonic AC voltage, the AC side filter capacitors in Fig. 2.2 are not con-

sidered. This leads to the simplification it,abc = ig,abc.

5. PLL dynamics: The phase-locked loop dynamics described in Section 2.4.2.5 is

neglected assuming it to be fast enough to track the frequency. The PLL will be

represented by its steady-state performance-based model (Fig. 2.27). This leads

to simplifications in Fig. 2.18, where 𝜔 becomes equal to 𝜔g.

s

giViY

Im

Re

iX

giΘ

gi

ω

ω

Figure 3.2 The common network reference frame Re–Im and the reference frame Xi–Yi for

modeling the ith converter station.
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6. Interface of converter and AC system: The bus voltages in the AC network

are expressed as phasors which differ from the the space phasors used to ex-

press the converter terminal quantities, Section 2.4.2.1. The positive sequence

fundamental frequency voltage space phasor is different in magnitude from its

phasor counterpart, which will be handled using a per-unit system described in

Section 3.2.6.1. Additionally, the phase angle of the space phasor is expressed

with respect to a stationary frame of reference (Figs 2.16 and 2.18), whereas the

phasors are expressed in a synchronously rotating frame (in this case the Re–Im
frame shown in Fig. 3.2).

3.2.2 Converter Model

The single line diagram of the converter in the positive pole of the ith converter station

is shown along with the control loops in Fig. 3.3. All the parameters and variables are

referred to the converter side of the transformer shown in Fig. 3.1. The parameters

of the ith converter station are denoted with a subscript i, and the positive (negative)

pole is denoted by a superscript p (n). The convention of the direction of current In
dci

and voltage Vn
dci is chosen in such a manner that under normal conditions they are

equal and opposite in sign as compared to Ip
dci and Vp

dci, respectively.

PWM and
gate driver

Converter 
controls

PLL

PCC(i)

abc
to

XY

or

p
dciCp

dciV

p
tabci

p
gabcii

p
gXYiI

p
XYim

p
abcim

p p
i iR ,L

p
giQp

giPp
dciI

p
tiP p

tiQp
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gabci

giV gi
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( )2p*
dciVp*

giP p*
giQ

ω

υυ

θ
XY
to

abc

x2

Figure 3.3 Single line diagram of the converter in the positive pole of the ith converter station

and its controls. ©[36], 2011.
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From Fig. 3.3, the KVL equation of the AC side of the converter in abc-frame can

be written as

Lp
i

dipgabci

dt
= −Rp

i ipgabci + vp
tabci − vgabci (3.1)

where Rp
i , Lp

i are the aggregated resistance and inductance of the converter trans-

former and phase reactors. This equation can be expressed in a space phasor (or

space vector) form defined in Section 2.4.2.2 as

Lp
i

dI
p

gi

dt
= −Rp

i I
p

gi + V
p

ti − Vgi (3.2)

Let the AC voltage at the point of common coupling (PCC) of the ith converter

station be expressed in the space-phasor form V̄gi = Vgie
j𝜃gi . A PLL ensures that the

Xi-axis of the rotating reference frame Xi–Yi is locked with the voltage Vgi (Fig. 3.2)

to ensure decoupled control of the active and reactive power, (2.78) and (2.79). There-

fore, the AC system variables (say, Vgi) need to be transformed to Xi–Yi frame. The

PLL is modeled algebraically to do this coordinate transformation, which leads to

VgXi = Vgi and VgYi = 0. Figure 3.3 also shows the feedback and measurable distur-

bance parameters (feed-forwards) used by the controller, which in turn generates the

modulation signal mp
XYi. The modulation signal mp

XYi is then translated back to abc
frame with the help of the reference angle 𝜃gi produced by the PLL to generate the

firing pulse for the converters (refer to Fig. 2.28).

As described in Section 2.3.1, the converters are represented by their averaged

model (Fig. 2.19). The positive pole converter model of the ith converter station

(Fig. 3.4) uses the same reference frame as the controllers (i.e., Xi–Yi frame). Note

that the converter could also be modeled in any reference frame irrespective of its

controls. The approach followed here is widely used because it reduces the number of

times one needs to change the coordinate systems for interfacing variables in different

frames.

After considering all above-mentioned modifications and transforming into the

Xi–Yi frame, the dynamics of the AC side of the converters are obtained from (2.67)

and (2.68) as

Lp
i

dIp
gXi

dt
= −Rp

i Ip
gXi + Lp

i 𝜔giI
p
gYi + Vp

tXi − Vgi (3.3)

Lp
i

dIp
gYi

dt
= −Rp

i Ip
gYi − Lp

i 𝜔giI
p
gXi + Vp

tYi (3.4)

The DC bus dynamics at each converter end is modeled by the power balance equation

between the AC and the DC sides of the converter station described in (2.95). Assum-

ing the converters are lossless, the real power Pp
ti at the converter terminal is the same

as that flowing into (or out of) the DC bus. Model of the DC bus is combined with

the DC network model, which is elaborated in Section 3.2.4. It is a common practice

to run dynamic simulations of power systems from the pre-disturbance steady-state.
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Figure 3.4 Model of the positive pole converter of the ith converter station with its inner

current control loop. ©[36], 2011.

This necessitates appropriate initialization of all dynamic states of the system, as will

be described in Section 3.5.1. This approach avoids the possibility of Vdc being zero

in (2.95) and, therefore, one can drop 𝜖 from this equation for simulation studies.

3.2.3 Converter Controller Model

In an asymmetric bipole MTDC grid, there exists a wide-ranging option of control

modes. A few options (e.g., P, Q, Vdc, Vac, droop control, etc.) were highlighted

in Sections 1.5 and 2.4. Not only different converter stations can be under different

modes of control, but also the positive and negative poles within the same station can

be operating under different modes. It was also mentioned in Section 2.4.1 that the

current mode control strategy is invariably preferred over the voltage mode control

strategy. The overall control loops in a converter station can be divided into (1) outer

control loops (2) inner current control loop, which are described in detail in Chapter

2 and reviewed briefly in the next section.

3.2.3.1 Outer Control Loops

Mode I—P–Q Control In this control mode, both poles in a converter station con-

trol the individual real and the reactive power injected at the PCC. Control of

real and reactive power was described in detail in Section 2.4.1. As shown in

Fig. 3.5, the current references are derived using the following algebraic rela-

tionship obtained from (2.78) and (2.79) with the assumption C = 0:

Ip∗
gXi =

2Pp∗
gi

3Vgi
, Ip∗

gYi = −
2Qp∗

gi

3Vgi
(3.5)
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Figure 3.5 (a) and (b) Positive pole of the ith converter station in P–Q control mode, (c) and

(d) Negative pole of the ith converter station in P–Q control mode.

In∗
gXi =

2Pn∗
gi

3Vgi
, In∗

gYi = −
2Qn∗

gi

3Vgi
(3.6)

Here, Pp∗
gi and Qp∗

gi are the real and reactive power references for the positive pole,

and Pn∗
gi and Qn∗

gi are the corresponding reference quantities for the negative pole

of the ith converter station.

Mode II—Vdc–Q Control In this mode of operation, both poles work in Vdc–Q con-

trol mode maintaining constant DC bus voltage and supply the desired reactive

power at the PCC, as shown in Fig. 3.4(d). Section 2.4.3 described the DC volt-

age control in detail. Vp∗
dci and Vn∗

dci are the reference values for the positive and

the negative pole of the ith converter station. The outer voltage control loop is

slower than the inner current control loop and consists of the feed-forward terms

to mitigate the measurable disturbances, as shown in Fig. 2.30. A compensator

−KVdc(s) drives the error in the DC link voltage to zero and generates the X-axis

current reference for each pole, as shown in Fig. 3.6. The design methodology

of such controllers was also described in Section 2.4.3.

Mode III A—P–Vg–Q Control Instead of controlling the reactive power injected by

individual poles, the voltage at the PCC bus might be controlled. However, if

both poles try to control the voltage, the controller will fight against each other.

Therefore, a droop control can be employed to to avoid this issue, as described in
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Figure 3.6 (a) and (b) Positive pole of the ith converter station in Vdc–Q control mode, (c)

and (d) Negative pole of the ith converter station in Vdc–Q control mode.

Section 2.4.5. In case a flat PCC voltage is to be maintained, one pole can con-

trol the voltage and the other can control the reactive power distribution between

the poles. As shown in Fig. 3.7(b), the positive pole converter is maintaining the

voltage at the PCC constant at the reference V∗
gi. The outer loop compensator

−KVac(s) generates the Y component of the current reference for the inner current

control loop. Section 2.4.4 elaborated the design of the AC voltage controller. If

the objective is to equally distribute the reactive power amongst the poles, then

the difference between reactive powers injected by the positive (Qp
gi) and the neg-

ative (Qn
gi) pole is driven toward zero by a compensator (Fig. 3.7(d)). The output

of the compensator generates the reference reactive power Qn∗
gi for the negative

pole converter.

Mode III B—Vdc–Vg–Q Control In this control mode, one converter pole controls

the DC link voltage and the PCC voltage and the other pole controls the distribu-

tion of the reactive power injection in addition to the DC link voltage regulation.

Figure 3.8 shows the outer loop control for this mode of operation.

Mode IV—Vg–𝜔g Control The details of this control mode was described in

Section 2.4.6.

For interconnecting offshore wind farms to the MTDC grids, control modes III

B and IV can be used. Because of the remote location of the wind farms, it is not

easy to phase-lock with respect to the PCC voltage. The converter station acts as
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a slack bus absorbing the power generated by the wind farm. This control mode

can also be used for feeding an islanded load center or used for “Black Start"

and network restoration.

Other Control Modes It is possible to operate the converter poles in various other

control modes. For example, the ground current can be regulated on the ba-

sis of the requirement. Different types of droop controls such as P–Vdc droop

control, frequency droop control, etc. could be important depending on the sys-

tem requirements. Section 2.4.5 mentioned this in brief, and Chapters 4 and 5

will further elaborate on modeling and analysis of the MTDC grid with droop

controls.

3.2.3.2 Inner Current Control Loop All the converter stations operate with the

decoupled current control strategy [37] described in Section 2.4.2.4. Figure 3.4 shows

the current control loop, where Ip
gXi, Ip

gYi, Vgi, Vp
dci and 𝜔gi are measurable quantities,

which can be used as feed-forward signals with appropriate signs to achieve decou-

pling between the X- and Y-axis current control loops. As described in Chapter 2, a

moderate bandwidth (BW) is adequate in tracking Ip∗
gXi and Ip∗

gYi because they are DC in

nature under steady-state. The reference values of the X- and Y-axis components of

currents are determined by the outer loop controls, which in turn determine the mode

of operation for each pole within a converter station. Section 2.4.2.4 introduced the

limits on the reference values of the X and the Y components of current. Throughout

the rest of the book, the limits on the current and modulation indices are imposed

such that the magnitude of the phasor is limited while the phase angle is retained.

3.2.4 DC Network Model

The DC cables or overhead lines in the MTDC grid can be connected in several pos-

sible configurations. Therefore, it is challenging to develop a generic model of the

DC network which is independent of the connectivity. The model of each line in the

DC network is dependent on the following factors:

1. The length of the line

2. The range of the frequency of interest

3. Complexity vs accuracy tradeoff.

Fundamentally, parameters such as resistance, inductance, and capacitance are dis-

tributed over the length of the cable/line, which are expected to be of a few hundred

kilometers in length. For example, the typical maximum subsea distances around the

planned Pan-European subsea Supergrid or the offshore installations in the Atlantic

would be more than 300 km. The most accurate model of such transmission lines

takes into account the distributed parameters and are used in the EMTP type simu-

lations. There are an infinite number of states associated with a distributed model

of the cable and therefore it is not suitable for state-space representation and small-

signal stability analysis. Depending upon the frequency range of interest, a cascaded
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pi-model of the cable network can be used. As the number of pi sections increases,

so does the range of frequency of accurate representation. The maximum frequency

up to which the model is accurate can be approximated by the following relation:

fmax =
Nv
8le

(3.7)

where

N: number of cascaded pi sections

v: propagation speed (km/s)

le: total length of the line (km).

A cascaded pi section approximation of a transmission line in the asymmetric bipo-

lar configuration is shown in Fig. 3.1. As an example, Fig. 3.9 shows the comparison

of the impedance spectra of the distributed model vis-a-vis the cascaded pi-section

model for a 500-km-long cable with its parameters mentioned below:

r = 0.015 Ω/km

l = 0.003 H/km

c = 27.5 𝜇F/km

le = 500.0 km.

Obviously, more pi sections will result in a better approximation at the cost of com-

plexity and computational burden. As shown in Fig. 3.9, a close approximation upto

the AC system frequency (60 Hz) can be obtained with four cascaded pi sections.

A DC network model should therefore be made scalable in terms of the number of pi

sections so that this can be changed according to the length of the cable.

Figure 3.1 shows the interconnection between the ith and the jth converter sta-

tions through the positive, negative, and the metallic return cable. Each converter

station can be connected to multiple stations through the positive pole, negative pole,

and metallic return cables or transmission lines. Note that in absence of either the

positive/negative pole or one of the converters in a converter station, the metallic re-

turn network will carry a nonzero current. Such a scenario is termed henceforth as

unbalance (on the DC side).
A generic MTDC transmission network should be generic and modular enough to

handle any

configuration of bipolar MTDC grid converter stations

grounding options along with metallic return network

number of pi-section approximation of DC cable model

type and location of fault on the DC side

cable outage or converter outage leading to unbalanced (on DC side) operation.
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Figure 3.9 Comparison of impedance spectra of a 500-km-long cable with distributed model

and cascaded pi-section model: (a) impedance magnitude (b) impedance phase angle. ©[36],

2011.

The station grounding options vary depending on the allowable ground current in a

certain region. Especially for subsea converter stations, the grounding options could

be limited because of maritime regulations.

The mathematical model of the DC network in Fig. 3.1 can be described by the fol-

lowing set of algebraic and differential equations which are shown in a block diagram

in Fig. 3.10. The converter DC bus dynamics is also included in this model. All volt-

ages are measured with respect to ground.

3.2.4.1 Algebraic Equations For the positive pole network shown in Fig. 3.1, the

general form of current balance at any node is given by

Ip
dc − Ip

line + Ip
s + Ip

c + If = 0 (3.8)

where Ip
dc = Pp

t

Vp
dc

is the current entering the DC side of the converter. Therefore, the

DC side is modeled by a dependent current source, as described in Section 2.5. As

shown in Fig. 3.4, the DC side power (Pp
t ) of the converters is derived from the PCC

real power after accounting for the losses. Depending on the connectivity and the

location of the fault, some of the currents in (3.8) would be zeros (If is nonzero if the

fault occurs at that node). For example, at the converter DC bus node all currents are

nonzero. Any node other than that of a converter station would have zero Ip
dc and Ip

s .
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Figure 3.10 Block diagram of the DC network dynamic model including the converter DC

bus. ©[36], 2011.

If the maximum possible number of nodes and the series R–L branches are NnodeP
and NbrP, respectively, then [

Ip
line

]
= CCIp ×

[
Ip
qr

]
(3.9)

where
[
Ip
qr

]
is the vector of R–L branch currents flowing from any general node qp

to rp,
[
Ip
line

]
is the total node current injection vector, shown in Fig. 3.1, and CCIp is

the incidence matrix of dimension [NnodeP ×NbrP] representing on the connectivity of

different branches. The entries of CCIp are CCIp(i, j) = 1 (−1), if the ith cable enters

(leaves) the jth node and CCIp(i, j) = 0, otherwise.
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Similarly, the connectivity between the nodes is determined by the matrix CCUp

of dimension [NbrP×NnodeP]. It is assumed that the current in a branch will flow from

the ith to the jth node if i < j. The elements of CCUp are determined as CCUp(i, j) =

1, if i < j, CCUp(i, j) = −1, if i > j, all other entries are zeros where the ith and the jth
node are not connected. Thus CCUp relates the node voltages with the voltage drop

across the series R–L branches by the equation[
Vp

qr

]
= CCUp ×

[
Vp

q

]
(3.10)

where
[
Vp

q

]
is the node voltage vector and

[
Vp

qr

]
is the vector of series branch voltage

drops. Note that CCIp = − [CCUp]T .

Similar set of equations are applicable for the negative pole network.

For the metallic return network, Fig. 3.1, equation (3.8) can be modified as

Ip
dc + In

dc + Im
line + Ip

s + In
s − Im

c −
Vm

dc

Rg
= 0 (3.11)

All other above-mentioned equations are applicable for the metallic return network.

3.2.4.2 Differential Equations For the positive pole network, the converter station

capacitor dynamics is given by

Vp
dc =

1

Cp
dc

∫ Ip
s dt + Ip

s Rp
sc (3.12)

where Rp
sc is the effective series resistance (ESR) (not shown explicitly in Fig. 3.1).

For any cable node, qp we can write

1

ncCp
c
∫ Ip

cqdt = Vp
q (3.13)

Here, nc depends on the node location, e.g., at any cable node other than the converter

node, nc = 2. At a converter node nc = 1. Note that the parameter Cp
c is the capacitance

at each end of a pi section in the cable model. Therefore, it is half the total capacitance

in each pi section. The series R–L branch dynamics can be described by

Lp
c

dIp
qr

dt
+ Rp

cIp
qr = Vp

q − Vp
r = Vp

qr (3.14)

The negative pole and metallic return network dynamics can also be represented by

similar equations.

3.2.5 State-Space Representation

It is convenient to express the dynamic behavior of a power system using a set of first-

order nonlinear differential and algebraic equations (DAEs) in the following form:

ẋ = 𝜍 (x, z, u) (3.15)

0 = g (x, z, u) (3.16)

y = h (x, z, u) (3.17)
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where 𝜍 and g are vectors of differential and algebraic equations. This state-space

representation forms the basis of the small-signal stability analysis as described later

in Section 3.6. The notations x ∈ Rn, z ∈ Rm, u ∈ Rp, and y ∈ Rq denote the vectors of

state variables, algebraic variables, inputs, and outputs, respectively. The algebraic

variables are system voltage magnitudes and angles. The inputs are normally the

reference values such as real or reactive power reference at a converter station or

speed and voltage reference at a generating unit. The outputs can be DC bus voltage,

generator power output, bus frequency, bus voltage, line power flow or current, etc.

In this book, the vectors for differential, algebraic, and output equations are

expressed with 𝜍, g, and h, respectively, for the positive pole converter, and all poles

of the DC network. For the negative pole converter, they are denoted by 𝜍′, g′, and

h′, respectively.

3.2.5.1 Dynamic Equations of Converters and Controllers The dynamic equa-

tions of the converters and the controllers are written in the form ẋ = 𝜍(x, z, u) as

described below:

The differential equations describing the AC side converter dynamics (3.3) can be

rearranged as

İp
gXi = −

Rp
i

Lp
i

Ip
gXi + 𝜔giIY +

Vp
tXi

Lp
i

−
Vgi

Lp
i

(3.18)

İp
gYi = −

Rp
i

Lp
i

Ip
gYi − 𝜔giIX +

Vp
tYi

Lp
i

(3.19)

For the inner current control loop, let us consider KI(s) = KpI +
KiI

s
. Assuming

that no limit violation has occurred, the following equations can be written for the

decoupled current controller:

Vp
tXi = KpI

(
Ip∗
gXi − Ip

gXi

)
+ KiI ∫

(
Ip∗
gXi − Ip

gXi

)
dt + Vgi − 𝜔giL

p
i Ip

gYi (3.20)

Vp
tYi = KpI

(
Ip∗
gYi − Ip

gYi

)
+ KiI ∫

(
Ip∗
gYi − Ip

gYi

)
dt + 𝜔giL

p
i Ip

gXi (3.21)

Let us define the state variables for the current controller as

𝜅̇IX = Ip∗
gXi − Ip

gXi (3.22)

𝜅̇IY = Ip∗
gYi − Ip

gYi (3.23)

Replacing the values of Vp
tXi and Vp

tYi in (3.18) and (3.19) we get

İp
gXi = −

(
Rp

i + KpI

Lp
i

)
Ip
gXi +

KiI

Lp
i

𝜅IX +
KpI

Lp
i

Ip∗
gXi (3.24)

İp
gYi = −

(
Rp

i + KpI

Lp
i

)
Ip
gYi +

KiI

Lp
i

𝜅IY +
KpI

Lp
i

Ip∗
gYi (3.25)

Similar equations can be written for the negative pole DC network.
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3.2.5.2 Output Equations The output equations of the converters and controllers

are written in the form y = h(x, z, u) as described below:

It was mentioned in Sections 2.5 and 3.2.2 that the real power balance between the

converter terminal and the DC network forms the interface between these models.

Therefore, the real power at the converter terminal is expressed in the form of an

output equation:

Pp
ti =

3

2

(
Vp

tXiI
p
gXi + Vp

tYiI
p
gYi

)
(3.26)

Replacing the values of Vp
tXi and Vp

tYi in (3.26) from the converter controller equations,

we get

Pp
ti =

3

2

[
KpII

p∗
gXiI

p
gXi − KpI

(
Ip
gXi

)2

+ 𝜅IXKiII
p
gXi + VgiI

p
gXi

]
+3

2

[
KpII

p∗
gYiI

p
gYi − KpI

(
Ip
gYi

)2

+ 𝜅IYKiII
p
gYi

] (3.27)

The current injected by the converter stations are also expressed in this form:

Ip
gXi = Ip

gXi, I
p
gYi = Ip

gYi (3.28)

It can be seen that the state variables in the positive pole of the ith converter station

and its controllers are x =
[
Ip
gXiI

p
gYi𝜅IX𝜅IY

]T
. Depending on the control modes, the

outer loop may introduce new state variables. The algebraic variable is z = Vgi and

the output variables are y =
[
Pp

tiI
p
gXiI

p
gYi

]T
.

3.2.5.3 Control Modes The state-space representation for different control modes

is summarized in this section.

Mode I—P–Q Control (Fig. 3.5) Equations (3.22–3.25) can be modified as

𝜍1 = İp
gXi = −

(
Rp

i + KpI

Lp
i

)
Ip
gXi +

KiI

Lp
i

𝜅IX + 2

3

KpI

Lp
i

Pp∗
gi

Vgi
(3.29)

𝜍2 = İp
gYi = −

(
Rp

i + KpI

Lp
i

)
Ip
gYi +

KiI

Lp
i

𝜅IY − 2

3

KpI

Lp
i

Qp∗
gi

Vgi
(3.30)

𝜍3 = 𝜅̇IX = 2

3

Pp∗
gi

Vgi
− Ip

gXi (3.31)

𝜍4 = 𝜅̇IY = −2

3

Qp∗
gi

Vgi
− Ip

gYi (3.32)
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The output equation (3.27) can be modified as

h1 = Pp
ti =

3

2

[
2

3
KpII

p
gXi

Pp∗
gi

Vgi
− KpI

(
Ip
gXi

)2

+ 𝜅IXKiII
p
gXi + VgiI

p
gXi

]
+ 3

2

[
− 2

3
KpII

p
gYi

Qp∗
gi

Vgi
− KpI

(
Ip
gYi

)2

+ 𝜅IY KiII
p
gYi

] (3.33)

The other output equations are

h2 = Ip
gXi = Ip

gXi, h3 = Ip
gYi = Ip

gYi (3.34)

These output equations are independent of the control modes.

Mode II—Vdc–Q Control (Fig. 3.6) Let us assume that the DC link voltage com-

pensator KVdc(s) = −Kpdc − Kidc

s
. Neglecting the feed-forward terms, the X

component of reference current is

Ip∗
gXi = −Kpdc

{(
Vp∗

dci

)2 −
(
Vp

dci

)2
}
− Kidc ∫

{(
Vp∗

dci

)2 −
(
Vp

dci

)2
}

dt (3.35)

Let us define the state variable 𝜅dc of the DC link voltage controller as

𝜍10 = 𝜅̇dc =
(
Vp∗

dci

)2 −
(
Vp

dci

)2
(3.36)

Equation (3.29) can be modified as

𝜍1 = İp
gXi = −

(
Rp

i
+KpI

Lp
i

)
Ip
gXi +

(
KiI

Lp
i

)
𝜅IX

−
(

KpIKpdc

Lp
i

) {(
Vp∗

dci

)2 −
(
Vp

dci

)2
}
−

(
KpIKidc

Lp
i

)
𝜅dc

(3.37)

Equation (3.31) can be modified as

𝜍3 = 𝜅̇IX = −Kpdc

{(
Vp∗

dci

)2 −
(
Vp

dci

)2
}
− Kidc𝜅dc − Ip

Xi (3.38)

Equations for the Y-axis current remains the same as Mode I. The output equa-

tion (3.33) is modified by replacing Ip∗
Xi from (3.35).

Mode III A—P–Vg–Q Control (Fig. 3.7) Let us assume that the PCC voltage com-

pensator −KVac(s) = Kpvg + Kivg

s
. The positive pole Y component of reference

current (neglecting the feed-forward terms) is

Ip∗
gYi = Kpvg

{
V∗

gi − Vgi

}
+ Kivg𝜅vg (3.39)

where the controller state variable is defined such that

𝜍10 = 𝜅̇vg = V∗
gi − Vgi (3.40)
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Equation for 𝜍1 and 𝜍3 remains the same as in P–Q control mode, whereas 𝜍2 is

defined as

𝜍2 = İp
gYi = −

(
Rp

i +KpI

Lp
i

)
Ip
Yi +

KiI𝜅IY

Lp
i

+KpI

Lp
i

[
Kpvg

{
V∗

gi − Vgi

}
+ Kivg𝜅vg

] (3.41)

Expression for 𝜍4 is modified to

𝜍4 = 𝜅̇IY = Kpvg

{
V∗

gi − Vgi

}
+ Kivg𝜅vg − Ip

gYi (3.42)

Let us assume that the reactive power distribution controller K(s) = Kpq +
Kiq

s
.

The state equations for this control through the negative pole converter can be

written as

𝜍′
2
= İn

gYi = −
(

Rn
i +KpI

Ln
i

)
In
Yi +

KiI𝜅IY

Ln
i

− 2KpI

3Ln
i

[
Kpq

{
− 3

2
Ip
gYi +

3

2
In
gYi

}
+ Kiq𝜅q

Vgi

] (3.43)

𝜍′
4
= 𝜅̇′IY = −2

3

[
Kpq

{
−3

2
Ip
gYi +

3

2
In
gYi

}
+

Kiq𝜅q

Vgi

]
− In

gYi (3.44)

𝜍′
10

= 𝜅̇q = 3

2
Vgi

(
−Ip

gYi + In
gYi

)
(3.45)

Expression for the output equation is obtained by replacing the values of Ip∗
gYi and

In∗
gYi in (3.27).

Mode III B—Vdc–Vg–Q Control and Mode IV—Vg–𝜔g Control The state-space

model can be derived following a similar approach as used in Mode I, II, and

III A.

The state-space model of the positive pole of the ith converter station is described

here (except Mode III A, where part of the negative pole equations were also de-

scribed). Similar equations can be written for all converter stations in the positive

and negative poles and combined together to obtain the state-space model of all con-

verters and the associated controllers.

3.2.5.4 Dynamic Equations of DC Network The dynamic equations of the DC

network are written in the form ẋ = 𝜍(x, z, u) as described below.

Let us analyze the state-space model at the qth node of the DC network assuming it

is connected to the ith converter station. Assuming 𝜇
p
i is the voltage drop across the

DC bus capacitor of the positive pole converter station, we can express the DC bus

dynamics in the following form:

𝜍5 = 𝜇̇
p
i =

Vp
q − Vm

q − 𝜇p
i

Rp
sciC

p
dci

(3.46)
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For the positive pole network, the dynamic equation of the series branch of a pi section

can be rearranged in a vector-matrix form as

𝜍6 = İp
qr =

Vp
q − Vp

r − Ip
qrR

p
c

Lp
c

(3.47)

The nodal equation of the positive pole network can be written as

𝜍7 = V̇p
q = 1

Cp
c

⎡⎢⎢⎢⎣−
Pp

ti(
Vp

q − Vm
q

) −
Vp

q − Vm
q − 𝜇p

i

Rp
sci

+
[
CCIp

] [
Ip
qr

]⎤⎥⎥⎥⎦ (3.48)

Similar equations can be written for the negative pole network. The following branch

and nodal equations can be written for the metallic return network:

𝜍8 = İm
qr =

Vm
q − Vp

r − Im
qrR

m
c

Lm
c

(3.49)

𝜍9 = V̇m
q = 1

Cm
c

[
Pp

ti(
Vp

q−Vm
q

) +
Pn

ti(
Vn

q−Vm
q

) +
Vp

q−Vm
q −𝜇p

i

Rp
sci

]
+ 1

Cm
c

[
Vn

q−Vm
q −𝜇n

i

Rn
sci

−
Vm

q

Rgi
+ [CCIm]

[
Im
qr

]] (3.50)

Similar equations can be written for other nodes in the DC network.

3.2.5.5 Output Equations of DC Network The DC bus voltage at the converter

station is used as a feed-forward signal for the inner current control loop and a feed-

back signal in the outer DC voltage control loop as described in Section 2.4.3. There-

fore, this voltage is expressed as output in the form y = h(x, z, u). For the positive

pole network

h4 = Vp
dci = Vp

q − Vm
q (3.51)

Similar equations can be written for the negative pole network. The state variables

for the qth node of the DC network connected to the DC bus of the ith converter

station, are: x =
[
𝜇

p
i 𝜇

n
i Ip

qrV
p
q Im

qrV
m
q In

qrV
n
q

]T
. For the DC network connected to the ith

converter station, the algebraic variables are z =
[
Pp

tiP
n
ti

]T
and the output variable is

y =
[
Vp

dciV
n
dci

]T
.

3.2.6 Phasor from Space Phasor

As discussed in Section 3.2.1, the AC network voltages and currents are expressed

as phasors while the converters and their controllers are modeled using the space

phasors. The magnitude of the voltage phasor in a balanced three-phase system is

usually the phase-to-ground rms voltage, whereas the space phasor magnitude is the
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peak value of the instantaneous phase-to-ground voltage. Moreover, the phase angle

of the phasor is determined in a synchronously rotating reference frame Re–Im. To

interface the space-phasor-based converter model with the phasor-based AC system

model, a two step process is considered:

1. Consider only the positive sequence fundamental frequency component of the

dependent voltage source representing the AC side of the converter, as men-

tioned in Section 3.2.1, and scale the space phasors to account for the magnitude

difference through the use of a p.u. system.

2. Express the angle of the space phasors with respect to the rotating reference

frame Re–Im.

3.2.6.1 Base Values and Per-unit Systems A common MVA base SB is used for

the entire AC–MTDC grid.

Per-unit System for MTDC Grid The MTDC grid model can be expressed in per-

unit (p.u.) quantities. Different voltage bases VB are used for different sections

of the DC grid. The voltage base in the AC side is defined as VB = peak value

of the rated phase-to-ground voltage (kV). The AC side base current (kA) is

defined as IB = 2SB
3VB

. The base frequency is defined as 𝜔B = 𝜔s. Similarly, the

base impedance and inductance on the AC side are ZB = VB
IB
,LB = ZB

𝜔B
.

The base voltage in the DC side is defined as VBdc = rated pole-to-ground DC

voltage (kV). The base DC side current at the corresponding node is given by

IBdc =
SB

2VBdc
.

This results in the AC-side real and reactive power in p.u. as Pgpu = VgpuIXpu
and Qgpu = −VgpuIYpu. Here, Vgpu, IXpu, and IYpu are the PCC voltage, X-axis

component of current and Y-axis component of current in p.u., respectively. In

the rest of this book, it is assumed that the MTDC grid parameters and variables

are expressed in p.u. unless otherwise mentioned. For the sake of simplicity, the

subscript “pu" is omitted from the notations.

Per-unit System for AC Grid The usual way of defining the p.u. system in the AC

grid is followed, which can be obtained from any standard book on power sys-

tems analysis.

3.2.6.2 Phase Angle of Space Phasors As shown in Fig. 3.2, the phase angle of

the space phasor Vgi with respect to the rotating frame Re–Im is denoted by Θgi as

opposed to 𝜃gi with respect to a stationary frame (Fig. 2.18). For the rest of the book,

the phasors are also denoted using an “over-bar." As an example, in the p.u. system

mentioned above, the voltage space phasor V̄gi = Vgie
j𝜃gi is expressed in equivalent

phasor notation V̄gi = Vgie
jΘgi .

The ith converter station with all quantities expressed in p.u. phasors are shown

in Fig. 3.11.
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Figure 3.11 The ith converter station of the MTDC grid.

3.3 AC Grid Model

In the previous section, modeling of an MTDC grid was described considering voltage

source representation of AC grids. In this section, modeling of an AC grid comprising

generators, exciters, loads, etc. is presented. This would lead to a combined AC–

MTDC model which is essential for planning and operation of future power systems.

Although the dynamic modeling of an AC grid is well understood, we will very briefly

review this topic for completeness. It should help the readers obtain a comprehensive

picture of the integrated AC–MTDC system model.
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In power systems, the primary sources of electrical energy are the synchronous

generators. The problem of power system stability is primarily to keep the inter-

connected synchronous machines in synchronism [12]. Their stability is also depen-

dent on several other components such as the speed governors, excitation systems

of generators, loads, FACTS devices, etc. Therefore, accurate understanding of the

characteristics and modeling of these components are of fundamental importance for

stability studies and control design. The general approach to modeling of several

power system components is quite standard. A quick overview of these models is

given in this chapter. For further details, the readers are referred to [12, 38].

3.3.1 Generator Model

Accurate modeling of the synchronous generators and their excitation systems is

of paramount importance for studying the dynamic behavior of AC power systems.

Although today’s power system is largely dominated by synchronous generators har-

nessing power from conventional sources, recently more and more power is being

generated from renewable resources such as wind and solar. Most of the modern

wind turbines are dominated by either the doubly fed induction generator (DFIG) or

the full converter (FC) technology. These generators are controlled by power elec-

tronic converters. Solar thermal generation employs conventional generators, while

the photovoltaic (PV) technology uses inverters to directly interconnect the energy

resources to the AC grid.

In this chapter, modeling of synchronous generators, their excitation system, tur-

bines, and governors is covered very briefly. The IEEE recommended practice re-

garding d–q axis orientation [39] of a synchronous generator with the d-axis leading

the q-axis is used. This results in a negative d-axis component of stator current for

an overexcited generator delivering power to the system. The equations of the gen-

erators are expressed in p.u. For a detailed treatment of the choice of the p.u. system

for the generator model, the readers are referred to [12, 38].

3.3.1.1 State-Space Representation of Synchronous Generator (SG) Model

Synchronous generators (SGs) are usually represented by a sub-transient model

[12, 38] with four equivalent coils on the rotor. Besides the field coil, there is one

equivalent damper coil in the d-axis and two in the q-axis. The differential equations

governing the sub-transient dynamic behavior of the ith SG are given by

𝛿̇i = 𝜔i − 𝜔s (3.52)

𝜔̇i =
𝜔s

2H
[Tmi − D(𝜔i − 𝜔s) −

(Xdi
′′ − Xlsi)

(Xdi
′ − Xlsi)

Eqi
′
Iqi −

(Xdi
′ − Xdi

′′ )
(Xdi

′ − Xlsi)
𝜓1diIqi

−
(Xqi

′′ − Xlsi)

(Xqi
′ − Xlsi)

Edi
′
Idi +

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)

𝜓2qiIdi + (Xqi
′′ − Xdi

′′ )IqiIdi] (3.53)

Ė
′
qi =

1

Tdoi
′ [−Eqi

′ − (Xdi − Xdi
′ ){−Idi −

(Xdi
′ − Xdi

′′ )
(Xdi

′ − Xlsi)2
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(𝜓1di − (Xdi
′ − Xlsi)Idi − Eqi

′ )} + Efdi] (3.54)

Ė
′
di = − 1

Tqoi
′ [Edi

′ + (Xqi − Xqi
′ ){Iqi −

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)2

(−𝜓2qi + (Xqi
′ − Xlsi)Iqi − Edi

′ )}] (3.55)

𝜓̇1di =
1

Tdoi
′′ [−𝜓1di + Eqi

′ + (Xdi
′ − Xlsi)Idi] (3.56)

𝜓̇2qi = − 1

Tqo
′′ [𝜓2qi + Edi

′ − (Xqi
′ − Xlsi)Iqi] (3.57)

for i = 1, 2, ...,m, where

m : total number of SGs,

𝛿i : SG rotor angle,

𝜔i : rotor angular speed,

Eqi
′

: transient emf due to field flux linkage,

Edi
′

: transient emf due to flux linkage in q-axis damper coil,

𝜓1di : sub-transient emf due to flux linkage in d-axis damper,

𝜓2qi : sub-transient emf due to flux linkage in q-axis damper,

Idi : d-axis component of stator current,

Iqi : q-axis component of stator current,

Xdi,Xdi
′
,Xdi

′′
: synchronous, transient and sub-transient reactances, respectively, along

d-axis,

Xqi,Xqi
′
,Xqi

′′
: synchronous, transient and sub-transient reactances, respectively, along

q-axis,

Tdoi
′
,Tdoi

′′
: d-axis open-circuit transient and sub-transient time constants, respec-

tively,

Tqoi
′
,Tqoi

′′
: q-axis open-circuit transient and sub-transient time constants, respec-

tively.

The stator electrical transients are generally much faster compared to the elec-

tromechanical (swing) dynamics. Hence, for stability studies, the stator quantities

are assumed to be related to the terminal bus quantities through algebraic equations

rather than state equations. The stator algebraic equations are given by

Vi cos(𝛿i −Θi) −
(Xdi

′′ − Xlsi)
(Xdi

′ − Xlsi)
Eqi

′ −
(Xdi

′ − Xdi
′′ )

(Xdi
′ − Xlsi)

𝜓1di + RsiIqi − Xdi
′′

Idi = 0 (3.58)

Vi sin(𝛿i − Θi) +
(Xqi

′′ − Xlsi)

(Xqi
′ − Xlsi)

Edi
′ −

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)

𝜓2qi − RsiIdi − Xdi
′′

Iqi = 0 (3.59)

where E′′
qi =

(Xdi
′′−Xlsi)

(Xdi
′−Xlsi)

Eqi
′ + (Xdi

′−Xdi
′′ )

(Xdi
′−Xlsi)

𝜓1di

and E′′
di =

(Xqi
′′−Xlsi)

(Xqi
′−Xlsi)

Edi
′ − (Xqi

′−Xqi
′′ )

(Xqi
′−Xlsi)

𝜓2qi
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Figure 3.12 Reference frames for modeling the ith synchronous generator.

for i = 1, 2, ...,m, where

Vi : SG terminal voltage magnitude,

Θi : SG terminal voltage angle,

Rsi : resistance of the armature,

Xlsi : armature leakage reactance,

The notation is standard as in [38].

As shown in Fig. 3.12, a reference frame denoted by di–qi rotating at the rotor

angular speed 𝜔i is used for modeling the ith SG. In this frame, the d-axis leads

the q-axis. The generator terminal voltage Vi is expressed in the common network

reference frame Re–Im rotating at the synchronous speed 𝜔s. The power angle 𝛿i
is defined as the angular separation between the axes Re and qi. The rotor current

equations (3.58) and (3.59) are expressed with Idi and Iqi transformed in the di–qi
reference frame. In this context, refer to Fig. 3.2 for the reference frames used for

MTDC converter modeling.

3.3.1.2 Inclusion of Generator in the Network At the bulk power transmission

level, the high-voltage AC transmission networks are assumed to be balanced and

symmetric. Hence for steady-state analysis, the network can be represented on a

single-phase basis using phasor quantities (for slowly varying sinusoidal voltage and

currents in the network). Thus the generators can also be represented on a single-

phase basis.

Equations (3.58) and (3.59) can be expressed as a single equation in phasor quan-

tities if sub-transient saliency is neglected, that is, X
′′
di = X

′′
qi = Xi

′′
. In that case,

Iqi + jIdi =
1

(Rsi + jXi
′′ )
[Ei − (Vqi + jVdi)] (3.60)
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where

Ei = [
(Xdi

′′ − Xlsi)
(Xdi

′ − Xlsi)
Eqi

′ +
(Xdi

′ − Xdi
′′ )

(Xdi
′ − Xlsi)

𝜓1di]

+j[
(Xqi

′′ − Xlsi)

(Xqi
′ − Xlsi)

Edi
′ −

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)

𝜓2qi] (3.61)

The generator bus current Ii can be represented on a synchronously rotating com-

mon network reference frame Re–Im as

Ii = IRe(i) + jIIm(i) = (Iqi + jIdi)e j𝛿i = 1

(Rsi + jXi
′′ )
[Ei − (Vqi + jVdi)]e j𝛿i (3.62)

Equation (3.62) represents an equivalent circuit shown in Fig. 3.13 where

Ygi =
1

(Rsi + jXi
′′ )

(3.63)

Igi = EiYgi = Ei
1

(Rsi + jXi
′′ )

e j𝛿i (3.64)

It is to be noted that Igi is a function of state variables only. Hence it does not

change suddenly whenever there is a network switching. The equivalent circuit shown

in Fig. 3.13 can readily be merged with the AC network (external to the generator).

3.3.1.3 Treatment of Sub-transient Saliency If sub-transient saliency is to be

considered, the stator cannot be represented by the single-phase equivalent circuit

shown in Fig. 3.13. Hence, there is a need for special techniques to handle sub-

transient saliency. One way is to use the concept of dummy rotor coil [39].

giI giY iV

iI

Figure 3.13 Generator equivalent circuit.
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The stator equation can be rewritten as

Vqi =
(Xdi

′′
− Xlsi)

(Xdi
′ − Xlsi)

Eqi
′ +

(Xdi
′ − Xdi

′′ )
(Xdi

′ − Xlsi)
𝜓1di − RsiIqi + Xdi

′′
Idi (3.65)

Vdi =
(Xqi

′′ − Xlsi)

(Xqi
′ − Xlsi)

Edi
′ −

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)

𝜓2qi + Edci − RsiIdi − Xdi
′′

Iqi (3.66)

where

Edci = −(Xqi
′′ − Xdi

′′ )Iqi (3.67)

Then (3.60) can be rewritten as

Iqi + jIdi =
1

(Rsi + jXdi
′′ )
[Eeqi − (Vqi + jVdi)] (3.68)

where

Eeqi = [
(Xdi

′′ − Xlsi)
(Xdi

′ − Xlsi)
Eqi

′ +
(Xdi

′ − Xdi
′′ )

(Xdi
′ − Xlsi)

𝜓1di]

+j[
(Xqi

′′ − Xlsi)

(Xqi
′ − Xlsi)

Edi
′ −

(Xqi
′ − Xqi

′′ )

(Xqi
′ − Xlsi)

𝜓2qi + Edci] (3.69)

The equivalent circuit of Fig. 3.13 applies if

Ii = IRe(i) + jIIm(i) = (Iqi + jIdi)e j𝛿i = 1

(Rsi + jXi
′′ )
[Eeqi − (Vqi + jVdi)]e j𝛿i (3.70)

The motivation behind this approach is that if Edci is a state variable (proportional

to the flux linkage of a dummy rotor coil in the q-axis), then the problem of sub-

transient saliency is properly addressed. This is an approximate treatment of sub-

transient saliency, but the degree of approximation can be directly chosen by proper

selection of Tdci to achieve acceptable accuracy.

Considering a rotor dummy coil in q-axis, which is linked only with the q-axis coil

in the armature but has no coupling with other coils, Edci can be treated as a voltage

source proportional to the flux linkage of the dummy rotor coil. The differential

equation for Edci can be expressed as

Ėdci =
1

Tdci
[−Edci − (Xqi

′′ − Xdi
′′ )Iqi] (3.71)

where Tdci is the open circuit constant of the dummy coil, which can be arbitrarily

selected. In computing (3.71) with (3.67), it is seen that the latter is a steady-state

solution of the former. As Tdci tends to zero, the solution of (3.71) is given by (3.67).

From a numerical standpoint, it was observed that Tdci need to be smaller than 0.01

s for acceptable accuracy. This is of similar order as the time constant of a high-

resistance damper winding.
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3.3.1.4 State-Space Model of Excitation Systems for SGs The excitation system

of the SG controls the terminal voltage by changing the field flux of the generator

through a closed-loop control. Depending upon the source of power, the excitation

system can be of three broad types: DC excitation systems, AC excitation systems,

and static excitation systems. The IEEE has proposed standard models to represent

different types of excitation systems [40], from which two models are described here.

The differential equations governing the behavior of an IEEE-DC1A type excita-

tion system of the ith SG are given by

V̇tri =
1

Tri
[−Vtri + Vi] (3.72)

Ėfdi = − 1

TEi
[KEiEfdi + EfdiAexeBexEfdi − Vri] (3.73)

V̇ri =
1

TAi
[
KAiKFi

TFi
RFi + KAi(Vrefi − Vtri) −

KAiKFi

TFi
Efdi − Vri] (3.74)

ṘFi =
1

TFi
[−RFi + Efdi] (3.75)

where

Efdi : field voltage,

Vtri : measured voltage state variable after sensor lag block,

and the rest of the notations carry their standard meaning [38].

The governing equations for the IEEE-ST1A type excitation system are given by

V̇tri =
1

Tri
[−Vtri + Vi] (3.76)

Efdi = Kai(Vrefi − Vtri) (3.77)

The notations carry their standard meaning as in [38].

Figure 3.14 shows the block diagram of the model of the ith synchronous generator

and the corresponding exciter. The current injected by this generator is Ii = IRe(i) +
jIIm(i). This current will be used to solve the AC network voltage as elaborated later

in Section 3.3.3, and the generator terminal voltage Vi is measured and fed back to

the exciter.

3.3.1.5 State-SpaceModel of Turbine andGovernor The turbine acts as a prime-

mover which produces the mechanical power to rotate the generator shaft. The speed

governors changes the mechanical power reference in response to the change in speed

of the generator. In its simplest form, the model of the turbine is given by

ΔṖTi =
1

TTi

(
−ΔPTi + ΔPi

)
(3.78)

ΔPTi = 𝜔i

(
Tmi − T∗

mi

)
(3.79)

where

TTi: is the time-constant of the ith turbine.
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Figure 3.14 Block diagram of synchronous generator and exciter model.

The governor model can be written as

ΔṖi =
1

TGi

[
−ΔPi +

1

Rgoi

(
𝜔s − 𝜔i

𝜔s

)]
(3.80)

ΔPi = Pi − P0
i (3.81)

where

TGi: the time-constant of the ith governor,

Rgoi: the governor droop constant,

P0
i , Pi: mechanical power input to the generator under nominal and off-nominal con-

dition.

Under steady-state, (3.80) describes the power–frequency droop characteristics of

governor, which is shown in Fig. 4.2 and will be discussed in more detail in Chapters

4 and 5 in the context of autonomous power sharing in MTDC grids and frequency

support of the surrounding AC systems, respectively. The governor droop constant

Rgoi determines the slope of the droop characteristics. It is a common practice to

chose the droop coefficient according to the rating of the generator.

3.3.2 Load Model

Accurate modeling of loads is critical because it significantly impacts the power sys-

tem stability analysis. Unlike generators, accurate load modeling has proven to be

much more challenging. This is primarily due to the fact that the load composition is

less known, it changes over time, and it has seasonal variation.

The details of load modeling is outside the scope of this chapter. A widely used

static load model called the constant impedance–constant current–constant power

(ZIP) model and its integration into the AC–MTDC system studies is presented here

very briefly. The equations describing the model of the loads are expressed in p.u.

The ZIP load model at the ith bus represents the voltage dependency of the loads in
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Equations

(3.82–3.83)

Load 
model

iV

i0V

i0P

i0Q

iP

iQ

i iP jQ

j
−1

+ *
iI−

iIconj

Figure 3.15 Block diagram of the static load model.

the form of a polynomial:

Pi = Pi0

[
pi1

(
Vi

Vi0

)2

+ pi2

(
Vi

Vi0

)
+ pi3

]
(3.82)

Qi = Qi0

[
qi1

(
Vi

Vi0

)2

+ qi2

(
Vi

Vi0

)
+ qi3

]
(3.83)

Here, Pi, Qi, and Vi are the load real power, reactive power, and voltage at the ith
bus, respectively. The variables with the subscript 0 denote the values under nominal

condition. The coefficients with subscripts 1, 2, and 3 correspond to the fraction of

constant impedance (Z) constant current (I) and constant power (P) component of the

load, respectively. Therefore, pi1 + pi2 + pi3 = 1 and qi1 + qi2 + qi3 = 1.

Figure 3.15 shows the block diagram of the polynomial load model. The input to

the model are the nominal values of load voltage Vi0, load real power Pi0, reactive

power Qi0, and also the actual load voltage Vi. The load current drawn from the

system is given by −I
∗
i = Pi+jQi

Vi
. The injected current Ii is derived and used to solve

the AC network equation, which in turn gives Vi.

Dynamic loads such as induction/synchronous motors are modeled in the same

manner as the synchronous generators. The readers are referred to [12, 38] for further

details.

3.3.3 AC Network Model

For most stability studies, the dynamics of the AC transmission network is consid-

ered to be much faster compared to other components. Therefore, these networks

are represented by algebraic equations. Each transmission line and transformer is

represented by an equivalent pi model [41]. As before, balanced operation of power

systems is assumed, and the positive sequence parameters on a per-phase basis are

considered. The relationship between the bus/node voltages and currents can be de-

scribed either by loop equations or node equations [41]. The node equations are
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usually preferred because the number of independent node equations are less than

the number of independent loop equations. The network equations can be expressed

as ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

I1

I2

...

Ii

...

Inac

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Y11 Y12 ... Y1i ... Y1nac

Y21 Y22 ... Y2i ... Y2nac

... ... ... ... ... ...

Yi1 Yi2 ... Yii ... Yinac

... ... ... ... ... ...

Ynac1 Ynac2 ... Ynaci ... Ynacnac

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

V1

V2

...

Vi

...

Vnac

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.84)

where nac is the total number of buses in the AC network,

Yii = Gii + jBii is the self admittance at node i
= sum of all admittance terminating at node i,
Yij = Gij + jBij is the mutual admittance between nodes i and j
= sum of all admittance between nodes i and j,
Vi = Vie

jΘi is the voltage at the ith node

expressed in the common network reference frame Re–Im,

Ii is the current injected at the ith node in the same reference frame.

The AC network equations are expressed in p.u. with respect to appropriate base

values.

Figure 3.16 shows the model of the AC network and the interface of different com-

ponents to this network. Components such as generators, loads, and MTDC stations

Algebraic model of AC 

network

Generator

Loads

MTDC

Solve 

generatorI

loadI

MTDCI

generatorV

loadV

MTDCV

busY

[ ]bus
I Y V=

B
j

2

B
j

2

R jX+

Figure 3.16 AC network model with different components interfaced with the network.
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Figure 3.17 Coordinate transformation of the stator current of the ith generator from the

di–qi frame into the common network frame of reference Re–Im.

are modeled with differential and algebraic equations, and the current injections from

them are derived as described in Sections 3.3.1.2, 3.3.2, and 3.2, respectively. These

injected currents are expressed in their respective reference frames. For example, gen-

erator currents Idi, Iqi are expressed in their individual di–qi frames, HVDC converter

current injections IgXi, IgYi in Xi–Yi axis, and so on. Therefore, a coordinate transfor-

mation is performed on the injected current vector
[
I
]

to express it in the common

network reference frame Re–Im. As an example, Fig. 3.17 shows the components of

the current injected by the ith generator in the di–qi reference frame and the Re–Im
reference frame. The coordinate transformation is done using the following equation:[

IRe(i)

IIm(i)

]
=

[
cos 𝛿i − sin 𝛿i

sin 𝛿i cos 𝛿i

] [
Iqi

Idi

]
(3.85)

This transformation was used in (3.63) and (3.70). Currents in other reference frames

can also be transformed in the same manner.

The node voltages are computed to satisfy the equation
[
I
]
−

[
Ybus

] [
V

]
= 0. For

generators, the measured terminal voltage is used as a feedback signal for the excita-

tion system. For the ZIP loads, the node voltage forms an algebraic loop. It should be

noted that constant impedance loads can be usually included in the network
[
Ybus

]
.

The MTDC grid model uses the AC node voltage at the PCC as feedback for the

PLL action and also uses it as feed-forward measurement for disturbance rejection,

as described in Sections 3.2 and 3.2.3.

3.4 AC–MTDC Load flow Analysis

Load flow study is an essential part of the planning and operation of a power system.

It is also the first step before doing the dynamic simulation. The load flow analysis
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of combined AC–MTDC network is presented in the following sections. All AC side

voltages and currents are expressed with respect to the common network reference

frame Re–Im and common base values.

3.4.1 AC Grid Load flow Model

The objective of the AC grid load flow is to determine the voltage magnitude and

angle at each bus of the AC system. If the current injection at each bus of the AC

system was known a priori, then (3.84) could be solved for the voltage phasors using

the relation
[
V

]
=

[
Ybus

]−1 [
I
]
, which is linear in nature. Unfortunately, the current

injection is not known beforehand and it is related to the the injected power and bus

voltage at the ith bus through the following load flow equation:

Ii =
Pi − jQi

Vi
∗ (3.86)

Depending on the constraints imposed by the nodes of the AC system, the problem

becomes nonlinear in nature. Such constraints divide the nodes in the AC grid into

four types:

Slack bus: buses where the voltage magnitude Vi and angle Θi are specified.

PV bus: buses where the real power injected to the network Pi and the voltage mag-

nitude Vi are known.

PQ bus: buses where the real power injected to the network Pi and the reactive power

injected to the network Qi are known.

MTDC PCC bus: buses where special constraints are imposed based on the con-

trol philosophy of the converter stations–refer to Section 3.2.3.1 for different control

modes.

From (3.84), the injected current at the ith bus can be expressed as

Ii =
nac∑
k=1

YikVk (3.87)

From (3.86) and (3.87), separating the real and the imaginary part we get:

f1i = Pi =
nac∑
k=1

ViVk[Gik cos(Θi − Θk) + Bik sin(Θi − Θk)] (3.88)

f2i = Qi =
nac∑
k=1

ViVk[Gik sin(Θi − Θk) − Bik cos(Θi − Θk)] (3.89)

for i = 1, ..., nac

where nac is the total number of buses in the AC system and Yik = Gik + jBik.
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The AC system buses are inclusive of the PCC buses of the MTDC grid. However,

the AC side of the converter stations connecting the PCC bus to the converter terminal

bus is not considered within the AC network. Instead, they are included within the

MTDC grid. For the ith bus connected to a generator, the bus could either be consid-

ered a slack or a PV bus. For the ith bus connected to a load, it is considered to be a

PQ bus where Pi = Pi0 and Qi = Qi0, (3.82) and (3.83). For the ith bus connected

to the PCC of the MTDC converter station, the load flow equations are derived in the

next section.

3.4.2 MTDC Grid Load flow Model

The objective of the MTDC grid load flow is to determine the DC voltage magnitudes

at each converter station and the power flows within the DC grid. Let us assume there

are n converter stations in the MTDC grid. The load flow equations for the ith con-

verter station of the MTDC grid will be derived considering the following:

1. Interface of the converter with the AC system

2. AC side of the converter stations

3. Interface of the converter station AC and DC sides

4. DC side of the MTDC grid

5. Converter control methods.

The ith converter station of the MTDC grid and the corresponding interfaces are

shown in Fig. 3.11.

3.4.2.1 MTDC Interface with AC System As shown in Fig. 3.11, the load flow

equation at the PCC bus of the ith converter station interfacing with the AC system

can be written as

f3i =
nac∑
k=1

VgiVk[Gik cos(Θgi − Θk) + Bik sin(Θgi − Θk)] − Pgi = 0 (3.90)

f4i =
nac∑
k=1

VgiVk[Gik sin(Θgi − Θk) − Bik cos(Θgi − Θk)] − Qgi = 0 (3.91)

where Vgi = Vgie
jΘgi is the bus voltage at the ith PCC bus. For a sequential method

of AC–MTDC load flow solution, Vk, k ≠ i obtained from the AC load flow are used

while solving the MTDC grid load flow equations.

3.4.2.2 MTDC AC Side Load flow Model For an asymmetric bipolar MTDC grid,

the real and reactive power balance equation at the PCC of the ith converter station is

f5i = Pgi − Pp
gi − Pn

gi = 0 (3.92)

f6i = Qgi − Qp
gi − Qn

gi = 0 (3.93)
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For the positive and the negative poles of the ith converter station, the apparent

power injection at the PCC by the positive and negative poles are

Sp
gi = VgiI

p∗
gi = Pp

gi + jQp
gi (3.94)

Sn
gi = VgiI

n∗
gi = Pn

gi + jQn
gi (3.95)

Applying KCL at the PCC of the ith converter station we get

Igi = I
p

gi + I
n

gi (3.96)

Using KVL between the PCC bus and the converter terminal bus, we get

I
p

gi =
V

p

ti − Vgi

Rp
i + jXp

i

=
(

V
p

ti − Vgi

) (
Gp

i + jBp
i

)
(3.97)

I
n

gi =
V

n

ti − Vgi

Rn
i + jXn

i

=
(

V
n

ti − Vgi

) (
Gn

i + jBn
i

)
(3.98)

where V
p

ti = Vp
tie

jΘp
ti , and V

n

ti = Vn
tie

jΘn
ti are the positive and negative pole converter

terminal voltages, respectively. Substituting the values of I
p

gi and I
n

gi into (3.94) and

separating the real and the imaginary parts, we get

f7i = Pp
gi − Vgi[−VgiG

p
i + Vp

ti{Gp
i cos(Θgi − Θp

ti)

+Bp
i sin(Θgi − Θp

ti)}] = 0 (3.99)

f8i = Qp
gi − Vgi[VgiB

p
i + Vp

ti{Gp
i sin(Θgi − Θp

ti)

−Bp
i cos(Θgi − Θp

ti)}] = 0 (3.100)

f9i = Pn
gi − Vgi[−VgiG

n
i + Vn

ti{Gn
i cos(Θgi − Θn

ti)
+Bn

i sin(Θgi − Θn
ti)}] = 0 (3.101)

f10i = Qn
gi − Vgi[VgiB

n
i + Vn

ti{Gn
i sin(Θgi − Θn

ti)
−Bn

i cos(Θgi − Θn
ti)}] = 0 (3.102)

3.4.2.3 Interface of MTDC AC and DC Sides Neglecting converter switching

losses, the real power balance between converter AC and DC sides can be expressed as

f11i = Pp
ti − Vp

dciI
p
dci = 0 (3.103)

f12i = Pn
ti − Vn

dciI
n
dci = 0 (3.104)

Here, the real power output at the AC side terminal of the positive and the negative

pole of the converter stations are

Pp
ti − Vp

ti[V
p
tiG

p
i − Vgi{Gp

i cos(Θ
p
ti − Θgi) + Bp

i sin(Θ
p
ti − Θgi)}] = 0 (3.105)

Pn
ti − Vn

ti[V
n
tiG

n
i − Vgi{Gn

i cos(Θ
n
ti − Θgi) + Bn

i sin(Θ
n
ti − Θgi)}] = 0 (3.106)

The DC bus voltage of the positive and the negative poles of the ith converter station

are given by Vp
dci and Vn

dci, respectively.
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3.4.2.4 MTDC DC Side Load flow Model Referring to Fig. 3.11, it can be seen

that under steady-state, Ip
dci = Ip

li and In
dci = In

li since current flowing through the DC

bus capacitor is zero. The current injection is determined by the conductance matrix

of the DC grid. The DC current injection at the positive and the negative poles of the

DC bus is given by

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Ip
dc1

...

−Ip
dci

...

−Ip
dcN

−In
dc1

...

−In
dci

...

−In
dcN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Gpp11 .... Gpp1i ... Gpp1N

... ... ... ... ...

Gppi1 ... Gppii ... GppiN

... ... ... ... ...

GppN1 ... GppNi ... GppNN

Gpn11 ... Gpn1i ... Gpn1N

... ... ... ... ...

Gpni1 ... Gpnii ... GpniN

... ... ... ... ...

GpnN1 ... GpnNi ... GpnNN

Gnp11 .... Gnp1i ... Gnp1N

... ... ... ... ...

Gnpi1 ... Gnpii ... GnpiN

... ... ... ... ...

GnpN1 ... GnpNi ... GnpNN

Gnn11 ... Gnn1i ... Gnn1N

... ... ... ... ...

Gnni1 ... Gnnii ... GnniN

... ... ... ... ...

GnnN1 ... GnnNi ... GnnNN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Vp
dc1

...

Vp
dci

...

Vp
dcN

Vn
dc1

...

Vn
dci

...

Vn
dcN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.107)

Therefore, current injection at the ith bus in the DC side is given by

f13i = Ip
dci +

N∑
k=1

(GppkiV
p
dck + GpnkiV

n
dck) = 0 (3.108)

f14i = In
dci +

N∑
k=1

(GnpkiV
p
dck + GnnkiV

n
dck) = 0 (3.109)

Gppij, Gnnij, Gpnij, and Gnpij are the elements of the conductance matrix of the DC

transmission network.

3.4.2.5 MTDC Converter Control Modes The other steady-state equations come

in the form of equality constraints as obtained from the converter control modes de-

scribed in Section 3.2.3.1. Converter stations in the MTDC grid can operate under

different control modes. The most basic mode of converter control in an MTDC grid

could be one converter station controlling the DC link voltage at the DC bus (thus

acting as a slack bus) while the remaining ones controlling real power flow at the

PCC—as mentioned in Section 1.5. Additionally, the converter stations can control

the reactive power or voltage at the PCC.

Also, there are certain inequality constraints originating from the limits imposed

by the voltage and the current ratings. These inequality constraints are shown below:

Vmin
p(i) ≤ Vm

dci + Vp
dci ≤ Vmax

p(i) (3.110)

Vmin
n(i) ≤ Vm

dci + Vn
dci ≤ Vmax

n(i) (3.111)

Ip
gi ≤ Ipmax

gi (3.112)

In
gi ≤ Inmax

gi (3.113)
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Let us assume that the limits of the control loops are not violated.

Mode I—P–Q control: Under normal condition, the desired real and reactive

powers Pgi
∗ and Qgi

∗ at the PCC are equally divided between the positive and

the negative pole converters. Therefore,

f15i =
P∗

gi

2
− Pp

gi = 0 (3.114)

f16i =
P∗

gi

2
− Pn

gi = 0 (3.115)

f17i =
Q∗

gi

2
− Qp

gi = 0 (3.116)

f18i =
Q∗

gi

2
− Qn

gi = 0 (3.117)

Mode II—Vdc–Q control: Similar to the P–Q control mode, the DC link voltage

reference for the individual pole of a converter station can be determined based

on the desired pole-to-pole DC link voltage V∗
dci as shown below:

f15i =
(V∗

dci

2

)2

−
(
Vp

dci

)2 = 0 (3.118)

f16i =
(V∗

dci

2

)2

−
(
Vn

dci

)2 = 0 (3.119)

f17i =
Q∗

gi

2
− Qp

gi = 0 (3.120)

f18i =
Q∗

gi

2
− Qn

gi = 0 (3.121)

Mode III A and B—P-Vt-Q or Vdc–Vt–Q control: In addition to the real power

or DC link voltage control, the following constraints are imposed:

f17i = V∗
gi − Vgi = 0 (3.122)

f18i = Qp
gi − Qn

gi = 0 (3.123)

This ensures that the distribution of Qp
gi and Qn

gi is maintained in addition to the

terminal voltage.

Special Case—Converter pole outage: If the positive pole outage is considered,

the following constraints are imposed:

f17i = |Ip

gi| = 0 (3.124)

f18i = Ip
dci = 0 (3.125)
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The control for the other pole of the station remains unaffected.

There are many other control modes possible, e.g., power droop control, ground

current control, frequency droop control, etc., which will impose different constraints.

Details of the power droop control and frequency droop control will be elaborated in

Chapter 4 and 5, respectively.

From the above equations, we can see that there are 16 unknowns for each MTDC

converter station: Pgi, Pp
gi, Pn

gi, Qgi, Qp
gi, Qn

gi, Vgi, Vp
ti , Vn

ti , Vp
dci, Vn

dci, Ip
dci, In

dci, Θgi,

Θp
ti, Θ

n
ti. There are 16 equations (3.90–3.93), (3.99–3.104), (3.108), (3.109), (3.114–

3.117) (or 3.118–3.121, and so on) to solve for 16 variables. The technique used for

solving these equations is described in the next section.

3.4.3 AC–MTDC Grid Load flow Solution

The AC–DC load flow equations can be solved sequentially using the Newton–Raphson

(NR) method [41], which is described here briefly. Let us assume that there are n non-

linear equations with n unknowns.

f1(x1, x2, ..., xi, ...xn) − c1 = 0

f2(x1, x2, ..., xi, ...xn) − c2 = 0

...

fi(x1, x2, ..., xi, ...xn) − ci = 0

...

fn(x1, x2, ..., xi, ...xn) − cn = 0 (3.126)

Let us assume that an initial guess of the n unknowns is x0
1
, x0

2
, ..., x0

i , ..., x
0
n. If the

actual solution of the equations is given by x0
1
+Δx1, x

0
2
+Δx2, ..., x

0
i +Δxi, ..., x

0
n+Δxn,

then we can write

f1(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn) − c1 = 0

f2(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn) − c2 = 0

...

fi(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn) − ci = 0

...

fn(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn) − cn = 0 (3.127)

Expanding the ith equation into Taylor’s Series, we get

fi(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn) − ci

= fi(x0
1
, x0

2
, ..., x0

i , ..., x
0
n) +

(
𝜕fi
𝜕x1

)|||||0

Δx1 +
(
𝜕fi
𝜕x2

)|||||0

Δx2 + ...

+
(
𝜕fi
𝜕xi

)|||||0

Δxi + ... +
(
𝜕fi
𝜕xn

)|||||0

Δxn + higherorderterms − ci

= 0 (3.128)
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Rearranging the above equation and neglecting higher order terms, the following set

of linear equations can be derived:⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

c1 − f1(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn)

c2 − f2(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn)

...

ci − fi(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn)

...

cn − fn(x0
1
+ Δx1, x

0
2
+ Δx2, ..., x

0
i + Δxi, ..., x

0
n + Δxn)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
𝜕f1
𝜕x1

)||||0

(
𝜕f1
𝜕x2

)||||0

...
(
𝜕f1
𝜕xi

)||||0

...
(
𝜕f1
𝜕xn

)||||0(
𝜕f2
𝜕x1

)||||0

(
𝜕f2
𝜕x2

)||||0

...
(
𝜕f2
𝜕xi

)||||0

...
(
𝜕f2
𝜕xn

)||||0

... ... ... ... ... ...(
𝜕fi
𝜕x1

)||||0

(
𝜕fi
𝜕x2

)||||0

...
(
𝜕fi
𝜕xi

)||||0

...
(
𝜕fi
𝜕xn

)||||0

... ... ... ... ... ...(
𝜕fn
𝜕x1

)||||0

(
𝜕fn
𝜕x2

)||||0

...
(
𝜕fn
𝜕xi

)||||0

...
(
𝜕fn
𝜕xn

)||||0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δx1

Δx2

...

Δxi

...

Δxn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
This can be expressed in a symbolic form as

Δf = JΔx (3.129)

J contains the partial derivative terms and is known as the Jacobian. The higher order

terms are neglected with the assumption that the initial guess is close to the actual

solution. Equation (3.129) can be solved for Δx. The ith variable x0
i is then updated

using the relation x1
i = x0

i + Δxi. The process of such iterations continue till the

mismatch Δf falls below a predefined threshold. The Jacobian has to be recomputed

during each iteration.

In the sequential method of AC–MTDC load flow, the steps mentioned below are

followed:

Step I: AC Load flow First, the load flow equations for the AC grid are solved.

From the load flow equations of the AC system described in Section 3.4.1, we

can see that the real and reactive power at the ith bus can be expressed as a func-

tion of voltage magnitudes and angles at all other buses. Since these equations

are nonlinear in voltage magnitudes and angles, they can be solved by using

numerical techniques like the Newton–Raphson method.

As described in Section 3.4.1, there are four types of buses in the system. For

the slack buses, the voltage magnitudes and angles are known and are usually

assumed to be equal to 1∠0. In an AC–MTDC grid, there could be multiple AC

systems interconnected with each other through the DC grid. Those AC systems

could be asynchronous with respect to each other. Therefore, there could be

more than one slack bus in the AC system.
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Assuming that the limits on the control loops are not hit, the MTDC PCC buses

are treated as P–Q buses or P–V buses depending on different control laws de-

scribed above. If the ith converter station is in P–Q control mode (Mode I), then

Pgi = P∗
gi and Qgi = Q∗

gi is assumed. For the converter stations with Vdc–Q
control (Mode II), the real power is unknown at the corresponding PCC bus.

Therefore, an initial guess of the real power P(0)
gi is made. It can be based on the

fact that the sum of total real power injected into the MTDC grid is zero when

losses are neglected. The reactive power is again assumed to be equal to Q∗
gi.

For Mode III A, the PCC bus can be considered as a PV bus with Pgi = P∗
gi and

Vgi = V∗
gi. For Mode III B and Mode IV, an initial guess is made for the real

power, while the bus voltage is specified. To consider a PCC bus with a converter

pole outage, the control mode of the healthy converter will impose constraints

according their control laws.

Let there be ns slack buses and npv PV buses. Therefore, there are r = nac −ns −
npv unknown voltage magnitudes and s = nac − ns unknown voltage angles. To

determine the bus voltages, an initial guess of the unknown voltage magnitudes

and angles (e.g., 1∠0) is made. As described above, the following equation can

be written:

⎡⎢⎢⎢⎣
[
Δf1

]
r×1

− − −[
Δf2

]
s×1

⎤⎥⎥⎥⎦l×1

=

⎡⎢⎢⎢⎢⎢⎢⎣

[
𝜕f1
𝜕V

]
r×r

|| [
𝜕f1
𝜕Θ

]
r×s

− − −− −− − − −−[
𝜕f2
𝜕V

]
s×r

|| [
𝜕f2
𝜕Θ

]
s×s

⎤⎥⎥⎥⎥⎥⎥⎦l×l

⎡⎢⎢⎢⎣
[ΔV]

r×1

− − −
[ΔΘ]

s×1

⎤⎥⎥⎥⎦l×1

(3.130)

where l = r + s.

The element of the ith row and the kth column of the submatrix
[
𝜕f1
𝜕V

]
r×r

is given

by
𝜕f1i

𝜕Vk
. The corresponding elements of the submatrices

[
𝜕f1
𝜕Θ

]
r×s

,
[
𝜕f2
𝜕V

]
s×r

and[
𝜕f2
𝜕Θ

]
s×s

are given by
𝜕f1i

𝜕Θk
,
𝜕f2i

𝜕Vk
, and

𝜕f2i

𝜕Θk
respectively. The elements of the Jaco-

bian are

for k = i,

𝜕f1i

𝜕Vk
= 2ViGii +

nac∑
k≠i

Vk

[
Gik cos

(
Θi − Θk

)
+ Bik sin

(
Θi − Θk

)]
(3.131)

𝜕f1i

𝜕Θk
=

nac∑
k=1

ViVk

[
−Gik sin(Θi − Θk) + Bik cos(Θi − Θk)

]
(3.132)

𝜕f2i

𝜕Vk
= −2ViBii +

nac∑
k≠i

Vk

[
Gik sin

(
Θi − Θk

)
− Bik cos

(
Θi − Θk

)]
(3.133)
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𝜕f2i

𝜕Θk
=

nac∑
k=1

ViVk

[
Gik cos(Θi − Θk) + Bik sin(Θi − Θk)

]
(3.134)

for k ≠ i,

𝜕f1i

𝜕Vk
= Vi

[
Gik cos(Θi − Θk) + Bik sin(Θi − Θk)

]
(3.135)

𝜕f1i

𝜕Θk
= ViVk

[
Gik sin(Θi − Θk) − Bik cos(Θi − Θk)

]
(3.136)

𝜕f2i

𝜕Vk
= Vi

[
Gik sin(Θi − Θk) − Bik cos(Θi − Θk)

]
(3.137)

𝜕f2i

𝜕Θk
= −ViVk

[
Gik cos(Θi − Θk) + Bik sin(Θi − Θk)

]
(3.138)

The unknown bus voltage magnitudes and angles are determined iteratively as

described previously. Readers are referred to the standard literature [41] on AC

load flow for further details. After convergence, the voltage magnitudes and

angles of all AC buses including the PCC buses are obtained.

Step II: MTDC Load flow Following Step I, Vk, k ≠ i (i is a PCC bus for an MTDC

converter station), obtained from the solution of the AC load flow is used for

(3.90) and (3.87). Vgi is treated as a variable in the set of MTDC load flow

equations and the value obtained from Step I can only be used as an initial guess.

In line with (3.129), we can write[
Δf

]
=

[[
Δf3

]T
1×N

[
Δf4

]T
1×N ...

[
Δf18

]T
1×N

]T

16N×1
(3.139)

[J] =

⎡⎢⎢⎢⎢⎢⎢⎣

[
𝜕f3
𝜕X

]
N×16N[

𝜕f4
𝜕X

]
N×16N

⋮[
𝜕f18

𝜕X

]
N×16N

⎤⎥⎥⎥⎥⎥⎥⎦
16N×16N

(3.140)

where the unknown variables are

[ΔX] =

⎡⎢⎢⎢⎢⎢⎣

[
ΔVg

]T

1×N

[
ΔΘg

]T

1×N

[
ΔVp

t

]T
1×N

[
ΔΘp

t

]T
1×N

⋯[
ΔVn

t

]T
1×N

[
ΔΘn

t

]T
1×N

[
ΔPg

]T

1×N

[
ΔQg

]T

1×N
⋯[

ΔPp
g

]T

1×N

[
ΔQp

g

]T

1×N

[
ΔPn

g

]T

1×N

[
ΔQn

g

]T

1×N
⋯[

ΔVp
dc

]T

1×N

[
ΔVn

dc

]T

1×N

[
ΔIp

dc

]T

1×N

[
ΔIn

dc

]T

1×N

⎤⎥⎥⎥⎥⎥⎦

T

16N×1

(3.141)

Expressions for the nonzero elements of the Jacobian are shown below.
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For the interface of the ith converter station with the AC system

𝜕f3i

𝜕Pgi
= −1 (3.142)

𝜕f3i

𝜕Vgi
= 2VgiGii +

nac∑
k≠i

Vk

[
Gik cos

(
Θgi − Θk

)
+ Bik sin

(
Θgi − Θk

)]
(3.143)

𝜕f3i

𝜕Θgi
=

nac∑
k=1

VgiVk

[
−Gik sin(Θgi − Θk) + Bgik cos(Θgi − Θk)

]
(3.144)

𝜕f4i

𝜕Qgi
= −1 (3.145)

𝜕f4i

𝜕Vgi
= −2VgiBii +

nac∑
k≠i

Vk

[
Gik sin

(
Θgi − Θk

)
− Bik cos

(
Θgi − Θk

)]
(3.146)

𝜕f4i

𝜕Θgi
=

nac∑
k=1

VgiVk

[
Ggik cos(Θgi − Θk) + Bgik sin(Θgi − Θk)

]
(3.147)

𝜕f5i

𝜕Pgi
= 1,

𝜕f5i

𝜕Pp
gi

= −1,
𝜕f5i

𝜕Pn
gi

= −1 (3.148)

𝜕f6i

𝜕Qgi
= 1,

𝜕f6i

𝜕Qp
gi

= −1,
𝜕f6i

𝜕Qn
gi

= −1 (3.149)

𝜕f7i

𝜕Pp
gi

= 1 (3.150)

𝜕f7i

𝜕Vgi
= 2VgiG

p
i − Vp

ti

[
Gp

i cos(Θgi − Θp
ti) + Bp

i sin(Θgi − Θp
ti)

]
(3.151)

𝜕f7i

𝜕Vp
ti

= −Vgi

[
Gp

i cos(Θgi − Θp
ti) + Bp

i sin(Θgi − Θp
ti)

]
(3.152)

𝜕f7i

𝜕Θgi
= VgiV

p
ti

[
Gp

i sin(Θgi − Θp
ti) − Bp

i cos(Θgi − Θp
ti)

]
(3.153)

𝜕f7i

𝜕Θp
ti

= −VgiV
p
ti

[
Gp

i sin(Θgi − Θp
ti) − Bp

i cos(Θgi − Θp
ti)

]
(3.154)

𝜕f8i

𝜕Qgi
= 1 (3.155)

𝜕f8i

𝜕Vgi
= −2VgiB

p
i − Vp

ti

[
Gp

i sin(Θgi − Θp
ti) − Bp

i cos(Θgi − Θp
ti)

]
(3.156)

𝜕f8i

𝜕Vp
ti

= −Vgi

[
Gp

i sin(Θgi − Θp
ti) − Bp

i cos(Θgi − Θp
ti)

]
(3.157)

𝜕f8i

𝜕Θgi
= −VgiV

p
ti

[
Gp

i cos(Θgi − Θp
ti) + Bp

i sin(Θgi − Θp
ti)

]
(3.158)
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𝜕f8i

𝜕Θp
ti

= VgiV
p
ti

[
Gp

i cos(Θgi − Θp
ti) + Bp

i sin(Θgi − Θp
ti)

]
(3.159)

𝜕f11i

𝜕Vp
dci

= −Ip
dci (3.160)

𝜕f11i

𝜕Ip
dci

= −Vp
dci (3.161)

𝜕f11i

𝜕Vgi
= Vp

ti

[
Gp

i cos(Θ
p
ti − Θgi) + Bp

i sin(Θ
p
ti − Θgi)

]
(3.162)

𝜕f11i

𝜕Vp
ti

= −2Vp
tiG

p
i + Vgi

[
Gp

i cos(Θ
p
ti − Θgi) + Bp

i sin(Θ
p
ti − Θgi)

]
(3.163)

𝜕f11i

𝜕Θgi
= Vp

tiVgi

[
Gp

i sin(Θ
p
ti − Θgi) − Bp

i cos(Θ
p
ti − Θgi)

]
(3.164)

𝜕f11i

𝜕Θp
ti

= Vp
tiVgi

[
−Gp

i sin(Θ
p
ti − Θgi) + Bp

i cos(Θ
p
ti − Θgi)

]
(3.165)

𝜕f13i

𝜕Ip
dci

= 1,
𝜕f13i

𝜕Vp
dck

= Gppki,
𝜕f13i

𝜕Vn
dck

= Gpnki (3.166)

For Mode I:

𝜕f15i

𝜕Pp
gi

= −1,
𝜕f16i

𝜕Pn
gi

= −1,
𝜕f17i

𝜕Qp
gi

= −1,
𝜕f18i

𝜕Qn
gi

= −1 (3.167)

For Mode II:

𝜕f15i

𝜕Vp
dci

= −2Vp
dci,

𝜕f16i

𝜕Vn
dci

= −2Vn
dci,

𝜕f17i

𝜕Qp
gi

= −1,
𝜕f18i

𝜕Qn
gi

= −1 (3.168)

Similar expressions can be derived for Modes III and IV. Expressions for the

elements of the Jacobian related to f9i, f10i, f12i, f14i, can be obtained by using

the superscript n in place of p in the equations relating f7i, f8i, f11i, and f13i,

respectively. Depending on the control mode certain elements of [ΔX] are zeros.

For example, ΔVg = 0 for control Modes III A and III B. After the convergence

of the iterative solution process, the boundary conditions of the PCC buses, i.e.,

voltage magnitudes, real power, and reactive power, are changed by the updated

values obtained from the MTDC load flow.

Step III: Repetition of Steps I and II The AC load flow (i.e., Step I) is solved using

the updated values of the boundary conditions at the PCC buses. The MTDC

load flow (Step II) is also repeated. This process is continued till the kth iteration

when the maximum value of
|||ΔPk

gi
||| = |||Pk

gi − P(k−1)
gi

||| ,∀i = 1(1)n falls below a

predefined threshold.
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3.5 AC–MTDC Grid Model for Nonlinear Dynamic Simulation

In Section 3.2, the MTDC grid model was described assuming the AC system repre-

sented by voltage sources. Section 3.3 described the model of an AC grid. In this

section, these models will be interfaced with each other to develop an integrated

framework for nonlinear dynamic simulation of the AC–MTDC grid. The generic

structure of the dynamic models of the individual components and the interfacing

variables of the combined AC–MTDC grid is shown in Fig. 3.18.

For the multi-machine AC system shown in Fig. 3.18, the generators, excita-

tion systems, loads, and other dynamic components are modeled by their respective

Generators, excitation systems,
loads and other

dynamic components

AC network
current balance

Positive pole
converters and controls

Negative pole
converters and controls

Positive/negative Pole 
and 

metallic return network

PLL

(In Xi-Y i frame)

Reverse co-ordinate transformation

to Re-Im axes

(In Re-Im frame)

busY

p n
g gI I+

gV

gV

p
dcVn

dcV

n
tP p

tP

p
gIn

gI p n
g gI I+

acI V

p*
gP
p*
gQ
p*

dcV

n*
gP
n*
gQ
n*

dcV

gΘ

Multi-machine AC system

MTDC grid

*V
s

mT
LP

LQ

ω

Figure 3.18 Block diagram of AC–MTDC grid model for nonlinear dynamic simulation.

©[36], 2011.
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differential and algebraic equations (DAEs) as described in Section 3.3. In the inter-

connected AC–MTDC system, the dynamic equations associated with the ith genera-

tor, corresponding exciter, governor, and prime mover are expressed on the reference

frame denoted by di–qi rotating at the rotor angular speed 𝜔i. Since the stator dynam-

ics are neglected, the stator voltages and currents are expressed in the common net-

work reference frame Re–Im which rotates at the synchronous speed 𝜔s. Figure 3.12

shows the orientation of these frames of reference. The rotor angle of all the genera-

tors are measured with respect to the common reference frame. It should be noted that

the speed of the di–qi reference frame for each individual generator varies depending

upon the solution of the swing dynamics (3.53).

For the MTDC grid model shown in Fig. 3.18, the voltages at the PCC of the

ith converter station of the MTDC grid (Vgi) is locked with the X-axis of the Xi–

Yi reference frame rotating at speed 𝜔gi (Fig. 3.2). As described in Section 3.2.2,

the PLL dynamics (Section 2.4.2.5) is neglected. Therefore, the function of PLL

here is to do coordinate transformation of Vgi from Re–Im to Xi–Yi frame. The AC

currents injected by the positive and the negative pole converters I
p∕n

gi = Ip∕n
gXi +jIp∕n

gYi are

calculated using the converter and controller model shown in Fig. 3.4. The DC side

power (Pp∕n
dci ) of the converters is derived from the PCC real power after accounting

for the losses. (Pp∕n
dci ) is further used as input to the DC network model (Fig. 3.10) to

obtain the DC link voltages.

The AC transmission network is modeled with algebraic equations, and the volt-

age and current phasors of this network are expressed in the common network ref-

erence frame Re–Im. As described in Section 3.3.3, the AC network is represented

algebraically by the bus admittance matrix
[
Ybus

]
. A set of current balance equations

including the current injection from the MTDC grid are solved to find the AC network

bus voltages, as shown in Fig. 3.18. Since the converter AC side current injection is

expressed in the Xi–Yi frame, it is transformed into the common network reference

frame Re–Im before using it in the AC current balance equation (3.84).

3.5.1 Initialization of Dynamic Models

It was mentioned in Section 3.2.2 that it is a common practice to start the dynamic

simulation studies from the pre-disturbance steady-state condition. This is done to

avoid lengthy simulation time needed for a large system before it reaches steady-state.

To start the dynamic simulation from a particular steady-state operating condition

(i.e., to obtain a “flat start"), the values of the state variables x, algebraic variables z,

and control variables u, Section 3.2.5, need to be calculated. The input variables are

directly obtained from their respective reference setpoints. The algebraic variables

are determined from the load flow solution described in Section 3.4.3.

The state variables are initialized on the basis of the steady-state values of the al-

gebraic and the input variables. Initialization of different components in the dynamic

model of the AC–MTDC grid is described below:
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3.5.1.1 MTDC Grid

Converter There are two state variables in the model of each converter pole of the

ith converter station Ip∕n
gXi , I

p∕n
gYi . Equations (3.97) and (3.98) are used to obtain

Ip∕n
gXi , I

p∕n
gYi in the Re–Im frame. Coordinate transformation is used to obtain the

Xi- and Yi-axis components.

Controller A converged load flow solution ensures that all the reference and actual

values of the variables are equal, thereby making sure the input errors to the

compensators are zeros. For example, the current controller states 𝜅IX and 𝜅IY
are zeros in the initial condition.

DC Network The AC–DC load flow solution gives Vdci and Idci for each pole and

metallic return path of the DC transmission line connected to the ith converter

station. Equations (3.8) and (3.11) gives the net DC current going into each

of the positive, negative, and metallic return networks. From (3.9), the current

injected at each node can be determined. Equation (3.10) is used to find voltage

at each node of the cable from the line section drops, which accounts for only

the resistive drop during the dynamic condition.

3.5.1.2 AC Grid

Generator For the ith generator, six state variables 𝛿i, 𝜔i, E
′
qi, E

′
di, 𝜓1di, and 𝜓2qi

need to be initialized (Section 3.3.1.1). If sub-transient saliency is taken into

account, it will introduce another state variable Edci (Section 3.3.1.3).

First, generator terminal voltages and current injections are obtained from AC–

DC load flow. Equation (3.62) (or (3.70) with sub-transient saliency) is solved to

obtain Ei (or Eeqi) linking the current injection with the state variables. The state

variables at steady-state are calculated by solving the set of nonlinear algebraic

equations obtained by setting the derivative terms in (3.52–3.57) (and (3.71)

when sub-transient saliency is considered).

Excitation System For the IEEE-DC1A excitation system of the ith generator, the

steady-state parameters of the four state variables Vtri, Efdi, Vri, and RFi are ob-

tained by equating the derivative terms of (3.72–3.75) to zeros. Since the result-

ing equations are nonlinear, an iterative method like the N–R method described

in Section 3.4.3 can be used to solve them.

The IEEE-ST1 model has only one state, which is solved by equating the deriva-

tive term in (3.76) to zero.

Turbine and Governor The state variables are initialized by equating (3.78) and

(3.80) to zero.

3.6 Small-signal Stability Analysis of AC–MTDC Grid

The modeling framework for the nonlinear dynamic simulation of the AC–MTDC

grid was described in Section 3.5. However, the interaction among the state
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variables is often not clear from such nonlinear time-domain simulations. This in-

sight is important in root-cause analysis of the system dynamic behavior and also

for control design. Small-signal analysis in frequency-domain is very useful in this

regard. A linearized model around an operating condition is required for such small-

signal analysis, which is described in this section.

The set of nonlinear DAEs in (3.15–3.17) can be linearized around the equilib-

rium point {x0, z0, u0}. The steps for obtaining the equilibrium point was described

in 3.5.1. The linearization is done by perturbing x, z, and u by a small amount Δx, Δz,

and Δu; expanding the equations into a Taylor series as described in Section 3.4.3;

and neglecting the second and higher order terms:

Δẋ = 𝜕𝜍

𝜕x
Δx + 𝜕𝜍

𝜕z
Δz + 𝜕𝜍

𝜕u
Δu (3.169)

0 =
𝜕g

𝜕x
Δx +

𝜕g

𝜕z
Δz +

𝜕g

𝜕u
Δu (3.170)

Δy = 𝜕h
𝜕x

Δx + 𝜕h
𝜕z

Δz + 𝜕h
𝜕u

Δu (3.171)

The architecture of the model used for small-signal stability analysis is the same as

that of the nonlinear dynamic model shown in Fig. 3.18. However, the components

are represented by their linearized models and the variables are replaced by small

perturbations as shown in Fig. 3.19. The linear model of SGs, excitation systems,

and other components are well documented in literature. They can be derived from

their respective state-space models as mentioned briefly in this chapter. Interested

readers are referred to [12, 38]. The linear model of the MTDC grid is derived next.

3.6.1 Linear Model of Converters and Controllers

Following the per-unit system mentioned in Section 3.2.6.1, the factor of
3

2
(or

2

3
)

associated with the real and reactive power relations is omitted from the state-space

equations in Section 3.2.5. These equations are linearized around a nominal condition{
x0, z0, u0

}
and the linear model is expressed in terms of small perturbations in the

state (Δx), algebraic (Δz), and output (Δy) variables.

Mode I—P–Q Control The linear model for this control mode is described below:

The state variables of the linear model are Δx =
[
ΔIp

gXiΔIp
gYiΔ𝜅IXΔ𝜅IY

]T
,

the control variables are Δu =
[
ΔPp∗

gi ΔQp∗
gi

]T
, the algebraic variable is Δz =[

ΔVgi

]
, and the output variables are Δy =

[
ΔPp

tiΔIp
gXiΔIp

gYi

]T
.

The parameters of the linearized state matrix
[
𝜕𝜍

𝜕x

]
are given by the elements

of Jacobian at the nominal condition. Only nonzero elements are mentioned
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Figure 3.19 Block diagram of the linear model of AC–MTDC grid.

here.

𝜕𝜍1

𝜕Ip
gXi

= −

(
Rp

i + KpI

Lp
i

)
,
𝜕𝜍1

𝜕𝜅IX
=

KiI

Lp
i

(3.172)

𝜕𝜍2

𝜕Ip
gYi

= −

(
Rp

i + KpI

Lp
i

)
,
𝜕𝜍2

𝜕𝜅IY
=

KiI

Lp
i

(3.173)

𝜕𝜍3

𝜕Ip
gXi

= −1,
𝜕𝜍4

𝜕Ip
gYi

= −1 (3.174)

(3.175)



SMALL-SIGNAL STABILITY ANALYSIS OF AC–MTDC GRID 125

The nonzero elements of the matrix
[
𝜕𝜍

𝜕z

]
are given by

𝜕𝜍1

𝜕Vgi
= −

KpIP
p∗
gi

Lp
i V2

gi

,
𝜕𝜍2

𝜕Vgi
=

KpIQ
p∗
gi

Lp
i V2

gi

(3.176)

𝜕𝜍3

𝜕Vgi
= −

Pp∗
gi

V2
gi

,
𝜕𝜍4

𝜕Vgi
=

Qp∗
gi

V2
gi

(3.177)

The nonzero elements of the matrix
[
𝜕𝜍

𝜕u

]
are given by

𝜕𝜍1

𝜕Pp∗
gi

=
KpI

Lp
i Vgi

,
𝜕𝜍2

𝜕Qp∗
gi

= −
KpI

Lp
i Vgi

(3.178)

𝜕𝜍3

𝜕Pp∗
gi

= 1

Vgi
,
𝜕𝜍4

𝜕Qp∗
gi

= − 1

Vgi
(3.179)

The nonzero elements of the matrix
[
𝜕h
𝜕x

]
are given by

𝜕h1

𝜕Ip
gXi

= KpI

Pp∗
gi

Vgi
− 2KpII

p
gXi + 𝜅IXKiI + Vgi (3.180)

𝜕h1

𝜕Ip
gYi

= −KpI

Qp∗
gi

Vgi
− 2KpII

p
gYi + 𝜅IXKiI (3.181)

𝜕h1

𝜕𝜅IX
= KiII

p
gXi,

𝜕h1i

𝜕𝜅IY
= KiII

p
gYi (3.182)

𝜕h2

𝜕Ip
gXi

= 1,
𝜕h3

𝜕Ip
gYi

= 1 (3.183)

The nonzero elements of the matrix
[
𝜕h
𝜕u

]
are given by

𝜕h1

𝜕Pp∗
gi

= KpI

Ip
gXi

Vgi
,
𝜕h1

𝜕Qp∗
gi

= −KpI

Ip
gYi

Vgi
(3.184)

The nonzero elements of the matrix
[
𝜕h
𝜕z

]
are given by

𝜕h1

𝜕Vgi
= −KpI

Pp∗
gi(

Vgi

)2
Ip
gXi + Ip

gXi + KpI

Qp∗
gi(

Vgi

)2
Ip
gYi (3.185)

Mode II—Vdc–Q Control The linear model for this control mode is described

below.
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The state variables are Δx =
[
ΔIp

gXiΔIp
gYiΔ𝜅IXΔ𝜅IYΔ𝜅dc

]T
, the control vari-

ables are Δu =
[
ΔVp∗

dciΔQp∗
gi

]T
, and the algebraic variables are Δz =[

ΔVgiΔVp
dci

]T
.

The nonzero elements of
[
𝜕𝜍

𝜕x

]
are given by

𝜕𝜍1

𝜕𝜅dc
= −

KpIKidc

Lp
i

,
𝜕𝜍3

𝜕𝜅dc
= −Kidc (3.186)

The values of
𝜕𝜍1

𝜕Ip
gXi

,
𝜕𝜍1

𝜕𝜅IX
,
𝜕𝜍2

𝜕Ip
gYi

,
𝜕𝜍2

𝜕𝜅IY
,
𝜕𝜍3

𝜕Ip
gXi

, and
𝜕𝜍4

𝜕Ip
gYi

are the same as those for

P–Q control.

The nonzero elements of
[
𝜕𝜍

𝜕u

]
are given by

𝜕𝜍1

𝜕Vp∗
dci

= −2Vp∗
dci

KpIKpdc

Lp
i

,
𝜕𝜍3

𝜕Vp∗
dci

= −2KpdcVp∗
dci,

𝜕𝜍10

𝜕Vp∗
dci

= 2Vp∗
dci (3.187)

Other related elements of
𝜕𝜍2

𝜕Qp∗
gi

,
𝜕𝜍4

𝜕Qp∗
gi

remain the same as in P–Q control.

The nonzero elements of
[
𝜕𝜍

𝜕z

]
are given by

𝜕𝜍1

𝜕Vp
dci

= 2Vp
dci

KpIKpdc

Lp
i

,
𝜕𝜍3

𝜕Vp
dci

= 2KpdcVp
dci,

𝜕𝜍10

𝜕Vp
dci

= −2Vp
dci (3.188)

Elements of
𝜕𝜍2

𝜕Vgi
remain the same as in P–Q control.

The nonzero elements of
[
𝜕h1

𝜕x

]
are given by

𝜕h1

𝜕Ip
Xi

= −KpI

[
Kpdc

{(
Vp∗

dci

)2 −
(
Vp

dci

)2
}
− Kidc𝜅dc

]
−2KpII

p
Xi + 𝜅IXKiI + Vgi (3.189)

𝜕h1

𝜕𝜅dc
= −KpIKidcIp

Xi (3.190)

The values of
𝜕h1

𝜕Ip
Yi

,
𝜕h1

𝜕𝜅IX
,
𝜕h1

𝜕𝜅IY
are the same as those in the P–Q control mode.

The nonzero elements of
[
𝜕h1

𝜕u

]
are given by

𝜕h1

𝜕Vp∗
dci

= −2KpIKpdcVp∗
dci (3.191)
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Value of
𝜕h1

𝜕Qp∗
gi

is the same as in P–Q control.

The nonzero elements of
[
𝜕h1

𝜕z

]
are given by

𝜕h1

𝜕Vgi
= Ip

Xi +
KpIQ

p∗
gi

V2
gi

Ip
Xi,

𝜕h1

𝜕Vp
dci

= 2KpIKpdcVp
dciI

p
Xi (3.192)

Mode III A—P–Vg–Q Control The linear model for this control mode is described

below.

The state variables, control variables, and algebraic variables are Δx =[
ΔIp

gXiΔIp
gYiΔ𝜅IXΔ𝜅IYΔ𝜅vg

]T
, Δu =

[
ΔPp∗

gi ΔV∗
gi

]T
, and Δz =

[
ΔVgi

]T
,

respectively.

Partial derivatives of 𝜍1 and 𝜍3 are the same as in P–Q control mode.

The nonzero elements of
[
𝜕𝜍

𝜕x

]
are given by

𝜕𝜍2

𝜕𝜅vg
=

KpIKivg

Lp
i

(3.193)

𝜕𝜍4

𝜕Ip
gYi

= −1,
𝜕𝜍4

𝜕𝜅vg
= Kivg (3.194)

Expressions of
𝜕𝜍2

𝜕Ip
gYi

and
𝜕𝜍2

𝜕𝜅IY
remain the same as in P–Q mode.

The nonzero elements of
[
𝜕𝜍

𝜕u

]
are given by

𝜕𝜍2

𝜕V∗
gi

=
KpIKpvg

Lp
i

,
𝜕𝜍10

𝜕V∗
gi

= 1 (3.195)

𝜕𝜍4

𝜕V∗
gi

= Kpvg (3.196)

The nonzero elements of
[
𝜕𝜍

𝜕z

]
are given by

𝜕𝜍2

𝜕Vgi
= −

KpIKpvg

Lp
i

,
𝜕𝜍4

𝜕Vgi
= −Kpvg,

𝜕𝜍10

𝜕Vgi
= −1 (3.197)

The nonzero elements of
[
𝜕𝜍′

𝜕x

]
are given by

𝜕𝜍′
2

𝜕Ip
gYi

=
KpIKpq

Ln
i

,
𝜕𝜍′

2

𝜕In
gYi

= −
Rn

i + KpI + KpIKpq

Ln
i

,
𝜕𝜍′

2

𝜕𝜅IY
=

KiI

Ln
i

(3.198)
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𝜕𝜍′
2

𝜕𝜅IY
=

KiI

Ln
i

,
𝜕𝜍′

2

𝜕𝜅q
= −

KpIKiq

Ln
i Vgi

(3.199)

𝜕𝜍′
4

𝜕Ip
gYi

= Kpq,
𝜕𝜍′

4

𝜕In
gYi

= −Kpq − 1 (3.200)

𝜕𝜍′
10

𝜕Ip
gYi

= −Vgi,
𝜕𝜍′

10

𝜕In
gYi

= Vgi (3.201)

𝜕𝜍′
4

𝜕𝜅q
=

Kiq

Vgi
(3.202)

There exists no nonzero elements in
[
𝜕𝜍

𝜕u

]
.

The nonzero elements of
[
𝜕𝜍′

𝜕z

]
are given by

𝜕𝜍′
2

𝜕Vgi
=

KpIKiq𝜅q

Ln
i

(
Vgi

)2
,
𝜕𝜍′

4

𝜕Vgi
=

Kiq𝜅q(
Vgi

)2
,
𝜕𝜍′

10

𝜕Vgi
= −Ip

gYi + In
gYi (3.203)

Expressions for the partial derivatives of h1 and h′
1

can be derived in a similar

manner and are not included here.

Mode III B—Vdc–Vg–Q Control and Mode IV—Vg–𝜔g Control The linear model

can be derived using expressions from Modes I, II, and III A.

The linear model of the positive pole of the ith converter station is described here.

Similar equations can be written for all converter stations in the positive and neg-

ative poles and combined together to obtain the linearized state-space model of all

converters and controllers.

3.6.2 Linear Model of DC Network

The linear model of the DC network is represented in terms of the following

state, algebraic, and output variables as described earlier in Sections 3.2.5.4 and

3.2.5.5. The state variables are Δx =
[
Δ𝜇p

i Δ𝜇
n
i ΔIp

qrΔVp
qΔIm

qrΔVm
q ΔIn

qrΔVn
q

]T
,

the algebraic variable is Δz =
[
ΔPp

tiΔPn
ti

]T
, and the output variable is Δy =[

ΔVp
dciΔVn

dci

]T
.

The parameters of the linearized state matrix
[
𝜕𝜍

𝜕x

]
are given by the elements of

Jacobian at the nominal condition. Only nonzero elements are mentioned here.

𝜕𝜍5

𝜕𝜇
p
i

= − 1

Rp
sciC

p
dci

,
𝜕𝜍5

𝜕Vp
q

= 1

Rp
sciC

p
dci

,
𝜕𝜍5

𝜕Vm
q

= − 1

Rp
sciC

p
dci

(3.204)
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𝜕𝜍6

𝜕Ip
qr

= −
Rp

c

Lp
c

,
𝜕𝜍6

𝜕Vp
q

= 1

Lp
c

(3.205)

𝜕𝜍7

𝜕𝜇
p
i

= 1

Rp
sciC

p
c

,
𝜕𝜍7

𝜕Ip
qr

= 1

Cp
c

(3.206)

𝜕𝜍7

𝜕Vp
q

= 1

Cp
c

⎡⎢⎢⎢⎣
Pp

ti(
Vp

q − Vm
q

)2
− 1

Rp
sci

⎤⎥⎥⎥⎦ (3.207)

𝜕𝜍7

𝜕Vm
q

= 1

Cp
c

⎡⎢⎢⎢⎣−
Pp

ti(
Vp

q − Vm
q

)2
+ 1

Rp
sci

⎤⎥⎥⎥⎦ (3.208)

𝜕𝜍8

𝜕Im
qr

= −
Rm

c

Lm
c

,
𝜕𝜍8

𝜕Vm
q

= 1

Lm
c

(3.209)

𝜕𝜍9

𝜕𝜇
p
i

= − 1

Rp
sciC

m
c

,
𝜕𝜍9

𝜕𝜇n
i

= − 1

Rn
sciC

m
c

,
𝜕𝜍9

𝜕Im
qr

= 1

Cm
c

(3.210)

𝜕𝜍9

𝜕Vp
q

= 1

Cm
c

⎡⎢⎢⎢⎣−
Pp

ti(
Vp

q − Vm
q

)2
+ 1

Rp
sci

⎤⎥⎥⎥⎦ (3.211)

𝜕𝜍9

𝜕Vn
q

= 1

Cm
c

⎡⎢⎢⎢⎣−
Pn

ti(
Vn

q − Vm
q

)2
+ 1

Rn
sci

⎤⎥⎥⎥⎦ (3.212)

𝜕𝜍9

𝜕Vm
q

= 1

Cm
c

⎡⎢⎢⎢⎣
Pp

ti(
Vp

q − Vm
q

)2
+

Pn
ti(

Vn
q − Vm

q

)2
− 1

Rp
sci

− 1

Rn
sci

− 1

Rgi

⎤⎥⎥⎥⎦ (3.213)

The nonzero elements of the matrix
[
𝜕𝜍

𝜕z

]
are given by

𝜕𝜍7

𝜕Pp
ti

= − 1

Cp
c

(
Vp

q − Vm
q

) (3.214)

𝜕𝜍9

𝜕Pp
ti

= 1

Cm
c

(
Vp

q − Vm
q

) , 𝜕𝜍9

𝜕Pn
ti

= 1

Cm
c

(
Vn

q − Vm
q

) (3.215)

The nonzero elements of the matrix
[
𝜕h
𝜕z

]
are given by

𝜕h4

𝜕Vp
q

= 1,
𝜕h4

𝜕Vm
q

= −1 (3.216)
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3.6.3 Eigenvalue, Eigenvector, and Participation Factor

The linear model of the AC–MTDC grid can be used to obtain the eigenvalues and

participation factors. Eigenvalue analysis provides valuable insight into the stability

of the system, and eigenvectors, and participation factors are important for the root-

cause analysis of time-domain behavior [12]. The overall state matrix (A) for the

AC–MTDC system is required for eigenvalue analysis, which is obtained as follows:

A linearized state-space model is derived by elimination of the vector of algebraic

variables Δz from (3.169) to (3.171), which yields the following:

Δẋ = AΔx + BΔu

Δy = CΔx + DΔu
(3.217)

where A,B,C,D can be derived from the partial derivatives in (3.169–3.171) evalu-

ated at equilibrium {x0, z0, u0} as follows:

A =

[
𝜕𝜍

𝜕x
− 𝜕𝜍

𝜕z

(
𝜕g

𝜕z

)−1
𝜕g

𝜕x

]
, B =

[
𝜕𝜍

𝜕u
− 𝜕𝜍

𝜕z

(
𝜕g

𝜕z

)−1
𝜕g

𝜕u

]
(3.218)

C =

[
𝜕h
𝜕x

− 𝜕h
𝜕z

(
𝜕g

𝜕z

)−1
𝜕g

𝜕x

]
, D =

[
𝜕h
𝜕u

− 𝜕h
𝜕z

(
𝜕g

𝜕z

)−1
𝜕g

𝜕u

]
(3.219)

The characteristic equation of the system can be obtained from this linearized state-

space model as |sI − A| = 0 (3.220)

The roots of the characteristic equation are the eigenvalues of the system. The right

(𝜙i) and left (𝜓i) eigen vectors corresponding to the eigenvalues 𝜆i , i = 1, 2, ..., n
satisfy

A𝜙i = 𝜆i𝜙i, 𝜓iA = 𝜆i𝜓i (3.221)

The kth element of the right eigenvector 𝜙i measures the activity of the state variable

xk in the ith mode, while that of the left eigenvector 𝜓i weighs the contribution of this

activity to the ith mode [12].

To get around the scaling problem, the above measures are often combined to form

the participation matrix P whose elements pki = 𝜙ki𝜓ik are termed as the participation

factor. It is a measure of the relative participation of the kth state variable in the ith
mode, and vice versa [12].

3.7 Transient Stability Analysis of AC–MTDC Grid

Small-signal stability analysis does not capture the system behavior accurately for

large disturbances where the effect of nonlinearity could be pronounced. Hence,

transient stability analysis based on nonlinear simulation is essential. The transient

stability analysis involves nonlinear time-domain simulation of the system where a
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set of nonlinear ordinary differential equations (ODEs) are solved step by step us-

ing numerical integration techniques. Large disturbances such as faults and line or

converter outages, etc., are analyzed.

The initial condition of the system denoted by (x0, z0, u0) is obtained as described

in Section 3.5.1. There are different approaches that can be used to do the transient

stability analysis depending on

1. the integration method used (implicit or explicit, fixed-step or variable-step) to

solve the differential equations (3.15);

2. the method used to solve the algebraic equations (3.16) and (3.17);

3. the sequential vs the simultaneous solution of the differential and algebraic equa-

tions.

Readers are referred to [12] for a detailed description.

In this context, the stiffness of the system equations is defined as the ratio of the

smallest to the largest time constant of the system model: the smaller the ratio, the

greater the stiffness. For the AC–MTDC system model, the problem could be very

stiff. For such systems, implicit integration methods are more suitable than the ex-

plicit integration methods. They provide a better stability compared to explicit meth-

ods, but are computationally expensive. In the implicit integration technique, the

Jacobian matrix is first derived from the above-mentioned equations and then they are

solved using Newton-like methods in each time step. These equations are very sparse

and therefore sparsity-oriented techniques are used to exploit this property [42].

Unlike a fixed-step solver, a variable-step solver is more suitable to speed up the

simulation while maintaining a desired degree of accuracy. It works with lower in-

tegration step size when faster transients are present in the response. As the faster

modes die out, the step size is increased dynamically to meet a specific error toler-

ance.

3.7.1 Large Disturbance Simulation

Large-scale disturbances which could cause transient stability problems in a AC–

MTDC grid can be classified under the following three categories. Ways of simulating

these disturbances are described next.

AC Fault A three-phase AC fault near a bus is simulated by appropriately modifying

the self-conductance of the
[
Ybus

]
at the faulted bus. Outage of an AC line fol-

lowing the fault is also simulated by using the post-fault
[
Ybus

]
with appropriate

modifications.

DC Fault The DC fault and DC cable outage are simulated by reducing the shunt

resistance at the fault point. Unlike the AC network, the DC network is repre-

sented by a dynamic model. As shown in Fig. 3.10, the fault resistance Rf is
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inserted selectively corresponding to the faulted node. Depending on the num-

ber of cascaded pi sections used in the cable model (Fig. 3.1), the location of

fault can be varied across the length of the cable. During fault, the value of
1

Rf

increases from zero to a high value.

The faulted cable is isolated by opening the DC breaker at either end, which is

emulated by increasing the series resistance of the pi sections at both ends to

106 Ω [26]. Although no DC breaker is commercially available at high power

levels, a recent technological development has shown successful testing of a hy-

brid DC breaker which relies on power electronic switches [43]. The breaker can

open in less than 5 ms. Details of the hybrid DC breaker is presented in Chapter

6. In this chapter, a fault clearing time of 5 ms is assumed while simulating the

DC breaker.

Converter Outage Converter outage is simulated by opening both the DC side and

the AC side breakers at the respective converter pole. However, the DC cable

connections to the switchyard of the affected converter are retained. The opening

of AC side breaker is simulated by instantaneously reducing the current injected

by the corresponding pole to zero.

3.7.2 Representation of Rotor and Phase Angles

One important consideration is representation of generator rotor angles and also phase

angles of the bus voltages in absolute or relative terms. During the step-by-step nu-

merical integration process, the solution of the generator swing equation determines

the speed of rotation 𝜔i of the di–qi axis (Fig. 3.12). Under post-contingency steady-

state condition, 𝜔i might not be equal to 𝜔s, resulting in monotonous increase in the

average value of the rotor angle 𝛿i. Therefore, it is a common practice to express the

rotor angles with respect to a reference generator.

As opposed to 𝜔i, the speed of rotation of the Xi–Yi frame, 𝜔gi, is not a state

variable. The speed of rotation is determined by the equation𝜔gi =
(

dΘgi

dt
+ 𝜔s

)
. The

value of angle Θgi is obtained by solving the algebraic equations at each time step.

Under the post-contingency steady-state condition, the value of 𝜔gi may be differ

from 𝜔s, leading to similar variations as that of the rotor angle. Many commercial

stability analysis programs express the bus voltage angles with respect to the slack

bus voltage angle to avoid this problem.

3.8 Case Studies

Case studies on three test systems are presented in the following sections to demon-

strate the usefulness of the proposed framework in analyzing different aspects of AC–

MTDC systems. These case studies make use of the modeling framework presented

in Sections 3.2–3.5 and the methodologies for small-signal and transient stability

analysis described in Sections 3.6–3.7. First, a simplified version of the North-Sea
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benchmark system proposed in [44, 45] is studied. More complexity is considered in

the second case study where a cascaded pi-section model of the DC transmission sys-

tem is introduced [36]. Finally, the third case study considers integration of dynamic

models of an interconnected AC system with the MTDC grid [36].

3.9 Case Study 1: The North Sea Benchmark System

3.9.1 Study Network

A simplified version of the envisioned offshore MTDC grid in the North Sea, shown

in Fig. 3.20 [44], is considered here for the case study.

The study network comprises four bipole converter stations which are connected

through three trans-national subsea DC cables as shown in Fig. 3.20. The system data

DC
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Figure 3.20 Case Study 1: Simplified benchmark test system for the envisioned offshore

MTDC grid in the North Sea, corresponding to the year 2011. ©[45], 2011.
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is taken from [44] and is not repeated here except for the converter parameters shown

in Table 3.1. As shown in Fig. 3.20, the converter stations Conv-DK and Conv-NL

are associated with Denmark and Netherlands, respectively, while Conv-DE28 and

Conv-DE-A are part of Germany.

The converters are represented by their averaged model, Section 3.2.2, in

MATLAB®/SIMULINK®. Conv-DK is considered to be operating as an inverter

under Mode II–Vdc–Q control, Section 3.2.3.1, transporting about 800 MW under

the nominal condition. Conv-DE28 and Conv-DE-A carry 400 MW each, operating

as an inverter and rectifier, respectively. Conv-NL is in rectifying mode carrying 800

MW power.

The metallic return network of Conv-DK is grounded with 0.5 Ω resistance, while

the rest are left ungrounded. A single pi section is used for modeling the DC transmis-

sion system, Section 3.2.3. Conv-DK keeps the DC link voltage constant at ±150 kV

while the remaining stations operate in Mode I–P–Q control mode, Section 3.2.3.1,

to maintain unity power factor at their respective PCC. Real power injected into the

AC system is considered to be positive for the rest of the book.

Note that the AC network representation in this model is not complete because the

actual European grid is interconnected. However, in absence of such data we consider

this model as a starting point for analysis. The AC sources are modeled as ideal

voltage sources behind impedances. The wind farms are represented as constant-

power negative loads with unity power factor.

3.9.2 Nonlinear Simulation

Transient stability analysis was performed through a nonlinear time-domain simu-

lation. Load flow analysis of the combined AC–MTDC grid was done to initialize

the dynamic states of the system model, Section 3.5.1. To assess the accuracy of the

proposed averaged model, a switched model, Section 2.5, of the converters and the

rest of the system was built in the EMTDC/PSCAD [26] platform. Two-level con-

verter topology is considered, and a sinusoidal PWM switching technique is used,

Section 2.3.1, with a switching frequency of 1980 Hz. Validation of the nonlinear

simulation results obtained from the averaged model in MATLAB®/SIMULINK®

with the EMTDC/PSCAD model is done for small and large disturbances.

3.9.2.1 Small Disturbances Figure 3.21 shows the dynamic response of the sys-

tem following a pulse applied to Pp∗
g and Pn∗

g of the converters in Conv-DE28 at

t = 0.1 s. Only the positive pole variables are shown here because of symmetry. Note

that the DC link voltage of Conv-DK is tightly held at ±150 kV (check the tight scale

of Fig. 3.21(a)), hence visually appearing to have larger ripple content than the oth-

ers. The power-flow pattern under the studied operating condition determined the

steady-state DC link voltages of the converters. For example, around 800 MW flows

from Conv-NL to Conv-DK via Conv-DE-A, resulting in the highest DC link voltage

(±154 kV) at Conv-NL followed by Conv-DE-A (±152 kV).

Overall, the responses exhibit very good match between the switched model in

EMTDC/PSCAD and the averaged model in MATLAB®/SIMULINK®. The former
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Figure 3.21 (a-h) Case Study 1: Validation of the averaged model in

MATLAB®/SIMULINK® against the switched model in EMTDC/PSCAD. A pulse

change to the real power reference of both the converters in Conv-DE28 is applied. ©[45],

2011.

was run with a fixed step size of 5.0 μs, while the latter was run with a variable step

solver based on implicit integration technique, Section 3.7. The dynamic variations

observed from the EMTDC/PSCAD model are clearly captured in the MATLAB®/

SIMULINK® model except for the high-frequency switching ripples.

3.9.2.2 Converter Outage As described in Section 3.7.1, the converter outage was

simulated by opening both the AC and the DC side breakers. Figures 3.22 and 3.23

show the dynamic behavior of the MTDC grid following the outage of the positive

pole converter of Conv-DE-A.

Although the positive pole converter in Conv-DE-A is absent, the switchyard in

the DC side remains connected to the DC cable network. As shown in Fig. 3.22(b),

the switching ripple in this switchyard voltage is noticeably reduced after the outage

at t = 0.1 s, compare with Fig. 3.22(c) showing the DC link voltage of the negative

pole at the same converter station.

Figures 3.23(a), (d) and (b), (e) shows the real power at the PCC (Pg) of the con-

verter stations from the averaged model and the switched model. Note that Pg at the

positive pole of Conv-DE-A reduces to zero at a slower rate in the EMTDC/PSCAD

simulation because of the operation of the AC side breaker at respective current zero

of each phase—which is not the case for the phasor model. Since the slack converter

station (Conv-DK) adjusts for the change in power, the dip in the corresponding Pg is

higher in the MATLAB®/SIMULINK® model. In absence of one converter pole, an

unbalance in the DC side occurs and the metallic return network connecting Conv-DK

and Conv-DE-A carries current as high as 1.5 kA (Fig. 3.23(c) and (f)).
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Figure 3.22 (a-h) Case Study 1: Comparison of the DC link voltage dynamics of the

averaged model in MATLAB®/SIMULINK® against the switched model in EMTDC/PSCAD

following the outage of the positive pole converter in Conv-DE-A. ©[45], 2011.
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Figure 3.23 (a-f) Case Study 1: Comparison of the dynamic behavior of the averaged model

in MATLAB®/SIMULINK® against the switched model in EMTDC/PSCAD following the

outage of the positive pole converter in Conv-DE-A. ©[45], 2011.
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Figure 3.24 Case Study 1: Subplots (a), (b), (c): Power spectral density (PXX) calculated

from Welch Periodogram for determining the dominant modes in the DC link voltages of Conv-

DK, Conv-DE28, and Conv-DE-A obtained from EMTDC/PSCAD as shown in Fig, 3.21.

Subplot (d): modes obtained from eigenvalue analysis of the averaged model. ©[45], 2011.

As only Conv-DK is in Vdc–Q control mode, it shares the full burden of unbalance

in current. Autonomous power sharing can ensure division of this burden amongst all

the converters based on their ratings. This issue will be highlighted further in Case

Study 3. A detailed treatment of autonomous power sharing is covered in Chapter 4.

Overall, it can be seen that there has been a close match between the dynamic re-

sponses observed in the EMTDC/PSCAD model and the MATLAB®/SIMULINK®

model. This confirms the validity of the proposed averaged model for modal analysis

and stability studies.

3.9.3 Small-signal Stability Analysis

3.9.3.1 Eigenvalue Analysis The nonlinear model was linearized as described in

Section 3.6. Eigenvalue analysis was performed on the linear model, Section 3.6.3.

As shown in Fig. 3.24(d), the eigenvalue plot obtained from the linear model high-

lights the presence of three modes with frequencies 18.7, 31.96, and 59.36 Hz, re-

spectively. The accuracy of the results obtained from the linear model was validated

by computing the power spectral density (PXX) of the waveforms obtained from the

EMTDC/PSCAD model using the Welch Periodogram technique to ascertain the

principal modal content of the waveforms. The results for the DC link voltages
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of Conv-DK, Conv-DE28, and Conv-DE-A are shown in Fig. 3.24(a), (b), and (c),

respectively.

As expected, the Conv-DK DC link voltage has prominent sidebands around the

switching frequency of 1980 Hz. Presence of lower frequency modes of 19.53, 29.3,

and 58.6 Hz are also apparent from Fig. 3.24(a-c), which is in close agreement with

the modal frequencies obtained from linear analysis. Sidebands due to the switching

ripples were not captured in the eigenvalues because of the use of averaged model.

Participation factor analysis, Section 3.6.3, shows that the aforementioned modes

have high participation from the states in the DC side of the converter as presented in

the next section.

3.9.3.2 Participation Factor Analysis

Nominal Condition Modal participation factor analysis was carried out to ascertain

the nature and the root cause of the dynamic response of the MTDC grid. It can

be seen from the pole map of Fig. 3.25 (upper subplot) that the fastest modes are

associated with the AC network (modeled by tie reactor dynamics as described

in Sections 2.2, and 2.3) states, and the participation of the DC network and

the converter controller states increases as we move toward right on the s-plane.

The lower subplot shows a zoomed view of the critical poles. Most of these are

associated with the DC network except one pole pair which has high participa-

tion from the current controllers of the converters. Refer to Section 3.2.5 for the
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Figure 3.25 Case Study 1: Clustering of system poles based on participation factors in the

nominal condition. ©[45], 2011.
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Figure 3.26 Case Study 1: Clustering of system poles based on participation factors with

the outage of the positive pole converter in Conv-DE-A. ©[45], 2011.

dynamic states of the nonlinear model, and Section 3.6 for the corresponding

state variables of the linear model.

Converter Outage Linear analysis was also done considering the outage of the pos-

itive pole converter in Conv-DE-A. It can be seen from Fig. 3.26 that the eigen-

value plot shows minimal change from the nominal condition except for a new

pole pair −12.76 ± j71.45 having high participation from the converter current

controller states.

3.10 Case Study 2: MTDC Grid Connected to Equivalent AC Systems

3.10.1 Study Network

The study network consisting four bipole converter stations connected with 500 km

of cables is shown in Fig. 3.27. Two converter stations (#2 and #3) are considered to

be acting as rectifiers and the others (#1 and #4) as inverters under nominal condition.

Three converter stations are in Mode I—P–Q control mode, Section 3.2.3.1 – each

maintaining 900 MW real power at unity power factor (upf) at the PCC buses #2, #3,

and #4 as shown in Fig. 3.27. Real power injected into the AC system is considered

to be positive, and vice versa, for the rest of the paper. Converter station #1 operates

in Mode II—Vdc–Q control mode, Section 3.2.3.1, and keeps the DC link voltage at

±350 kV with upf at the PCC. The metallic return is grounded with a 0.5-Ω resistance

at converter station #1 while the other stations are left ungrounded.

The parameters of the above study network are shown in Table 3.1.
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Figure 3.27 Case Study 2: Bipole MTDC grid with four converter stations. ©[36], 2011.

Table 3.1 MTDC grid Parameters from Figs 3.1 and 3.4

Parameters Values Parameters Values

Rp∕Rn 0.07 Ω Cp
dc∕Cn

dc 0.4 mF

Lp∕Ln 40.0 mH Rp
sc∕Rn

sc 1.0 𝜇Ω
Rg 0.5 Ω Rp

c∕Rn
c∕Rm

c 1.5 Ω
Lm

c 0.30 H Lp
c∕Ln

c 0.30 H

Cm
c 40.0 𝜇F Cp

c∕Cn
c 14.00 𝜇F

Rf 0.01 Ω KI(s) 300( Rc + sLc

s
)

The surrounding AC system was modeled by an ideal 400-kV voltage source be-

hind a series impedance (0.3 + j4.0 Ω). The steady-state operating condition was

determined by solving the AC–DC load flow equations described in Section 3.4.3.

3.10.2 Nonlinear Simulation

As discussed in Section 3.2.4, the approximation of the distributed cable model by

four pi-sections can be considered adequate for the 500-km cable to reasonably cap-

ture frequency up to 60 Hz (Fig. 3.9). Therefore, four pi sections were used to model

each DC cable in EMTDC/PSCAD. The following sections describe the comparison

of response obtained from the nonlinear averaged model of the MTDC grid developed

in MATLAB®/SIMULINK® with a switched model in PSCAD.
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Figure 3.28 (a-h) Case Study 2: Validation of the averaged model in

MATLAB®/SIMULINK® against switched model in EMTDC/PSCAD. A pulse change to

the real power reference of both the converters in converter station #2 is applied. ©[36], 2011.
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Figure 3.29 (a-h) Case Study 2: Comparison of the dynamic behavior of the averaged model

in MATLAB®/SIMULINK® against switched model in EMTDC/PSCAD. A cable fault at the

mid-point of the negative pole connecting converter stations #2 and #4 followed by its outage

is simulated. ©[36], 2011.
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3.10.2.1 Small Disturbances Figure 3.28 shows the dynamic behavior of the sys-

tem in response to a pulse change applied to P∗
g of both the converters in converter

station #2. Due to symmetry, only the positive pole variables are shown here.

A close look at the responses shows very good match between the switched model in

EMTDC/PSCAD and the averaged model in MATLAB®/SIMULINK®. The former

was run with a fixed step size of 0.5 μs, while the latter was run with a variable-

step solver, Section 3.7. The dynamic response observable in the EMTDC/PSCAD

is clearly captured in the MATLAB®/SIMULINK® model except for the switching

ripples.

Note that the DC link voltage of converter station #1 is tightly held at ±350 kV

(check the tight scale of top left subplot) – hence visually appearing to have larger

ripple content than the others. The resulting DC link voltages at stations #2 and #3 are

slightly higher (±355 kV) as a result of the direction of power flow in the DC network.

The subplots on the right column of Fig. 3.28 also compares the performance of the

averaged model in MATLAB®/SIMULINK® when the cables are approximated by

only one pi section instead of four sections. A single pi section could not capture

certain high-frequency modes and showed substantial phase-shift in the response of

the low-frequency modes.

3.10.2.2 Large Disturbances Section 3.7.1 described the method of simulating

fault in DC cable and the outage of the cable by opening the DC breakers. The dy-

namic response of the system following a line-to-ground fault at the mid-point of the

negative pole cable connecting converter stations #2 and #4 followed by the outage

of the faulted cable is shown in Fig. 3.29. The DC bus voltages of the converter

stations show large peak deviations from the pre-fault steady-state values except for

converter #1.

It can be seen that the response of the averaged model is reasonably similar to that

of the switched model—although not as close as that in the previous case study with

a pulse disturbance. This is possibly due to the occurrence of transients in presence

of cable capacitance and to other probable factors including different types of solvers

and simulation step sizes used in the two platforms.

Successful validation of the averaged model against the switched model gives the

confidence for adopting it in small-signal stability analysis of AC–MTDC grids.

3.10.3 Small-signal Stability Analysis

The importance of small-signal stability analysis for the root-cause analysis and con-

trol design was highlighted in Section 3.6. To that end, the nonlinear dynamic model

was linearized, Section 3.6.3, around the nominal condition. Modal participation

factor analysis was done to figure out the nature and the root cause of the dynamic

response of the MTDC grid. It can be seen from the pole map of Fig. 3.30 (upper

subplot) that the fastest modes are associated with the AC network (modeled by tie

reactor impedance as mentioned in Sections 2.2 and 2.3) states (equations (3.24) and

(3.25)), and the participation of the DC network and the converter controller states

(Sections 3.2.5.4, 3.2.5.1) increases as we move toward right on the s-plane. The
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Figure 3.30 Case Study 2: Clustering of system poles based on participation factors. ©[36],

2011.

lower subplot shows a zoomed view of the critical poles. Most of these are associated

with the DC network except one pole pair which has high participation from the cur-

rent controllers of the converters (equations (3.22) and (3.33)).

3.11 Case Study 3: MTDCGrid Connected toMulti-machine ACSystem

3.11.1 Study Network

In Case Studies 1 and 2, the AC system was represented by isolated ideal voltage

sources behind impedance. In reality, power system planners and operators need to

understand the dynamic behavior of the MTDC grid surrounded by interconnected

AC systems which include the dynamic model of AC system components. Figure 3.31

shows the test system used for steady-state analysis, transient stability study, and

small-signal stability study of such a network. The same MTDC grid analyzed in

Case Study 2 is used in this study. Since the averaged model of the MTDC grid

was benchmarked with a switched model in EMTDC/PSCAD, Section 3.10.2, it was

directly integrated with the surrounding AC system model following the modeling

framework described in Section 3.5. The details of the connectivity of this grid will

be described below.

The AC system consists of three asynchronous grids. The first grid has two gen-

erating areas each having two generators G1,G2 and G3,G4, respectively. The two

areas are connected by a 230-kV AC tie-line which is 220 km long. Two asymmetric
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Figure 3.31 Case Study 3: Asymmetric bipole MTDC grid (single line diagram) connected

to a multi-machine AC system. ©[36], 2011.

bipole HVDC converter stations (#2 and #3) connect each area to an MTDC grid as

shown in Fig. 3.31 through a 500-km-long cable. The converter station bus 16 and

17 are connected to bus 9 and 10, respectively, through two feeders. Each generator

(G1–G6) was represented by a sub-transient model described in Section 3.3.1. The

generators are equipped with IEEE DC1A exciters described in Section 3.3.1.4. No

turbine and governor are considered for this model, i.e., the generators are assumed

to operate with constant Tm, Section 3.3.1.1.
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The real power loads at buses #9 and #10 are 1500 and 2500 MW, respectively,

which are modeled as constant-current loads. The corresponding reactive compo-

nent of the loads are 100 and 250 MVAr (capacitive), which are modeled as constant

impedance loads. Modeling of constant-current and constant-impedance load was

described in Section 3.3.2.

The AC network beyond the PCC of the converter stations is modeled algebraically

as mentioned in Section 3.3.3. The details of the generator parameters and AC trans-

mission network of grid #1 can be found in [12]. The standard DAE model of the

multi-machine AC system in the current injection framework was integrated with the

dynamics of the converter transformers and phase reactors with proper adjustment of

the reference frames as described in Section 3.5.

The second and third grids are isolated grids modeled by two aggregated gener-

ators G5 and G6, respectively. These generators were also modeled using similar

assumptions as in G1–G4. The PCC bus of the converter stations #4 and #1 are buses

#13 and #14, respectively, which are connected to the two grids through two short

feeders (Fig. 3.31).

Under the nominal condition, each of G1, G2, and G4 generates 700 MW, and

G3, G5, and G6 are left as slack. The tie-line transfer through the AC line connecting

buses #9 and #10 is 200 MW, while converter stations #2, #3, and #4 operate in P–Q
mode to maintain 900, 300, and 900 MW, respectively at upf at the PCC as shown

in Fig. 3.31. Converter station #1 works in the Vdc–Q mode and keeps the DC link

voltage constant at ±350 kV.

3.11.2 AC–MTDC Grid Load flow Solution

A sequential AC–MTDC grid load flow, Section 3.4.3, was done as described below.

Step I – AC Load flow: First, the AC load flow is solved. There are three slack

buses in the system shown in Fig. 3.31: G3, G5, and G6. Since stations #2,

#3, and #4 are operating in Mode I, the corresponding PCC buses #17, #16,

and #13 are treated as P–Q buses. For the PCC bus of station #1, i.e., bus #14,

an initial guess of Pg is assumed on the basis of the real power balance in the

MTDC grid neglecting losses. Table 3.2 summarizes the step-by-step load flow

solution highlighting a few key components. It can be seen that the real power

at bus #14 is assumed to be equal to equal to 3.0 p.u. (300 MW). The AC load

flow converges after 18 iterations. The voltage profile of a few selected buses

following the convergence of the AC load flow is shown in Table 3.2.

As mentioned in Section 3.4.3, the voltages obtained from AC load flow solution

for buses #5, #6, #9, and #10 are used for the MTDC grid load flow. Table 3.2

shows that these values are 1∠0∘, 1∠0∘, 0.979∠ − 15.72∘, and 0.990∠ − 1.18∘,
respectively. The MTDC grid load flow converges in four iterations. Since the

AC load flow was solved assuming exact value of Pg and Qg at the PCC buses

#13, #16, and #17, the converged voltage solution at these buses exactly matches

with the MTDC grid load flow solution (Table 3.2). The real power at the PCC

bus #14 was unknown, and therefore this value changes from 0.999∠− 0.39∘ to
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Table 3.2 AC–MTDC grid load flow solution on 100 MVA base

AC–DC load flow iter. 1 2

P(k−1)
g14

3.0 3.3327

No. of AC load flow iter. 18 18

V5 1∠0∘ 1∠0∘

V6 1∠0∘ 1∠0∘

V9 0.979∠ − 15.72∘ 0.979∠ − 15.72∘

V10 0.990∠ − 1.18∘ 0.990∠ − 1.18∘

V13 0.998∠ − 1.18∘ 0.998∠ − 1.18∘

V14 0.999∠ − 0.39∘ 0.999∠ − 0.44∘

V15 0.990∠ − 21.28∘ 0.990∠ − 21.28∘

V16 0.979∠ − 15.31∘ 0.979∠ − 15.31∘

V17 0.992∠ − 25.46∘ 0.992∠ − 25.46∘

No. of DC load flow iter. 4 4

V13 0.998∠ − 1.18∘ 0.998∠ − 1.18∘

V14 0.999∠ − 0.44∘ 0.999∠ − 0.44∘

V16 0.979∠ − 15.31∘ 0.979∠ − 15.31∘

V17 0.992∠ − 25.46∘ 0.992∠ − 25.46∘

P(k)
g14

3.3327 3.3327

max|ΔP(k)
g | 0.3327 0

0.999∠ − 0.436∘ after the MTDC grid load flow converges. The real power at

the PCC bus #14 at the end of the first iteration of the AC–MTDC grid load flow

is given as P(k)
g14

= 3.3327. The maximum value of |ΔP(k)
g | = 0.3327 is more

that the tolerance of 10−3 and therefore the AC–MTDC grid load flow iteration

enters Step III of Section 3.4.3.

The AC load flow is run again with the modified value of Pg at bus #14. After the

convergence of the AC load flow, the final value of V14 becomes 0.999∠−0.44∘,
which is equal to the value obtained following the convergence of the MTDC

grid load flow in iteration #1.

The AC–MTDC grid load flow solution is used to initialize the states of different

components of the dynamic model as described in Section 3.5.1.

3.11.3 Small-signal Stability Analysis

After performing linearization, Section 3.6.3, the modal participation factor anal-

ysis was done to associate the oscillatory modes to different state variables of the

combined AC–MTDC grid. Figure 3.32 shows the pole map of the 246th order test
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Figure 3.32 Case Study 3: Clustering of system poles based on participation factor analysis

for the MTDC grid connected to a multi-machine AC system shown in Fig. 3.31. ©[36], 2011.

system. As expected, in addition to the modes associated with the MTDC grid shown

in Section 3.9.3, the participation of generator states is more prominent as we move

from left to right of the s-plane as shown in Fig. 3.32. There exists a poorly damped

inter-area mode of 0.55 Hz frequency and 0.3 % damping where the states of gener-

ators, G1–G4 have the strongest participation as seen from the lower right subplot of

Fig. 3.32. Refer to Sections 3.2.5 and 3.3 for a description of the MTDC grid states

and AC grid states, respectively.

3.11.4 Nonlinear Simulation

3.11.4.1 AC Side Fault Nonlinear simulations in MATLAB®/SIMULINK® in-

volving both AC and DC side faults were done. Figure 3.33 shows the dynamic

behavior of the system following a three-phase self-clearing fault for about 5 cycles

near bus #15 at t = 0.01 s.

In accordance with the small-signal stability analysis, the angular separation be-

tween G1 and G3 shows the presence of the poorly damped but stable inter-area mode

(Fig. 3.33(a)). On the other hand, it can be seen from Fig. 3.33(b) and (c) that the

positive pole DC link voltages of the stations #3 and #4 include higher frequency

oscillatory modes. Careful observation of the converter station #3 DC link voltage

reveals the presence of an 11-Hz mode immediately after the fault followed by the ap-

pearance of another mode with approximately 30 Hz frequency. These can primarily

be attributed to the eigenvalues −0.1948± j73.6592 and −0.9259± j196.7692 having
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Figure 3.33 (a-d) Case Study 3: Dynamic performance of the combined AC–MTDC system

(shown in Fig. 3.31) following a three-phase self-clearing fault at bus #15 for 80 ms starting at

t = 0.01 s. ©[36], 2011.

very high participation from the DC network states as shown in Fig. 3.32. After the

transient, all the parameters settle back to their pre-fault values, e.g., converter sta-

tion #2 positive pole maintains around 450 MW (half of 900 MW) flow at bus #17 as

shown in Fig. 3.33(d).

3.11.4.2 DC Cable Fault Next, a DC cable fault was considered at the mid-point

of the negative pole cable connecting the converter stations #2 and #4. The fault was

created at t = 0.5 s and cleared by opening the DC breakers at both ends of the faulted

cable within 5.0 ms, Section 3.7.1. It can be seen from Fig. 3.34(a) that the poorly

damped (but stable) inter-area mode is observable in the angular difference between

G4 and G2. The DC link voltage of the positive pole at converter station #3, shown in

(Fig. 3.34(b)) oscillates about its pre-fault value (348 kV) similar to the other DC side

variables Fig. 3.34(c) and (d). The converter station #2 negative pole DC link voltage

dips due to its vicinity to the fault on the cable connecting the converter stations #2
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Figure 3.34 (a-d) Case Study 3: Dynamic performance of the combined AC–MTDC system

(shown in Fig. 3.31) following a cable fault at the mid-point of the negative pole connecting

converter stations #2 and #4. The fault occurs at t = 0.5 s and is cleared within 5 ms by isolating

the faulted cable. ©[36], 2011.

Table 3.3 Critical modes of the MTDC grid connected to a multi-machine AC system

Pre-fault Post-fault Mode type

−0.0093 ± j3.4864 −0.0093 ± j3.4864 Inter-area

−1.6650 ± j42.3202 0.1975 ± j40.2715 DC network

and #4 as shown in Fig. 3.34(c). Also worth noting is the oscillations in the real power

of the positive pole of station #1 about its initial value. The magnitude of the power

is negative since the converter station is acting as a rectifier.

From the variations of several DC side quantities in Fig. 3.34(b-d), it is clear that

the system approaches instability. This however, is not apparent from the angular

difference between the generators G4 and G2 on the AC side shown in Fig. 3.34(a).
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Figure 3.35 (a-c) Case Study 3: Dynamic performance of the combined AC–MTDC grid

(shown in Fig. 3.31) following the outage of the negative pole converter at the converter station

#3. ©[36], 2011.

It is to be noted that for a DC cable fault the oscillations between G4 and G2 on the AC

side is much smaller than that in the case of AC side fault as shown in Fig. 3.33(a).

Small-signal stability analysis was used to identify the critical modes associated with

the AC and DC sides as shown in Table 3.3. It can be seen that outage of a DC cable

has virtually no impact on the inter-area (0.55 Hz) mode which is reflected in similar

responses of the angular differences between the generators as shown in Figs 3.33(a)

and 3.34(a). However, the 7.0-Hz mode with high participation from the DC network

states (refer to Fig. 3.32) becomes unstable, which is manifested in the responses in

Fig. 3.34(b-d).

From the above results, it can be inferred that an averaged converter model along

with the DC cable network should be taken into account while analyzing the stability

and the dynamics of combined AC–MTDC systems.

3.11.4.3 Converter Outage In Case Study I, the converter outage was simulated

for a system in which the surrounding AC grid was modeled by ideal voltage sources.

For this system, the outage of the negative pole converter of the converter station #3

(inverter) was considered at t = 0.5 s by opening the AC side breaker.

The angular difference between the generators G4 and G2 in Fig. 3.35(a) shows

stable but poorly damped oscillations around a reduced average (absolute) value be-

cause of less power flow through the AC tie-line connecting buses 9 and 10. The

ground current before the outage of the converter is zero due to the balanced operation
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of the grid. Following the outage, the ground current shows oscillations (Fig. 3.35(b)).

This current flows through the grounding resistor at the station #1 and returns through

the cable charging capacitance. It can be seen from Fig. 3.35(c) that the power flow at

the PCC of the negative pole of station #3 becomes zero while those of the stations #2

and #4 remain constant as they are in P–Q control. The negative pole converter of the

station #1 (rectifier) operating in Vdc–Q mode reduces its power by about 150 MW

(lost due to outage of converter in station #3). The positive pole converter powers,

not shown here, remain at their respective pre-fault values, since the converter poles

operate independently.

It should be noted that the station #1 absorbs the entire burden of the change in

power going out of the MTDC grid. This will appear as a large loss of load to the

grid G6, leading to over-frequency and other related operational challenges. This

issue was mentioned in Section 1.5, and the concept of droop control was introduced

in Section 2.4.5 for sharing the burden following a converter loss. This topic is the

subject matter of the next chapter of this book.





CHAPTER 4

AUTONOMOUS POWER SHARING

4.1 Introduction

In a point-to-point HVDC link, typically one converter station controls the real power

and the other station maintains the DC link voltage. As a natural extension, in an

MTDC grid all converters except one could be operated in active power set point

control and one converter station could be responsible for maintaining the DC volt-

age across the entire DC grid. The DC voltage controlling converter acts as the slack

bus within the MTDC grid and deviates from an active power set point by the amount

of loss that takes place within the MTDC grid. Due to a small percentage of loss

in an MTDC grid this deviation is acceptable under normal operating conditions.

However, if there is a converter outage the mismatch in active power is transferred

to the DC voltage controlling converter. The DC voltage controlling converter either

needs to increase or decrease its power depending on the nature of both the faulty

converter and DC voltage controlling converter, i.e., rectifier or inverter. In an event

of increase or decrease it may so happen that the DC voltage controlling converter

needs to be loaded well beyond its rating (limited by the current controller limits men-

tioned in Section 2.4.1) or reverse the power direction that might have an impact on

the surrounding AC systems. Therefore, following a converter outage in an MTDC

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
© 2014 The Institute of Electrical and Electronics Engineers, Inc. Published 2014 by John Wiley & Sons, Inc.
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grid, it is critical that the healthy converter stations share the power mismatch/burden

in a desirable way. Similar to power-frequency droop used in AC generators, Sec-

tion 3.3.1.5, a power-voltage droop in the DC link voltage control loops can ensure

proper sharing according to the converter ratings.

The concept of droop control [21, 46, 47] has been proposed for power sharing

and frequency support [48] through MTDC grids. A number of research papers have

been published in recent years on control strategies for MTDC grids. In [49], a robust

power control using DC voltage droop is demonstrated along with the system tran-

sient response under temporary and permanent DC faults. In [50], DC link voltage

control is used on one converter station together with a DC voltage droop charac-

teristic on the other converters. The impact of the proposed control structure on the

stability of the AC and DC grid is investigated by simulations. Different operation

modes of MTDC systems for large offshore wind farms are analyzed in [51]. While

the offshore converters act as ideal voltage sources that absorb all the incoming power,

the onshore converters inject the power to the AC grid and control the DC voltage us-

ing a droop control scheme. In [52], precise control of power flow in MTDC grids is

demonstrated taking into account DC line voltage drop and power losses in DC lines

and converters. In [53], the dynamic model of an MTDC grid is used to compare

droop control, ratio control, priority control and voltage margin method for control-

ling the DC voltage at the converter stations. A case study on a four-bus MTDC

system is presented to compare the different control strategies during the steady-state

and a three-phase fault on the onshore system. Reference [54] provides a system-

atic comparison between the different voltage control strategies adopted for MTDC

grids and discusses how all control strategies can be theoretically regarded as limit-

ing cases of a voltage droop control. An advanced control combining voltage margin

control, dead-band droop control, and undead-band droop control is demonstrated. In

[55], various DC grid management strategies based on coordinated closed-loop DC

voltage control and DC droop characteristics are proposed to ensure proper power

sharing among various onshore AC networks, robust performance during wind speed

and power variations, and large disturbances caused by the trip of one of the wind

farms. In [56], the optimal power flow (OPF) set up for an AC–MTDC grid is pre-

sented to minimize the overall transmission loss with constant DC voltage control

(master–slave control) and DC voltage droop control.

In [57], a distributed DC voltage control has been presented. Such an approach

has some advantages over its concentrated slack bus counterpart. Here a number of

converters can jointly control the DC system voltage. After a fault, a voltage droop

controlled DC grid converges to a new operating point, which impacts the power

flows in both the DC grid and the underlying AC grids. Reference [58] introduces

a cascaded DC voltage control at every converter that allows a two-terminal VSC

HVDC system to cope with converter outages. The model configures into a master–

slave setup with the converters within an MTDC system taking over the DC voltage

control in case the DC voltage controlling converter fails. It is shown that the model

can be used to include a voltage droop control to share the power imbalance after a



INTRODUCTION 155

contingency in the DC system amongst the converters in the system. Reference [59]

presented the influence of the converter droop settings and the MTDC network topol-

ogy on the power sharing in MTDC grids. An analytical tool to evaluate the effect of

the droop control settings on the steady-state voltage deviations and power sharing

after a converter outage has been developed. An optimization algorithm is developed,

considering two conflicting criteria. In [60], a dedicated droop control considering

an offshore DC grid topology to implement different power flow scenarios has been

proposed without any communication or master control. Operation of MTDC grids

with special emphasis on wind spillage is studied. A process to synthesize spatially

correlated winds is described and used to assess the value for different extensions and

ratings. A resistance modulation device is suggested as a supplementary power flow

controller, for significant wind spillage reduction.

In majority of the above papers, fixed values of droop constants, primarily based

on the individual rating of the converters, have been used. However, this does not con-

sider the actual loading condition, and hence the converter headroom (difference be-

tween the rated capacity and actual loading) available to share the additional burden.

In this chapter, an adaptive (variable) droop control scheme for appropriate power

sharing taking into account the available headroom is described. This scheme can

avoid possible overloading. The converters that are already operating close to the

limits would not try to share the burden of the loss to the extent of the other converters

with higher spare capacity or headroom. Similar to converter-fed AC networks (e.g.

a microgrid [61, 62]), droop control impacts the stability of MTDC grids. For a fixed

droop scheme a thorough stability analysis might not be essential as long as stability is

ensured for the chosen fixed values through prior simulation. But for adaptive droop,

the stability region needs to be ascertained a priori through small-signal stability

analysis using the framework described in Chapter 3.

The amount of burden shared by a converter station following the outage is de-

termined by the difference between the post- and pre-contingency power at PCC.

Therefore, it is important to analyze the post-contingency condition. In this chapter,

the post-contingency condition is ascertained using analytical derivation and the re-

sults are shown to be consistent with the transient simulations. Averaged models in

MATLAB®/SIMULINK® [25] are used to perform the stability and small-signal sta-

bility analysis. Validation of this averaged model against switched model in EMTDC/

PSCAD [26] are presented, which provides the required confidence in this analysis.

The topics in this chapter are organized as follows: First, the steady-state operat-

ing point of different converter stations is described. The concept of power sharing

control in the context of AC systems and microgrids followed by MTDC grids is

presented. Different techniques for power sharing are mentioned and the use of lo-

cal feedback signal, and common signal-based droop control are described. Adaptive

droop control is introduced and advantage of this scheme for autonomous power shar-

ing is established through transient simulations on an MTDC grid with four bipolar

converters and DC cable network with metallic return. Simulation results for both

rectifier and inverter outages under two different scenarios are presented.
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Figure 4.1 Steady-state operating characteristics of the positive pole converters in the four-

terminal MTDC grid, Fig. 3.27, in V2
dcj–Pgj plane. Upper subplot: Operating point under normal

conditions. Lower subplot: Operating point following the outage of the converter station #3.

4.2 Steady-state Operating Characteristics

The steady-state operating characteristics of the MTDC grid can be represented on a

two-dimensional plane using the control variables in different axes. Let us consider

the four-terminal MTDC grid introduced in Section 3.10, Fig. 3.27, where converter

station #1 operates in control Mode II (Vdc–Q) and converter stations #2 to #4 operate

in the control Mode I (P − Q). Since in Mode II, the square of the DC link voltage

is controlled (Sections 2.4.3 and 3.2.3.1), the converter steady-state operating char-

acteristics is drawn using V2
dc as a variable. Similar characteristics can also be drawn

simply using the DC voltage as reported in the literature.

The upper subplots in Fig. 4.1 show the steady-state operating characteristics of the

positive pole converters in the four-terminal MTDC grid in the V2
dcj − Pgj, j = 1, ..., 4

plane corresponding to each converter station. Similar characteristics are applicable

for the negative pole converters. For point-to-point VSC-HVDC links, the usual prac-

tice is to operate one of the converter stations in active power control mode to ensure

the scheduled power exchange. The DC link voltage is maintained by the other con-

verter station that consequently supplies the resistive losses in the DC link, thus act-

ing as a slack converter station. In such a case, it is a common practice to draw these

characteristics at any common DC node, which, however, is difficult for a meshed

DC grid. Neglecting the system losses, the operating condition of the system can be

represented by the point of intersection of the individual converter characteristics.
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When the positive pole of converter station #3 is lost, the operating point gets

shifted as shown in the lower subplot of Fig. 4.1. To maintain the real power balance

in and out of the DC grid, the real power delivered by converter station #1 becomes

zero. This impacts the AC grid connected to converter station #1 and was highlighted

in Chapter 3. For the loss of a inverter station (e.g. converter station #4), the operating

point for converter station #1 will move further right from the one shown in the up-

per subplot. This will result in an overloading of the converter station #1 and it might

loose control over DC link voltage because of violation of current control limits men-

tioned in Section 2.4.3.

Therefore, the loss of converter stations can result in the overload of certain

remaining converter stations (leading to hitting of current controller limits,

Section 2.4.1) and also over-voltages in some nodes of the DC grid. The outage of

converter station #1 will be the most critical. In the absence of any converter station

controlling the DC link voltage, the whole DC grid might collapse. If the converter

station controlling DC voltage is a rectifier, the outage will result in power deficit

into the grid leading to the saturation of most or all the converter station. On the

other hand, if it is an inverter, the outage will result in surplus power injection into

the DC grid. This will lead to unacceptable over-voltage conditions.

To avoid these issues, sharing the burden of such a loss/power mismatch has to be

appropriate. The concept of power sharing is common in interconnected AC power

systems and small isolated systems like microgrids, which is reviewed in Section 4.3,

followed by its application in MTDC grids.

4.3 Concept of Power Sharing

Sharing active power among synchronous generators based on frequency is common

in the interconnected AC systems. Use of power frequency droop enables multiple

synchronous generators to share the load [63]. Recently, sharing power by VSCs

based on frequency signal has been reported extensively in the literature [61, 62, 64,

65, 66].

4.3.1 Power Sharing Among Synchronous Generators

All modern day generators have governors which are equipped with a power fre-

quency droop characteristics, Section 3.3.1.5. The objective is to ensure that the gen-

erators that are operating in a synchronized manner can still be in synchronism in an

event of a load switching (in or out) or outage of some generating units. The result-

ing power mismatch is shared appropriately by a group of generators with power fre-

quency droop. A typical power frequency droop characteristics is shown in Fig. 4.2.

Each generator maintains its rated angular speed (e.g., 50/60 Hz) at its rated power

while the governor allows the speed to deviate from its rated speed in a linear manner

when the delivered power is not equal to the rated power. This governor droop charac-

teristics is described in equation (3.80). Different generators [63] can have different

droop characteristics and can still operate in synchronism.
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4.3.2 Power Sharing in AC Microgrids

A microgrid has two major components, the static switch and the microsources. The

static switch has the ability to autonomously island the microgrid from disturbances

such as faults, IEEE 1547 events [67] or power quality events. Each microsource can

seamlessly balance the power on the islanded microgrid using a power-frequency

droop controller.

Within an AC microgrid each microsource regulates the voltage magnitude at the

connection point and the injected active power. With this configuration, if a load

switching takes place anywhere in the microgrid, the extra or surplus power gets bal-

anced from the main grid, since every unit maintains a constant output power. This

is similar to having a slack bus or DC voltage controlling converter. When the sys-

tem operates in islanded mode the local power-frequency droop function ensures that

the power is balanced within the island and each microsource participates in sharing

any power imbalance. The loads within a microgrid receives power both from the

local microsource and the main grid based on contractual agreement or specific sit-

uation. If the main grid gets disconnected due to IEEE 1547 events, voltage drops,

faults, blackouts, etc., the microgrid can autonomously transfer to island operation.

While regulating the output power, each source has a constant negative slope droop

on the power-frequency plane. The slope of the power-frequency droop characteristic

is chosen such that the frequency is allowed to drop by a given amount as the power

output spans from zero to maximum as shown in Fig. 4.3. Figure 4.3 also shows

the power set points P01 and P02 for two microsources. This is the amount of power

injected by each source when connected to the grid, at system frequency (𝜔s). The

microsources need to increase their power output if the microgrid grid gets into is-

landed mode while importing power. The new operating point will be at a frequency
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Figure 4.3 Power frequency droop of a microgrid.

that is lower than the nominal value. In this case both sources have increased their

power output with unit 2 reaching its maximum power point. If the system transfers

to islanded mode when exporting power to the grid, then the new frequency will be

higher, corresponding to a lower power output from the sources with unit 1 at its

zero power point. The characteristics shown in Fig. 4.3 are steady-state character-

istics. They have a fixed slope in the region where the unit is operating within its

power range. The slope becomes vertical as soon as any limit is reached. The droop

is the locus where the steady-state points are constrained to come to rest, but during

dynamics the trajectory will deviate from the characteristic.

The concept of power sharing control for the MTDC grid is discussed in

Section 4.4.

4.4 Power Sharing in MTDC Grid

Two strategies have been proposed in the literature for autonomous power sharing

control in an MTDC grid: (a) voltage margin control and (b) droop control.

4.4.1 Voltage Margin Control

As briefly mentioned in Section 1.4.1, in an LCC HVDC, a current margin control [9]

is used to avoid adverse interactions between two converter stations [12]. As a dual

to this strategy, the philosophy of voltage margin control was first proposed for VSC

HVDC in [68]. The upper subplot in Fig. 4.4 shows the control characteristics of a

point-to-point DC system with voltage margin control for the positive pole converter
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stations. The difference between the references
(

Vp∗
dcj

)2

for the rectifier and the in-

verter is called the voltage margin.

Let us assume that converter station #1 is operating as a rectifier and it maintains

a constant DC voltage. When more power is drawn from the inverter side the limit

Pp
gjL is violated. The DC voltage controller shown in the lower subplot hits the lower

limit of the current reference and the converter station looses voltage control. This

results in reduction in the DC voltage and the inverter station with lower DC voltage

reference will assume voltage control. For the inverter station operating under DC

voltage control, if the power increases beyond Pp
gjU the DC voltage rises and the

rectifier will assume voltage control.

To facilitate a smooth transfer of the DC voltage control from one converter station

to the other, a two-stage voltage margin control shown in Fig. 4.5 [68] is more effec-

tive. For each converter station two DC voltage controllers are used with references(
Vp∗

dcjU

)2

and
(

Vp∗
dcjL

)2

, respectively. The limits Pp
giU , Pp

giM , and Pp
giL are imposed us-

ing the limiting structure shown in Fig. 4.5. To appreciate the operational benefits of
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Figure 4.5 Upper subplot: characteristics of a two-stage DC voltage margin control. Lower

subplot: implementation of a two-stage DC voltage margin control.

the two-stage voltage margin control, let us consider the four-terminal test network

shown in the lower subplot of Fig. 3.27 as before.

Figure 4.6 shows the steady-state operating characteristics of the positive pole

converter stations in the four-terminal MTDC grid, with a two-stage voltage margin

control in V2
dcj–Pgj plane. The converter station #1 operates with a single-stage voltage

margin control and regulates the voltage under nominal condition. Stations #2 , #3,

and #4 each work with a two-stage voltage margin control and maintain constant

power in the vicinity of the nominal condition.

When converter station #1 is lost, the power balance necessitates more power out-

put from the inverter station #4. The converter station #4 assumes DC voltage control

mode and the operating point settles at a higher DC voltage as shown in Fig. 4.6. In

this case, the voltage margin is defined as the difference between the successive volt-

age references corresponding to the converter stations that assume voltage control
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Figure 4.6 Steady-state operating characteristics of the positive pole converter stations in

the four-terminal MTDC grid, Fig. 3.27, with a two-stage voltage margin control in V2
dcj–Pgj

plane. Upper subplot: Operating point under normal condition. Lower subplot: Operating

point following the outage of the converter station #1.

one after another. The magnitude of the voltage margin should be chosen judiciously

and can be formulated as an optimization problem. Too small voltage margin will re-

sult in unnecessary mode shift between converter stations whereas too large margin

will lead to the under-utilization of the MTDC grid [69].

The settings used in voltage margin control is critical for an appropriate power

sharing. It becomes more difficult to determine the voltage margins when the number

of converter stations increase. Droop control can be used to solve this problem.

4.4.2 Droop Control

For an MTDC grid, it is desirable that following an outage of one or more convert-

ers, all the remaining ones should share the resulting power imbalance in certain

appropriate proportion [21, 46, 47]. Thus all converter stations should operate in DC

link voltage control mode (or as slack converters) rather than trying to strictly follow

their respective active power references. However, set values of DC link voltage ref-

erences at all converter stations could be conflicting unless they are modified properly

depending on the reference and actual values of the active power and DC link voltage.

In Section 2.4.5, the concept of droop control was briefly introduced and is further

elaborated in Section 4.3. The following modifications and simplifying assumptions
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Figure 4.7 Active power-DC link voltage droop for sharing of power imbalance in the

positive pole of the jth converter station using local DC bus voltage as feedback signal. ©[70],

2013.

on the droop controller shown in Fig. 2.33(a) are considered for analysis in this

chapter and in Chapter 5:

In the context of regulating power dispatch, the operators need access to the

dispatch command P∗
g. This is not only important for the operation of the AC–

MTDC grid, but also essential for a scenario where the converter stations will

enter the power market. Therefore, the DC voltage will be drooped against the

power error, i.e., the difference between reference and measured power—as op-

posed to only measured power.

Additional limits on the allowable deviation of the DC voltage reference will be

introduced.

The feed forward compensation will not be included in the analysis.

The delay time constant 𝜏P will be neglected assuming it to be sufficiently small.

Subscript P will be dropped from the notation of the droop constant.

With the above-mentioned considerations, the active power-DC link voltage droop

can be used to modify the reference values of DC link voltages V2
dcj at each converter

station (under voltage control mode) as shown in Fig. 4.7. Using the modified voltage

reference a PI controller1 derives the X-axis current reference Ip∗
gXj for the inner current

control loop of the converters.

1As mentioned in Section 2.4.3, the compensator KVdc could be a PI controller designed through the method

of symmetrical optimum [24]. Please note, KVdc(s) = −Kpdc −
Kidc

s
.
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Figure 4.8 Droop control characteristics for the positive pole converter station: (a) local DC

voltage droop control mode and (b) common DC voltage droop control mode.

Under steady-state condition the input to the PI compensator is zero. Assuming

that the limits
(
ΔVp

dcj

)2

max
and

(
ΔVp

dcj

)2

min
are not violated we get

(
Vp

dcj

)2

= 𝛽jP
p
gj +

[(
Vp∗

dcj

)2

− 𝛽jP
p∗
gj

]
(4.1)

This leads to the droop characteristics shown in Fig. 4.8(a) whose slope is determined

by the droop coefficient 𝛽j. The section of the characteristics where the limits are

hit is also highlighted. The limits on the current reference determine the value of

Pmaxj as described in Section 4.4.1 for voltage margin control. The values of the

droop constants 𝛽j at different converter stations determine how a power imbalance

is shared among the converters. Identical values of 𝛽j would result in equal sharing

among the converters. For unequal 𝛽j, the converter stations with higher values would

have dominant contribution from active power control loop. Smaller 𝛽j would ensure

lesser deviation in DC link voltages, but it might adversely impact the overall stability

as discussed later in Section 4.8.2. A special case is the DC link voltage control mode

where 𝛽j = 0 which results in the largest contribution to power sharing.

The problem with the local voltage feedback is that it results in a non-unique load

flow solution for the MTDC grid. Analytical derivation of the post-contingency op-

eration discussed in Section 4.6.1 will explain this. In case of parallel operation of

multiple generators in AC systems or power sharing among multiple microsources in

a microgrid, frequency acts as a common feedback signal that can very conveniently

be used for droop characteristic, Section 3.3.1.5. However, in an MTDC grid, the

quantity analogous to frequency is DC voltage, and unfortunately that is not uniform

across the grid. Therefore, in order to implement a possible DC voltage–power droop

characteristic, a common DC voltage signal (Vdc−com)2 (at any node in the DC net-

work or any converter station) needs to be chosen and communicated to all converters.

This approach was proposed in [47] and modern DC power cables with embedded op-

tical fiber communication channels can realize it. Figure 4.9 shows the droop control
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Figure 4.10 Steady-state operating characteristics of the positive pole converter stations in

the four-terminal MTDC grid, Fig. 3.27, with common DC voltage droop control in V2
dcj–Pgj

plane. Upper subplot: Operating point under normal condition. Lower subplot: Operating

point following the outage of the converter station #3.

scheme with a common DC voltage used as a feedback signal. The corresponding

droop characteristics is shown in Fig. 4.8(b).

Fig. 4.10 shows the steady-state operating characteristics of the positive pole con-

verter stations in the four-terminal MTDC grid shown in Fig. 3.27 with common DC

voltage droop control in V2
dcj–Pgj plane. The upper plots show the operating point
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under normal condition for converters with equal droop coefficient. For clarity of

presentation the limits imposed by
(
ΔVp

dcj

)2

max
and

(
ΔVp

dcj

)2

min
are not shown. The

operating point following the outage of the converter station #3 is shown in the lower

plots. Due to the real power balance in the network, the rectifier (converter station #2)

power increases and the inverter (converter station #1 and converter station #4) pow-

ers decrease in equal proportion. Unlike the post-outage condition shown in Fig. 4.1

where the converter station #1 assumes the entire burden, in this case the burden is

distributed amongst the remaining converter stations.

Although a fixed or predefined values of the droop constants 𝛽j can be chosen

according to the ratings of the individual converter station [46, 21, 47], it does not

consider the actual loading condition, and hence the headroom available for shar-

ing the additional burden that arises due to a power imbalance situation. This prob-

lem with fixed droop can be avoided using an adaptive droop scheme described in

Section 4.4.3.

4.4.2.1 Ratio and Priority Control A few papers [57]–[59] have proposed DC

voltage droop with respect to the DC current instead of power. Reference [71] pro-

posed “ratio control” approach in which the droop coefficient 𝛽i of one converter sta-

tion is kept constant and that of another converter station 𝛽k is changed to maintain

the DC current sharing between them at a desired value, Fig. 4.11(a).

The other approach is called priority control [72] in which one converter terminal

controls the DC voltage. When the voltage control enters saturation and the voltage

goes above a threshold
(

Vp
dcjU

)2

another terminal starts working in the droop control

mode and carry power, Fig. 4.11(b).

The ratio and the priority control are essentially two different approaches of im-

plementation of droop control.
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dcjUV
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Figure 4.11 Characteristics of different operating modes for the positive pole converter

station: (a) ratio control and (b) priority control.



POWER SHARING IN MTDC GRID 167

4.4.3 Adaptive Droop Control

For a fixed droop scheme, shown in Fig. 4.9, the droop coefficients are usually de-

pendent only on the respective converter ratings. Therefore, for an MTDC grid with

equally rated converter stations the sharing of burden following a converter outage

will be equally distributed. However, under a particular operating condition, all con-

verter stations might not be equally loaded and hence some of them may not be able

to participate in power sharing equitably. Therefore, it is desirable that the available

converters should participate in power sharing depending on the headroom (differ-

ence between the rated capacity and present loading) available in addition to their

ratings. To address this issue the contribution from the power control loop in Fig. 4.9

is modified as shown in Fig. 4.12. The idea is to calculate the droop coefficients based

on a function of the normalized available headroom of each converter defined as [70]

𝛽j = 𝛽0
j

(
ℜbase

Hj

)𝜆

(4.2)

where Hj = ℜj −
|||Pp0

gj
||| is the available headroom of the jth converter of rating ℜj, 𝛽

0
j

is the nominal droop which is in inverse proportion to the converter ratings, ℜbase is

the maximum value of all converter ratings, and 𝜆 is a user-defined positive constant.

The above function is nonlinear in Pp
gj and results in higher droop values for lower

available headroom. This ensures that the converters which are already operating

very close to the operational limit would not try to share the burden of a lost converter

−
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Figure 4.12 Block diagram of the proposed adaptive droop scheme in the positive pole of

the jth converter station. ©[70], 2013.
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(or due to loss of a cable) to the extent the burden is shared by the converters with

higher spare capacity or headroom.

It is also anticipated that if the MTDC grid enters into power market in future, the

converter station owners may want to use this spare capacity as an ancillary service

and share the power mismatch appropriately. Therefore, due to both physical and

market related limitations, adaptive droop constant will be an important aspect to

have within HVDC control system intended for future MTDC grids.

The sequence of events followed to implement this approach is as follows

1. Use the droop coefficients 𝛽
(k)
j calculated based on the pre-contingency steady-

state of the kth converter outage (outage in the immediate past).

2. Keep calculating the normalized headroom-dependent droop coefficient 𝛽
(k+1)
j

online but do not use them until the next (k + 1)th outage.

3. Upon detection of a converter outage, command the sample and hold function

to invoke the droop values 𝛽
(k+1)
j calculated just before the (k + 1)th event.

4.5 AC–MTDC Grid Load flow Solution

It is important to identify the pre-contingency steady-state operating point of the

MTDC grid, which could be done by solving an AC–MTDC load flow. The general

sequential AC–MTDC grid load flow setup was described earlier in Section 3.4.3.

Expressions for f15 and f16 are modified due to the presence of the droop control. The

steady-state equation corresponding to droop control for the positive pole of the ith
converter can be written as

f15i =
(
Vp

dci

)2 −
(
Vp∗

dci

)2 + 4𝛽i

(
P∗

gi

2
− Pp

gi

)
= 0 (4.3)

when a local DC voltage feedback signal is used, and

f15i =
(

Vp
dc−com

)2

−
(
Vp∗

dc

)2 + 4𝛽i

(
P∗

gi

2
− Pp

gi

)
= 0 (4.4)

when a common DC voltage feedback is used. The equation for f16i corresponding

to the negative pole counterpart can also be written in a similar manner. The steady-

state equations for f17i and f18i will depend on the control of reactive power (Qg), PCC

voltage (Vg), or a combination thereof as mentioned in Chapter 3.

Step I: AC Load flow Since the MTDC converter stations operate in the droop con-

trol mode, the real power is unknown at all PCC buses. Therefore, an initial

guess of the real power P(0)
gi = P∗

gi is assumed. Relevant details regarding the

steps to complete AC load flow were described in Section 3.4.1.



POST-CONTINGENCY OPERATION 169

Step II: MTDC Load flow The MTDC load flow is done as described in

Section 3.4.2. However, the following elements of the Jacobian differ:

𝜕f15i

𝜕Pp
gi

= −4𝛽i (4.5)

For a local DC-voltage-feedback-based droop control:

𝜕f15i

𝜕Vp
dci

= 2Vp
dci (4.6)

For a common DC-voltage-feedback-based droop control:

𝜕f15i

𝜕Vp
dci

= 2Vp
dc−com, i = com (4.7)

𝜕f15i

𝜕Vp
dci

= 0, i ≠ com (4.8)

where com is the common DC bus whose voltage is communicated to every

other converter station as the feedback signal. The element corresponding to the

negative pole can be obtained by replacing the superscript p by n.

Step III: Repetitions of Steps I and II This step remains identical to that described

in Section 3.4.3.

4.6 Post-contingency Operation

After an event or a contingency like outage of one or more converters, the operating

condition of the remaining converters and the MTDC grid could change drastically. It

is important to understand the impact of different droop control philosophies on the

so-called burden being shared by a converter station following a converter outage.

Here, the burden is defined as the difference between the post- and pre-contingency

power output of the converter. In this section, the post-contingency operating point

in an MTDC network with n converter stations is derived analytically. The analysis is

applicable to both the positive and negative pole converters and is broadly similar to

[47] except for the adaptive droop considerations. Droop control based on both local

and common DC voltage feedback is analyzed separately in Sections 4.6.1 and 4.6.2

for a fixed droop coefficient.

It should be noted that a fraction of the local or common DC link voltage can

be used as a feedback signal without altering the principle laid out in Section 2.4.3.

Without loss of generality, for the rest of this book

(
Vp

dcj

2

)2

is used as local feedback

signal and

(
Vp∗

dcj

2

)2

is used as the corresponding reference. Similarly,

(
Vp∗

dc

2

)2

and
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(
Vp

dc−com

2

)2

are used as the reference and feedback signals for the common

DC-voltage-based droop control.

Let us assume Pp
gj is the real power at the PCC of the positive pole of the jth

converter and Pp∗
gj is the corresponding reference power. The reference setting of the

converters are chosen such that
∑
j

Pp∗
gj = 0.

Let us denote the variables in the pre-contingency condition with superscript “0”.

In this condition the total real power loss in the positive pole DC cable network is

Pp0

loss(dc) = −
∑
j

Pp0

gj . We assume that the reference quantities are not changed follow-

ing the contingency.

4.6.1 Local DC Link Voltage Feedback

From Fig. 4.7, assuming that DC feedback and the reference signals are given by(
Vp

dcj

2

)2

and

(
Vp∗

dcj

2

)2

, respectively, the input to the PI compensator is zero under

steady-state condition. Under pre-contingency condition, without any limit violation

we get

4
(

Pp∗
gj − Pp0

gj

)
𝛽j +

(
Vp0

dcj

)2

−
(

Vp∗
dcj

)2

= 0 (4.9)

Summing over all converter stations

n∑
j

{
4

(
Pp∗

gj − Pp0

gj

)
𝛽j +

(
Vp0

dcj

)2

−
(

Vp∗
dcj

)2
}

= 0 (4.10)

Assuming equal droop coefficients for all converter stations

𝛽j = 𝛽, ∀j (4.11)

4𝛽Pp0

loss(dc) +
n∑
j

{(
Vp0

dcj

)2

−
(

Vp∗
dcj

)2
}

= 0 (4.12)

Following the outage of the nth converter station

n−1∑
j

Pp∗
gj = −Pp∗

gn,

n−1∑
j

Pp
gj = −Pp

loss(dc) (4.13)

Equation (4.10) can be rewritten for the remaining converters as

4𝛽
{

Pp
loss(dc) − Pp∗

gn

}
+

n−1∑
j

{(
Vp

dcj

)2

−
(

Vp∗
dcj

)2
}

= 0 (4.14)

From (4.12) and (4.14) we can see that the converter DC voltages for the pre-

disturbance and post-contingency condition can have a non-unique combination of
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(
Vp

dcj

)2

and
(

Vp∗
dcj

)2

that satisfies the equality. As a result there is a possibility of

multiple operating conditions. It will be shown in the next section that a common DC

voltage feedback can solve this problem.

4.6.2 Common DC Link Voltage Feedback

Assuming

(
Vp∗

dc

2

)2

and

(
Vp

dc−com

2

)2

are used as the reference and feedback signals,

respectively, it can be seen from Fig. 4.9 that under pre-contingency steady-state,

Pp∗
gj − Pp0

gj +

(
Vp0

dc−com

)2

−
(
Vp∗

dc

)2

4𝛽j
= 0 (4.15)

∑
j

(Pp∗
gj − Pp0

gj ) +

(
Vp0

dc−com

)2

−
(
Vp∗

dc

)2

4

∑
j

1

𝛽j
= 0 (4.16)

From (4.15) and (4.16) we get,

(
Vp0

dc−com

)2

−
(
Vp∗

dc

)2 = −4
Pp0

loss(dc)∑
j

1

𝛽j

(4.17)

Pp0

gj = Pp∗
gj +

−Pp0

loss(dc)

𝛽j
∑
j

1

𝛽j

(4.18)

For a fixed droop scheme it is usual to choose 𝛽jℜj = 𝛽iℜi,∀i, j where ℜj is the rating

of the jth converter. Modifying (4.18) we get

Pp0

gj = Pp∗
gj +

−Pp0

loss(dc)
1

ℜj

∑
j
ℜj

(4.19)

It is clear from (4.19) that in the case of equal droop coefficients (i.e., equal converter

ratings) the converter real powers deviate from their reference equally by the amount
Pp

loss(dc)
n

. Following the outage of the nth converter:

n−1∑
j

Pp∗
gj = −Pp∗

gn,

n−1∑
j

Pp
gj = −Pp

loss(dc) (4.20)
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where Pp
loss(dc) is the total DC transmission loss in the post-outage condition. The

post-contingency steady-state operating point gets modified to:

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2 = −4
(Pp

loss(dc) − Pp∗
gn)

n−1∑
j

1

𝛽j

(4.21)

Pp
gj = Pp∗

gj +
(−Pp

loss(dc) + Pp∗
gn)

1

ℜj

n−1∑
j
ℜj

(4.22)

Note that for converters with equal ratings the difference between the pre-outage and

the post-outage power for the jth converter is

ΔPp
gj = Pp

gj − Pp0

gj =
⎡⎢⎢⎣

Pp0

loss(dc)

n
−

Pp
loss(dc)

(n − 1)

⎤⎥⎥⎦ +
Pp∗

gn

(n − 1)
(4.23)

Neglecting the bracketted terms, we can say that the remaining n − 1 converters will

share the burden of the nth converters equally amongst themselves.

4.6.3 Adaptive Droop Control

For the adaptive droop scheme mentioned in Section 4.4.3 the available headroom

(Hj) of the jth converter is taken into consideration. Note that Hj = ℜj −
|||Pp0

gj
|||, not

Hj = ℜj−
|||Pp

gj
||| since it depends on the pre-contingency operating point as mentioned

in Section 4.4.3. After some algebraic manipulations and neglecting the loss terms

as in (4.23) it can be shown that the difference between the pre-outage and the post-

outage power for the positive pole of the jth converter is

ΔPp
gj ≈

Pp∗
gn(

1

ℜj

) (
ℜbase

Hj

)𝜆 n−1∑
j
ℜj

( Hj

ℜbase

)𝜆 (4.24)

From the above derivations it can be concluded that the adaptive droop will ensure

sharing of power mismatch amongst the converters based on their respective avail-

able headroom. It is to be noted that when all converter ratings are equal, i.e.,ℜj =
ℜbase,∀j, putting 𝜆 = 0 in (4.24) results in (4.23) (neglecting loss terms) which cor-

responds to the fixed droop situation. Post-contingency steady-state operating points

observed in the transient simulations (in Section 4.8.3) are shown to correspond with

(4.23) and (4.24) for fixed and adaptive droop, respectively.
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4.7 Linear Model

Once the pre-contingency steady-state operating point is established through

AC–MTDC load flow, a linear model around that operating point could be derived by

modifying the state-space representation described in Section 3.2.5. In this case, only

common DC-voltage-feedback-based droop control is considered. The same per unit

(p.u.) system mentioned in Section 3.2.6.1 is followed. The modified state equations

are

𝜍1 = İp∗
gXi = −

Rp
i + KpI + 4KpIKpdcVgi𝛽i

Lp
i

Ip
gXi +

KiI𝜅IX

Lp
i

+
KpIKidc

Lp
i

𝜅dr

+4
KpIKpdc𝛽i

Lp
i

Pp∗
gi +

KpIKpdc

Lp
i

(
Vp

dc−com

)2

−
KpIKpdc

Lp
i

(
Vp∗

dc

)2
(4.25)

𝜍3 = 𝜅̇IX = Kpdc

{
4

(
Pp∗

gi − VgiI
p
gXi

)
𝛽i +

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2
}

+Kidc𝜅dr − Ip
gXi (4.26)

𝜍10 = 𝜅̇dr = 4
(

Pp∗
gi − VgiI

p
gXi

)
𝛽i +

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2
(4.27)

The expressions for 𝜍2 and 𝜍4 are the same as that in P − Q control.

The linear model for the positive pole converter in the ith converter station can be

derived as follows:

The state variables, control variables, and algebraic variables are

Δx =
[
ΔIp

gXiΔIp
gYiΔ𝜅IXΔ𝜅IYΔ𝜅dr

]T

Δu =
[
ΔPp∗

gi ΔVp∗
dciΔQp∗

gi

]T

Δz =
[
ΔVgiΔVp

dc−com

]T

The nonzero elements of
[
𝜕𝜍

𝜕x

]
are given by

𝜕𝜍1

𝜕Ip
gXi

= −
Rp

i + KpI + 4KpIKpdcVgi𝛽i

Lp
i

𝜕𝜍1

𝜕𝜅IX
=

KiI

Lp
i

,
𝜕𝜍1

𝜕𝜅dr
=

KpIKidc

Lp
i

(4.28)

𝜕𝜍3

𝜕Ip
gXi

= −1,
𝜕𝜍3

𝜕𝜅dr
= Kidc,

𝜕𝜍10

𝜕Ip
gXi

= −4Vgi𝛽i (4.29)
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The nonzero elements of
[
𝜕𝜍

𝜕u

]
are given by

𝜕𝜍1

𝜕Pp∗
gi

=
4KpIKpdc𝛽i

Lp
i

,
𝜕𝜍1

𝜕Vp∗
dc

= −
2KpIKpdc

Lp
i

Vp∗
dc (4.30)

𝜕𝜍3

𝜕Pp∗
gi

= 4Kpdc𝛽i,
𝜕𝜍3

𝜕Vp∗
dc

= −2KpdcVp∗
dc (4.31)

𝜕𝜍10

𝜕Pp∗
gi

= 4𝛽i,
𝜕𝜍10

𝜕Vp∗
dc

= −2Vp∗
dc (4.32)

The nonzero elements of
[
𝜕𝜍

𝜕z

]
are given by

𝜕𝜍1

𝜕Vgi
= −

4KpIKpdc𝛽i

Lp
i

Ip
gXi,

𝜕𝜍1

𝜕Vdc−com
=

2KpIKpdc

Lp
i

Vdc−com (4.33)

𝜕𝜍3

𝜕Vgi
= −4Kpdc𝛽iI

p
gXi,

𝜕𝜍3

𝜕Vdc−com
= 2KpdcVdc−com (4.34)

𝜕𝜍10

𝜕Vgi
= −4𝛽iI

p
gXi,

𝜕𝜍10

𝜕Vdc−com
= 2Vdc−com (4.35)

Expressions related to the output equations can also be derived in a similar manner.

As before, the linear model for the negative pole converter can be derived using a

similar approach. The linear model of the DC network and the elements correspond-

ing to other control modes were described in Section 3.6.

4.8 Case Study

4.8.1 Study Network

In Chapter 3, a study network consisting of four bipole converter stations connected

with 500-km cables (shown in Fig. 3.27) was used. Converter stations #2 and #3

were considered to be acting as rectifiers while #1 and #4 as inverters under nominal

condition. For the studies without droop control, converter station #1 operates in Vdc–

Q control mode and keeps the DC link voltage at ±350 kV with unity power factor

at the PCC while the rest operate in P–Q control mode.

Figure 4.13 shows the test system used here, which is essentially the same as in

Fig. 3.27, but the control at each converter station is changed due to the introduction

of droop control. Unlike Fig. 3.27, the real power flow at all converter stations cannot

be highlighted in Fig. 4.13. The DC link voltage of converter station #1 is chosen as

the common reference for the droop scheme. The steady-state operating condition is

determined by solving the AC–DC load flow equations [9] mentioned in Sections 3.4

and 4.5. The averaged model of the converter stations were used in developing the

nonlinear model in MATLAB®/SIMULINK® [25] platform. The cables were rep-

resented by a single pi-section model.
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Figure 4.13 Bipole MTDC grid with four converter stations under droop control. ©[70],

2013.
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Figure 4.14 Clustering of system poles based on participation factors following the outage

of negative pole of converter station #2. ©[70], 2013.

4.8.2 Small-signal Stability Analysis

For small-signal stability analysis, the study network in Section 4.8.1 was linearized

(as in Sections 3.6 and 4.7) around an operating condition where the negative pole
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converter of station #2 was out of operation. Equal droop constants were considered

for all converter stations. Participation factor analysis, described in Section 3.6.3,

was preformed using the linear model to figure out the nature and the root cause of

the dynamic response of the AC–MTDC grid. Two constraints, (3.124) and (3.125),

were imposed on the AC–MTDC load flow equations to obtain the operating point(
x0, z0, u0

)
as described in Section 3.4.2.5.

An eigenvalue and participation factor analysis, Section 3.6.3, was done using this

linear model. It can be seen from the pole map of Fig. 4.14(a) that the fastest modes

are associated with the AC network (modeled by tie reactor impedance, Sections 2.2

and 2.3) states and the participation of the DC network, and the converter controller

states increase as we move toward right on the s-plane. The lower subplot shows a

zoomed view of the critical poles. Most of these are associated with the DC network

and the droop controller states except one pole pair which has high participation from

the current controllers of the converters. The state-variables of the linear model were

mentioned in Section 4.7.

Figure 4.15 shows the locus of the system poles when 𝛽j of all converters are kept

equal and varied from 50% to 1%. The arrows indicate the movement of poles due

to such variation. It can be seen that the pole clusters having higher participation

from the AC side current move toward right when 𝛽j is reduced. However, the pole

clusters with higher participation from the DC network and droop controller states

show a mixed movement (Fig. 4.15(b)).
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Figure 4.15 Root locus of the system with change of droop constants (𝛽j) in the operating

condition with the outage of the negative pole converter at converter station #2. ©[70], 2013.
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The movement of the most critical pole is zoomed in Fig. 4.15(c). This pole pair

moves toward the left half of the s-plane when 𝛽j is decreased from 0.5. However,

there is a point of inflexion beyond which further decrement results in movement

toward the right half of s-plane. A low value of 𝛽j is desirable since it reduces the

steady-state deviation in the DC link voltage and stops it from violating the limits at

the output of the droop controller as shown in Fig. 4.12. On the other hand, in the

proposed adaptive droop scheme a lower (higher) headroom might result in higher

(lower) droop values. To avoid instability due to large/small droop values the stability

analysis as above is important for a range of possible operating conditions. Only one

typical operating condition is presented here to indicate the need of upper and lower

bounds on the droop constants from stability considerations.

4.8.3 Nonlinear Simulation

4.8.3.1 Validation Against Switched Model The averaged model developed in

MATLAB®/SIMULINK® was validated against a switched model in EMTDC/

PSCAD following a converter outage. Figure 4.16 shows the power sharing amongst

the converter stations following the outage of the negative pole converter in station

#3. A fixed droop scheme (shown in Fig. 4.9) with 𝛽 = 0.1 is considered for all con-

verters where stations #1 and #4 (#2 and #3) export (import) about 900 MW each.

As expected, the remaining negative pole converters share the loss of 450 MW and

the resultant unbalance in the metallic return currents in equal proportion while the

positive pole power is maintained at the pre-disturbance value (Fig. 4.16). The loss

of one rectifier has resulted in an increase in power share by the other rectifying unit
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Figure 4.16 (a-f) Validation of the averaged model in MATLAB®/SIMULINK® with the

switched model in EMTDC/PSCAD for autonomous power sharing following the outage of

the negative pole converter of the converter station #3. ©[70], 2013.
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(in converter station #2) from −450 MW to −600 MW and a similar decrease for

both the inverter units (in converter stations #1 and #3). These responses are to be

compared against those in Figs 3.23 and 3.25 where the burden of such an outage was

taken only by the converter under Vdc–Q control mode.

It can be seen that there is a very close match between these results except that

the switching ripple is absent in the averaged model. Moreover, the converter outage

is slower in the EMTDC/PSCAD [26] model since the AC breaker opening consid-

ers natural current zero in each phase while the averaged model considers almost

instantaneous switching, refer to Section 3.9.2.2. This validates the small-signal sta-

bility analysis with the averaged model reported in the previous section. The dy-

namic responses from the switched model are reported throughout the rest of this

chapter.

4.8.3.2 Problems with Local Voltage Feedback As mentioned in Section 4.4.2,

due to the non-unique load flow solution with the local-voltage-based-droop control,

a common DC bus voltage reference signal needs to be communicated to all the con-

verter locations. Several tests were done to analyze this problem and one of them is

presented here to establish the point. As shown in Fig. 4.17 the negative pole convert-

ers share the power change equally for equal droop coefficients following the negative

pole converter outage at station #2. However, the power in positive pole converters

drift unacceptably to reach a different post-contingency operating point from their

nominal values. On the contrary, common reference signal-based droop control does

not suffer from this issue and thus it is justifiable to use this architecture also for the

proposed adaptive (variable) droop scheme.
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Figure 4.17 (a-b) Local-signal-based autonomous power sharing following the outage of

the negative pole converter at converter station #2. ©[70], 2013.
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4.8.3.3 Fixed vs Adaptive Droop In this section the performance of the fixed and

adaptive droop scheme is compared in the backdrop of no power sharing control (no

droop) wherein only converter station #1 is under DC link voltage control (slack).

For the fixed droop, 𝛽 = 1% is chosen while 𝜆 = 2 is used for adaptive droop.

Unequal loading conditions at the four converter stations are considered to demon-

strate the benefit of adaptive droop. Both rectifier and inverter outages are simulated

under a number of scenarios out of which two representative cases are presented

below.

Inverter Outage: In the first case each converter pole in stations #1 and #4 exports

about 420 MW and 200 MW, respectively, from the DC grid, while each of those

in converter stations #2 and #3 import around 310 MW into it. The outage of the

negative pole converter in the inverter station #4 is considered. It can be seen

from Fig. 4.18(a) that in the absence of droop control the slack converter station

(#1) operating in Vdc–Q mode increases its power to 600 MW to compensate the

loss of the inverter.

This results in the overloading of the unit whereas the inverter in stations #2

(Fig. 4.18(b)) and #3 (not shown) maintains the pre-contingency power.

With a fixed droop, the burden is shared equally by the remaining converters in

the negative pole as shown in Fig. 4.19.
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Figure 4.18 (a-c) Power sharing without droop scheme following the outage of the negative

pole converter (inverter) of the converter station #4. ©[70], 2013.
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Figure 4.19 (a-c) Comparison of power sharing for fixed vs adaptive droop scheme

following the outage of the negative pole converter (inverter) of the converter station #4. ©[70],

2013.

However, this does not account for the available converter headroom, which in

this particular case is only 30 MW for each converter in station #1. Therefore, the

inverting unit at that station shares about 66 MW power and violates the power

rating of 450 MW as shown in Fig. 4.19(a). Adaptive droop control ensures a

higher droop value for lower headroom and prevents converter station #1 from

overloading, Fig. 4.19(a).

Variation of the DC link voltage at converter station #1 is shown in Figs 4.20

and 4.21 for no droop, variable and fixed droops, respectively.

The DC bus voltage of the slack converter (no droop) is maintained constant at

±350 kV with very little overshoot in its transient response. This is larger for

the common bus voltage for fixed and adaptive droop control. It can be seen

from Fig. 4.21 that the adaptive droop scheme does not deteriorate the DC link

dynamics any further than the fixed droop scheme.

Rectifier Outage: In this case, converter pole in stations #2 and #3 act as rectifiers

importing about 200 MW and 420 MW, respectively, into the MTDC grid, while

those in converter stations #1 and #4 work as inverters carrying around 310 MW

each. The outage of the negative pole converter in the rectifying station #2 was

considered.
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Figure 4.20 (a-b) DC link voltage of the converter in Vdc − Q control mode following

the outage of the negative pole converter (inverter) of the converter station #4. ©[70],

2013.

Dynamic response of the system with no droop are shown in Fig. 4.22. Although

no converter has violated their power ratings, the large drop in converter station

#1 power by about 200 MW might not be acceptable for the AC side utility

connected to this converter station. It can be seen from Fig. 4.23 that the adaptive

droop scheme is effective for the rectifier outage scenario too.

Table 4.1 Post-contingency steady-state operating points with fixed and adaptive droop

control for rectifier and inverter outages

Inverter outage Rectifier outage

Pre Hj Fixed Variable Pre Hj Fixed Variable

Pn
g1

417.2 32.8 483.9 422.8 307.6 142.4 241.0 209.5

Pn
g2

−312.8 137.2 −246.1 −215.6 −202.4 247.6 N/A N/A

Pn
g3

−312.8 137.2 −246.1 −215.6 −422.4 27.6 −489.0 −426.1

Pn
g4

197.2 252.8 N/A N/A 307.6 142.4 241.0 209.5

It is to be noted that the post-outage steady-state operating points in above sim-

ulation results agree with the analytical values shown in Table 4.1, which were

obtained from the formulation in Section 4.6.

Current Controller Limits: Note that, in practice there will be limits on Ip∗
gX(I

n∗
gX)

and Ip∗
gY (I

n∗
gY) of the current controller, as described in Sections 2.4.1 and 3.2.3.2.
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Figure 4.21 (a-b) Comparison of common bus DC link voltage for fixed vs adaptive droop

scheme following the outage of the negative pole converter (inverter) of the converter station

#4. ©[70], 2013.
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Figure 4.22 (a-c) Power sharing without droop scheme following the outage of the negative

pole converter (rectifier) of the converter station #2. ©[70], 2013.
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Figure 4.23 (a-c) Comparison of power sharing for fixed vs adaptive droop scheme

following the outage of the negative pole converter (rectifier) of the converter station #2. ©[70],

2013.

In the case studies shown above, these limits were ignored for illustrative pur-

poses to validate the post-contingency operating condition obtained from the

analytical expression through time domain nonlinear simulation as shown in

Table 4.1.

The simulation results with the current controller limits in place are shown in

Figs 4.24 and 4.25 for inverter outage condition. The current limiting strategy is

based on the principle mentioned in Section 3.2.3.2, i.e., limiting the magnitude

of the components in X − Y frame and re-computing the values of Ip∗
gX(I

n∗
gX) and

Ip∗
gY (I

n∗
gY ) while keeping the phase intact.

Figure 4.24 shows the response of the converter real powers following the out-

age of the negative pole of converter station #4 under the operating condition

described in Section 4.8.3.3. Due to repeated violation of current controller lim-

its with fixed droop control, the power sharing amongst the converter stations are

jeopardized and the dynamic behavior is poorer in Fig. 4.24(a) and (b). On the

other hand, the adaptive droop scheme leads to a desirable system performance.

As shown in Fig. 4.25, there is larger variation in DC link voltage when a fixed

droop control is employed while the proposed strategy results in much tighter

DC link voltage control.
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Figure 4.24 (a-c) Comparison of power sharing for fixed vs adaptive droop scheme

following the outage of the negative pole converter (inverter) of the converter station #4. ©[70],

2013. Converter current control limits are in place.
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Figure 4.25 (a-b) Comparison of common DC link voltage for fixed vs adaptive droop

scheme following the outage of the negative pole converter (inverter) of the converter station

#4. Converter current control limits are in place. ©[70], 2013.
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The common DC-link-voltage-feedback-based droop control is very attractive for

system operation. However, it might face certain challenges under conditions where

significant latency is present in the communication channel or the communication

channel is lost (in the worst case). Research on developing a fall back option (e.g., us-

ing local-signal-based droop) during such extreme conditions should be

considered.





CHAPTER 5

FREQUENCY SUPPORT

5.1 Introduction

Wind turbine generators (WTGs) are usually interfaced with the electric power grids

through power electronic converters. Due to fast power reference control of the con-

verters, WTGs do not inherently contribute to the system inertia unlike conventional

synchronous power plants. In future, WTGs are likely to replace a significant fraction

of the conventional power plant fleet which could reduce the overall system inertia

drastically. Moreover, asynchronous interconnections through DC links act as “fire

breaks” contributing further to the reduction in overall system inertia. With growing

penetration of both asynchronous generation and interconnection, it is envisaged that

the inertia of future systems could become low. This would result in unacceptably

high rate of change and absolute variation in system frequency following a supply–

demand imbalance condition.

To resolve this problem, mechanisms for extracting inertial support from WTGs

have been proposed and demonstrated [73, 74]. These methods rely on detected

changes in grid frequency to control the power reference of the WTGs. For instance,

if the grid frequency goes down, the wind turbines are made to slow down so that

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
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they can release the stored kinetic energy in the blades in order to provide the inertial

support. The mechanism is relatively straightforward for onshore wind farms and

offshore wind farms with AC connection to the onshore AC system. For remote off-

shore wind farms connected through a DC link, extraction of inertial support is more

complicated [51] and further research is required.

A multi-terminal DC (MTDC) grid with only autonomous power sharing control

(as described earlier in Chapter 4) at the converter stations is not very effective in al-

lowing exchange of primary frequency support among the host AC systems. Although

this “fire-break” feature is helpful to arrest the propagation of fault level, this depletes

the overall inertia which could have serious consequences for future systems with lit-

tle individual inertia. Exchange of inertial and primary frequency support through an

MTDC grid is, therefore, essential and is the subject matter of this chapter.

Disturbances in the AC (e.g., loss of generation, increase in load) and the DC

grid (e.g., converter loss) lead to deviation of frequency in the AC system. The rate

of change and the extent of frequency deviation depends on the magnitude of the

disturbance, inertia of the system, and governor response characteristics [63]. One

particular issue is how would an MTDC grid react to loss/outage of one or more con-

verters and the resulting power imbalance. Sharing the burden of such a loss/power

mismatch has to be appropriate in order to minimize the impact on the neighboring

AC system. Very few papers have considered the problem of system frequency sup-

port through MTDC grids. In [48], a frequency support strategy based on local DC

bus voltage–frequency droop is proposed.

In this chapter, frequency support for the surrounding AC systems interconnected

through an asymmetric bipole MTDC grid with metallic return network is analyzed.

The basic idea is to modify the standard autonomous power sharing (droop) con-

trol (described earlier in Chapter 4) by a frequency droop control loop to share the

power mismatch in order to minimize the deviation in the AC system frequency. The

topics are organized a follows: First, the fundamentals of frequency control is re-

viewed followed by brief discussions on the primary frequency support from wind

farms and participation in automatic generation control (AGC). Next, the modifica-

tion of the power-voltage droop control loop for frequency support is described. An

analytical formulation is presented to compute the post-contingency frequency in an

AC–MTDC grid in the presence of frequency droop control. The effectiveness of the

frequency support is established through nonlinear simulation of an MTDC grid with

four converter stations connected to three isolated AC systems. Small-signal Stabil-

ity analysis is shown to establish the sensitivity of the eigenvalues with respect to

different droop coefficients, control parameters, and change in operating conditions

involving converter outage. It is demonstrated that the frequency droop control for

the converters in an MTDC grid is effective in reducing the deviation in the frequency

of the AC system following disturbances on both AC and DC sides. The results of

the analytical formulation and the simulation are compared to gain more insight into

the interaction of the AC and MTDC system.
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5.2 Fundamentals of Frequency Control

In electric power systems, the total power generated must match with the power

consumed by the loads plus the losses in the network on an instantaneous basis in

order to maintain the grid frequency. This balance must be preserved in the face of

continuous fluctuations in loads and potentially significant intermittence in renew-

able generation. The system frequency increases if the generation is more than the

demand/load, and reduces if the load exceeds the generation. Certain generators (e.g.,

gas power plants) are commanded to quickly ramp up or down their power output to

compensate for these fluctuations so that supply-demand balance and hence, the grid

frequency, is restored [63]. Frequency sensitive loads also play a part in this bal-

ancing process. Collective response of all the components (e.g., generators, loads

etc.,) to an unbalance between supply-demand is referred to as system frequency re-
sponse.

Based on the underlying mechanism and speed of action, the system frequency re-

sponse following a large disturbance is divided into the following categories: inertial,

primary frequency response, and secondary frequency response or automatic gen-

eration control (AGC). Each category refers to the method for providing frequency

support with conventional generators. Inertial response exploits stored kinetic energy

(inertia) within the rotor of the synchronous generators. Primary frequency support

involves automatic control of generator governors to control the mechanical power in-

put (Sections 3.3.1.5 and 4.3.1). Sometimes, inertial control is considered within the

primary frequency response. Control of power output of the generators in response to

the system operators’ command constitutes the secondary/AGC response. For further

details and exact definitions of inertial, primary, and secondary response, the readers

should refer to [74]. A typical time variation of system frequency following a sudden

loss of generation is shown in Fig. 5.1. The inertial response immediately follows

the generation loss followed by primary frequency response typically within 20–30

seconds. Within 5–10 minutes the secondary response restores the system frequency

back to its nominal value of 50/60 Hz.

The extent of inertial response is determined by the physical inertia and rotational

speed of the generator rotors which determines the kinetic energy stored in them. In

response to an increase in electrical load or loss of generation elsewhere, the remain-

ing generators decelerate and release stored kinetic energy in the process. Immedi-

ately after the disturbance this helps restore the generation-demand imbalance to an

extent reducing the rate and extent of change frequency. It is to be noted that inertial

response comes naturally from all the generators without requiring any control loop.

Within seconds time frame, the generator governors respond to the system frequency

change and adjusts the mechanical power input to the generators offering primary

frequency support. Only the generators with active governor control contributes to

the primary frequency response. Participating generators could be made to share the

burden of primary frequency support in certain proportion by appropriate choice of
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Figure 5.1 Primary and secondary (AGC) frequency response.

power-frequency droop [63]. The principle of droop control in synchronous genera-

tors was described in Sections 3.3.1.5 and 4.3.1. Finally, within 5–10 min time frame

the power plants adjust their power levels in response to commands issued by the

systems operator to restore the frequency to its nominal value.

5.3 Inertial and Primary Frequency Support from Wind Farms

Unlike the synchronous generators, wind turbines do not inherently provide inertial

contribution. However, a wind turbine could be made to contribute inertial support

by controlling the power output to compensate for deviations in grid frequency. If the

frequency drops, the control loop will act to increase the electrical torque which slows

the turbine down and extracts the kinetic energy stored in the blades. The inertial

support is provided over a short time scale typically to avoid a longer recovery phase

and prevent the turbines from stalling in the worst case. However, sometimes wind

turbines are capable of providing more effective inertial support than a conventional

synchronous generator with equivalent per unit of spinning inertia. This is because

wind turbines with converter interface to the grid can change their speed of rotation

over a much wider range compared to synchronous generators and hence release more

kinetic energy. Also actuation of the torque command signal is much faster with

power electronic converters than what could be achieved in conventional synchronous

generators. Inertial response from wind farms is now required by several European

transmission system operators to help regulate the grid frequency.

For example, the Irish grid code requires that wind plants have active power cur-

tailment capabilities, and outlines specific active power generation set-points as a

function of available power in the event of a frequency deviation. This code further

specifies a minimum response rate for individual turbines of 1% of rated power per

second [75]. Denmark’s TSO, Energinet requires that wind farms are able to track
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a reserve power offset and reference power levels generated by the system operator

[76]. Red Electrica, the Spanish system operator requires that wind farms respond to

frequency deviations with proportional control of active power output within a range

of percentages of rated power [77]. In Canada, Hydro-Quebec requires that wind

farms larger than 10 MW should be able to modify their active power output for at

least 10 s in response to grid frequency deviations greater than 0.5 Hz [78], [79, 80].

There are multiple approaches to extract additional power from the rotating turbine

blades and to handle the recovery phase. As perviously mentioned, one approach is

to quickly increase the torque in response to reduction in the grid frequency, which

causes the turbine to slow down and release the kinetic energy stored in the blades.

Another approach is to allow the turbine to accelerate initially before increasing the

torque command [81]. The benefit is that the turbine power and rotor speed do not

fall below normal operation speed throughout the course of inertial response which

eliminates the recovery period and prevents the turbine from stalling. However, a

temporary over-speed can be caused when operating at rated power which may not

be desirable. Moreover, inertial support could be delayed due to the initial speed-up

process resulting in relatively larger frequency drop than the other approach.

The conventional synchronous generators automatically provide inertial support

and have governors for primary control. For wind turbines, which do not have gover-

nors, the distinction between inertial and primary responses is less clear. To provide

primary frequency support, the wind turbines need to maintain a reserve by operating

at a suboptimal tip-speed ratio [73, 82]. Such derated operation is expensive unless

there is adequate incentive to participate in the frequency response market. Pitch

control is also used for derated operation and contribute to the primary response [73].

Further research is required to address the persistent over-speeding of the turbines

while under above-rated wind speeds. Also, the effect of sudden and frequent torque

changes the structural loading of the turbine and hence its lifetime is to be carefully

considered as well.

Inertial and primary control are effective when implemented at the wind farm level.

Intelligent and distributed response of an entire wind farm could potentially minimize

grid frequency deviation and reduce the recovery phase. Primary frequency control

with varying levels of wind penetration suggests that the wind farms’ contribution to

frequency support could greatly increase grid robustness and reduce the maximum

frequency deviation [83]. In the simulation the grid was represented as an electrical

bus to analyze the response of the wind farm following outage of a conventional

generator. While these simulation results are promising, they are limited by their use

of a number of turbines much smaller than a typical wind farm and simplified models

of turbines and turbine wake interactions.

5.4 Wind Farms in Secondary Frequency Control (AGC)

A secondary (AGC) response consists of the power plants raising and lowering power

output in response to commands from the system operators. Conventional generators

typically receive an absolute power reference and are usually capable of ramping the
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power output upto their rated capacity. Similarly, the wind farms participating in AGC

receives an absolute power command signal or a “delta control” command which

specifies the percentage of the available wind power to be captured. The delta control

ensures that there is a percentage of available wind power that is kept as overhead in

case the the system operator requires more power. The system operator often specifies

a “power gradient limiter” which is a lower limit on the rate of change of wind farm

power output to meet the desired set-point. Wind turbines respond to a change in

power demand by pitch angle and rotor speed control although it involves suboptimal

operation. Combined torque-pitch controllers have also been used to respond very

quickly to a change in power reference command.

Conventional power plants with synchronous generators automatically contribute

to inertial support while governor control action is required to participate in primary

and secondary (AGC) frequency response. For wind farms, separate control is re-

quired to derive inertial support and make them contribute to inertial, primary and

secondary frequency control as described above. With AC connection to the wind

farm and AC interconnection between multiple systems, frequency support could be

readily exchanged or shared. However, for DC connected wind farms and DC inter-

connection between AC systems, exchanging frequency support is not automatic as

the DC acts as a “fire-break” electrically decoupling the AC systems and the wind

farms from the main grid. An MTDC grid would interconnect several onshore AC

systems and remote offshore wind farms in future with each AC system likely to

have relatively low inertia. Hence, it is essential to devise a mechanism for exchang-

ing frequency support across the MTDC grid which is described in the next section.

This approach is generic and applies to the exchange of inertial, primary and sec-

ondary (AGC) frequency response from conventional power plants and AC and DC

connected wind farms. For remote offshore wind farms connected via DC link, the

offshore DC converter would usually act as an AC voltage source to transfer the in-

coming power from wind farms on to the MTDC grid (Section 2.4.6 and Mode IV in

Section 3.2.3.1). Hence, the modification to DC voltage droop control scheme, de-

scribed in the next section, do not apply to such offshore converters for wind farms.

5.5 Modified Droop Control for Frequency Support

In Section 2.4.5, the concept of active power-DC link voltage droop control was in-

troduced. In Chapter 4, appropriate modifications and simplification were introduced

to the droop control loop for autonomous power sharing. The objective there was to

ensure that all the healthy converter stations share the burden following a contingency

(e.g., loss of one converter) in a desirable way. The proposed droop control reduces

the change in power exchange with the surrounding AC systems and the frequency

deviation also gets distributed amongst different AC grids connected to different con-

verter stations. However, such a droop control strategy could still result in potentially

unacceptable frequency deviations in the AC systems due to the following reasons:

After a disturbance in the AC side, e.g., step change in a generator power refer-

ence, the frequency of that system deviates from the nominal value and recovers
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due to governor action. The autonomous power sharing loop does not aid in

reducing the frequency deviation, since there is no change in the net power ex-

change with the concerned AC grid.

Change in the real power reference of a converter station results in appropriate

distribution of the power deviation amongst different converter stations. De-

pending on how many stations are connected to each AC grid and the governor

droop coefficients of different AC systems, this power sharing may result in

larger frequency deviations in some AC systems.

Following the outage of a converter in one pole, those in the unaffected pole do

not participate in power sharing. Therefore, frequency deviation in certain AC

systems could be relatively large.

Autonomous power sharing control alone can not appropriately share the fre-

quency support (as an ancillary service) among AC systems interconnected

through the MTDC grid.

Thus there is a need to modify the power sharing among different converter sta-

tions in order to provide frequency support for the host AC systems. One way to

achieve this is to update the real power reference of each converter station with a

supplementary power-frequency droop control [84] as shown in Fig. 5.2. The AC

system frequency f(k) at the PCC of the kth converter is used as a feedback signal to

derive the frequency error. The frequency error is multiplied by the frequency droop

constant 𝛽fk to modify the power reference set-point. It was mentioned in Sections 3.2

and 3.7 that the dynamic variation of Θgk with respect to time gives the deviation in

angular frequency from the nominal condition, as the AC network current balance
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equations are solved at each solution time step. Therefore, f(k) can be computed as

f(k) =
1

2𝜋

(
dΘgk

dt
+ 𝜔s

)
.

Here, Pp∗
gk is considered positive, if the converter station is acting as an inverter

injecting power into the AC system. Upon reduction (increase) in system frequency,

the real power injection into the AC system is commanded to increase (reduce) by

changing the reference accordingly (Fig. 5.2). If the converter station acts as a rectifier

exporting power out of the AC system, Pp∗
gk is negative. A decrease (increase) in

system frequency in that case would result in a reduction (increase) in power export

command from the AC system which helps restore the frequency. It is to be noted that

both the converter poles participate in the frequency support. The absolute values of

the droop constants used for autonomous power sharing (𝛽k) and frequency support

(𝛽fk) are critical for satisfactory performance and stability as demonstrated later in

this chapter.

The frequency droop control loop acts to reduce the frequency deviation in the sys-

tem where the disturbance has taken place. This is achieved by importing frequency

support from the remaining (unaffected) AC systems. As a result, the frequency of

those AC systems would deviate from their nominal values (which would not have

happened without the frequency droop control loop). Thus, rather than having a large

and potentially unacceptable variation in the frequency of the affected system, there

would be relatively small (but hopefully within acceptable limits) variations of fre-

quency in all the AC systems. The extent of variation of frequency depends on the

nature and size of the disturbance and also the inertia of the systems.

It is essential to ensure that the variation of the frequency in the unaffected AC

systems does not violate the acceptable limits while trying to support the affected sys-

tem. Hard limits are therefore, placed on the incremental power change ΔPmin,ΔPmax
caused by the frequency deviations as shown in Fig. 5.2. These limits are chosen

based on the available reserve capacity within a particular AC system.

5.6 AC–MTDC Load Flow Solution

It is important to determine the pre-contingency steady-state operating point of the

AC–MTDC grid which could be done by solving a AC–MTDC load flow. The general

sequential AC–MTDC grid load flow setup was described in Section 3.4.3 and the

necessary modifications for incorporating the droop control for autonomous power

sharing was elaborated in Section 4.5. Inclusion of the frequency droop control loop

in f15 for the kth converter station leads to

f15k =
(

Vp
dc−com

)2

−
(
Vp∗

dc

)2 +

4𝛽k

(
P∗

gk

2
− Pp

gk + 𝛽fk

(
fs − f(k)

))
= 0

(5.1)

Since the pre-disturbance frequency f(k) is assumed to be equal to the rated value fs,
the expression in (5.1) becomes identical to (4.4). Therefore, no further change is
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needed to the elements of Jacobian in addition to those mentioned in Section 4.5.

Post contingency frequency is derived analytically in the next section.

5.7 Post-Contingency Operation

It is crucial to derive an analytical formulation to calculate the steady state frequency

of the AC systems in the AC–MTDC grid under post-contingency condition. It can

throw significant insight into the frequency support contribution of an area to the

other. Figure 5.3 shows the jth AC system of the interconnected AC–MTDC grid. In

this context, let us define the following symbols:

fs(=
𝜔s

2𝜋
) nominal frequency of the AC system

f(k) frequency at the PCC of the kth converter station

𝓁 number of AC areas connected to the MTDC grid

n total number of converter stations in the MTDC grid

fj post-contingency steady state frequency in the jth AC area

P0
ej pre-disturbance total real power load in the jth AC area

Pej post-contingency total real power load in the jth AC area

Nj total number of generators in jth area

P0
k mechanical power input of the kth generator connected to the jth AC area before

the disturbance

jth
AC system

Generators connected to 

AC system

Loads connected to 
AC system

MTDC

converter

stations

mjP

ejP

g1P

g2P

gmjP

Figure 5.3 Converter stations of MTDC grid connected to the jth AC system.
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Rgok droop coefficient of the kth governor

mj total number of converter stations connected to jth area.

Pp0

gk , Pn0
gk real power injected by the positive and negative pole of the kth converter

station before the disturbance

In this analysis we assume that the reference quantities remain unchanged following

the disturbance.

5.7.1 Analysis for AC System

For the kth generator equipped with a governor (please see Section 3.3.1.5) in the jth
AC area, the mechanical power input Pk under the post-contingency condition can be

expressed as

Pk = P0
k −

( fj − fs
fs

)
1

Rgok
(5.2)

The total mechanical power input to all generators in this area under the post-contin-

gency operating condition is

Nj∑
k

Pk =
Nj∑
k

{
P0

k −
( fj − fs

fs

)
1

Rgok

}
(5.3)

Regrouping the terms appropriately, we can write

Pmj =
Nj∑
k

P0
k −

(
fj−fs

fs

) Nj∑
k

1

Rgok

Pmj = P0
mj −

(
fj−fs

fs

)
1

𝛽gj

(5.4)

where, P0
mj and Pmj are the total mechanical power input to generators in the jth area

under pre and post contingency condition and 𝛽gj is the equivalent governor droop

coefficient of the aggregated generators in the jth area.

5.7.2 Analysis for Converter Station

Let us denote the frequency at the PCC of the kth converter station by f(k). Prior to

a disturbance, f(k) = fs. Therefore, the output of the frequency droop feedback loop

shown in Fig. 5.2 is zero. With similar assumptions mentioned in Section 4.6, the pre-

disturbance power output of the positive pole converter at the kth converter station is

given by:

Pp0

gk = Pp∗
gk +

−Pp0

loss(dc)

𝛽k

n∑
k

1

𝛽k

(5.5)

where,
n∑
k

Pp∗
gk = 0 and

n∑
k

Pp0

gk = −Pp0

loss(dc).
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5.7.2.1 AC Side Disturbances After a disturbance in the AC system, the

frequency deviates from fs. If no converter outage occurs in the positive pole of the

converter stations, the post-disturbance power output of the positive pole converter at

the kth converter station is given by

Pp
gk = Pp∗

gk +

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2

4𝛽k
+

(
fs − f(k)

)
𝛽fk (5.6)

Summing over all converter stations in the MTDC grid and deriving the expression

for

(
Vp

dc−com

)2
−

(
Vp∗

dc

)2

4
we get

n∑
k

{
Pp∗

gk − Pp
gk −

(
f(k) − fs

)
𝛽fk

}
+

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2

4

n∑
k

1

𝛽k
= 0 (5.7)

(
Vp

dc−com

)2

−
(
Vp∗

dc

)2

4
=

−Pp
loss(dc) +

n∑
k

(
f(k) − fs

)
𝛽fk

n∑
k

1

𝛽k

(5.8)

where,
n∑
k

Pp
gk = −Pp

loss(dc). Substituting (5.8) in (5.6):

Pp
gk = Pp∗

gk +
−Pp

loss(dc) +
n∑
k

(
f(k) − fs

)
𝛽fk

𝛽k

n∑
k

1

𝛽k

+
(
fs − f(k)

)
𝛽fk (5.9)

Similar expression can be derived for the negative pole converter.

5.7.2.2 Converter Outage Following the disturbances due to the outage of the

positive pole of the nth converter station the post-disturbance power output of the

positive pole converter at the kth converter station can be obtained as described in

the previous section

Ppout
gk = Pp∗

gk +
Pp∗

gn − Ppout
loss(dc) +

n−1∑
k

(
f(k) − fs

)
𝛽fk

𝛽k

n−1∑
k

1

𝛽k

+
(
fs − f(k)

)
𝛽fk (5.10)

where,
n−1∑

k
Pp

gk = −Ppout
loss(dc), and

n−1∑
k

Pp∗
gk = −Pp∗

gn.

The power output for the negative pole counterpart is identical to that described in

the previous section.
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5.7.3 Analysis for AC System Connected to Converter Stations

Let us now analyze the post-contingency operating condition of the jth AC area con-

nected to mj converter stations. For this analysis the losses in the AC–MTDC system

will be neglected. Following a disturbance in the AC system the total real power

injected into the jth AC system from the MTDC grid is

Pdcj =
mj∑
k

Pp
gk +

mj∑
k

Pn
gk = 2

mj∑
k

Pp
gk (5.11)

The power balance equation leads to

Pmj − Pej + Pdcj = 0 (5.12)

Substituting values of Pmj and Pdcj from (5.4) and (5.9) and neglecting losses, we get

P0
mj −

( fj − fs
fs

)
1

𝛽gj
− Pej + 2

mj∑
k

⎧⎪⎪⎨⎪⎪⎩
Pp∗

gk +

n∑
k

(
f(k) − fs

)
𝛽fk

𝛽k

n∑
k

1

𝛽k

+
(
fs − f(k)

)
𝛽fk

⎫⎪⎪⎬⎪⎪⎭
= 0

(5.13)

Grouping appropriate terms from (5.13) we get

P0
mj − Pej +

1

𝛽gj
+ 2

mj∑
k

Pp∗
gk + 2fs

⎧⎪⎪⎨⎪⎪⎩
mj∑
k

𝛽fk −
mj∑
k

n∑
k
𝛽fk

𝛽k

n∑
k

1

𝛽k

⎫⎪⎪⎬⎪⎪⎭
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Γj

+

⎧⎪⎪⎨⎪⎪⎩
− 1

fs𝛽gj
− 2

⎛⎜⎜⎜⎜⎝
mj∑
k

𝛽fk −
mj∑
k

n∑
k
𝛽fk
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= 0

(5.14)

Following the outage of the positive pole of the nth converter station, substituting

values of Pmj and Pdcj from (5.4), (5.9), and (5.10) in (5.12) and neglecting losses,
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we get
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+
mj∑
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wjrfr

= 0

(5.15)

where, mp
j = mj for the AC systems where no converter loss has happened and mp

j =
mj − 1 for the AC system that lost the converter pole connected to it. Please note that

f(k) = fj, k = 1(1)mj.

5.7.4 Analysis of AC–MTDC Grid

To determine the post contingency steady state frequency of l AC systems connected

through the MTDC grid, (5.14) or (5.15) can be used depending on whether it is an AC

side disturbance or a converter outage. There are l linear equations with l unknown

frequencies:
l∑
r

wjrfr + Γj = 0, j = 1(1)l (5.16)
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The steady state frequency can be obtained by[
f
]

l×1
= − [w]−1

l×l [Γ]l×1 (5.17)

We define matrix w as the “Inertial Coupling” matrix since the elements of this matrix

determines the interaction between the steady state frequency of one AC system with

another. The diagonal elements wjj depend on the aggregated governor droop coeffi-

cients 𝛽gj in the AC area as well as the droop coefficients 𝛽k and 𝛽fk of the converter

stations. On the other hand, the off-diagonal elements are only functions of the con-

verter droop coefficients 𝛽k and 𝛽fk. Therefore, the inertial contribution from one AC

system to the other can be modified by changing 𝛽k and 𝛽fk of the “Inertial Coupling”

matrix. When 𝛽k is equal for all converter stations, the off-diagonal elements become

function of only 𝛽fk. The diagonal elements depend on both 𝛽fk and 𝛽gj.

5.8 Case Study

A case study is reported in this section to illustrate the benefits of using a combined

droop control for both autonomous power sharing and frequency support (as shown

in Fig. 5.2).

5.8.1 Study Network

Figure 5.4 shows the study network consisting three AC systems asynchronously in-

terconnected through the MTDC grid. One AC system is modelled in details with

four generators (G1–G4) while other two AC grids are modelled as a single equiva-

lent generator. Each generator is equipped with their governors.

Referring to the list of symbols in Section 5.7, for this test system, 𝓁 = 3, n = 4

fs = 60 Hz.

For AC area #1: m1 = 2, N1 = 4, P0
m1

= 2800 MW, P0
e1

= 4000 MW, 𝛽g1 = 0.00471,

Pp∗
g2

= Pn∗
g2

= 450 MW, Pp∗
g3

= Pn∗
g3

= 150 MW

For AC area #2: m2 = 1, N2 = 1, P0
m2

= 900 MW, P0
e2

= 0 MW, 𝛽g2 = 0.01885,

Pp∗
g4

= Pn∗
g4

= −450 MW

For AC area #3: m3 = 1, N3 = 1, P0
m3

= 300 MW, P0
e3

= 0 MW, 𝛽g3 = 0.01885,

Pp∗
g1

= Pn∗
g1

= −150 MW

The same system as in Section 3.11 has been used with the following modifi-

cations. The generators (G1–G6) are equipped with turbine and governor control,

Section 3.3.1.5, in addition to the IEEE DC1A exciters (Section 3.3.1).

The MTDC grid consisting of four bipole converter stations are connected with

500 km cables as shown in Fig. 5.4. The DC cables were represented by a single pi-

section model. Converter stations #2 and #3 are acting as inverters while #1 and #4 as

rectifiers under nominal condition. The DC link voltage of station #1 is chosen as the

common reference for the droop scheme. The feedback signal used in the frequency
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Figure 5.4 Asymmetric bipole MTDC grid (single line diagram) connected to a multi-

machine AC system. ©[84], 2013.

droop control loop is derived from the speed of the generator nearest to the converter

bus.

Under the nominal condition, each of G1, G2, and G4 generates 700 MW and the

rest were left as slack. The tie-line transfer through the AC line connecting buses #9

and #10 is around 200 MW. All converter stations operate in droop control mode while

maintaining unity power factor at the PCC. The isolated AC systems represented by



202 FREQUENCY SUPPORT

equivalent generators, G5 and G6 could be wind farms in which case the control of

the interface converters would be different. The converter would be controlled to

act as a stiff voltage source with constant voltage magnitude and frequency and thus

allowing the incoming power from the wind farms to transfer on to the DC grid.

5.8.2 AC–MTDC Grid Load flow Solution

The load flow solution of the combined AC–MTDC systems, Section 3.4 is used

to calculate the initial conditions of the states of the dynamic model. As the study

system in Section 5.8.1 includes a multi-machine interconnected AC system (unlike

the study system in Section 3.10.1 where all the AC systems were equivalent voltage

sources), the AC–MTDC load flow was carried out following a sequential approach

as elaborated below:

1. First, the AC system was considered for the load flow, where G3, G5, and G6

were assumed to be slack generators and the converter buses #13, #14, #16,

and #17 as load buses. Since the real power at these buses were not known

apriori as the converter stations were working under droop control, they were

initialized with their respective reference values. Assuming a load convention

with respect to the AC systems (i.e., real power is positive (negative) if it is a

load (generation)), the real power at the concerned buses were initialized as 900,

300, −300, and −900 MW, respectively.

2. The voltage magnitudes and angles of buses #5, #6, #9, and #10 (denoted in

complex polar form as V5, V6, V9, and V10, respectively, in Table 5.1), calculated

from the AC load flow in Step 1, were used as initial guess for the MTDC grid

load flow (in fact voltages at bus #5 and #6 were 1∠0 since they were slack

buses).

3. The MTDC grid load flow solution in Step 2 gave the modified real powers at

buses #13, #14, #16, and #17 (denoted as Pg13, Pg14, Pg16, and Pg17, respectively,

in Table 5.1). With these updated values, the AC load flow was run again.

4. Steps 1–3 were repeated until the maximum value of (|ΔP(k)
g |) at the converter

PCC buses (denoted as max |ΔP(k)
g | in Table 5.1) fell below a certain tolerance 𝜖

(assumed 10−10 in this work). Here, |ΔP(k)
g | = |P(k)

g −P(k−1)
g | and k is the number

of iterations.

Three iterations of sequential AC–MTDC grid load flow leading toward conver-

gence are shown in Table 5.1 for the study system in Fig. 5.4. There is virtually no

difference between the bus powers and voltages from iteration 2 to 3 as the maximum

value of the power mismatch at the converter PCC buses (max|ΔP(k)
g |) was already at

a low value of 1.57E−06.
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Table 5.1 Iterations leading to convergence of sequential AC–MTDC grid load flow

AC–DC load flow iter. 1 2 3

P13 9.0 9.0341 9.0341

P14 3.0 3.0341 3.0341

P16 −3.0 −2.9659 −2.9659

P17 −9.0 −8.9659 −8.9659

V5 1∠0 1∠0 1∠0

V6 1∠0 1∠0 1∠0

V9 0.98∠−15.72 0.98∠−16.17 0.98∠−16.17

V10 0.99∠−26.66 0.99∠−26.89 0.99∠−26.89

max|ΔP(k)
g | 0.0341 1.57E−06 7.31E−11

No of AC load flow iter. 15 9 5

No of DC load flow iter. 4 4 4

5.8.3 Small-signal Stability Analysis

For small-signal stability analysis, the AC–MTDC grid model described by differen-

tial-algebraic equations (DAEs) is linearized around the nominal operating condition

described in Section 5.8.1. Participation factor analysis (Section 3.6.3), is done to

analyze the nature and the root cause of the dynamic response of the MTDC grid.

It was found that the poles in the far left of the s-plane has more participation from

the states of the converter transformer and phase reactor (i.e., AC side states). As

we move toward the right of the s-plane, the participation from the DC network,

machine and droop controller states increase. To establish a stability zone for the

droop controller gains 𝛽 (pu kV2/MW), 𝛽f (MW/Hz), Kpdc (pu MW/kV3) and Kidc

(pu MW-s/kV3) the sensitivity of the eigenvalue movement w.r.t these parameters are

investigated (for the pu calculations, the base quantities used were: MVA = 608, kV

= 120.09).

For 𝛽 = 0.1 and 𝛽f = 100, the value of Kpdc was increased from 0.2 to 1.0. The

integral coefficient Kidc was kept 10 times that of Kpdc. It can be seen from the root

locus plot of Fig. 5.5 that there is a mixed movement of the poles - some toward further

left and some toward right. One of the DC network modes have moved into the right

half of the s-plane, making the system unstable. Therefore, it can be concluded that

increasing the PI controller gains can reduce system stability.

To find out the implication of variation in 𝛽 on the system stability the values of

Kpdc, Kidc, and 𝛽f were fixed at 1.0, 10.0, and 100.0, respectively. When 𝛽 is reduced

from 0.5 to 0.1 the system becomes unstable as shown in Fig. 5.6.

It is clear from this exercise that increase in 𝛽 can increase the system stability

as opposed to Kpdc and Kidc. Also worth noting is the movement of the AC network

poles in the same direction of the critical poles of the system toward the right half of

the s-plane.
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Figure 5.5 Root locus of system poles with increase of Kpdc from 0.2 to 1.0, keeping 𝛽 and

𝛽f constant at 0.1 and 100, respectively. The value of Kidc is kept 10 times that of Kpdc. ©[84],

2013.

These studies provide some insight into the root-cause of the system dynamic be-

havior and stability. It was also observed that 𝛽f has a low sensitivity toward the

movement of the system eigenvalues. After establishing the stability zone at nominal

condition, the following values were considered for the droop controller 𝛽 = 0.1,

𝛽f = 100.0, Kpdc = 0.5 and Kidc = 5.0. However, it was found that following the

outage of one pole of converter station #3 ((N − 1) scenario) the system becomes

unstable as shown in Fig. 5.7.

This highlights the importance of considering different contingency scenarios dur-

ing the design process. Also, it was found that the operating condition alters the sen-

sitivity of the eigen-value movements. Finally, the following values were chosen for

the droop control: 𝛽 = 0.1, 𝛽f = 100.0, Kpdc = 0.1 and Kidc = 1.0.

5.8.4 Nonlinear Simulation

5.8.4.1 AC Side Disturbances A sudden loss of infeed to the MTDC grid is one

of the major concerns for the system operators as this will impact other AC grids

connected to it. To emulate such a disturbance step changes in the mechanical power

input of the generators and loads are considered. The analytical expression to obtain

frequency following AC side disturbances is described in Section 5.7.2.1. According

to (5.17) the frequency of the three AC systems shown in Fig. 3.31 can be expressed
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Figure 5.6 Root locus of system poles with reduction of 𝛽 from 0.5 to 0.1, keeping Kpdc,

Kidc and 𝛽f constant at 0.1, 10.0, and 100.0, respectively. ©[84], 2013.
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f1
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f3

⎤⎥⎥⎥⎦ = −
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Γ1

Γ2

Γ3

⎤⎥⎥⎥⎦ (5.18)

Substituting appropriate values of droop coefficients we get the “Inertial Coupling”

matrix as

w =

⎡⎢⎢⎢⎢⎣
−412.2016 100 100

100 −203.0504 50

100 50 −203.0504

⎤⎥⎥⎥⎥⎦
(5.19)



206 FREQUENCY SUPPORT

−1000 −800 −600 −400 −200 0

−600

−400

−200

0

200

400

600

800 600 400 200

0.96

0.86

0.96

0.86

j

−10 −8 −6 −4 −2 0
−150

−100

−50

0

50

100

150

140
120
100
80
60
40
20

140
120
100
80
60
40
20

0.18

0.09

0.0120.006

0.18

0.09

0.0120.006

j

−6 −5 −4 −3 −2 −1 0 1
−150

−100

−50

0

50

100

150

140
120
100
80
60
40
20

140
120
100
80
60
40
20

0.2

0.1

0.065

0.044

0.2

0.1

0.065

0.044

0.7 4 0.6 0.4 6 0.3 4 0.2 2 0.1

0.7 4 0.6 0.4 6 0.3 4 0.2 2 0.1

0.05 8 0.0 4 0.02 80.019

0.05 8 0.0 4 0.02 80.019

0.0 3 0.02 1 0.01 3 0.006

0.0 3 0.02 1 0.01 3 0.006

j
ω

ω

σ

ω

σ

σ

Figure 5.7 System pole locations following the outage of the negative pole of converter

station #3. The pole map in grey presents the converter outage condition while its black

counterpart show that of nominal condition. ©[84], 2013.

In the absence of any frequency droop (i.e., 𝛽f = 0), the “Inertial Coupling” matrix

becomes

wnd =

⎡⎢⎢⎢⎢⎣
−212.2016 0 0

0 −53.0504 0

0 0 −53.0504

⎤⎥⎥⎥⎥⎦
(5.20)

The cross-coupling terms are absent in this matrix. In the following sections the

impact of this will be demonstrated through nonlinear time-domain simulations and

verified with the analytical formulation.

Step Reduction in Mechanical Power Input of G1 Figure 5.8 shows the variation

in the system frequency due to a step reduction in the power reference of G1

which is one of the four generators within the interconnected AC system by

20% .

As a result of the loss of generation, the frequency of the interconnected

4-machine AC system drops below 59.5 Hz. This can be explained follow-

ing the equations described in Section 3.3.1.5. From (3.78), under steady state,

ΔPi = ΔPTi. Since the power reference is reduced, ΔPTi < 0 as observed from

(3.79). From (3.80), it can be seen that the frequency reduces under steady state

condition. During dynamic condition the generator frequencies are different
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Figure 5.8 (a-d) AC system frequency and MTDC DC link voltage variation following a

step reduction of power reference of G1. ©[84], 2013.

from each other—varying according to the modeshapes of the generator speeds.

The frequency of the two isolated power systems corresponding to G5 and G6

remain unchanged as they are electrically decoupled from the 4-machine AC

system by the MTDC network.

Without frequency droop, the real power at the point of common coupling of all

converter stations oscillate about the pre-disturbance average value as shown in

Fig. 5.9.

Only negative pole real powers are shown due to symmetry—i.e., identical be-

havior is observed in the positive pole converters. In the presence of frequency

droop the total real power injection into the 4-machine AC system increases

(Fig. 5.9(b)). This compensates for the reduction in the power of G1 and pre-

vents the frequency from falling below 59.5 Hz as shown in Fig. 5.8(a).

Closer look reveals that this frequency support comes at the expense of increase

in real power drawn by the two other converter stations #1 and #4 from the two

isolated AC systems. This results in reduction of frequencies of those power
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converters following a step reduction of power reference of G1. ©[84], 2013.

systems, as shown in Fig. 5.8(b) and (c). However, the frequency excursions for

the isolated AC systems are within the allowable tolerance. This study confirms

that the presence of the frequency droop control loop ensures effective exchange

of frequency support across the MTDC grid in order to limit the frequency de-

viations in all the host AC systems.

Analytical Formulation:

Without any frequency droop control, the post disturbance frequency for the

three areas can be obtained after substituting appropriate values in (5.18):

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = −
[
wnd

]−1

⎡⎢⎢⎢⎣
12592
3183
3183

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.34
60.00
60.00

⎤⎥⎥⎥⎦ (5.21)

With frequency droop we get:

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = − [w]−1

⎡⎢⎢⎢⎣
12592
3183
3183

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.50
59.67
59.67

⎤⎥⎥⎥⎦ (5.22)

The results from the analysis closely match the simulation results of Fig. 5.8.
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Step Reduction in Mechanical Power Input of G5 A step reduction in mechani-

cal power input in one of the isolated AC systems is considered next. As shown

in Fig. 5.10, the effect of frequency support through the MTDC grid is more

pronounced in this case due to comparatively low inertia than the interconnected

4-machine AC system. In the absence of frequency droop, the frequency of this

isolated AC system goes well below 58.0 Hz while the frequency droop control

limits this deviation to only 1 Hz variation below the nominal 60 Hz frequency.

As before, such tighter regulation is achieved at the expense of slight (less that

0.5 Hz) change in frequency of the two other AC systems. It is to be noted that

the resulting change in the DC link voltages for both the disturbances are within

the acceptable (within ±1%) limits.

It is also interesting to note that a disturbance in the interconnected 4-machine

2-area AC system excited the low frequency inter-area oscillations. These oscil-

lations are visible in the dynamic response of the generators G1–G4 (Fig. 5.8(a)).
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Figure 5.10 (a-d) AC system frequency and MTDC DC link voltage variation following a

step reduction of power reference of G5 by 20%. ©[84], 2013.
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However, as expected, a similar disturbance at the isolated AC system G5 did

not trigger such oscillations as shown in Fig. 5.10(a).

Analytical Formulation:

With frequency droop control, the post disturbance frequency for the three

areas can be obtained after substituting appropriate values in (5.18):

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = − [w]−1

⎡⎢⎢⎢⎣
12732
3003
3183

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.58
58.78
59.49

⎤⎥⎥⎥⎦ (5.23)

without any droop control:

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
60.00
56.60
60.00

⎤⎥⎥⎥⎦ (5.24)

The results from the analysis closely match the the simulation results of

Fig. 5.10.

Step Increase in Load at Bus 10 The previous studies emulated a sudden loss of

generation within the interconnected and the isolated AC systems. Sudden change

in demand within the interconnected AC system is considered next. A 1% step

increase in the 1400 MW load connected at bus 10 is simulated. The dynamic

variation of frequency in the host AC networks surrounding the MTDC grid is

shown in Fig. 5.11.

As expected the frequency deviation in the 4-machine interconnected AC sys-

tem is more when there is no frequency droop. However, with droop control

frequency support is provided from the remote AC systems (G5, G6) through

the MTDC grid which results in relatively less frequency variation.

The variation of real power at the PCC of the negative pole MTDC converter

is shown in Fig. 5.12. From Fig. 5.12(b) it can be seen that in the presence of

frequency droop, the total real power injection into the 4-machine AC system

increases to cater for the increase in load. This excess power for the 4-machine

system is provided by the two isolated power systems through converter sta-

tions #1 and #4 as seen in Fig. 5.9(a) and (c). This results in slight reduction of

frequencies (but within allowable limits) of those power systems, as shown in

Fig. 5.11(b) and (c).

Above simulation results involving drop of AC system frequency due to either

loss of generation or increase of load confirms the effectiveness of using a fre-

quency droop control loop to exchange frequency support among the host AC

systems interconnected through an MTDC grid.
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Analytical Formulation:

With frequency droop:

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = − [w]−1

⎡⎢⎢⎢⎣
12707

3183

3183

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.91

59.94

59.94

⎤⎥⎥⎥⎦ (5.25)

No frequency droop:

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = −
[
wnd

]−1

⎡⎢⎢⎢⎣
12707

3183

3183

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.88
60.00
60.00

⎤⎥⎥⎥⎦ (5.26)

As before, results from analytical formulation closely match the simulation re-

sults.

5.8.4.2 Converter Station Disturbances After studying the effect of AC side dis-

turbances, the impact of disturbances within the MTDC grid is investigated. In this

section, the performance of the frequency droop control loop is evaluated in the face

of sudden change in converter power reference or outage of a converter.

Step Reduction in P∗
g of Station #3 The real power reference setting of each pole

of converter station #3 is reduced by 50% from 150 MW down to 75 MW. The

variation in AC system frequency as a result of this step change in power refer-

ence is shown in Fig. 5.13.

As expected, without frequency droop, each pole of the four converter stations

change their power by one fourth of the total change (i.e., about 19 MW), Fig. 5.14.

It is shown in Fig. 5.14(b) that the net reduction in power injection from each

pole of stations #2 and #3 is around 38 MW.

These changes result in a drop in frequency of G1–G4 by about 0.3 Hz and

increase in frequency of G5 and G6 by about 0.6 Hz (Fig. 5.13). The cause

of increase/decrease of frequency of the respective systems can be explained

by the corresponding decrease/increase of system loads in terms of real power

exchange at the PCC of the converter stations. On the other hand, the introduc-

tion of frequency droop reduces the change in converter powers at all stations

(Fig. 5.14). As observed from Fig. 5.13, this reduces the frequency variation in

all the AC systems.

Outage of Negative Pole of Station #3 A more severe disturbance in the form of

outage of one pole of a converter station is considered in this section. In this

particular case, outage of the negative pole of converter station #3 was studied

which showed unbalanced operation in the DC side. This is clear from the non-

zero metallic return current shown in Fig. 5.15(d).
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Figure 5.13 (a-c) AC system frequency variation following a step reduction of real power

reference of converter station #3. ©[84], 2013.

With only P − Vdc droop, as the station #3 negative pole power becomes zero

(Fig. 5.16(c)), the rest of the negative poles share the lost power (i.e., 150 MW)

equally amongst themselves resulting in 50 MW deviation (shown in Fig. 5.16)

for each.

It is to be noted that the aggregate Pg of stations #2 and #3 negative poles are

separately shown in Fig. 5.16(b) which changes by about 100 MW. It is also

worth noting that the positive pole control operates independently and the con-

verter powers do not change from the pre-disturbance values in the absence of

power-frequency droop shown in Fig. 5.17.

Similar to the previous case, the changes in the converter real powers resulted in

deviation of AC system frequencies as shown in Fig. 5.15. Frequency of the 4-

machine AC system reduces to 59.6 Hz while that of G5 and G6 increases to 60.8

and 60.9 Hz, respectively. It is interesting to observe the converter real power re-

sponse with power-frequency droop for the positive pole (Fig. 5.17) and the neg-

ative pole (Fig. 5.16), respectively. Station #1 reduces the net deviation in power

output from 50 to around 15 MW. To be more specific, under post-disturbance

condition Pp
g is approximately −170 MW and Pn

g is about −115 MW totalling

about −285 MW—which is a 15 MW deviation from the pre-disturbance −300

MW output. This trend is clearly visible for the other converter stations as well.
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Figure 5.14 (a-c) Dynamic behavior of real power at PCC of the positive pole MTDC

converters following a step reduction of real power reference of converter station #3. ©[84],

2013.

As a result the individual AC systems experience reduced change in system

loads. Therefore, the frequency deviation of the 4-machine AC system is re-

duced to 0.2Hz while that of G5 and G6 are less than 0.3 Hz (Fig. 5.15).

The above case study substantiates the fact that use of power-voltage droop for

autonomous power sharing alone is not sufficient to reduce the frequency devia-

tions in host AC systems especially, following a large disturbance. An additional

power-frequency droop control is required to modify the voltage reference for

each converter station. The power-frequency droop control loop acts to reduce

the frequency deviation by importing frequency support from the remaining un-

affected AC systems. As a result, the frequency of those AC systems would

deviate from their nominal value (which would not have happened without the

frequency droop control loop). Thus, rather than having a large and potentially

unacceptable variation in frequency of the affected system, there is relatively

small (but hopefully within acceptable limits) variation of frequency in all the

AC systems.

Analytical Formulation:

For this condition mn
1
= 1, mn

2
= 1 and mn

3
= 1. Using the expressions
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Figure 5.15 (a-d) AC system frequency and metallic return current variation following the

outage of negative pole converter of station #3. ©[84], 2013.

derived in Section 5.7.2.2 we can write:

⎡⎢⎢⎢⎢⎢⎢⎣

(
− 1

𝛽g1
− 5𝛽f

3

)
5𝛽f

6

5𝛽f

6

5𝛽f

6

(
− 1

𝛽g1
− 17𝛽f

12

)
7𝛽f

12

5𝛽f

6

7𝛽f

12

(
− 1

𝛽g1
− 17𝛽f

12

)
⎤⎥⎥⎥⎥⎥⎥⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
w

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = −
⎡⎢⎢⎢⎣
Γ1

Γ2

Γ3

⎤⎥⎥⎥⎦
(5.27)

The “Inertial Coupling” matrices considering frequency droop control is:

w =
⎡⎢⎢⎢⎣
−378.8683 83.3333 83.3333
83.3333 −194.7171 58.3333
83.3333 58.3333 −194.7171

⎤⎥⎥⎥⎦ (5.28)
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Figure 5.16 (a-d) Dynamic behavior of real power at PCC of the negative pole MTDC

converters following the outage of negative pole converter of station #3. ©[84], 2013.

Which leads to: ⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = − [w]−1

⎡⎢⎢⎢⎣
12632

3233

3233

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.86

60.28

60.28

⎤⎥⎥⎥⎦ (5.29)

The analysis can also be done without frequency droop control by equating

𝛽f to zero:

wnd =
⎡⎢⎢⎢⎣
−212.2016 0 0

0 −53.0504 0
0 0 −53.0504

⎤⎥⎥⎥⎦ (5.30)

⎡⎢⎢⎢⎣
f1
f2
f3

⎤⎥⎥⎥⎦ = −
[
wnd

]−1

⎡⎢⎢⎢⎣
12632

3233

3233

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
59.53

60.94

60.94

⎤⎥⎥⎥⎦ (5.31)
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converters following the outage of negative pole converter of station #3. ©[84], 2013.

The results from the analysis closely match the the simulation results of

Fig. 5.15.

It is to be noted that the nature of frequency variation with frequency droop

control is different when there is AC side disturbance compared to the DC side

disturbance. For the AC side disturbances, the variation of frequency occurs in

the same direction for all AC systems. For the DC side disturbances frequency

of the affected AC system varies in the opposite direction to that of the unaf-

fected system. This is also confirmed by the results obtained from the analytical

formulation.





CHAPTER 6

PROTECTION OF MTDC GRIDS

6.1 Introduction

Protection of a VSC DC grid in the event of a fault in the DC cable network is a

research problem till date. It was mentioned in Section 2.4.2.4 that regardless of the

control strategy, conventional VSCs cannot limit or interrupt the current that flows

following a DC-side fault. DC circuit breakers are yet to be commercially available

for high power ratings. Therefore, the only way to clear a DC-side fault is to open

the circuit breakers on the AC side. For a point-to-point VSC HVDC link, this is

not a major problem as the loss-of-infeed is not unacceptably high even if the entire

link (e.g., 500 MW) is taken out of service by opening the AC breakers at both ends.

However, for a DC grid with a capacity in the range of tens of GWs, opening all the

AC circuit breakers to clear a DC-side fault would result in unacceptably large loss-

of-infeed. Thus, one cannot rely on the AC circuit breakers to clear a fault within the

DC grid.

There are essentially two ways of clearing DC grid faults without causing a large

loss-of-infeed. One option is to use DC breakers (as and when they are commercially

available) to isolate only the faulty cable while continuing to operate the rest of the

DC grid as usual. Another option is to use converter topologies which are capable

Multi-terminal Direct-Current Grids: Modeling, Analysis, and Control. First Edition.
Nilanjan Ray Chaudhuri, Balarko Chaudhuri, Rajat Majumder, and Amirnaser Yazdani.
© 2014 The Institute of Electrical and Electronics Engineers, Inc. Published 2014 by John Wiley & Sons, Inc.
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of interrupting the DC fault current. Such topologies are usually less efficient and a

proper balance between fault-blocking capability and efficiency is required.

Detection of a DC fault and locating the faulty cable is another big challenge. In

a DC grid, the rate of rise of fault current is much higher than an AC system where

the reactance of lines limits the rise of current. Hence, the DC grid protection system

would have to act much faster (typically within 1–2 ms) before the fault currents reach

a level which is difficult to clear. Moreover, locating a fault within the DC grid is dif-

ficult as traditional distance protection using impedance relays is not effective given

that DC cables have very low resistance and virtually zero series reactance. So the

protection system is likely to have to rely on advanced signal processing techniques

(e.g., Wavelets) to detect and locate the DC fault. Ensuring sensitivity and selectivity

with so little reaction time is a major challenge for DC grid protection systems and

a standard methodology is yet to be developed. In this chapter, we have summarized

the challenges, the state-of-the-art, and the ongoing research and development work

in the area of DC grid protection and fault current interruption using the DC circuit

breakers or fault-blocking converters.

6.2 Converter Station Protection

Different components of a converter station have their own protection zones as shown

in Fig. 6.1 for an asymmetric bipolar configuration with switchgears and sensors. The

switchgears will include AC circuit breakers, DC circuit breakers, and DC isolators.

Multiple current sensors will be used at different locations as highlighted in Fig. 6.1.

State-of-the art fiber optic sensing technology can be used for current measurement.

These sensors have extremely low latency in measurement (6 kHz bandwidth) [85].

Different zones of protection are also highlighted in Fig. 6.1. The measured sig-

nals will be processed by relays that determine the faulted component and command

appropriate breaker tripping. Different protection philosophies can be used to achieve

selective isolation—which determine the characteristics of the relay. Well-proven ex-

isting schemes can be used for the AC side protection. For example, the converter

transformers are protected using differential protection [86]. On the DC-side, the DC

bus protection can be based on traditional bus differential protection [86].

The most challenging part of the DC grid protection is protection against DC cable

faults. The response to such DC cable faults is described in Section 6.3.

6.3 DC Cable Fault Response

Most VSC converter topologies are defenseless against DC-side faults. Primarily,

two types of cable faults can happen: cable-to-cable fault and cable-to-ground fault.

Analysis of the fault response for the converter topologies mentioned in Section 2.3

is essential in determining the challenges involved in DC grid protection. In this

section the fault response of two widely used VSC converter topologies: two-level

and half-bridge MMC are analyzed.
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Figure 6.1 Zones of protection, switchgears, and sensors in an asymmetric bipolar MTDC

converter station.

6.3.1 Fault Response of Two-level VSC

The fault response of a two-level VSC, Section 2.3.1, following a cable-to-cable

fault was reported in [87, 88]. Although this type of fault has a low probability of

occurrence, it is the most critical fault from the protection standpoint. The IGBTs

are blocked during such faults and the antiparallel diodes carry the fault current.

Figure 6.2 shows a two-level VSC with a DC fault between two cables. The DC

cable up to the fault point is assumed to be modeled by a single pi-section. The cable

resistance (
Rc

2
) and inductance (

Lc

2
) up to the fault point are shown and the capaci-

tance (Cdc) is assumed to be the equivalent capacitance of the cable pi-section and

the converter DC bus (Fig. 3.1). The resistance R of the tie reactor is neglected.

As described in [87, 88], the response following the DC-side fault can be expressed

as a superposition of the natural response and the forced response of the system. Fur-

ther, the natural response can be divided into two sequential phases. These responses

are summarized briefly. Interested readers should refer to [87, 88] for further details.

1. Natural Response—capacitor discharge phase (t0 ≤ t ≤ t1): This is the natural

response of the circuit immediately after the fault at t = t0. Figure 6.3(a) shows

the equivalent circuit of this phase. Assuming Rc < 2
√

Lc

Cdc
, the expressions

for the cable current and the DC bus voltage are computed for the second-order

R − L − C circuit.

Il = Cdc
dVdc

dt
= −

I0𝜔0

𝜔n
e−𝛾t sin(𝜔nt − 𝜉) +

V0

𝜔nLc
e−𝛾t sin𝜔nt (6.1)
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Figure 6.2 A two-level VSC HVDC converter station following a cable-to-cable DC fault.

The IGBTs are blocked and the antiparallel diodes conduct to feed the fault current from the

AC side.

Vdc =
V0𝜔0

𝜔n
e−𝛾t sin(𝜔nt + 𝜉) −

I0

𝜔nCdc
e−𝛾t sin𝜔nt (6.2)

where 𝛾 = Rc

2Lc
, 𝜔n =

√
1

LcCdc
−

(
Rc

2Lc

)2

, 𝜔0 =
√
𝛾2 + 𝜔2

n,

𝜉 = tan−1
(
𝜔n

𝛾

)
, Il(t0) = I0,Vdc(t0) = V0

From (6.2) it can be seen that the DC bus voltages reduces to zero at t1 = t0 +
(𝜋−𝜆)
𝜔n

, where 𝜆 = tan−1
(

V0𝜔0Cdc sin 𝜉
V0𝜔0Cdc cos 𝜉−I0

)
2. Natural response—diode freewheel phase (t1 < t): After Vdc becomes zero, the

cable current Il is transferred to the antiparallel diodes of the VSC bridge. This

results in a freewheeling response through those diodes as shown in Fig. 6.3(b).

The simple R − L circuit equation can be solved with Is = 0.

Il = I1e
−( Rc

Lc
)t

(6.3)

where Il(t1) = I1.

Each diode carries one-third of the cable current:

iDi =
Il

3
, i = 1, 2, ..., 6 (6.4)

3. Forced response—grid current feeding: The IGBTs are blocked when the cur-

rent through them rises above a threshold. Under this condition, the response is

determined by the equivalent R − L − C circuit shown in Fig. 6.3(c). Assuming
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Figure 6.3 Equivalent circuits for different phases of response of a two-level VSC following

a cable-to-cable fault. (a) Natural response: capacitor discharge phase, (b) natural response:

diode freewheel phase, and (c) forced response: grid current feeding [87, 88].

a worst-case scenario for the phase a where the fault occurs at the zero crossing

of the phase a grid voltage, we can write

vga = Vg sin(𝜔gt + 𝜃g0), t1 ≤ t (6.5)

where 𝜃g0 = 𝜔g(t1 − t0)

iga = Ig

[
sin(𝜔gt + 𝜃g0 − 𝛿) − sin

(
𝜃g0 − 𝛿

)
e−t∕𝜏] + Ia1e−t∕𝜏 , t1 ≤ t (6.6)

where 𝛿 = tan−1
(
𝜔g𝜏

)
,

𝜏 = (Lc+L)
Rc

,

Ia1 = iga(t1)
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The current from the converter (Idc) under this condition (Fig. 6.3(a)) is the pos-

itive half-cycle of current from the grid side:

Idc = iD1(iga > 0) + iD2(igb > 0) + iD3(igc > 0) (6.7)

The expression for the cable current and the DC bus voltage can be written as

Il = C1 sin(𝜔gt+𝜆)+C2e−t∕𝜏+
C3𝜔0e−𝛾t

𝜔n
sin(𝜔nt+𝜃g0)+

C4e−𝛾t

𝜔n
sin𝜔nt (6.8)

Vdc = RcIl + Lc
dIl

dt
(6.9)

where C1 = Im

√(
1 − 𝜔2

gLcCdc

)2

+
(
RcCdc𝜔g

)2
,

𝜆 = 𝜃g0 − 𝛿 − 𝜎,

𝜎 = tan−1

(
RcCdc𝜔g

1−𝜔2
gLcCdc

)
,

C2 = Im

(
𝜏2

𝜏2−RcCdc𝜏+LcCdc

)
,

Im = Ia1 − Ig sin
(
𝜃g0 − 𝛿

)
C3 = −C1 sin 𝜆 − C2,

C4 = C2

𝜏
+ 𝜔gC1 cos 𝜆

Cable-to-ground fault is more probable but less harmful compared to the cable-

to-cable fault. Similar analysis can be done for the ground fault which is not covered

here. Interested readers can refer to [87, 88].

6.3.1.1 Analysis The cable current rises very sharply during the capacitor dis-

charge phase, but the most critical phase for the system is the free-wheeling phase.

The thermal inertia of IGBTs is much lower compared to the cables. Therefore, they

are blocked as soon as current through them rises above a threshold. However, the

diode current jumps to dangerously high value of
I1

3
when the freewheeling period be-

gins which might be beyond their surge current rating. Therefore, appropriate device

protection measures should be considered. The steady-state current and voltage are

governed by the forced response which is not as severe as the freewheeling condition.

With considerable fault resistance Rf , the condition Rc+Rf > 2
√

Lc

Cdc
might satisfy

which produces a first-order response. In this condition, the diode freewheeling phase

does not arise.

When a DC cable fault occurs in an MTDC grid, the converter stations with two-

level VSC topology will go through the phases of response mentioned here. This

class of VSC converters cannot block or control the current during such faults. Since

the fault current in the cable rises extremely fast, it is very challenging for the relaying

and protection system of such grids.
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6.3.2 Fault Response of Half-bridge MMC

The half-bridge MMC topology is gaining popularity among the major HVDC manu-

facturers. This topology was described in detail in Section 2.3.3. Unlike the two-level

VSC, this topology does not have a large DC bus capacitor. Therefore, no converter

capacitor discharge phase is present when a DC cable-to-cable short circuit occurs.

As described in Section 2.3.3, the half-bridge converters in Fig. 2.15 are also called

sub-modules. In this chapter, these sub-modules are represented as blocks marked

“SM” in figures, for the sake of clarity. In the rest of the chapter, the sub-module

capacitance is denoted by CSM and the voltage across the DC bus of each sub-module

is denoted by Vc. Figure 6.4 shows a converter station with half-bridge MMC topol-

ogy where a DC cable-to-cable short circuit has happened. Similar to the two-level

topology, here the IGBTs are blocked and the antiparallel diodes experience a surge

in current. This current can be limited by properly designing the arm inductors Larm.

The diodes usually have poor surge current capability. To protect them press-pack

thyristors are triggered [89] as shown in Fig. 6.6(a).

Let us consider the AC-side voltages and currents of the converter are (Fig. 6.4)

vga = Vg cos
(
𝜔gt + 𝜙 + 𝜌

)
, (6.10)

va1 = Va1 cos
(
𝜔gt + 𝜙

)
(6.11)

iga = Ig cos𝜔gt (6.12)

(6.13)
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Figure 6.4 A converter station with half-bridge MMC configuration. Following a cable-to-

cable DC fault the antiparallel diodes conduct to feed the fault current from the AC side.
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Here, va is the voltage behind the phase reactor L produced by the converter arm

for phase a. The positive/negative arm voltages vap∕van and corresponding currents

iap∕ian in the a-phase can be expressed as

vap =
Vdc

2
− va1, van =

Vdc

2
+ va1 (6.14)

iap =
iga

2
+

Idc

3
, ian = −

iga

2
+

Idc

3
(6.15)

The equivalent circuits corresponding to different phases of response were de-

scribed in [90] and are shown in Fig. 6.5.

1. Phase I: before IGBT turn off (t0 ≤ t ≤ t1): Let us assume the fault occurs at

time t0 and the IGBTs are turned off at time t1. This time interval is of the order

of tens of microseconds. Thus, the AC voltages and currents shown in Fig. 6.5(a)

can be assumed to be equal to their respective values at time t0. The current Idc

dcI
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Figure 6.5 Equivalent circuits for different phases of response of a half-bridge MMC

following a cable-to-cable fault. (a) Phase I: before IGBT turn off, (b) phase II: diode freewheel

phase, and (c) phase III: grid current feeding [90].
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rises very fast and increases the arm currents. The phase-a arm currents at the

end of this interval are

iap(t1) =
iga(t0)

2
+

Idc(t0)
3

+
Vdc(t0)
2Larm

(
t1 − t0

)
, (6.16)

ian(t1) = −
iga(t0)

2
+

Idc(t0)
3

+
Vdc(t0)
2Larm

(
t1 − t0

)
(6.17)

2. Phase II: diode freewheel phase (t1 ≤ t ≤ t2): At time t1 the IGBTs are blocked

and the current starts freewheeling through the antiparallel diodes as shown in

Fig. 6.5(b). One arm current will increase while the other reduces to zero. In the

AC side the entire AC voltage gets applied across the inductor L which results

in increase in the AC current. The time interval in which the current in one arm

becomes zero is given by

t2 − t1 =
iga(t2) − iga(t0)

L
(6.18)

where iga(t2) = 2
(

Idc(t0)
3

+ Vdc

2Larm

(
t1 − t0

))
3. Phase III: grid current feeding (t1 < t): This phase is similar to the grid current

feeding phase of the two-level converter (Section 6.3.1).

It can be seen that the arm inductor has a direct impact on the diode current.

Reference [90] derived a relationship to design Larm to limit the peak current to iD− max
for known values of of DC bus voltage Vdc, DC current Idc and IGBT turn-off time

t1.

Larm >
Vdc

2

(
t1 − t0

)(
iD− max

2
− Idc

3

) (6.19)

6.3.3 Challenges

After analyzing the DC cable fault response of the conventional VSCs, it is clear that

the fault current cannot be controlled by them. In an MTDC grid, a DC cable fault

will therefore result in all converter stations feeding the fault. Each converter will go

through different phases of fault response mentioned earlier. Unlike the AC system

where the reactance of the transmission lines limit the current, the DC fault current is

only limited by the line resistance. The following are the main reasons why protecting

a VSC HVDC system is more difficult than protecting AC systems [91]:

1. In VSC HVDC systems, cables are commonly used, which result in lower rise

times and higher steady-state short circuit currents.

2. DC converters are very sensitive to overloads and need to be protected against

any over-current.
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3. Switching DC current is more difficult than switching AC current.

4. Identifying the line in which a fault occurs is not trivial and traditional AC pro-

tection methods (e.g., impedance relays) cannot be used.

6.4 Fault-blocking Converters

A few VSC HVDC topologies have been reported in literature which can block or

control the DC fault current. This includes the full bridge MMC topology [92, 93]

and its variants; some of which are being prototyped by the major manufacturers.

6.4.1 Full-bridge MMC

Figure 6.6 (b) shows the full-bridge MMC submodule. The full-bridge submodule

has a full H-bridge configuration (Section 2.3.2). Such full-bridge submodules can

be connected in series to form one individual leg of the a full-bridge MMC converter.

The full-bridge structure also helps in cell capacitor voltage balancing leading to the

reduction in voltage ripple[94].

A converter station with this configuration is shown in Fig. 6.7 where a cable-

to-ground-fault is illustrated. A DC-side fault reduces the converter station DC bus

voltage, but the submodule capacitors do not discharge completely. Therefore, the
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Figure 6.6 (a) The submodule of a half-bridge MMC converter. A press-pack thyristor for

the protection of diodes and a contactor is shown. (b) The submodule of a full-bridge MMC

converter which does not need any thyristor for protection. (c) The submodule of clamped

diode configuration.
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Figure 6.7 A converter station with full-bridge MMC topology. The DC fault current can

be blocked or controlled by controlling the full-bridge modules.

full-bridge modules remain operational and can produce positive and negative volt-

age. In its simplest form the IGBTs can be blocked to stop the flow of the DC current.

A negative polarity voltage is particularly advantageous to limit the current surge. The

voltage output of the submodules can be modulated to bring down the current through

the arm inductors to zero [92, 93]. Since the submodules can control the current, the

diodes do not need protection from over current. The full-bridge submodule do not

need a need a press-pack thyristor unlike the half-bridge module (Fig. 6.6).

Under such a fault condition, the real (X-axis) and the reactive (Y-axis) component

of the AC side current can be controlled independently (see Section 2.4 for a descrip-

tion of converter controls). Thus, the converter station cannot only limit the DC fault

current by controlling the X-axis current component, it can also simultaneously pro-

vide reactive power support to the AC system by controlling the Y-axis current. In

this mode of operation the converter works as a STATCOM.

In spite of the advantages of the full-bridge MMC converter, it suffers from the

following disadvantages:

Cost: It has higher cost compared to the half-bridge MMC since it uses twice

the number of diodes and IGBTs.

Cost of losses: Double the converter losses compared to the half-bridge MMC

under normal operating condition.
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Additional switching states: The reverse DC bus polarity is not useful under

normal condition.

6.4.2 Variants of Full-bridge MMC

Due to the disadvantages associated with the full-bridge MMC, a few variants are

proposed in literature. Figure 6.6(c) shows the clamped double-cell configuration [92,

93]. In this configuration, the converter operates as a series connection of half-bridge

cells with an extra switch (#5) in the path of connection. Under normal condition

switch #5 is always ON which leads to the half-bridge MMC operation. The total loss

is slightly increased due to the conduction loss of switch #5. The clamping diodes

do not add to losses as they operate in OFF state. Following the DC fault, switch #5

is blocked resulting in a full-bridge operation. Similar to the full-bridge MMC the

clamped modules do not need protective thyristors.

The other variant of the full-bridge topology is called the alternate-arm multi-level
converter (A2MC) [95]. This topology is shown in Fig. 6.8 where each phase arm of

the converter consists of cascaded full-bridge cells which construct the AC voltage

from the DC-bus voltage. However, it behaves as a current sourced converter (CSC)

as the current is directed to either the upper or the lower arm using a “director switch”

consisting of series-connected IGBTs inserted in each arm. Since each arm is used

alternatively for each phase, hence the name “alternate-arm.” Different features are

used to minimize losses in this topology. This includes generating positive (negative)

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

SM

+ ve 

pole

Metallic 

return

L

armL

armL

1

2

3

4

SMV

cV

2
+

cV

2
−

SM2C

SM2C

Figure 6.8 A converter station with alternate-arm multi-level converter topology. The DC

fault current can be blocked or controlled by controlling the full-bridge modules.
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half cycle of the output voltage by the upper (lower) arm, thereby needing half of the

total number of full-bridge MMC cells. Moreover, the director switches are used to

facilitate zero-current and zero-voltage switching of the outgoing and incoming cells.

With adequate number of full-bridge cells, this topology can also control or block the

DC current during the DC fault and provide AC network support as a STATCOM.

6.5 DC Circuit Breakers

Lack of commercial availability of high power DC circuit breakers is arguably one of

the major barriers toward the practical realization of a VSC-based MTDC grid [96,

97]. Circuit breakers have long been in use in AC transmission systems to interrupt the

rated load current or fault current, which could be several times more than the rated

current. At high voltage transmission levels, an AC circuit breaker typically needs

a minimum of 4–5 cycles (i.e., 80–100 ms) to interrupt the fault current. AC circuit

breakers make use of the natural zero crossings of the current which provides an

ideal opportunity for interruption with minimal arcing. There is no such natural zero

crossing in DC resulting in the fact that conventional AC circuit breaker technology

is unable to turn off large DC currents. One way to resolve this is to force a current

zero crossing by using a passive [98, 99] or active [99, 100] resonant circuit. Another

option is to employ semiconductor switches which can quickly bypass or interrupt

the fault current but at the expense of higher on-state power losses.

One challenge is the high rate of rise of DC currents due to the lack of reactance

in DC circuits. In this case, an interruption time similar to AC circuit breakers would

result in significantly higher maximum current interruption capability and increase in

energy to be handled by the arrester leading to prohibitively high cost of DC breakers.

Therefore, a DC circuit breaker should be capable of interrupting fault currents much

faster (typically within 1–2 ms) compared to their AC counterparts.

DC circuit breakers based on resonant circuit topologies have been prototyped

since the mid-1980s to interrupt and commutate current into an alternate path in LCC

HVDC systems. Typically, the interruption time for such DC breakers is 30–100 ms.

By that time, the DC fault current in a VSC HVDC system could exceed 20 times

the rated value [101, 102] making it unsuitable for protection of MTDC grids. Active

resonant circuits allow higher (up to 5 kA) current interruption but suffer from similar

interruption time as above [99].

DC circuit breakers based on semiconductor switches have been reported and de-

veloped over the years. To keep the power losses down under normal condition, a lot

of these topologies use a fast mechanical switch in the normal current path while semi-

conductor switches are used to quickly divert the fault current away from the main

path [103]. The semiconductor switches conduct the current until the mechanical

switch is able to block the full voltage at which point the former is turned off. Volt-

age would then increase very fast due to the stored energy in the circuit inductance.

Beyond a certain threshold voltage the surge arrestors start conducting and clamps

the voltage due to their highly nonlinear V–I characteristics. The clamped voltage is

higher than the grid voltage which forces the current through the inductor to zero and
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thereby demagnetizes the line inductance. These circuit breakers can interrupt fault

current faster than a resonant breaker but is still slow for high voltage (>100 kV) ap-

plications systems primarily due to limited speed of the contact separation of the fast

mechanical switch [99]. For medium voltage applications, such mechanical switches

with solid-state bypass path could interrupt fault currents within 1–2 ms. However,

for higher voltage levels, the only option is to employ semiconductor switches (e.g.,

IGBTs) in the main current path which can force the current down to zero in less

than a millisecond time frame. Although the fastest, such a breaker suffers from high

power losses under normal operation. This type of DC circuit breaker is commonly

known as solid-state DC breaker [103].

The recently proposed proactive hybrid DC breaker is a significant advance toward

a fast yet efficient DC breaker. It is hybrid solution combining a fast mechanical

switch and less number of semiconductor switches in the main current path together

with an alternate path stacked with semiconductors. This offers the best compromise

between low losses and fast interruption speed and is currently being developed by

ABB [43].

The requirement of an MTDC grid is that the DC fault current should be inter-

rupted within 1–2 ms [97]. Only the solid-state and the proactive hybrid DC breaker

are capable of achieving such fast interruption of DC fault current. Use of DC/DC

converters have been investigated for their suitability in clearing DC faults within an

MTDC grid. The advantage is that the rating of such DC/DC converters is almost

independent of the protection processing time unlike the solid state and proactive hy-

brid breakers. The discussion on DC circuit breakers in this section is limited to only

these three types.

6.5.1 Solid-state DC Breaker

The solid-state DC breaker use semiconductor switches with rapid turn-off capability

(e.g., IGBTs and GCTs) in the main current flow path. A pair of antiparallel switches

is used to allow bidirectional current flow. A surge arrestor is connected in parallel

as shown in Fig. 6.9.

During normal operation, the current flows through the semiconductors which lead

to high conduction losses. Once a trip signal is received, the semiconductor switches

are turned off immediately. As a result, the voltage increases rapidly until the surge

arrestor clamps the voltage at a level higher than the DC line voltage in order to

demagnetize the DC system inductance. A solid-state breaker does not require any

mechanical switch and can therefore interrupt the fault current much faster than other

DC circuit breakers. The semiconductor switches are required to be rated to interrupt

a smaller fault current and hence lower rated devices may be used. This design also

requires fewer components than the others. The major disadvantage, however, is that

the power losses under normal operation are significantly higher than other types

of DC circuit breakers. Since on-state losses are most important, GCTs instead of

IGBTs are often preferred for solid-state DC breakers [103].
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Figure 6.9 Solid-state DC breaker.

6.5.2 Proactive Hybrid DC Breaker

The proactive hybrid DC breaker consists of a main breaker and an auxiliary breaker.

The main breaker has several sections each comprising a string of IGBTs connected

back-to-back with antiparallel diodes. A surge arrestor in parallel with each section

limits the rapid increase of voltage after the main breaker is switched off. The auxil-

iary breaker has a few IGBTs rated for the forward voltage drop across the sections

(less than 1 kV in total) of the main breaker. The path for normal current flow has a

fast mechanical disconnector switch in series with an auxiliary DC breaker while the

main DC breaker is on the bypass path as shown in Fig. 6.10.

The main breaker is designed for the rated voltage and fault current interruption.

During normal operation, the load current flows through the mechanical disconnector

and the auxiliary breaker while the current through the main breaker is zero. Once

the preset overcurrent threshold is exceeded, the current is immediately commutated

from the auxiliary breaker to the main breaker which operates like a solid-state DC

breaker. The mechanical disconnector is then opened without an arc. As soon as the

disconnector is in a position to block the recovery voltage, the main breaker could be

switched off.

Auxiliary DC breaker

Main DC breaker
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Current limiting 

reactor

Residual DC current 

breaker

Surge arrestor

Normal current 

flow path

Bypass path

Figure 6.10 Proactive hybrid DC breaker.
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The proactive hybrid breaker could be operated in a current limiting mode by con-

trolling the main breaker so that the voltage across the DC inductance is controlled.

This allows the protection strategy further time to decide whether or not the breaker

needs to be tripped permanently. Switching off the main DC breaker is delayed until

a trip command is received or the fault current rises close to the maximum breaking

current capability of the main breaker. To reclose the breaker in case the fault is on a

different cable, the current is commutated back to the main path by closing the dis-

connector and turning-on the auxiliary breaker. Otherwise, the main DC breaker is

switched-off resulting in rapid increase of voltage until it is clamped by the surge ar-

restors. The clamped voltage (which is higher than the rated DC voltage) establishes

a counter voltage across the DC reactor which forces the fault current to go down to

zero. After the fault is cleared, the residual DC breaker isolates the faulty cable form

the MTDC to relieve the surge arresters from getting thermally overloaded.

The power losses incurred in a proactive hybrid breaker are much less than a solid-

state breaker as there are significantly less number of IGBTs in the main current flow

path. Due to the presence of semiconductor switch in the main current path, this

particular topology allows much faster transfer of the fault current into the auxiliary

path compared to other DC circuit breakers involving semiconductors (with the ex-

ception of solid-state DC breakers). The interruption speed is further improved as the

disconnector opens without an arc while other types of circuit breakers relies on the

arc voltage to transfer the fault current. The current limiting mode which is inherent

in such a proactive hybrid breaker allows the protection strategy additional time to

select the faulty cable.

If two proactive hybrid breakers are connected in series, the back-up breaker could

also be commanded to transfer the fault current to the main breaker, so that it can

interrupt the DC fault current very fast (<0.2 ms) even if the primary breaker fails

[43].

ABB expects that a proactive hybrid DC breaker would be commercially available

for DC voltages up to 320 kV and rated currents of 2.6 kA very soon [43]. It is now

well established that the solid-state and the proactive hybrid DC breakers are the

only viable options for reliable operation of MTDC grids. The two candidate types

are compared next in terms of speed of operation, power losses, cost and footprint

and availability and reliability of operation.

Speed of interruption: The solid-state DC circuit breaker is capable of interrupting

the DC fault current within approximately 0.2 ms while the proactive hybrid

DC circuit breaker requires anywhere between 1–2 ms [43, 97]. Typically, the

protection system would need about 1 ms to detect a DC fault and identify the

faulty cable. Taking this into consideration, the solid-state breaker could clear

the fault within 1.2 ms from the inception of the DC fault. As discussed before,

the proactive hybrid breaker has inherent over current protection which allows

it to prepare for the trip command by transferring the line current on to the main

DC breaker. The overall fault clearing time for a proactive hybrid breaker is

therefore expected to be around 2 ms.
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Power losses: The power losses in a solid-state circuit breaker could be as high as

30% of the total losses of a VSC HVDC station which is at least 20 times higher

than the losses in a proactive hybrid circuit breaker [43]. Power losses in DC

circuit breakers are an important consideration as they are likely to be installed at

both ends of each of the positive and negative poles. Adding up the lost revenue

due to the very high losses of a solid-state breaker, it is highly likely the proactive

hybrid breaker would be a more cost-effective solution.

Cost and footprint: The auxiliary DC breaker section of a proactive hybrid breaker

can be neglected when comparing the cost and footprint as it is a fraction of the

size and cost of the main DC breaker or of a solid-state breaker. For a given nomi-

nal current and allowable rate of rise of current, the solid-state breaker is required

to interrupt less current than a proactive hybrid breaker as the former interrupts

the fault current faster. The components (e.g., semiconductor switches and surge

arrestors) for a proactive hybrid breaker are required to have higher ratings than

a solid-state breaker. This increases the cost and the footprint. However, all the

semiconductor switches in a solid-state breaker carries the load current contin-

uously and hence requires water cooling. For a proactive hybrid breaker, only

the auxiliary breaker needs cooling which is a negligible fraction of the overall

cost and footprint. This would add cost and size to the solid-state breaker.

Energy availability: DC circuit breakers like any other component could operate

abnormally or fail. A failure of the breaker under normal operation ultimately

leads to the connected cable being taken out of service. The failure of a proactive

hybrid breaker, due to the mechanical disconnector inadvertently opening or the

auxiliary DC breaker failing open circuit, would result in the load current com-

mutating to the main DC breaker. Nonetheless, the power transfer is continued

with higher on-state losses and the cable is still adequately protected. The failed

component in the main current path can be repaired without taking the proactive

hybrid breaker out of service. A fault within the solid-state breaker would most

likely lead to isolation of the concerned cable. Thus, a proactive hybrid breaker

ensures has higher energy availability than a solid-state breaker.

Reliability: In the event of a fault, the solid-state breaker is required to switch off and

the surge arrestor must clamp the recovery voltage for successful fault current

interruption. The proactive hybrid breaker, however, requires the auxiliary DC

breaker to switch-off, the disconnector to open, the main DC breaker to switch

off and the surge arrestor to clamp the voltage. The fewer number of states and

actions required indicate that the solid-state circuit breaker is more reliable for

clearing a DC fault.

6.5.3 DC/DC Converter

One major problem with either solid-state or proactive hybrid DC breaker is the sizing

of the semiconductors and the surge arrestor is highly dependent on the processing

time of the protection system. System level studies have shown that these DC breakers
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essentially pushes the fault current to other parts of the MTDC grid and it is therefore

required to have a coordinated grid-wide protection within 1–2 ms [101] which is very

difficult to achieve especially, with long distance cables. For protection processing

times in the order of tens of a few of milliseconds, the semiconductors and surge

arrestors become prohibitively expensive and bulky [101].

Use of DC/DC converters have been investigated for their suitability in clearing

DC faults within an MTDC grid. Two DC/DC converter topologies—LCL thyristor

(shown in Fig. 6.11) and full-bridge DC/DC chopper (shown in Fig. 6.12) converter—

have been studied for interruption of DC fault current.

Use of LCL thyrsitor-based converter for DC fault current interruption was pro-

posed in [104]. As shown in Fig. 6.11, there are two back-to-back LC resonant circuits

connected to a common capacitance C3. Use of antiparallel thyristors allows current

reversal on both sides (I1,I2) and hence fast reversal of power flow.

In voltage step-up mode (V1 > V2), the pair of thyristors S7, S8 are fired sequen-

tially with a 50% duty ratio. The combination of inductors L2 and capacitance C2

is forced to resonate which causes Vc to rise which allows S7, S8 to turn on and off

under zero current. Similarly on the other side resonance involving L1,C2 enables

zero-current switching of the thyristor pair S3, S4. The principle of operation remains

the same in step-down mode as well but the in this case the thyristor pairs S5, S6 and

S1, S2 are involved instead. The LCL thyristor converter can thus limit the current in

case of DC faults on either HV or LV side.

A full-bridge DC/DC chopper as shown in Fig. 6.12 can also be used to interrupt

the DC fault current [105]. This is an improved version of the half-bridge DC/DC

chopper with a set of additional switches S2,D2, S4,D4. Presence of S2,D2 provides

the additional capability to fully interrupt the current for faults on the HV side. In

[101], a simplified topology is proposed which uses only a diode (D4) instead of

D4, S4 combination and uses pulse-width modulation control for only S1, S3. Also

S2 is kept gated continuously unless there is a fault on the HV side. A full-bridge

chopper allows full control over DC fault current with modest impact on the healthy
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Figure 6.11 LCL thyristor converter.
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sections of the MTDC grid. Large free-wheeling diodes are required to discharge the

energy stored in the inductors.

The LCL thyristor converter on the other hand does not require oversizing of com-

ponents. The effect of a fault on particular DC cable is not transferred elsewhere and

the healthy section of the MTDC grid experiences a load rejection only. Thus, an

LCL thyristor converter is expected to perform better and is also likely to be less

expensive and more efficient than a DC chopper [101].

Use of LCL thyristor converter or DC/DC chopper for DC fault current interrup-

tion is a relatively new area of research. The potential advantage of using DC/DC

converters as DC breakers is that they are less dependent on fast protection system

and can clear DC faults with local measurements only. A comparison between using

a proactive hybrid DC breaker and DC/DC converters (either half-/full-bridge or LCL

thyrsitor type) is presented in [101] in terms of size/cost, fault-interruption capability,

and losses.

6.6 Protection Strategies

In this section, different protection strategies for MTDC grids proposed in literature

are described and analyzed. Any protection system should have the following char-

acteristics [106]:

1. Sensitivity: detect every fault.

2. Selectivity: only operate under fault conditions and only isolate the faulty sec-

tion.

3. Speed: act before the fault could potentially cause damage to equipment or could

no longer be interrupted by the circuit breakers.

4. Reliability: be reliable and have a backup system in case of primary protection

system failure.

5. Robustness: be able to act in a degraded mode as well as a normal mode and

be able to discriminate between faults and other operations such as set-point

changes.
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6. Seamless: after the fault clearance the healthy part of the system should continue

to operate in a secure state.

The protection system should be able to detect both pole to ground and pole to pole

fault. Although the pole to pole fault is rare in cables, it is a possibility if the poles are

laid side-by-side in the same trench. The protection scheme should be able to identify

the faulted component and isolate only that component. Fault in the protection zone of

one breaker should not result in the tripping of a breaker outside that zone. Over and

above the primary protection system, there should be a backup protection to ensure

reliable operation in case the former fails. Also the healthy components of the grid

should adapt to the new condition after the protection system operate in a seamless

fashion.

To match these requirements, different protection strategies have been proposed

in literature:

1. Strategy I: Conventional two-level or half-bridge MMC converter with AC CBs

and DC isolators.

2. Strategy II: Fault-blocking converters with DC isolators.

3. Strategy III: Conventional two-level or half-bridge MMC converter with DC

CBs.

6.6.1 Strategy I

For conventional VSC converter topologies like two-level and half-bridge MMC (Sec-

tions 2.3.1 and 2.3.3), the DC breaker technology can be used to protect the grid.

Since the DC circuit breakers are yet to be commercially available and likely to be

expensive and have large footprint (which is critical for offshore applications), an

economical way is to use the breakers installed in the AC side of the converter sta-

tions for protection. In reference [107] the authors proposed such an approach which

they termed as the handshaking approach. To illustrate the working principle of this

method, let us take an example of the MTDC grid shown in Fig. 6.13. Each pole of

the converter station is equipped with an AC CB. Also each DC line is assumed to

have two DC isolators at each end of the line. The DC isolators cannot clear faults as

they do not have arc quenching capability. In general, for the positive pole, negative

pole and the metallic return network a line connecting the ith and the jth converter

station has two isolators at each end. The isolator at the DC switchyard of the ith
converter station is named as Spij for the positive pole (Fig. 6.13). Subscripts n and m
are used for the negative pole and the metallic return circuit respectively (not shown

in Fig. 6.13). If a fault occurs in the DC line connecting the positive poles of the

converter stations #2 and #4, the following sequence of events take place.

Blocking IGBTs The DC current in the affected pole rises very fast and goes through

the different phases mentioned in Section 6.3.1. As soon as the current through

the IGBT switches crosses safe limits, they are blocked and the converter sta-

tions in the negative pole will loose control over the current. The antiparallel
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following a DC fault and IGBT blocking is highlighted. Pre-fault power exchange at converter
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diodes conduct the current and the affected converter stations act as diode bridge

rectifiers. Phase 3 of fault response mentioned in Section 6.3.1 described this

phenomenon.

Selecting the Faulted DC Line The current through the DC isolators are monitored

and the direction of the current is a key element in deciding the faulted element.

Let us assume a positive sign convention for the current going into the cable

through the isolator. At each converter station, the isolator carrying the largest

positive current is chosen for opening. As shown in Fig. 6.13 only one DC

isolator at each of the stations #1, #3, and #4 carry positive current following

the blocking of the converter IGBTs. Therefore, these isolators Sp12 (station

#1), Sp34 (station #3), and Sp42 (station #4) are selected for opening. At station

#2, the current through the isolators Sp23 and Sp24 are both positive. Due to the

proximity of the fault location, the current through Sp24 is higher than the current

through Sp23. Therefore, Sp24 is selected for opening.

It is clear that Sp24 and Sp42 are both chosen which in effect isolates the faulted

line. The other isolators selected for opening are Sp12 and Sp34 which will result

in opening only one end of the lines connecting stations #1 to #2 and #3 to #4,

respectively.

Opening AC Breakers The AC breakers at all the converter stations of the positive

pole are opened. Conventional electromechanical breakers take about 100 ms to

open.
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Opening Selected Isolators After the AC breakers open, the current in the DC sys-

tem is allowed to decay to zero before the selected DC isolators are opened.

Re-closing the AC CBs and DC Isolators The AC CBs are reclosed to charge the

DC bus capacitors through the antiparallel diodes. Each DC isolator is reclosed

when the voltage at both ends of the isolator are equal. Sp24 and Sp42 are never

reclosed as the voltage on either side of them are not equal since the DC line is

isolated and has discharged through the faulted path. The IGBTs are de-blocked

to restart normal operation.

This approach does not need any telecommunication. However, it has a negative

impact on the reliability of the power systems due to the unavailability of all DC

converter stations following the DC faults. A huge loss-of-infeed might result in large

excursions in frequency of the surrounding AC systems. According to the Security

and Quality of Supply Standard of the National Electricity Transmission System, UK

(NETS SQSS), the maximum amount of allowable loss-of-infeed cannot exceed 1.8

GW [108]. Therefore, the MTDC grids with capacity larger than 1.8 GW cannot

tolerate complete de-energization. The allowable loss-of-infeed changes based on

the capacity of the AC grid.

Another key issue with this approach is the delay involved in opening the AC

breakers before the DC grid is de-energized. Commercial AC breakers operate in

about five cycles which might result in unacceptably high surge in DC current and

damage to the DC cables and other equipments. The fault current is expected to reach

about 10 kA in about 2 ms [106]. Therefore, protection using Strategy II and Strategy

III appears to be the only realistic option.

6.6.2 Strategy II

In this scheme, the fault-blocking converter topologies (Section 6.4) are used in each

converter station. DC isolators are installed at each end of the cables. For the example

system shown in Fig. 6.13, when a DC-side fault occurs all converter stations in the

affected pole are blocked. This can be done very fast by blocking all the IGBTs of the

fault blocking converters. Also the DC-side voltage in each station can be reversed to

take the fault energy away from the DC grid to achieve a fast fault clearance. After the

DC current goes to zero, the isolators in the DC grid are opened selectively to isolate

the faulty component using the same approach as in Strategy I. Reclosing operation

of the isolators corresponding to the non-faulty part can follow the “handshaking”

method. All converter stations are then de-blocked to restart the system operation.

Although the fault clearance and system restoration can happen much faster than

Strategy I, it leads to the de-energization of the entire grid for as low as 300–400

ms. Whether the loss-of-infeed resulting from such an operation is acceptable to the

surrounding AC grids has to be determined by the system planners through extensive

studies.
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6.6.3 Strategy III

In this scheme, the conventional VSC topologies (two-level, half-bridge MMC) and

DC breakers are installed at each end of the cables. The most advanced DC circuit

breakers are expected to be able to interrupt fault current of approximately 10 kA

in about 1 ms [106]. Therefore the fault sensing, identifying the faulty component

and sending the command for breaker opening should be done in less than 1 ms. The

power rating of the largest VSC HVDC project [19] to be commissioned in 2014 is 1.0

GW at ±320 kV i.e., with an approximate current rating of 1700 A. For a successful

interruption the fault current is allowed to rise by about 8.4 kA in 2 ms leading to a

maximum allowable rate of rise of 4.2 kA/ms. A 100 mH reactor is needed to meet

this requirement—which is several times higher than the reactor normally used for

present point-to point VSC HVDC systems. The size of this inductor is not only

limited by cost, but also by the grid stability [109]. A root cause analysis based on

modal participation factor described in Section 3.11 can reveal such instabilities.

An MTDC protection system following Strategy III should [91]:

1. Detect the fault, insensitive to noise, and normal operational variations.

2. Identify the location of a fault (faulted branch) in a DC meshed system.

3. Send trip commands to appropriate DC breakers at both sides of the affected line

in a selective manner within 1–2 ms.

4. Have sufficiently fast DC breakers.

5. Offer a backup in case the former fails.

6.6.3.1 Detection and Identification Let us consider the same example test sys-

tem as before. Figure 6.14 shows the modified system diagram with DC breakers

installed at each end of the cables. Only one pole is shown here for simplicity. In

addition to the DC CBs, a mechanical isolator is installed at each end of the cable

(not shown in the figure). The mechanical isolators are necessary to open lines un-

der no load condition both following faults and also for maintenance. Following a

line-to-ground DC fault on the cable connecting the stations #2 and #4, the first step

is to detect it and the identify the faulty component. The objective is to open only

DCB24 and DCB42. All other breakers should remain closed. Different protection

philosophies can be used as described below:

Distance Protection: Traditional ways of protecting the transmission lines in an AC

grid include distance protection and directional protection. Distance protection

relays monitor the voltages and currents to estimate the fundamental frequency

line impedance between the relay location and the fault point, thereby estimating

the distance of the fault point. If the distance falls within the zone of protection of

the relay, it commands to trip the relevant breaker. The impact of fault resistance

can be eliminated by using symmetrical component analysis [110].

In a DC system, fundamental frequency impedance cannot be defined. The

impedance is determined primarily by the resistance of the cable which is quite
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Figure 6.14 Single-line diagram of asymmetric bipolar MTDC grid with four terminals. The

AC breakers and the DC breakers are shown. Pre-fault real power flow at converter stations

are also shown.

low. Error in measurements makes the problem of estimation of resistance even

more challenging. During faults, travelling waves distort the signals to a great

extent. Since the distance computation has to be done within a millisecond, it

becomes even more challenging to determine the distance of the fault location

accurately [91]. Moreover, the fault resistance impacts the calculation a lot.

Differential Protection: In differential protection, if the difference between the cur-

rents at both ends of the cable cross a threshold the breakers at both ends are

opened. Figure 6.15 shows the differential protection scheme for the cable con-

necting stations #2 and #4 in for a fault near the converter station #2. Under

normal condition, current flows from converter station#2 to #4 (Section 3.10,

Chapter 3). The current through breaker DCB24 flows in the same direction as

that of the pre-fault condition. However, the current through DCB42 reverses

after the traveling wave of the fault current from the fault end to the receiving

end reaches station #4.

The speed of light through the XLPE cable is roughly two-third of the speed of

propagation in vacuum [111]. Therefore, it takes about 2.5 ms for the traveling

wave to reach converter station #4. The information about the current through

DCB24 needs to be communicated to the remote-end of the line before making

a decision to trip DCB42 (i.e., to evaluate the difference between the currents at

both ends). Assuming the medium of communication is fiber optic cables, the

speed of light through it is almost equal to that through the XLPE cables. Thus,

the data travels at the same time to the converter station #4 as that of the travelling

wave. Following the reversal of current, the data needs to be communicated
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again to the remote-end of the line for tripping DCB24. Therefore, it will take

another 2.5 ms before this information reaches the other end. A delay of 5 ms

might not be acceptable for tripping the breakers in the DC grid.

In addition, there could be issues with communication failure. The fiber optic

cables for communication are usually embedded in the power transmission ca-

bles. If the power cable is faulted or damaged, it is very likely that the fiber optic

cable will also be damaged at the same time.

Local Measurement-based Approach: Following the fault, the capacitors at the

DC bus of the converter stations using two or three level topologies immedi-

ately start discharging through the fault point (see capacitor discharge phase in

Section 6.3.1). This results in a very fast rise in the current in the line and fast

reduction of DC voltage. For a pole-to-pole fault, the positive pole and the neg-

ative pole DC bus will discharge together. The following measurements can be

used to detect the DC fault and select the CB to be opened:

Current magnitude i: If the fault current flowing through a DC CB goes

above a pre-determined threshold for more than a pre-defined time duration,

the CB can be commanded to open.

Voltage magnitude v: If the DC bus voltage adjacent to the DC CB falls

below a pre-determined threshold for more than a pre-defined time duration,

the CB can be commanded to open.

Rate of change of current di
dt

: A CB can be commanded to trip, if the rate of

rise of fault current flowing through a DC CB goes above a pre-determined

threshold for more than a pre-defined time duration.

Rate of change of voltage
dv
dt

: A CB can be commanded to trip, if the rate

of decay of the DC bus voltage adjacent to the DC CB falls below a pre-

determined threshold for more than a pre-defined time duration.
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A combination of the above four indices can be used as a “voting scheme”

to take the breaker opening decision.

The problem with this approach is that it might not be able to satisfy the “sen-

sitivity” and “selectivity” requirements. Depending on the location of the fault,

length of the faulted line etc., the breakers on both sides of the faulted cable

might not pass the “sensitivity” criteria i.e., one at the far end of the fault point

might not open. Similarly, under certain circumstances, breakers close to the

fault location but on a healthy cable might open—which does not meet the “se-

lectivity” requirement.

New Signal Processing Techniques: Different signal processing techniques can be

applied on the local measurements described above to improve both selectivity

and sensitivity. Both Fourier transform [112] and Wavelet analysis [91] can be

used. Fourier transform is not good at analysing aperiodic transient waveforms.

This can be overcome by Short-time Fourier transform [113, 114], which in turn

suffers from using the same time window for all frequencies. In general, signal

processing of fast transients in frequency domain might encounter issues due to

low frequency content of the traveling waves.

Wavelet analysis can overcome these issues. It has been widely used to de-

tect sudden changes in waveforms while retaining the time aspect [115]. Refer-

ence [91] gives a concise summary of different Wavelet transform methods that

could be used for this application and applies the Fast Dyadic Wavelet transform

(FDWT) in its proposed protection algorithm. The details of the FDWT can be

found in [116].

The proposed protection algorithm is based on three modules:

Module M1: fault detection by using the voltage wavelet coefficients (crite-

rion 1)

Module M2: fault detection by using the current wavelet coefficients (crite-

rion 2)

Module M3: fault detection by using the voltage derivative and magnitude

(criterion 3)

These three criteria are needed because the measurements vary with fault lo-

cation. A triple modular redundancy (TMR) approach could be useful where

the final decision is made based on a voting between these three modules. To

generate a trip signal, at least a majority of two out of three is necessary.

The success of this approach depends to a large extent on the threshold values

of different parameters. Appropriate thresholds should be set through extensive

offline time-domain analysis. Worst-case scenarios involving faults at the ends

of each cable can be simulated to find out these values. For a complex network,

more structured methods might be necessary. As discussed before, the problem

of selecting the faulty component becomes more challenging when the fault oc-

curs near a converter station where multiple cables are terminated. Figure 6.14
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shows such an example where the fault occurs near the converter station #2.

This affects the voltage near all DC breakers DCB21, DCB23, and DCB24. The

TMR scheme can be effective in selectively determining the faulty component.

It is demonstrated in [91] that the decision on the breakers to be tripped can be

determined within 1 ms following the fault.

Wavelet analysis is shown to be quite effective in detecting a fault and selectively

determine the faulty component to be isolated. One important aspect that needs

attention is the processing time required to compute the wavelet coefficients. A

hardware-in loop (HIL) real-time digital simulation with the actual relay should

done to validate the proof-of-concept.

Opening DC breakers: After the fault location is detected and the faulty component

is identified the respective DC breakers are opened to isolate the fault. This

strategy is more advantageous compered to Strategies I and II and does not result

in a sudden loss-of-infeed to AC grids.

6.6.4 Backup Protection

Backup protection is absolutely critical in an MTDC grid due to the reliability consid-

erations. As discussed in the previous sections, the DC circuit breaker is commanded

to open following the detection of the DC fault and selection of the faulted cable.

However, the concern is what if a breaker fails to operate. The concern is even more

valid due to the absence of any operational experience with DC breakers. If a DC

breaker fails to operate a backup protection system must work to save the grid.

Let us consider the example system shown in Fig. 6.13. If DCB24 fails to open,

the following options for backup protection can be considered in this context.

Backup with DC and AC breakers After DCB24 fails to open the current through

this breaker keeps rising. When the current keeps rising beyond a time threshold

following the instant of the trip command the adjacent breakers, DCB21 and

DCB23 are commanded to trip. However, the converter station still feeds current

to the fault point through DCB24. As illustrated in Fig. 6.16, the AC circuit

breaker of the converter station #2 needs to open to stop the current being fed

to the fault point. To restart the system the mechanical isolators at each end

isolate the faulty cable. This is followed by the closing of the AC CB to charge

the DC bus of the converter station. The DC CBs DCB21 and DCB23 are then

closed. The advantages of this scheme is that no extra breaker is required for

backup protection. The major disadvantage is due to similar issues mentioned

in Section 6.6.2. The system reliability gets affected based on the amount of

loss-of-infeed taking place due to the isolation of converter station #2. Also

converter station #1 acting as an inverter will not be able to supply the AC grid

G1 due to the opening of DCB21 and DCB23.

Backup with ring bus configuration Backup protection using a ring bus configu-

ration can eliminate some of the drawbacks of the above mentioned approach.
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Figure 6.16 Backup protection scheme using DC and AC breakers. DC breaker DCB24 fails

to operate following a fault in the cable connecting converter stations #2 and #4. Real power

exchange at the converter stations for pre-fault condition are highlighted.

ith station

to jth station

to kth station

to 1th station

DCBij
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DCBilk

Figure 6.17 DC breakers in ring configuration at the ith converter station. The breakers are

connected to three outgoing cables connecting converter stations j, k, and l. The convention

for naming the respective breakers is highlighted.
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Figure 6.18 Protection scheme with ring configuration of DC breakers at converter station

#2. DC breakers DCB214 and DCB234 are supposed to operate following a fault in the cable

connecting converter stations #2 and #4. Pre-fault power exchange at converter stations are

also shown.
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Figure 6.19 Backup protection scheme using ring configuration of DC breakers at station

#2. DC breaker DCB234 fails to operate following a fault in the cable connecting converter

stations #2 and #4. Breakers DCB23 and DCB32 are opened as a backup protection. Pre-fault

power exchange at converter stations are also shown.
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The DC CBs in a ring main configuration at the ith converter station is shown

in Fig. 6.17. The breakers are connected to three outgoing cables connecting

converter stations j, k, and l. Mechanical isolators used in the ring bus configu-

ration are shown in this figure. The general notations of DC breakers connecting

different converter stations are shown.

Figure 6.18 shows the four-terminal grid with DC CBs in ring main configuration

at station #2. To isolate the faulted line, DCB214 and DCB234 need to open in the

ring breaker. Let us consider the scenario when DCB234 fails to operate. Under

this situation the breakers DCB23 and DCB32 are opened as a backup protection

(Fig. 6.19). Under this condition station #2 serves station #1 through DCB21.

Therefore, no converter station is completely isolated from the AC grid. The

disadvantage with this approach is that it needs an additional DC breaker and

also the primary protection becomes more complicated as two circuit breakers

need to be tripped for each cable fault. With more branching and/or a highly

meshed topology the complexity will scale up even further.
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