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Abstract

With recent advances in power electronic technology, High-Voltage Di-
rect Current (HVDC) transmission system has become an alternative for
transmitting power especially over long distances. Multi-Terminal HVDC
(MTDC) systems are proposed as HVDC systems with more than two ter-
minals. These systems can be geographically wide. While in AC grids,
frequency is a global variable, in MTDC systems, DC voltage can be con-
sidered as its dual. However, unlike frequency, DC voltage can not be equal
across the MTDC system. Control of DC voltage in MTDC systemsis one
of the important challenges in MTDC systems. Since the dynamic of MTDC
system is very fast, DC voltage control methods cannot rely only on remote
information. Therefore, they can work based on either localinformation or a
combination of local and remote information.

In this thesis, first, the MTDC system is modeled. One of the models
presented in this thesis considers only the DC grid, and effects of the AC grids
are modeled with DC current sources, while in the other one, the connections
of the DC grid to the AC grids are also considered.

Next, the proposed methods in the literature for controlling the DC volt-
age are described and in addition to these methods, some control methods are
proposed to control the DC voltage in MTDC system. These control methods
include two groups. The first group (such as Multi-Agent Control methods)
uses remote and local information, while the second group (such as Sliding
Mode Control andH∞ control) uses local information.

The proposed multi-agent control uses local information for immediate
response, while uses remote information for a better fast response. Applica-
tion of Multi-Agent Control systems leads to equal deviation of DC voltages
from their reference values. Using remote information leads to better results
comparing to the case only local information is used. Moreover, the proposed
methods can also work in the absence of remote information.

When AC grid is considered in the modeling, the MTDC system has a
non-linear dynamic. Sliding Mode Control, a non-linear control method with
high disturbance rejection capability, which is non-sensitive to the parameter
variations, is applied to the MTDC system. It controls the DCvoltage very
fast and with small or without overshoot.

Afterward, a static state feedbackH∞ control is applied to the system
which minimizes the voltage deviation after a disturbance and keeps the in-
jected power of the terminals within the limits.

Finally, some case studies are presented and the effectiveness of the pro-
posed methods are shown. All simulations have been done in MATLAB and
SIMULINK.
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Chapter 1

Introduction

1.1 Background

Thomas Alva Edison invented the first Direct-Current (DC) generator. But, not so
long after that, Nikola Tesla and George Westinghouse came up with Alternating
Current (AC) idea. AC had an undeniable advantage: its voltage could be changed
using AC transformers. Therefore, the power loss was decreased and it was possi-
ble to transmit power over long distances.

After world war II, the need for electric power increased. Insome countries
like Sweden, the hydro power is located far from the population centers. There-
fore, the Swedish engineers in Swedish State Power Board (now Vattenfall) and
ASEA (now ABB) tried to use DC to transmit power over long distance, but the
power electronic technology could not offer this capability. As a result they uti-
lized 380(kV) series-compensated AC lines instead. By advances in power elec-
tronic technology, the High-Voltage Direct-Current (HVDC) system became more
close to be commercial. The first order for an HVDC system was given to ASEA
in 1950 to connect the system of the Swedish island of Gotlandto the mainland
system. This project was commissioned in 1954.

To choose between AC and HVDC power transmission, a number offactors,
both economical and technical must be considered. From economic point of view,
HVDC transmission is more expensive than AC transmission. Yet, above a specific
transmission distance, HVDC transmission is cheaper than AC [1, 2]. From tech-
nical point of view, HVDC transmission does not need any reactive power on the
DC side.

With the advances in power electronic and invention of Insulated Gate Bipolar

1



2 CHAPTER 1. INTRODUCTION

Transistor (IGBT), Voltage-Source Converters (VSC) was introduced and used in
the HVDC systems. The first commercial HVDC based on IGBT was in island
of Gotland in Sweden, which was commissioned in 1997. It was a50(MW) un-
derground link from southern part of the island to its northern part [3]. A more
complete list of VSC-HVDC projects can be found in [4,5].

HVDC systems can be based on Current Source Converter (CSC) or Voltage
Source Converter (VSC) or a combination of them. The HVDC systems using these
converters are called CSC-HVDC and VSC-HVDC, respectively. CSC-HVDC sys-
tems are normally used to transmit bulk power over long distances.

VSC-HVDC offers many advantages compared to CSC-HVDC, namely:

• VSC-HVDC does not need an active commutation voltage. The commuta-
tion failures resulting from disturbances in AC network will be omitted when
VSC is used.

• VSC offers independent control of active and reactive power, which im-
proves the system stability [6]. Also, it makes it possible for VSC-HVDC to
provide the connected AC grids and wind farms with ancillaryservices like
reactive power and AC voltage support [2].

• In contrast to CSC-HVDC, it is possible to connect VSC-HVDC to a weak
network, because VSCs do not need any reactive power. VSC-HVDC can
also be connected to a "black" network and helps it to black start, provided
that one of the AC grids connected to the VSC-HVDC system operates in
the normal condition [7].

• VSCs have higher PWM frequency which results in very fast dynamic and
smaller filter size [8]. However, this high frequency can increase the switch-
ing losses and can also cause Electromagnetic Compatibility (EMC) and
Electromagnetic Interference (EMI) issues. On the other hand, multi-level
VSCs are introduced, which have lower switching frequency and a wave-
form which is more sinusoidal. As a result, the AC filters willbe smaller or
there is no need to AC filters anymore.

Figure 1.1(a) shows connection of terminali of a VSC-HVDC system to the
AC grid i through a phase reactor and a transformer [9]. The filter on the AC
side reduces the harmonic entering from the DC side into the AC side. The DC
capacitor is used to keep the DC voltage smooth.
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Figure 1.1: (a) The positive sequence diagram of terminali connected to AC grid
i (b) AC grid is represented by its Thevenin equivalent (c) themodel used in this
thesis.

In this thesis, the AC grid is modeled by its Thevenin equivalent which is a
voltage source (̄UTh,i) behind an impedance (̄ZTh,i) as shown in Figure 1.1 (b). Next
as seen from the terminali, the AC part is modeled as a voltage source (Ūi) with
constant magnitude and phase angle, behind behind an impedance (Z̄i) as shown in
Figure 1.1 (c).

1.2 Multi-Terminal HVDC

Multi-Terminal HVDC (MTDC) systems are HVDC systems consist of more than
two terminals. The first MTDC system, was build based on CSC technology by
adding a 50(MW) converter station at Corsica island to connect Sardinia to the
mainland Italy HVDC link. This system was commissioned in 1986 [3]. However,
in CSC-MTDC systems, in order to change the flow of power, DC voltage polarity
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must be changed. Since a terminal may be connected to more than one terminal, it
produces undesirable changes in flow of power in other lines.In contrast, in VSC-
HVDC system it is possible to change the flow of power without changing the
polarity. Therefore, it is easier to extend the number of terminals in VSC-MTDC
system, which makes the VSC technology a more attractive solution for MTDC
systems [10,11].

As an example, we consider offshore wind farms. Offshore wind farms may
be one of the main sources of renewable energy in the future. Major offshore
wind sources can be far away from the coast. The energy extracted from the wind
farms must be transmitted to the shore by means of submarine cables. As stated
earlier, VSC-HVDC system can be an attractive solution. Moreover, wind has an
intermittent nature, and by interconnecting wind farms to other grids, the effect
of intermittency decreases [12]. VSC-MTDC systems make it possible to connect
many of these wind farms together and to the multiple AC gridsand form a DC
system. On the other hand, there are a lot of oil and gas platforms in the sea. These
platforms usually use gas turbines. It would be more efficient if these platforms are
supplied from the offshore grid or wind farms [8]. VSC-MTDC systems make it
possible to build a grid under the sea, which can supply offshore platforms.

VSC-MTDC system in presence of offshore wind farms is studied in different
papers for example in [13–15]. Figure 1.2 shows an MTDC system connected to
3 AC grids and two offshore wind farms and an offshore platform. The system
configuration is very similar to the system presented by Airtricity where AC Sys-
tem 1 can be considered as UTCE, AC System 2 as the Nordic AC system and AC
System 3 as the British AC system.

The challenges of operating MTDC systems, like controllingthe DC volt-
age, power flow in DC lines, interaction between converters,have been discussed
in [16]. One of the most important issues is that the DC voltage across the MTDC
system must be kept in an acceptable range. DC over-voltage could damage the
converters, whereas DC under-voltage may result in reducing the converter con-
trollability [17]. If the power balance in the MTDC system isnot maintained, the
DC voltage will change. VSC operating in rectifying mode injects active power
to the MTDC system, while the VSC operating in inverting modeextract active
power from it. If more active power is injected into the DC grid, the DC voltage
will increase. An analogy for the DC voltage control in a 5-terminal MTDC system
is presented in Figure 1.3. Each converter is replaced by an avatar and the height
of the balls from the earth resembles the voltage of terminals. These avatars try to
keep the height of the grid in the acceptable area, which is identified bymaxand
min.
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Figure 1.2: A VSC-MTDC system.

Figure 1.3: An analogy for a 5-terminal MTDC system.

1.3 DC voltage control strategies

To control the DC voltage of the converters, remote information may be useful as
input data. However, since the dynamic of the VSC-MTDC system is very fast,
we may not only rely on remote information, especially during disturbances or
just after a disturbance. Therefore, any proposed control algorithm should rely on
either local data or on a combination of local and remote data. In the power system
literature, different DC voltage control methods have beenproposed. Among them,
Voltage Margin Method (VMM) and Voltage Droop Method (VDM) are the most
well-known methods. These two methods rely on local information as input data
to control the DC voltage of the converters. Ref. [18] reviews VMM and different
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types of VDM strategies. Some authors [19,20] proposed control strategies, which
are a combination of VDM and VMM.

In VDM, all or some converters participate in the DC voltage control by chang-
ing their injected active powers (or DC currents) based on a predefined droop. Ap-
plication of this method results in a steady-state DC voltage deviation from the
pre-disturbance values. In contrast, in VMM one converter (slack converter) is
responsible to maintain its DC voltage in the desired level,while other terminals
operate at constant power mode [21]. Due to some technical constraints, when the
DC voltage controller converter is not any longer able to supply or extract the ac-
tive power necessary for controlling its DC voltage, another converter will operate
as the slack converter [22]. A margin must be considered between the reference
DC voltages of terminals. The transition between these two reference voltages puts
a lot of stress on the converter [23]. Moreover, the voltage margin must be consid-
ered large enough in order to avoid interactions between controllers [22]. VMM
may be single stage or multi-stage. Different types of VMM inpresence of off-
shore windfarms and also a discussion on prioritizing converters in controlling DC
voltage is presented in [24].

Ref. [25] implements the droop control for a VSC-MTDC system. In this refer-
ence, VDM is used, and the droops are determined using LinearMatrix Inequality
(LMI) to minimize the voltage deviation, and only the DC dynamics are consid-
ered. Authors of [8], modeled the VSC-MTDC system as a Multi-Input Multi-
Output (MIMO) system. Then, the different values of droops of the controllers
have been analysed in this paper using Singular Value Decomposition (SVD).

Ref. [26] uses an adaptive method for calculating this droop. After each con-
tingency, converters work at new operating points. The aim is that, converters with
more headroom available for the power, should participate more in the DC voltage
control.

Ref. [27] implements a variable droop method. In the proposed method in this
study, the droop is changed according to the injected power of the converter to
minimize the loss in the DC grid. On the other hand, this change in the injected
active power of the converters may be considered as a disturbance from the AC
grid point of view. This can have an impact on the AC grid stability. This issue is
studied in paper [28].

VSC-MTDC system can control the frequency in the connected AC grids. If
frequency drops in an AC grid, the VSC-MTDC system injects more active power
to (or extract less active power from) the AC grid. This reflects on the DC voltage,
and since in VDM different terminals participate in DC voltage control, other AC
grids will be affected by this change. This issue is discussed in [29].
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Ref. [30,31] studied the power flow when VDM is applied to the VSC-MTDC
system. The different power sharing in converters using VDMis discussed in [32].

The stability of VSC-MTDC system in general and also in the presence of
offshore wind farms is discussed in [6,33,34].

Multi-agent system

Multi-Agent System (MAS) is an application of distributed intelligence, which
brings intelligence on a component level [35]. An agent is a software entity, which
is situated within an environment and can act autonomously in response to the en-
vironment changes [36, 37]. A multi-agent system is a systemcomprising two or
more agents. It should be noted that there is no global goal inthe multi-agent sys-
tem. Each agent has its own goal and changes its behavior dynamically to achieve
its own goal. Agents may or may not communicate with each other.

MAS is used for different aims in the literature. Ref. [36,38] reviewed some ap-
plications of MAS to power systems. Some authors [35, 39–41]studied the power
system restoration using MAS. Secondary control of power system in presence of
FACTS devices is another application of MAS, which is studied in [42,43].

In this thesis, the proposed MAS control methods use both local and remote
information to control the DC voltage and make the DC voltagedeviation of the DC
buses equal. MAS can use different strategies like incremental strategy, consensus
strategy and diffusion strategy. The consensus strategy isused in this thesis.

Sliding mode control

Sliding Mode Control (SMC) is a variable structure control,which is originally
used for systems whose dynamics can be modelled with ordinary differential equa-
tions. SMC has some features like insensitivity to parameter variations, external
disturbance rejection and fast dynamic response [44, 45]. In this method, the idea
is to define a surface along which the tracking error is zero. The controller forces
the system to slide along this surface. One of the common problems of SMC is
chattering around this sliding surface.

SMC is used for power oscillation damping in [46]. In [47] SMCis applied to
a 2-terminal HVDC system. However, SMC has not been applied to the MTDC
system. In this thesis, a control method based on SMC for MTDCsystem is pre-
sented. Based on this method, one converter controls the DC voltage, while other
converters operate in constant power mode.
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H∞ control

In theH∞ control design method, a feedback controller is sought to stabilize the
closed-loop system and satisfy a prescribed level of performance. In this method,
the control problem is expressed as a mathematical optimization problem. The de-
sired performance requirements will be expressed as constraints of this optimiza-
tion problem. In this method, the controller tries to minimize the maximum of the
transfer function of the desired of the desired signal all over the time. This leads to
solving a Linear Matrix Inequality (LMI).

Ref. [48] applies theH∞ to control the DC voltage in HVDC system which is
installed in parallel with an AC line. Also in [49] anH∞ control is designed to
enhance the stability of the VSC-HVDC system. In this thesis, a static-feedback
H∞ is applied to MTDC system with injection model. The purpose of this con-
troller is to minimize the deviation of the DC voltage of the MTDC system, after a
disturbance. Meanwhile, it limits the powers injected fromthe AC grids and also
prevents the congestion in some of the DC lines. Moreover, the converters par-
ticipate in voltage control, based on their available capacity. In this method, like
VDM, some or all converters participate in voltage control.

1.4 Scope and aim of the project

As mentioned before, one of the important challenges in MTDCsystems is to con-
trol the DC voltage and to keep secure operation of the VSC-MTDC system in
normal conditions and after each contingency in the system.Another challenge is
to find the optimal injected active powers of converters before and after the contin-
gency, which is beyond the scope of this thesis. Also, the stability and oscillations
of the AC grids are not studied in this thesis. This issues will be studied in the next
phase of this project.

The aim of this thesis is to develop new control methods for controlling the
DC voltage in VSC-MTDC system. To achieve this aim, first the MTDC system
is modeled using two approaches. In the first approach, only the dynamic of the
DC grid is considered and AC grids are modeled with DC currentsources. In the
second approach, both AC grid and DC grid are modeled. The AC grid is modeled
by its Thevenin equivalent. TheH∞ control is applied on the first model, while the
sliding mode control is applied on the second model. Other control methods are
applied using both models . In this thesis the fast dynamics due to the inductances
of the DC lines have not been considered. Also, it is supposedthat the AC grids
are not connected to each other.
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Next, the control methods proposed in the literature for controlling the DC
voltage are presented and their advantages and disadvantages are described. Since
in controlling the DC voltage both local information and a combination of local
and remote information can be used, the methods presented inthis paper can be
divided in two groups. The first group, including Multi-Agent Control methods,
use remote and local information, while the second group (Sliding Mode Control
andH∞ control), use local information.

This work will be later developed to consider the more detailed model of AC
grids, the economic aspects of using MTDC systems and optimal injected powers.

1.5 Contribution

This thesis addresses different aspects of control of VSC-MTDC system. In this
regard, the following contributions are listed:

• The future MTDC systems may be geographically wide with longdistances
between the converters. Therefore, a distributed and intelligent control method-
ology may be needed to operate such systems. This thesis aimsto propose
DC voltage control algorithms based on MAS. These methods may rely on
either local information or a combination of local and remote data. First pro-
posed control method has a smaller steady-state error comparing to VDM.

• Another MAS-based control method is proposed. In this method, the system
tries to minimize the voltage deviation after a disturbanceand at the same
time, terminals participate exactly proportional to theirdroop.

• A sliding-mode control for VSC-MTDC system is proposed in this thesis.
This method is robust, fast, insensitive to parameter variations and distur-
bances. It works based on local information.

• An H∞ controller is proposed for control of DC voltage in MTDC systems.
Using this controller, the deviation of DC voltage will be minimized and the
injected active power of converters will be kept within the limits.

List of publications

•C1 Mohammad Nazari and Mehrdad Ghandhari, "Application of multi-agent
control to multi-terminal HVDC systems", IEEE EPEC Conference (Canada),
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2013. Mohammad Nazari carried out the work and wrote the paper under su-
pervision of Mehrdad Ghandhari.

• C2 Martin Andreasson, Mohammad Nazari, Dimos Dimarogonas, Henrik Sand-
berg, Karl H.Johansson and Mehrdad Ghandhari, "Distributed Voltage and
current control of VSC multi-terminal high voltage direct current transmis-
sion systems", Accepted in IFAC 2014 conference. This paperwas result
of collaboration between Electric Power System and Automatic Control de-
partments. Mohamamd Nazari and Martin andreasson carried out the work
and wrote the paper under supervision of other authors.

• C3 Mohammad Nazari, Mehrdad Ghandhari, "H∞ control of Multi-Terminal
HVDC systems", CIGRE AORC conference, 2014. Mohammad Nazari car-
ried out the work and wrote the paper under supervision of Mehrdad Ghand-
hari.

• J1 Mohammad Nazari, Mehrdad Ghandhari, Amin Ramezanifar, "Sliding-mode
control of Multi-Terminal HVDC transmission system", Submitted to IEEE
Transactions on Power Delivery. Mohammad Nazari carried out the work
and wrote the paper under supervision of Mehrdad Ghandhari.He used the
comments of Amin Ramezanifar.

Table 1.1: Table of the methods used in papers

VDM VMM MAS SMC H∞
C1 X X

C2 X X

C3 X X

J1 X X

1.6 Thesis outline

The outline of this thesis is as follows

• Chapter 2 gives the technical background related to modeling of VSC-MTDC
system. Two main modeling approaches are considered in thischapter, namely:
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• Injection model: In this model, only the dynamic of DC grid is con-
sidered and the AC grids are modeled with DC current sources.The
DC cables are modeled with resistances.

• AC/DC model: In this model, the AC grid is modelled as a voltage
source connected to the converter. The instantaneous values of the cur-
rents and voltages, indq coordinate, are considered. In this model, the
controller consists of inner controller and outer controller. The DC grid
is modelled like the previous model.

• Chapter 3 describes the control methods.

• First, the main methods of DC voltage control proposed in thelitera-
ture is reviewed. Voltage Margin Method (VMM) and Voltage Droop
Method (VDM) are described and advantages and disadvantages of
these methods are discussed. Then, DC voltage control strategies are
addressed. These strategies usually are applied to VDM and define
how different terminals should participate in DC voltage control. These
strategies may define the power ratio of different terminals. Also, one
terminal could have precedence over other terminals in receiving or
giving power; Then, the DC voltage controller for the modelsmen-
tioned in Chapter 2 are described.

• In the next section of this chapter, multi-agent concept is introduced.
Three controllers based on this concept are proposed and capabilities
of each controller are discussed. All of these controllers work based on
Multi-Agent System (MAS) theory. These controllers work using local
and remote information, but they do not rely only on remote informa-
tion. The delay of communication is also considered in the analyses.

• Next, Sliding Mode Control (SMC) will be presented briefly and a
SMC-based controller will be presented for controlling theDC voltage
in the VSC-MTDC system. Finally, anH∞ controller will be proposed
to control the DC voltages in MTDC systems.

• In Chapter 4, the control methods presented in Chapter 3 are simulated for dif-
ferent scenarios and the results are discussed and compared.

• Chapter 5 concludes and the future research areas are described.





Chapter 2

MTDC system modeling

2.1 System modeling

Consider again Figure 1.1 (a). As mentioned in chapter 1, a VSC-MTDC system
consists of DC Cables, converters, filters and DC capacitors. Different approaches
for modeling MTDC system have been proposed in the literature [10,50].

Depending on the purpose of the study, DC cables can be modeled with dis-
tributed model [33] or withπ-circuit model [23]. The distributed model is suitable
for transient analysis, while theπ-circuit model is utilized for slower dynamics.
For applying the proposed control methodologies in this thesis, theπ-circuit model
is chosen and the fast dynamic due to the inductances of the DCcables and the
switchings of the converters are not considered in this study. The shunt DC ca-
pacitor installed in each DC bus is also included in the capacitor of the π-circuit
model.

Converters are responsible for injecting active power to MTDC system or ex-
tracting power from it. Different modeling approaches are presented in the litera-
ture. Two models have been used for the purpose of this thesis. In the first model,
only the dynamic of the DC grid is considered and the power exchange between
AC and DC are represented by DC current sources. In the secondmodel, the AC
grids are modeled as voltage sources connected to the converters. In this model,
the instantaneous values of currents and voltages, indq reference frame, are con-
sidered [10].

13
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Model 1: Injection model

Figure 2.1 illustrates an asymmetric monopole MTDC system with ground return,
and with n DC buses. These buses (1 ton) are connected to the AC terminals
through converters. The AC terminals are connected to AC grids 1 ton. Since
the interactions between the AC grids and the MTDC system arerepresented by
current sources, the AC terminals are not shown in this figure.

Other DC buses (n+1 tom), called DC hubs, are the junctions between the DC
cables. However, in this thesis, we suppose that there is no DC hub in the MTDC
system, and as a resultm= n.

DC grid:

DC cables are 

modelled with 

resistors
 

,dc nV

 
,1dcV

 
,1dcI

 
,ndcI

 
inj,1I

 
inj,nI

 
1C

 
nC

Figure 2.1: An n-terminal MTDC grid. Converters are modeledas DC current
sources.

In this figure,Ci is the aggregated capacitance of the DC cables connected to
the converteri and the DC capacitor of the converteri, Vdc,i is the DC voltage of
the DC bus of the converteri. The active power exchange between the AC gridi
and the MTDC system is represented by DC current source indicated byIin j,i . The
injected active power is defined as follows

Pin j,i =Vdc,i × Iin j,i (2.1)
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In this thesis, a positivePin j,i means active power is injected from the AC grid
i into the MTDC system, while a negativePin j,i means active power is extracted
from the MTDC system. Thus, the dynamic of the converteri, which is connected
to the AC gridi, is described by (fori = 1. . .n)

V̇dc,i =
1
Ci

(Iin j,i − Idc,i) (2.2)

whereIdc,i is the DC current from busi to the adjacent buses, and it is expressed by

Idc,i = ∑
j∈Ni

gi j (Vdc,i −Vdc, j ) (2.3)

In equation (2.3),Ni is the set of adjacent buses to busi, gi j =
1

Ri j
, andRi j represents

the resistance of the cable between the terminalsi and j.
Thus, the dynamic of then-terminal MTDC system can be described by a set

of differential equations of the form

ẋDC = ADCxDC+BDCuDC (2.4)

where,

xDC =




Vdc,1
...

Vdc,n


 , uDC =




Iin j,1
...
˙Iin j,n


 (2.5)

and

A =




− 1
C1

∑
j∈N1

g1 j . . . g1n
C1

...
. . .

...
gn1
Cn

. . . − 1
Cn

∑
j∈Nn

gn j




(2.6)

B =




1
C1

0 . . . 0
0 1

C2
. . . 0

...
...

. . . 0
0 0 . . . 1

Cn




(2.7)
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Model 2: AC/DC model

Consider again Figure 1.1 (c). If we draw the diagram for ann-terminal MTDC
system, the result will be as shown in Figure 2.2.

VSC

 

inj,1P

 

inj,nP

n-terminal 

DC grid 

(DC lines are 

modeled with 

resistances)

 

,1convP

 

,nconvP

 

,1 ,1,s sP Q

 

, ,,s n s nP Q

 

1r

 

nr

 

1l

 

nl
VSC

 

nU

 

1U
 

1V

 

nV
 

,dc nV

 

,1dcV
 

1I

 

nI

 

1C

 

nC

Figure 2.2: An n-terminal MTDC grid.

In the AC/DC model the three phase configuration as shown in Figure 2.3 is
of concern. To control the active and reactive power of the converter, two trans-
formations have commonly been used, namely theαβ transformation and thedq
transformation. Using theαβ transformation, the active and reactive powers can
be controlled instantaneously and in a decoupled manner, but the control variables
are sinusoidal functions of time. In contrast, using thedq transformation, we may
be able to control active and reactive power instantaneously and in a decoupled
manner. Furthermore, the control variables will be DC quantities in the steady-
state [33,51]. Therefore, thedq transformation is used for controlling the convert-
ers in this model.

From Figure 2.3, we have
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Averaged ideal

three-phased

VSC

,a iv

,b iv

,c iv

,a iu

,b iu

,c iu

il
 
i
r

DC grid

Figure 2.3: The three phase model of AC gridi connected to the converteri.

ua,i −va,i = l i
dia,i
dt

+ r i ia,i

ub,i −vb,i = l i
dib,i
dt

+ r i ib,i

uc,i −vc,i = l i
dic,i
dt

+ r i ic,i

(2.8)

These equations are transformed to thedq reference frame [10], and the following
are obtained

[
Ud,i

Uq,i

]
−

[
Vd,i

Vq,i

]
=

[
r i −ωi l i

ωi l i r i

][
Id,i
Iq,i

]
+

[
l i 0
0 l i

]
d
dt

[
Id,i
Iq,i

]
(2.9)

whereId,i andIq,i are thed andq components of the current flowing from AC grid
to the converter,Ud,i andUq,i , are thed andq components of the voltage source of
the AC gridi which are assumed constant, and finallyVd,i andVq,i are thed andq
components of the AC terminali.

Thus, the dynamic of the terminali is described by a set of differential equa-
tions of the form (fori = 1. . .n)

İd,i =
−r iId,i

l i
+ωi Iq,i +

Ud,i

l i
−

Vd,i

l i
(2.10)

İq,i =
−r i Iq,i

l i
−ωiId,i +

Uq,i

l i
−

Vq,i

l i
(2.11)
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The equations of the terminali can be written in a general form as

ẋAC,i = fAC,i(xAC,i)+BAC,iui (2.12)

where

xAC,i =

[
Id,i
Iq,i

]
,ui =

[
Vd,i

Vq,i

]
(2.13)

fAC,i(xAC,i) =

[
f1,i
f2,i

]
=

[
−r i Id,i

li
+ωi Iq,i +

Ud,i

li
−r i Iq,i

li
−ωiId,i +

Uq,i

li

]
(2.14)

BAC,i =

[
− 1

li
0

0 − 1
li

]
(2.15)

To complete the dynamical model, the DC part of the system must also be consid-
ered. From Figure 2.2, the link between the AC and DC parts of terminali can be
expressed by

V̇dc,i =
Pin j,i

Vdc,iCi
−

Idc,i

Ci
(2.16)

whereIdc,i is given in (2.3).
Therefore the dynamic of terminali can be expressed as

ẋi = f i(xi)+biui (2.17)

where

xi =

[
xAC,i

xDC,i

]
=




Id,i
Iq,i

Vdc,i


 (2.18)

f i(xi) =




f1,i
f2,i
f3,i


=




−r i Id,i
li

+ωi Iq,i +
Ud,i

li
−r i Iq,i

li
+ωiId,i +

Uq,i

li
Pin j,i

Vdc,iCi
− 1

Ci
∑

j∈Ni

gi j (Vdc,i −Vdc, j )


 (2.19)
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In Figure 2.2, the active power exchange with AC gridi is expressed by

Ps,i =Ud,i Id,i +Uq,iIq,i (2.20)

and the power received by the converteri is

Pconv,i =Ud,i Id,i +Uq,iIq,i − r i(I
2
d,i + I2

q,i) (2.21)

Since the converter is considered to be lossless, we have

Pin j,i = Pconv,i (2.22)

Next, based on Figure 2.2, the reactive power exchange with AC grid i can be
expressed as

Qs,i =Uq,i Id,i −Ud,i Iq,i (2.23)

Using Phase-Locked Loop (PLL), thed axis of thedq reference frame will be
aligned with thea-phase of theabcreference frame. Supposing that the PLL track-
ing is perfect, it results inUq,i = 0, and equations (2.20) and (2.23) can be written
as, [51],

Ps,i = Ud,i Id,i (2.24)

Qs,i = − Ud,i Iq,i (2.25)

Thus,Ps,i is controlled byId,i andQs,i is controlled byIq,i .





Chapter 3

Control strategies

3.1 Introduction

Different control strategies have been proposed in the literature. Voltage Mar-
gin Method (VMM) and Voltage Droop Method (VDM) are the two most well-
known methods. These methods do not need any communication between termi-
nals. However, as mentioned in Section 1.3, each of these methods has some disad-
vantages. In this section, we first explain voltage margin method and voltage droop
method. Then, some new methods based on Multi-Agent Systems(MAS) and Slid-
ing Mode Control (SMC) are proposed to enhance the VMM and VDM. The MAS
methods require communication between terminals to achieve their goals, how-
ever, they can still work without communication. SMC controller proposed in this
thesis is a modification of VMM and does not need any communication between
terminals.

3.2 Voltage margin method

In VMM one converter is responsible to maintain the DC voltage of the MTDC
system on a desired level, while other converters operate atConstant Power Mode
(CPM) [21]. If the converter on DC Voltage Control Mode (VCM)is no longer able
to supply or extract the required power to control the DC voltage, the DC voltage
changes, and when the voltage reaches reference value of an another converter,
then the corresponding converter will operate as slack converter [22].

Figure 3.1 shows the characteristics of VMM for a two-terminal HVDC sys-
tem. A margin must be considered between two control voltagelevels [21]. If

21
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the voltage margin is not large enough, it is possible that, in transients, more than
one converter participate in the DC voltage control and thiscauses the interaction
between converters [22]. In this figure, the operating pointis marked with a red
point. As can be seen, converter 2 is operating in VCM and keepthe DC voltage
at its reference value (V re f

dc,2) and terminal 1 is operating in CPM. Recalling that, in
this thesis, a positive injected power represents the powerinjected to the MTDC
system, it can be concluded that converter 1 is operating as inverter and converter
2 is operating as rectifier. Therefore, the flow of the power isfrom DC bus 2 to DC
bus 1.

Voltage Control 

Mode

Inverter Rectifier

Terminal 1

Terminal 2

voltage margin

current operating 

point

Constant Power 

Mode

dc
V

 

injP
 max

injP
 min

injP

Figure 3.1: VMM control strategy characteristics.

Two methods are proposed in the literature to change the direction of power
flow. In the first method, the reference power of converter 1 ischanged (Figure
3.2(a)), and in the second method, the reference voltage of converter 2 is changed,
which is shown in Figure 3.2(b). In the latter, both characteristics cross the vertical
axis. As a result, if one converter stops working, the other one can work atPin j =
0. In other words it can supply the reactive power, i.e. working as a STATic
synchronous COMpensator (STATCOM) [22].

As it can be seen in Figure 3.1, if converter 1 reaches its limits or stops oper-
ating, converter 2 is responsible for control of DC voltage.However, if converter
1 reaches its limit and converter 2 cannot control the DC voltage, the DC voltage
will be out of control [52]. Considering the delays in communication [53], some
authors proposed a VMM controller with two stages [21, 52], whoseVdc−Pin j

characteristic is shown in Figure 3.3.
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Terminal 1

Terminal 2

 

dcV

 

injP

(a)

Terminal 1

Terminal 2

 
dcV

 

injP

(b)

Figure 3.2: Direction change of power flow: (a) by changing reference power of
terminal 1, (b) by changing reference voltage of terminal 2.

lower stage

upper stage

 

,

up

dc iV

 

,

low

dc iV

 

,dc iV

 

,inj iP

 max,low

,inj iP min,up

,inj iP
 min,low max,up

, , ,

ref

inj i inj i inj iP P P= =

Terminal 2

Terminal 1

Figure 3.3: VMM applied to a two-terminal HVDC system. Converter 1 has a
two-stage VMM controller, while converter 2 has ordinary VMM controller.

In this strategy, there are two constant voltage levels. Each of these levels has
a maximum and minimum allowable injected power. If the injected power of the
converter reaches these values, it switches to CPM. If the voltage changes again
and reaches to one of these constant voltage levels, it switches again to the VCM.
The two-stage characteristic has two other advantages. First, the active power in
all terminals can be set by changingPre f . Second, it would be possible to assign
a certain amount of importance to each terminal; for example, if one converter
is connected to a very strong AC grid which can produce as muchactive power
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as needed, thenPmin andPmax can be chosen far from each other. Therefore, this
converter can operate as the slack in the system [22].

Since VSCs can operate both as rectifier and inverter, [52] suggests that another
stage, can also be added to the converter control characteristics. In this thesis,
ordinary (single-level) VMM is considered. Figure 3.4 shows the block diagram
of VMM controller for converteri when the injection model is used. As shown in

, ,dc ref iV

,dc iV

0
,inj iP

,inj iPD

,

set

inj iPD

  

å
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,inj iP
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Sw2
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K
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+
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Figure 3.4: VMM controller for converteri when the injection model is used.

the figure, a Proportional-Integral (PI) controller is used. If the injected power hits
one of the limits (Pmax

in j,i or Pmin
in j,i), terminali switches to CPM. If AC/DC model is

used, the controller is implemented as shown in Figure 3.5. The controller gives
the reference values of thed-axis andq-axis currents to the inner controller.
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Figure 3.5: VMM controller for terminali when the AC/DC model is used.
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3.3 Voltage droop method

Another proposed method in the literature is Voltage Droop Method (VDM) [22,
54, 55]. If more than one converter are supposed to participate in the DC voltage
control, VDM is a reliable method, which does not need any communication be-
tween converters [11, 56, 57]. In this method some or all converters change their
injected active powers according to pre-definedVdc−Pin j droops [22]. Figure 3.6
shows this characteristic.

Terminal 2

Terminal 1
1OP

2OP

 max

,1invP
 max

,1recP
 

injP

 

dcV

 

,1injP
 

,2injP

Figure 3.6: VDM control strategy characteristics for a two-terminal HVDC system.

As can be seen, converters 1 and 2 are operating atOP1 andOP2, respectively.
It must be noted that in this figure, for convenience, it is supposed that the voltages
of DC buses are equal. However, this is not the case in reality.

It must be stated that, some authors [23,31,58] useVdc−Pin j characteristic for
voltage droop control, whereas others [17,25,57] studiedVdc− Iin j characteristic.

DC voltage droop control has some disadvantages. Considering the type of the
system, application of VDM leads to steady-state voltage deviation. The controller
adjusts power according to this voltage deviation. Considering that the voltage
deviation is not equal in all DC buses (especially when busesare located very
far from each other and as a result the DC resistance is large), the power is not
shared proportional to the droops of converters. Moreover,if the network topology
changes, the droop characteristic is not valid anymore [52].

Employing high droop gain leads to large DC voltage deviation. On the other
hand, AC gridi considers the changes in thePin j,i as a disturbance and low droop
gain results in large disturbance from the corresponding ACgrid point of view.

Figures 3.7 and 3.8 represent the block diagram of the VDM controller when
injection model and AC/DC model is used, respectively.
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Figure 3.7: VDM controller for converteri when the injection model is used.

,

ref

dc iV

,dc iV 0

,d iI

å
+

-
å

+

+

1,P iK
,

ref

d iID

,

ref

d iI

,

ref

inj iP

0

,d iI

å
+

-
å

+

+

,

ref

d iID
2,i

2,

I

P i

K
K

s
+

,inj iP

,

ref

ac iV

,ac iV 0

,q iI

å
+

-
å

+

+

,

ref

q iID

,

ref

inj iQ

å
+

-
å

+

+

4,i

4,

I

P i

K
K

s
+

,inj iQ

,

ref

q iID

Sw1

Sw2

0

,q iI

,

ref

q iI

3,i

3,

I

P i

K
K

s
+

Sw3

Sw4

Figure 3.8: VDM controller for converteri when the AC/DC model is used.

Comparing Figures 3.5 and 3.8, it is evident that only DC voltage controllers
are different in these two methods. While VMM uses a PI controller, VDM utilizes
a proportional controller.

The VDM used in this thesis is ordinary (proportional) VDM. However, some
authors propose another schemes for VDM [18]. As an example,we mention the
priority power sharing VDM. In the systems with priority power sharing, some
terminals have precedence over others in receiving or giving power. For instance,
as shown in Figure 3.9, converter 2 does not participate in DCvoltage control. If
the voltage increases and reachesVmin

dc,2, converter 2 starts to extract active power
from the MTDC system and controls the DC voltage.
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injP

 

dcV

Figure 3.9: Priority VDM control strategy characteristic for a two-terminal HVDC
system.

3.4 Multi-agent control

Mathematical background

Since Multi-Agent Systems (MAS) utilize graph theory, in this section a very short
introduction to graph theory is given.

Consider a graphG= {V,ε} consisting of a set of vertices (nodes)V = {1, ...,N}
and edgesε , as shown in Figure 3.10, where

ai j =

{
1 if nodesi and j are adjacent

0 otherwise
(3.1)

If there is a link or edge between two nodesi and j , they are called adjacent
nodes i.e.,ε = {(i, j) ∈V×V : i, j adjacent}. A graph is called ’connected’ if there
is a path connecting each two nodes together. The distance between two nodes is
the shortest path with minimum number of edges that connectsthose nodes and is
shown byd(i, j). The degree matrixD with the elements ofdi is a diagonal matrix
whose elements are the cardinality of agenti neighbor setNi = { j ∈ v : (i, j) ∈ ε}.

Figure 3.10 shows an information graph. As can be seen,N1 consists of nodes
2, 3 and 6. A tree is defined as a undirected graph in which any two nodes are
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Figure 3.10: Information graphG.

connected by only one simple path. A spanning three is a tree which consists of
all nodes of a graph. One of the most important matrices in graph theory, which
reflects significant characteristics of the graph isLaplacian matrix. The i j − th
element of the Laplacian matrixL is determined as

l i j =





n
∑

k=1
k6=i

aik j = i

−ai j j 6= i

(3.2)

Considering undirected graph as shown in Figure 3.10, the Laplacian matrix
is symmetric and positive semi-definite in which the sum of the elements in each
row is zero. Therefore,L has a zero eigenvalue, i.e.λ1 = 0. The second smallest
eigenvalue (λ2) is called connectivity of the graph. In a connected undirected graph
we have [59]:

0= λ1 < λ2 ≤ . . .≤ λn (3.3)

Consider a graph, in which each nodei has the following control law:

ui = ∑
j∈Ni

−ai j (xi −x j) (3.4)

whereui is the control input andxi is state variable. We say nodes of the network
reach aconsensusif and only if xi = x j = . . . = xn = x⋆. Then, the dynamic of the
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system can be written as

ẋ(t) =−LLL x(t) (3.5)

Since eigenvalues ofLLL are positive, eigenvalues of−LLL are in Left-Hand Plan
(LHP). Therefore the system is stable. One can show that the nodes of the undi-
rectional graph reaches consensus if and only of there is a spanning tree in the
graph [60].

Application to MTDC system

Consider an MTDC system consisting of several converters. Each terminal is con-
sidered as a node in the graph. Some terminals like the ones connected to wind
farms or offshore oil and gas platforms operate in CPM. Othernodes contribute in
DC voltage control. If a disturbance occurs in the system, these nodes share the
power balancing task to control the DC voltage. An agent is assigned to each node
that participates in DC voltage control. Figure 3.11 shows the overlaid communi-
cation graph assigned to the MTDC system.

 

 

Figure 3.11: Agent configuration in MAS system applied to a 7-terminal MTDC.

Different communication technologies are available. Among them, satellite
and optic fiber may be the most promising technologies for ourpurpose. However,
considering that the MTDC system has a very fast dynamic, optic fiber , which
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is faster than satellite - seems to be a more attractive choice. Each agent receives
information from its local measurement (xi(t)) and from other agents (x j(t)). Ac-
cording to communication delays, this cannot be in real time. Therefore, it is sup-
posed that each agent receives this information withtd seconds delay. Figure 3.12
shows the structure of agenti , which is assigned to nodei.

 

( )
i
x t( )

i
u t

( )
i
x t( )

j i
x t j N

Figure 3.12: Agent configuration in MAS system.

The proposed MAS methods behave similar to VDM, with exception that the
reference value of the voltage will be controlled. Since thedynamic of the MTDC
system is very fast, the proposed control strategies in thisthesis cannot rely only
on remote information. The controllers consist of two parts: fast-response part and
medium- response part. The fast response part is a VDM controller. The medium-
response part deals with updating the reference voltages ofconverters in real-time.
The MAS control strategies update the reference voltage of each converter with
time, which means that the characteristic of the converter shifts upwards or down-
wards. Figure 3.13 demonstrates how the operating point of converter i varies
during the DC voltage control process. As shown in this figure, when disturbance
occurs, the operating point shifts from point 0 to point 1. When the reference volt-
age is updated, the DC voltage does not change immediately. The operating point
is transferred to a new characteristic (point 2) and more active power will be in-
jected. Then the DC voltage is increased (point 3). Since this DC voltage is still
less than the initial DC voltage, the control system changesthe reference voltage
again and this process continues until operating point reaches pointn.

The algorithm presented in Figure 3.14 demonstrates how theagenti controls
the DC voltage at terminali.

As can be seen, first, it calculates the amount of injected power to the MTDC
grid. This power cannot be more (less) than maximum (minimum) allowable power
of the terminal. Then the equation of MAS is solved and the voltage reference is
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Figure 3.14: TheVdc control algorithm in each agent.

updated. If the system has reached the desired value, it stops updating reference
values, otherwise the reference values will be updated again.

Figures 3.15 and 3.16 show the block diagram of the MAS controller for injec-
tion model and AC/DC model, respectively.
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Figure 3.15: MAS controller for terminali when the injection model is used.
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Figure 3.16: MAS controller for converteri when the AC/DC model is used.

Multi-agent system strategies

Different Multi-Agent System (MAS) strategies are proposed in this thesis. Each
of these strategies has their own goals and limitations.

Strategy 1

In this strategy the dynamic of the controller can be expressed by

ui = Kp,i(V
re f
dc,i −Vdc,i)

V̇ re f
dc,i = αi × (Vre f,0

dc,i −Vdc,i)+ ∑
j∈Ni

β j × (Vre f,0
dc, j −Vdc, j)

(3.6)

where,Ni denotes the set of converters, which participating in the DCvoltage con-
trol and can communicate with converteri, V re f,0

dc,i is the initial reference voltage of
converteri, andαi andβ j are constants, which determine the participation of the
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local information of agenti and the information from the other agents in the be-
havior of agenti, respectively. If there is no communication between agents, then
β = 0 and only the local information of each agent affects its behavior.

According to the multi-agent theory, if a disturbance happens, this controller
tries to make the DC voltages of terminals equal to their initial voltage. But, since
the power flow in the system has been changed, this is not possible to reach the
previous equilibrium point. Therefore, each controller stops updating the reference
values when the DC voltage is close enough to the initial value.

Strategy 2

As mentioned in Section 3.3, when a disturbance happens in the MTDC system,
the deviation of the DC voltages from their initial voltagesare not exactly equal.
Therefore, the power imbalance will not be divided proportional to the droop gains.
In [61], we have shown this fact using another argument.

In this strategy, the goal of this controller is to make voltage deviations (xi(t) =
Vre f,0

dc,i (t)−Vdc,i(t)) equal.
The proposed distributed controller takes the following form:

ui = Kp,i(V
re f
dc,i −Vdc,i)

V̇ re f
dc,i =−γi ∑

j∈Ni

φi j

(
(V re f

dc,i −Vdc,i)−(V re f
dc, j −Vdc, j)

) (3.7)

whereφi j = φ ji > 0 andγi > 0 are constants. These converters can be considered
as an agent. In this set-up, the state of these converters is the difference between
its DC voltage setting and the measured DC voltage. These agents with single
integrator dynamic and DC voltage states can come to a globalagreement on their
states if they share their states.

Strategy 3

This strategy is a combination of VMM, VDM and MAS strategies. This method
is based on leader-follower MAS theory [62, 63]. In this theory some agents are
considered as leaders, while other agents are considered asfollowers. Each set of
followers, follows one of the leaders and each agent has its own goal.

The aim of controller is to recover the DC voltage as close as possible to
the initial voltage, while at the same time makes the power distribution propor-
tional to the droop gains (Kp,i). To achieve this goal, one agent is selected as the



34 CHAPTER 3. CONTROL STRATEGIES

leader (slack converter), while other agents follow this converter. The consensus
is reached for voltage deviation of all buses, therefore theexpected power sharing
will be achieved. On the other hand, reference voltages of all converters follow the
reference voltage of the slack converters. Therefore, the voltage will be close to
the initial voltage.

Suppose that converterm, without loss of generality, is regulating DC voltage
to its value before the disturbance. The proposed distributed controller takes the
form

um = Kp,m(V
re f
dc,m−Vdc,m)

V̇re f
dc,m = KV(V

re f,0
dc,m −Vdc,m)−γm ∑

j∈Nm

φm j

(
(V re f

dc,m−Vdc,m)−(Vre f
dc, j −Vdc, j)

) (3.8)

whereKV = 1. For converteri (i 6= m), the control law is like (3.7).
The first row of (3.8) (fast response) ensures that the controlled injected cur-

rents are quickly adjusted after a change in the voltage. Thesecond row ensures
that the voltage is restored at convertermby integral action, and that the controlled
injected currents are proportional to the proportional gains Kp,i at stationarity. In
vector-form, (3.8) can be written as

u = KP(V
re f
dc −Vdc)

V̇
re f
dc = KV(V

ref,0
dc −Vdc)−γγγLLL φ (Vre f −Vdc)

(3.9)

whereγγγ = diag(γi , . . . ,γn), KP is defined as before,KV is an×n matrix whose ele-
ments are zero except its m-th diagonal element, which is equal to 1, andLLL φ is the
weighted Laplacian matrix of the graph representing the communication topology,
whose edge-weights are given byφi j , and which is assumed to be connected.

In [61], we have shown that this controller results in a stable closed loop system
(for Injection model) if

λmin

(
1
2

CLLL R+
1
2
LLL RC

)
+min

i
CiKP,i > 0 (3.10)

λmin

(
1
2
LLL φ CLLL R+

1
2
LLL RCLLL φ

)
≥ 0 (3.11)

whereC = diag([C−1
1 . . .C−1

n ]) andCi is the aggregated capacitance of con-
verter i (see Figure 2.1),LLL R is the weighted Laplacian matrix of the graph rep-
resenting the transmission lines whose edges are equal togi j (see (2.3)) andλi is
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the i-th eigenvalue ofLLL R . We have shown that for a sufficiently largeKP,i and
a sufficiently smallγi such that the first condition will be fulfilled. Also, if the
topology of the communication network is identical to the topology of the power
transmission cables up to a positive scaling factor, the second condition will also
be fulfilled.

3.5 Sliding mode control

As mentioned in chapter 1, Sliding Mode Control (SMC) is a variable structure
control, which is originally used for systems whose dynamics can be modelled
with ordinary differential equations [44].

SMC has some features like insensitivity to parameter variations, external dis-
turbance rejection and fast dynamic response. Consideringthat the values of the
parameters of the system may change and also considering thefast dynamic of the
MTDC grid, SMC can be a good option for controlling the MTDC gird. Moreover,
if the value of each of the parameters in the system changes (due to uncertainty or
any other reason), SMC still has a good performance. On the other hand, since in
SMC best approximation of the plant is used, it can control the voltage of a bus
without knowing the exact voltage of adjacent buses. In thisthesis, SMC is applied
to the AC/DC model.

Mathematical background

Two approaches for SMC design are discussed in this thesis: basic control and
integral control:

Basic control

Suppose that̃x= x−xre f is the traction error of variablex. Consider a time-varying
surfaceS(x, t):

S(x, t) = (
d
dt

+λ )n−1x̃ (3.12)

where,λ is a strictly positive constant andn is the relative degree of the variablex.
Sometimes output variableVdc,i is not expressed explicitly based on control inputs.
If we differentiate an output variablen times, control inputs appear in the expres-
sion. Then, the output variable is told to have relative degree ofn. Remaining on
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the manifoldS= 0 is equal to having zero tracking error. SMC converts the track-
ing control problem into a first-order differential equation. In such a system, if the
error is negative, it is simply enough to push hard in positive direction [64].

Generally, if the system trajectory satisfies a generalizedLyapunov stability
requirement to the surfaceS= 0, there exists a sliding mode on manifoldS= 0.
Based on lyapunov stability requirement, the sliding mode exists if u is chosen
such that

1
2

d
dt

S2 ≤−η |S| (3.13)

whereη is a strictly positive constant. Therefore, the state trajectory reaches the
sliding surface in less thans(t = 0)/η (s) and slides along the surface towardxre f

exponentially with a time constant equal to1
λ [64].

If the dynamics of the system is known, an equivalent controlterm (ueq) is
chosen so that the system remains on the sliding surface (Ṡ= 0). If the dynamics is
not exactly known, the best estimation of the dynamics is used and the equivalent
term (ûeq) is calculated.

u= ûeq (3.14)

On the other handu must satisfy the equation (3.15):

u=

{
u+ if S(x) > 0

u− if S(x) < 0
(3.15)

whereu+ < ueq andu− > ueq. Therefore a switching functionusw= ksgn(S) must
be added to theu, wherek is a positive scalar and sgn(.) is the sign function.
Therefore:

u= ûeq−usw (3.16)

Suppose that we have an equation of the general form

ẋ= F +u (3.17)

Consider (3.12) for the case ofn= 1. Then,

Ṡ= F +u− ẋre f (3.18)
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In order to fulfill the requirement of stability (Ṡ= 0), we must have

ueq=−F + ẋre f (3.19)

For the equations of the general form

ẍ= F +u, (3.20)

equation (3.12) withn= 2 then gives:

Ṡ= F +u− ẍre f +λ ˙̃x (3.21)

Therefore the equivalent control input must be

ueq=−F −λ ˙̃x+ ẍre f (3.22)

Integral control

Based on (3.12), if we consider
∫ t

0 x̃(t ′)dt′ as the error we want to be eliminated,
then the sliding surface can be expressed as

S(x, t) =(
d
dt

+λ )n−1
(∫ t

0
x̃(t ′)dt′

)
=

= ˙̃x+2λ x̃+λ 2
∫ t

0
x̃(t ′)dt′

(3.23)

Next, we choose the equivalent control so thatṠ= 0:
if n= 1:

Ṡ= F +u− ẋre f +λ x̃ (3.24)

ueq=−F + ẋre f −λ x̃ (3.25)

if n= 2

Ṡ= F +u− ẍre f +2λ ˙̃x+λ 2x̃ (3.26)

ueq=−F −2λ ˙̃x−λ 2x̃+ ẍre f (3.27)
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3.6 Application to MTDC system

In this section the SMC controllers are applied AC/DC model of MTDC presented
in 2.1. The output variable can be DC voltage (or active power) and reactive power
(or AC voltage). Considering (2.24) and (2.25), if the aim isto control the active
power, we choose the output vectorh1,i . If the DC voltage is of interest,h2,i is
chosen as output vector.

h1,i =

[
Vdc,i

Iq,i

]
, h2,i =

[
Id,i
Iq,i .

]
(3.28)

In this study,Vdc,i has relative degree of 2, because the control inputs appear in
V̈dc,i . However,Id,i andIq,i have relative degree of 1.

If h1,i is considered as output vector, the new output variables canbe written as

[
ḧ1,i(1,1)
ḣ1,i(2,1)

]
=

[
V̈dc,i

İq,i

]
= Fi(xi)+Bi(xi)ui (3.29)

where,

Fi(xi) =

[
F1,i

F2,i

]
(3.30)

Bi(xi) =




(Ud,i−2r i Id,i)
ciVdc,i

(−1
li
)

(Uq,i−2r i Iq,i)
ciVdc,i

(−1
li
)

(−1
li
) 0


 (3.31)

with

F1,i =
(Ud,i −2r iId,i)

ciVdc,i
f1,i +

(Uq,i −2r i Iq,i)

ciVdc,i
f2,i+


(

−1

ciV2
dc,i

(Ud,i Id,i +Uq,iIq,i − r i(I
2
d,i + I2

q,i))−
Ni

∑
i= j

gi j

ci


 f3,i

F2 = f2,i

(3.32)

f1,i , f2,i and f3,i in the above equations are given in (2.19).
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Consider now the second output vectorh2,i . The dynamics of terminali, based
on new variables, can be written as

[
ḣ2,i(1,1)
ḣ2,i(2,1)

]
=

[
İd,i
İq,i

]
= Ei(xi)+Diui (3.33)

where

Ei(xi) =

[
f2,i
f1,i

]
, see (2.19) (3.34)

Di =

[
−1
li

0
0 −1

li

]
(3.35)

The controller structure is shown in Figure 3.17. As long asVdc,i is not equal to
its reference voltage, converteri will remain in CPM. In this case the output vector
is h2,i . After Vdc,i reachesVre f

dc,i , the converteri switches to the VCM. In this case

SMC regulatesVdc,i atVre f
dc,i and the output vector ish1,i .
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Figure 3.17: SMC controller for converteri when the AC/DC model is used.

In the figure,Ṽdc,i , Ĩd,i andĨq,i represent the tracking errors ofVdc,i , Id,i andIq,i ,
respectively, which are expressed by

Ṽdc,i =Vdc,i −Vre f
dc,i

Ĩd,i = Id,i − I re f
d,i

Ĩq,i = Iq,i − I re f
q,i

(3.36)
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Suppose that converteri controls the DC voltage and reactive power. The
equivalent control terms for basic and integral controls are chosen as follows:

Basic control

As mentioned in Section 4.2,Vdc,i has relative degree 2, whileId,i and Iq,i have
relative degree 1. For slack terminal, according to (3.19) and (3.22), the equivalent
control can be written as

uh1
eq,i =−Fi +

[
V̈ re f

dc,i −λi
˙̃Vdc,i

İ re f
q,i

]
(3.37)

For other terminals, where the output vector ishi2, we obtain the following control
input :

uh2
eq,i =−Ei +

[
İ re f
d,i

İ re f
q,i

]
(3.38)

Assuming there is no communication available between terminals and each termi-
nal does not have access to DC voltages of other terminals, thenFi(xi) andEi(xi)
are not exactly known, but it has a bounded imprecision. As a result we use the best
estimation of these vector fields (indicated byF̂i(xi) andÊi(xi)) to calculate equiv-
alent term. In addition, we write the equivalent control terms given in (3.38) and
(3.37) asûeq,i . Therefore, the controller needs a switching (discontinuous) term as
mentioned in (3.16) and (3.15). Forh1,i , this term can be written as

uh1
sw,i =

[
−k1,isgn(S1,i)
−k3,isgn(S3,i)

]
(3.39)

and forh2,i

uh2
sw,i =

[
−k2,isgn(S2,i)
−k3,isgn(S3,i)

]
(3.40)

where

S1,i = ˙̃Vdc,i +λiṼdc,i (3.41)

S2,i = Ĩd,i (3.42)

S3,i = Ĩq,i (3.43)
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andk1,i , k2,i andk3,i are positive constants.
In order to have a more smooth control law, the tanh function can be used

instead of sign function. Therefore, the equations can be restated as

uh1
sw,i =

[
−k1,i tanh(S1,i)
−k3,i tanh(S3,i)

]
(3.44)

uh2
sw,i =

[
−k2,isgn(S2,i)
−k3,isgn(S3,i)

]
(3.45)

Finally, according to (3.29), (3.33) and (3.16), the complete control input is

uh1
i = B−1

i

(
ûh1

eq,i −uh1
sw,i

)
(3.46)

Similarly, for h2,i we obtain

uh2
i = D−1

i

(
ûeq,i −uh2

sw,i

)
(3.47)

Integral control

If h1,i is chosen as the output vector, the equivalent control inputis

ûh1
eq,i =−F̂i +

[
V̈re f

dc,i −2λi
˙̃Vdc,i −λ 2

i Ṽdc,i

İ re f
q,i −ζi Ĩq,i

]
(3.48)

Similarly, for h2,i we have the following control input:

ûh2
eq,i =−Êi +

[
İ re f
d,i −ξi Ĩd,i

İ re f
q,i −ζi Ĩq,i

]
(3.49)

Switching terms are calculated using (3.39) and (3.40), butthe sliding surfaces are
defined as follows:

S1,i = ˙̃Vdc,i +2λiṼdc,i +λ 2
i

∫ t

0
Ṽdc,idt (3.50)

S2,i = Ĩd,i +ξi

∫ t

0
Ĩd,idt (3.51)

S3,i = Ĩq,i +ζi

∫ t

0
Ĩq,idt (3.52)

whereξi andζi are positive constants.
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3.7 H∞ control design

In theH∞ control design method, a feedback controller is sought to stabilize the
closed-loop system and satisfy a prescribed level of performance to achieve refer-
ence tracking and disturbance attenuation. In this thesis,since all the states of the
system are measurable, theH∞ state-feedback is chosen as the control strategy.

Let us consider the following state-space representation for an LTI system

ẋ(t) = Ax(t)+B1d(t)+B2u(t)

y(t) = x(t)

z(t) = C1x(t)+D11d(t)+D12u(t) (3.53)

wherex(t)∈R
n is the state vector,y(t)∈R

ny is the measurement vector,z(t)∈R
nz

is the vector of controlled outputs (representing a predefined performance like error
or control effort),d(t) ∈ R

nd is exogenous disturbance vector and process noise
signals with finite energy, andu(t) ∈ R

nu is the control input vector.
The first step is to select a pair of inputs and outputs to reflect the system

performance requirements and then design a controller by minimizing the maxi-
mum energy-to-energy gain of the corresponding transfer matrix. The H∞ state-
feedback controller seeks for

u(t) = Kx (t) (3.54)

to minimize the energy-to-energy gain of the system from disturbanced(t) to out-
putz(t). Alternatively, theγ-suboptimalH∞ control problem seeks for a controller
that yields the energy-to-energy gain less than a positive scalarγ [65]. Note that
the γ-suboptimal design guarantees that the output vector energy will be bounded
by γ‖d‖L2 for all possible bounded energy disturbance inputsd(t). For the sake
of simplicity, we first consider the problem of regulation, i.e., designing the state-
feedback controller (3.54) such that the states of the system asymptotically con-
verge to zero, regardless of the initial values of the statesor the presence of dis-
turbances while the control effort is of affordable magnitude. Indeed, the control
design objective is not only to regulate the states and reject the exogenous output
disturbances, but also to keep the control action below a threshold due to the max-
imum power limitation of converters. Afterwards, by a mapping, we can easily
handle the problem of reference tracking in which the statesof the system track a
desired values not necessarily zero. We can also use weighting functions to weight
minimization of the elements of the vectorz.

Figure 3.18 shows the augmentation of the weighting function with the open-
loop system (G(s)) and the state-feedback controller [66].
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Figure 3.18: State-feedback controller in the Linear Fractional Transformation
(LFT) configuration.

State-feedbackH∞ control design formulation

In this section, we provide theH∞ state-feedback control design formulation in
terms of a Linear Matrix Inequality (LMI) problem.

Theorem 1: Assuming that the augmented system in Figure 3.18 is described
by the state-space representation (3.53), there exists a state-feedback control law
(3.54), which stabilizes the system and guarantees an upperboundγ on the energy-
to-energy gain of the closed-loop system from disturbanced(t) to the vectorz(t),
if there exist a positive-definiteX ∈ R

n×n andW ∈R
nu×n such that




Ẋ +AX +XAT +B2W+WTBT
2 B1 XCT

1 +WTDT
12

BT
1 −γ2I DT

11
C1X +D12W D11 −I


< 0 (3.55)

K = WX−1. (3.56)

Proof: See [67].

Note that since it is supposed that the controllers in this method only use the
local information, we want to design a block diagonal controller so that the com-
prising subsystems of (3.53) become decoupled. In this way,each subsystem is
controlled independently by feeding the state variables ofitself, without needing
the information of other subsystems. In order to derive a block diagonal controller
matrixK , it is required to constrain the structure of LMI variablesX andW in The-
orem 1 to be block diagonal. To solve this inequality we use MATLAB LMI tool-
box to solve the Theorem 1 which support different structures of the LMI variables
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including block diagonal. So far, we have designed a controller for the regulation
problem. Now, we must consider the tracking problem of nonzero reference inputs
by performing a mapping on the controller matrixK derived in Theorem 1.

Reference tracking

Consider the open loop system (3.53) without external disturbanced, and letyd
denote the desired constant value for outputy. Since in generalyd 6= 0, the state
variablex and control inputu converge to nonzero steady state valuex∗ andu∗,
respectively. Therefore, after asymptotic convergence ofthese variables, we have

[
A B2

C 0

][
x∗

u∗

]
=

[
0
yd

]
. (3.57)

By tacking matrix inversion, we can deducex∗ =Myd andu∗ =Nyd. Defining new
variables∆x = x−x∗ and∆u = u−u∗, the tracking problem becomes a regulation
problem for which we solved the controllerK in Theorem 1. Therefore, for the
tracking problem we haveu = u∗+∆u = u∗−K∆x = u∗−K(x−x∗). Replacing
for steady state valuesx∗ andu∗, we obtainu = Nyd +K(Myd −x).

The configuration of the closed-loop system for the trackingproblem is shown
in Figure 3.19.

M
dy u

( )G sK S

N

+
y x=

-

Figure 3.19: Reconfiguration of the closed-loop system for set point tracking.

Application to MTDC system

As stated before, usingH∞ controller, we can reach a specific level of performance.
The controller can control the DC voltage and meanwhile can control the injected
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power of converters and current of some DC lines. It can also make the partic-
ipation of converters proportional to their available headroom. Non of the other
mentioned methods, has these capabilities.

In this thesis, we applyH∞ method only on Injection model. According to
(2.5), in (3.53) we have:

x(t) = xDC and u(t) = uDC (3.58)

We design anH∞ control for the MTDC system so that for each terminal the
tracking error of the DC voltage (deviation of DC voltage from its reference value)
is minimized, the control input is of low amplitude and also the currents of one or
some of the DC lines is within a reasonable range. By stackingthese quantities,
we construct the vector as shown in Figure 3.18. The weighting functions signify
how each of these values contribute in the minimization process.

For instance, here, we explain the procedure of selection ofweights for the
control inputs. Each converter has a maximum allowable injected power. The dif-
ference between this power and the power which is being injected by the converter,
is called headroom. We define the headroom index of converteri (Ξi) as

Ξi =
ϒi

n
∑
j=1

ϒi

(3.59)

whereϒi is the available headroom of converteri andn is the number of converters.
We determine the gain of each controller proportional to theheadroom index of
each converter. To achieve this goal we choose gains such that wui = (Ξi)

−1. Now
the question is which maximum limit of the converter must be consider to calculate
ϒi . For each converter, we calculate twoϒi , i.e. one when increasingPin j,i, and
the other one when decreasingPin j,i . As a result,H∞ controller uses two different
droops depending on the disturbance.





Chapter 4

Case studies

4.1 Introduction

Consider the 4-terminal MTDC system shown in Figure 4.1. Theinitial values of
the voltages at the DC buses, injected powers to the DC buses as well as refer-
ence voltages of converters are given in Table 4.1. Also, themaximum allowable
injected powers of converters are shown in this table. The parameters of the DC
cables are shown in Table 4.2.

Terminal 4 connects a wind farm to the MTDC system and harvests maximum
power from the wind farm, therefore it does not contribute tothe DC voltage con-
trol. This converter also needs to control the AC voltage at wind farms side.

Table 4.1: Initial values of the simulation and reference voltages of terminals for
both SMC and VMM.

Converter 1 Converter 2 Converter 3 Converter 4
DCvoltage(p.u.) 1.0 0.9957 1.0009 0.9964

Pin j (p.u.) -0.2824 -0.7143 0.8571 0.1429
Vre f

dc,i (pu) 1 1.02 0.98 -
Pmax

in j,i 0 2 1 1.5
Pmin

in j,i -1 -2 0 0

To compare the results of the control methods, two disturbances have been
considered in this chapter. These disturbances are included in two cases. The
performance of each control method has been studied for one or both cases.

47
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Figure 4.1: An MTDC system with four terminals.

Table 4.2: Parameters of the DC cables.

L12 L13 L24 L34

Length (km) 500.0 50.0 50.0 500.0
Resistance (p.u.) 0.0154 0.0015 0.0015 0.0154

Case1 (Change in wind turbine injected power) As can be seen in Table
4.1, initially, the wind farm (converter 4) injects 0.1429(pu) to the MTDC system.
At t = 1(s) wind increases and since the converter 4 harvests the maximum power
from the wind, its injected active power is increased, with astep, to 0.5(pu).

Case2 (Disconnection of converter)

We study the disconnection of the slack converter in this case. Suppose that
at t = 1(s) terminal 1 is disconnected. Initially, this converter was operating as
inverter; therefore, its disconnection leads to active power surplus in the MTDC
system and as a result, the DC voltage increases.
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4.2 Study1

In this study, Case 1 is applied to all control methods. For VMM, it is supposed
that converter 1 is the slack terminal and controlsVdc,1. The converters 2 and 3
are working in CPM, therefore they are controllingPin j,2 andPin j,3. As mentioned
in section 3.3, in VDM more than one terminal participate in controlling the DC
voltage. The voltage droop constants are given in Table 4.3.As can be seen,
converter 4 does not participate in the DC voltage control.

Table 4.3: Voltage droop constants of converters.

Converter 1 Converter 2 Converter 3 Converter 4
Kp,i 9 5 1 –

Table 4.4 shows which control methods are applied for each model in this the-
sis.

Table 4.4: Table of the methods used in papers

VDM VMM MAS SMC H∞
Injection Model X X X X

AC/DC model X X X X

Figure 4.2 shows the variation of theVdc,2 from its initial value in response
to the disturbance mentioned in Case 1. In order to compare the results more
conveniently, in this study we have chosen only one DC voltage. Other DC voltages
show similar behaviors.

As stated above, the injected active power of converter 4 is increased which
leads to an active power surplus in the MTDC system, which increases the voltages
at the DC buses. In VMM, converter 1, which is the slack converter, must control
the DC voltage. To this aim, it extract more active power fromthe MTDC system.
Then, the DC voltage at bus 1 return to its initial value, but since the MTDC system
operates at a new operating point, the voltages at other DC buses will not be the
same as their voltages before disturbance.

In VDM, converters 1-3 try to control the DC voltage. As can beseen, appli-
cation of this method leads to a steady state voltage deviation.

In this study only one of the MAS strategies is selected. The comparison be-
tween MAS strategies is presented in Study 3. In MAS startegy3, both power
sharing and returning to a level close to initial voltage areimportant. It is not
shown in this figure, but the voltage reaches to steady state at aroundt = 12(s) (see



50 CHAPTER 4. CASE STUDIES

1 1.2 1.4 1.6 1.8 2
−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

Time (s)

∆ 
V

dc
,2

 

 

VMM

MAS 3

VDM

H∞

Figure 4.2: Study1: Variation of the voltage at DC bus 2 (∆Vdc,2) when Injection
model is used and different control methods are applied. VMM(in red), VDM (in
black), MAS strategy 3 (in blue),H∞ (in green).

figure 4.5). Note that in MAS strategies the communication graph is considered to
be the same as the topology graph of the MTDC system. According to MAS the-
ory, if an agent is fixed and does not update its position, all other agents converge
to its position and therefore the solution will not be optimal solution. Considering
this fact, since the converter 4 does not participate in voltage control, its data is not
used as a remote data by other converters. The droop coefficients are the same as
VDM.

It can be seen that application ofH∞ leads to a voltage deviation very smaller
than the VDM. This is reasonable because theH∞ uses a static feedback here and
therefore its response should be like VDM, which uses a proportional controller.
On the other hand, sinceH∞ uses an optimization and minimizes the voltage de-
viation, the steady state voltage deviation must be smallerthan VDM. It must be
noted that for applying theH∞ method in this thesis, the limitations of the AC
grids are not considered.

Figure 4.3 shows the variation of voltages at the DC buses when AC/DC model
is used. As shows in the figure, the behavior of the system is very much like the
case where Injection model is used, however, since in AC/DC model the dynamic
of the AC part is also considered, the injected active power cannot change as fast
as in the previous case and therefore, the voltage variations are larger.



4.2. STUDY1 51

1 1.2 1.4 1.6 1.8 2
−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

Time (s)

∆ 
V

dc
,2

 

 

MAS 3

VDM

VMM

Basic SMC

Integral SMC

Figure 4.3: Study1: Variation of the voltage at DC bus 2 (∆Vdc,2) when AC/DC
model is used and different control methods are applied. VMM(in red), VDM (in
black), MAS strategy 3 (in blue), basic SMC (in green), integral SMC (in dashed
green).

Moreover, in this model, the two SMC control methods are alsoimplemented.
As can be seen, application of both SMC methods leads to a behavior like when
VMM is applied, but with smaller overshoot and faster response. The voltage
when integral SMC is applied has less overshoot comparing towhen basic SMC
is applied, but it has a small oscillation. SinceVdc,2 is shown in this figure and
considering that the operating point has been changed, the final values ofVdc,2 is
different from its initial values. However, the final valuesof Vdc,1 is the same as its
initial values if VMM and SMC methods are applied and if the slack converter can
successfully control the DC voltage.

To study how the converters share the active power change, itis desired to
compare the final values of the injected powers of different terminals. Table 4.5
shows changes in the injected active powers of converters when different control
strategies are used. Since in the next section, SMC and VMM will be studied, in
order to cover the power distribution from all control methods, the injection model
is used to achieve the results of this table in this section. However, to cover the
results of SMC, in the next study, the results from the AC/DC model is used for
completing the table. Only one of the MAS methods has been chosen for this
comparison.
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Table 4.5: Changes in the injected active powers of converters.

VMM VDM MAS 3 H∞
∆Pin j,1 -0.3587 -0.2096 -0.215 -0.0215
∆Pin j,2 0 -0.125 -0.1194 -0.2822
∆Pin j,3 0 -0.0234 -0.0239 -0.0536
∆Pin j,4 0.3571 0.3571 0.3571 0.3571
Sum -0.0016 -0.0009 -0.0012 -0.0002

As can be seen, when VMM is used, converter 1, which is the slack converter,
changes its injected active power and other converters remain in CPM. If VDM is
used, converters 1, 2 and 3 change their injected active powers to control the DC
voltage. As can be seen, the change in the injected active power is not exactly
proportional to their droops. The application of MAS strategy 3 causes the con-
verters share the power imbalance proportional to their droops. As can be seen, in
H∞ the main focus is on distribution of the power between converters considering
their available headrooms, according to their maximum allowable injected power
which is given in Table 4.1. Therefore, the converter with more available headroom
has more important role in the DC voltage control. The sum of the injected active
powers, which shows the change in the loss, is also shown in this table. Note that
in MAS strategies, we can use the remote data and change the reference voltage
somehow that minimize this loss, which is not studied in thisthesis.

4.3 Study2

In this study, we consider Case 2. Since in this case, it is supposed that the slack
converter is disconnected and slack converter is only defined in VMM and SMC
methods, in this study we only consider these two methods. The AC/DC model
is used in this study. It must be noted that in other methods which do not have a
slack converter the disconnection of converter 1 is only a load change like Case 1.
Since this disturbance has been investigated in Study 1, we do not consider those
methods in this study.

Converter 1, which is the slack converter, is operating as inverter. If Case
2 happens, the active power which was extracted by this converter, remains in
the MTDC system and increases the DC voltage. When the voltage at DC bus 2
reaches the reference voltage at converter 2 (1.02(pu)), this converter switches to
VCM and decreases its injected active power to the MTDC system and as a result,
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controls the DC voltage.
Figure 4.4 shows the variation of voltage at DC bus 2. As can beseen both

SMC controllers are faster and have less overshoot than VMM.It can be seen that
the performance of the integral SMC control is faster and without overshoot. This
is an advantage of this method which makes it suitable to apply on the MTDC sys-
tems with higher numbers of terminals without being worriedabout the interaction
between controllers.
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Figure 4.4: Study2: Variation of the voltage at DC bus 2 when AC/DC model is
used and different control methods are applied. VMM (in red), basic SMC (in
blue), integral SMC (in black).

Table 4.6 shows the changes of the injected active power of converters.

Table 4.6: Changes in the injected active powers of converters.

VMM basic SMC integral SMC
∆Pin j,1 0.2824 0.2824 0.2824
∆Pin j,2 -0.2798 -0.28 -0.28
∆Pin j,3 0 0 0
∆Pin j,4 0 0 0
Sum 0.0026 0.0024 0.0024

The AC/DC model is used for this comparison. It is evident that since converter
1 is lost, its extracted power will remain in the MTDC system.On the other hand,
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since converter 2 is the next slack converter, it should extract this power surplus
from the MTDC system. However, since the operating point hasbeen changed and
as a result the loss in the MTDC system has been changed, thesetwo quantities are
not equal.

4.4 Study3

In this study, we focus on MAS control strategies and consider Case 1. Only
AC/DC model, which is more accurate, is chosen for this study.

Figure 4.5 shows the variation of the DC voltage at bus 2.
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Figure 4.5: Study3: Variation of the voltages at DC bus 2 for different MAS strate-
gies when the AC/DC model is used. MAS strategy 1 (in green), MAS strategy 2
(in black), MAS strategy 3 (in blue).

In MAS strategy 1, the voltage is going to return to a level close to its initial
value. In MAS strategy 2, the behavior of the voltage is not supposed to be so much
different with VDM. The focus in this strategy is on the powersharing between
converters proportional to their droops. As mentioned in study 1, in MAS strategy
3 the voltage return to a level closed to its initial value andthe power sharing will
be proportional to the droops.
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Since MAS controllers use remote information, the communication delay may
affect the response of these strategies. Therefore, in thisstudy the effect of delay
is also considered. There are different values given for delay in the literature [68].
The sources of delay are measurement delay and communication delay. The former
depends on the technology of measurement devices, while thelatter depends on the
technology being used for transferring data. If fiber optic technology is used, the
delay can be considered around 100(ms), while the satellite technology has a delay
around 700(ms).

If a constant delay equal totd = 100(ms) is considered, the variation of the
voltage at DC bus 2 is shown in Figure 4.6.
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Figure 4.6: Study3: Variation of the voltage at DC bus 2 when there is a delay of
td = 100(ms). The AC/DC model is used and different MAS strategies are applied.

As can be seen, MAS strategy 1 is the most sensitive strategy to the delay
and becomes unstable. The delay cause MAS strategy 2 to have larger voltage
deviation, but MAS strategy 3 controls the DC voltage and returns to a level its
initial value. Of course, by changing the values of the MAS controllers, their
sensitivity to delay will change. Longer delays make the convergence of the MAS
strategy slow and can even lead to instability (see [61]). Inorder to increase the
convergence speed, we can increaseγi . Note that, in this study we suppose thatγ1 =
γ2 = γ3 = γ . However, in the presence of delay, the largerγ can even worsen the
results. The effect of the parameters on the behavior of the system in the presence
of delay has not been investigated analytically in this thesis.
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Next, we study the difference between voltage at each converter and its ref-
erence voltage,∆ure f

i = Vre f
dc,i −Vdc,i . To show the behavior of∆ure f

i , only MAS
strategy 3 has been selected.

Figure 4.7 shows the change in∆ure f
i for participating converters in MAS

strategy 3. As shown in the figure, they converge to a common value at around
t = 12(s). Since the∆ure f

i for all converters will be the same, the changes of their
injected active powers only depend on their droops. It must be noted that the con-
vergence of the MAS strategy 2 is much faster than MAS strategy 3.
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Figure 4.7: Study 3: Variation of the voltage at DC buses fromtheir reference
values with MAS 3 control strategy. converter 1 (in red), converter 2 (in black),
converter 3 (in blue).

Next, we study the contribution ofα andβ in MAS strategy 1.
As mentioned in Chapter 3,α is the weight we give to the local information,

while β is the weight of remote information. Considering that the wide-area com-
munication can not be without delay, if we considerβ to be large, it can cause
stability problems. Figure 4.8 shows the response of the system for td = 50(ms)
andβ = 1 andβ = 1.5. The variation of the voltage at DC bus 2 is stable forβ = 1
and the oscillations will be damped after 3(s) but for β = 1.5 it is unstable.

4.5 Comments

The VDM method used in this thesis, uses local information, i.e. each converter
uses its own DC voltage. No Proportional Integral (PI) or Integral (I) controller is
used to implement this controller and it is supposed that if adisturbance happens,
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Figure 4.8: Study 3: Variation of the voltage at DC bus 2 with MAS 1 control and
td = 50(ms) andβ = 1 (in blue) andβ = 1.5 (in black).

converters inject exactly the active power according to their droop curves and there
is no mismatch.
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Figure 4.9: Two other proposed schematics for implementingVDM: (a) schemeI ,
(b) schemeI (reduced), (c) schemeII

Figure 4.9 shows two other schemes for VDM. In the first scheme(scheme
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I ), which is shown in Figure 4.9 (a), in addition to the proportional gain (Ki) an I
controller (with coefficientαi) is also utilized. This scheme is reduced as shown
in Figure 4.9 (b), whereTG = 1

Ki αi
[69]. In the second scheme (schemeII ), a PI

controller is used (Figure 4.9 (c)) andP∗
in j,i is the expected injected active power

according to the voltage droop curve. Both PI and I controllers make sure that
the actual injected power will be equal to the desired injected power (based on the
droop).

Although one can call it a slope voltage controller, since the VDM controllers
in this thesis use local information and considering that the DC voltage is not a
global variable like frequency in AC system, the proposed system in this thesis
has the same steady state results as two other methods. To show this, Study 1 is
simulated again and the results are compared together. Figure 4.10 shows behav-
ior of Vdc,1 with changes in the injected active power (Pin j,1) for all VDM control
schemes. The system is operating at the point(Pin j,1,Vdc,1), which is marked with
a circle. After disturbance, the voltage in all methods reach to the same final value,
which is marked with a cross. The only difference between these methods is their
dynamic behavior. The other terminals show similar behaviors. As can be seen,
the final value which both controllers reach to, are the same.
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Figure 4.10: The voltage against the injected active power at DC bus 1: VDM
presented in this thesis (in black), VDM schemeI (in blue), VDM schemeII (in
green) and the steady-state characteristic (in dashed red).



Chapter 5

Conclusion and future work

5.1 Conclusion

This thesis has covered the issues regarding the control of the DC voltage in Multi-
Terminal high-voltage Direct-Current (MTDC) systems. After a literature review,
the MTDC system has been modeled. Two modeling approaches have been pre-
sented for the purpose of this thesis: Injection model and AC/DC model. In the In-
jection model, only the DC grid has been considered, while inthe AC/DC model,
the dynamic of the converter, the AC filter and the phase reactor connecting the
terminal to the AC grid has also been considered. The AC systems have been mod-
eled with their Thevenin equivalents and it has been supposed that the Thevenin
voltage has constant magnitude and phase. The modeling has been done in MAT-
LAB/Simulink and a 4-terminal MTDC system has been chosen for the case stud-
ies. This grid is connected to three AC grids and one wind farm. Comparing the
results in Figures 4.2 and 4.3, it is evident that the only difference of these models
is in their transient response, where the AC/DC model shows larger variations, but
their steady-state response is the same. Depending on the scope of the study, we
can choose one of these models. If including detailed model of AC grid is of in-
terest, the AC/DC model has this capability to add it. On the other, if only the DC
grid behavior is of interest, the Injection model can be used.

Two main methods Voltage Droop Method (VDM) and Voltage Margin Method
(VMM), which are presented in the literature, have been discussed. Then, two se-
ries of control methods presented. The first series of control methods are Multi-
Agent System (MAS) control methods. These control methods can be considered
as modified VDM. In this method the reference voltage of each controller is up-

59
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dated continuously after disturbance happens. These methods use both remote and
local information, but do not rely only on remote information. When remote in-
formation is not available, these methods simply operate like VDM. Each of these
control methods has their own aim in control.

When MAS strategy 1 has been applied to the MTDC system, the DCvoltage
has returned to a level close to their initial values. Then wehave developed the
MAS controller further and presented MAS strategies 2 and 3.Application of
MAS strategies 2 and 3 has resulted in equal deviation of DC voltages from their
reference values. As a result, the power has been distributed equal to the droop
constants (similar to the frequency control in AC grids).

We have shown how the power mismatch after a distribution is distributed be-
tween different converters. We have also shown the changes in the loss of the
MTDC system due to application of different control strategies in Tables 4.5 and
4.6. In MAS strategies we can optimize the amount of this lossusing remote infor-
mation, but it has not been addressed in this thesis.

Since MAS strategies use remote information and remote information may
comes with delay, a sample delay of 100(ms) has been chosen and the MAS strate-
gies have been implemented for this delay. We have shown in figure 4.6 that the
MAS strategy 3 has the best performance in the presence of delay.

We have simulated all above control methods using both Injection and AC/DC
models. The results have shown the effectiveness of the control methods. It has
been shown in figures 4.2 and 4.3 that the behavior of the system for these two
models are similar but the voltage deviation is different.

The second group of control methods have been presented in this thesis in-
cludes two Sliding Mode Control (SMC) methods andH∞. This group use only
local information. We have implemented the SMC controllers, basic and integral,
on AC/DC model andH∞ on Injection model.

We have developed the aforementioned SMC control method using a philoso-
phy similar to VMM, i.e., at each time only one of the converters controls the DC
voltage (as slack converter) and other converters control their injected active pow-
ers. Because of this similarity, these methods have been compared together. The
simulation results have shown that both SMC controllers cancontrol the DC volt-
age in MTDC system very fast and with less overshoot comparedto VMM. Then
we have compared the performances of the two SMC control methods with each
other and have shown that in the case of changing the slack converter, basic SMC
controls the voltage with small overshoot while integral SMC controls the voltage
almost without overshoot. Consequently we have concluded that it is possible to
choose an even smaller voltage margin, which, unlike VMM, makes this method
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suitable for MTDC systems with high number of terminals.
Finally, we have appliedH∞ control on the MTDC system. We have shown that

it results in a very small voltage deviation after disturbance. This control method
makes its possible to not only control the voltage, but also limit the injected active
powers and weight the contribution of different convertersproportional to their
available headroom.

5.2 Future work

As seen in the simulation results, the delay has an negative effect on the perfor-
mance of MAS control methods. It would be interesting to study the effect of delay
on the stability of different MAS methods. Considering thatthe performance of the
controller for a given delay was different in Injection model and AC/DC model, it
is important to analyse these effect separately for each model. Moreover, study of
effect of time varying delays on the proposed MAS controllers can be interesting.

The models presented in this thesis can be further developedto be able to iden-
tify and analyze relevant electromechanical dynamics suchas rotor angle stability,
voltage stability and frequency stability.

Also supplementary controls (such as Power Oscillation Damping (POD)) can
be developed for the converters to improve dynamical performance of the AC/DC
system. The impact of the proposed DC voltage control strategies in this thesis and
the aforementioned supplementary controls on the hybrid AC/DC system can be
studied. The aim is to fulfill N-1 criterion for both MTDC and AC systems.

Different market and operation issues can be considered in this MTDC system.
In the hourly operation of the system, balance between production and consump-
tion has to be kept continuously in an economical and reliable way, considering
production and transmission limits. The continuous balance is kept with Frequency
Containment Reserves (FCR) (frequency controlled power plants that keep enough
margins for this) which is distributed between power plantsin different regions.
Used FCR are restored using Frequency Restoration Reserves(FRR) which in the
market means accepted bids to the regulating market. In manysystems there is also
an Automatic Generation Control (AGC) system which automatically redistribute
the production in order to fulfil requirements concerning security limits and eco-
nomic generation. The question is how can FCR between the asynchronous AC
systems connected by MTDC system be coordinated?

An important issue is the set-up of the AGC systems and the needed control.
The instant reaction after a contingency in, e.g., the MTDC system causes direct
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changes in the AC systems. This may not be efficient from internal bottleneck point
of view and/or from economic point of view. This then means a)the instant reaction
has to be distributed in such a way that AC system stability ismaintained, b) each
AGC system must be set up in order to consider the price signals so an economic
operation is obtained, c) there must be a coordination between the different AC
systems so one do not get a suboptimum in each system, i.e., re-distribute the
power between the different AC systems in an efficient way, d)there must be a
system set-up so the correct price signals can be consideredin the controllers,
e.g. through a real time pricing system. Therefore, the distributed coordination
of different operational zones can be studied.
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