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Abstract

Offshore wind turbines are preferred rather than onshore ones for their
numerous advantages, such as land saving, higher wind speeds and higher
power generation. However, AC power transmission would fail to deliver
the generated power economically over distances longer than 80 kilometres
using submarine cables. The more feasible option is to use High Voltage DC
(HVDC) power transmission for offshore wind generation. Unlike AC
transmission systems that have established power and current flow control
methods, DC power transmission systems have only reliable power flow
control techniques for point to point systems, which makes it one of the
challenges preventing realisation of Multi Terminal HVDC grids (MT-
HVDC) as cables may be subjected to higher currents causing overloading
and thermal problems. Different HVDC power flow control schemes are
suggested by controlling the AC/DC converters such as voltage droop
control and voltage margin control. Other methods of power and current flow
control based on the connection of new power electronic equipment to the

grid have been also proposed.

This thesis presents operation and control of an IGBT based Current Flow
Controller (CFC) for MT-HVDC grid applications. The CFC is studied in its
preliminary two-port configuration and possible modes of operation and
dynamic models are produced. An extended topology is proposed to allow
the CFC to be connected to more than two cables at a time. Although the
proposed extended CFC topology is simple in construction and gave
acceptable results in most case studies, it has shown some drawbacks in
certain case studies where controlled currents have significant differences in
magnitudes. To resolve this problem, a generalized Modular CFC (MCFC)
topology is proposed which allows each current to be controlled



independently and overcome the extended topology’s drawback. Moreover,
a reduced count switch count topology is proposed which reduces the MCFC
cost by half in cases of unidirectional current flow control.

All proposed control strategies and topologies are validated using both
computer simulation through MATLAB/SIMULINK and PSCAD/EMTDC
software packages and experimental validation through Rapid Control
Prototyping (RCP) with the aid of Opal RT real time simulator. Studies
carried throughout this thesis show that the proposed MCFC may play an
important role in current flow control applications in MT-HVDC grids due

to its low cost, small footprint and accurate performance.
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Introduction




1.1 Background

As more people continue to migrate from rural villages to big cities, the demand for
new electrical power installations has increased rapidly in recent years [1].
Conventional fossil fuels such as coal, gas and oil are still the main sources of energy
supply for electrical power generation. Although using these types of fuels results in
producing the cheapest electricity, their high carbon emissions makes them the main
contributor to environmental degradation that is clearly noticed in climate change
problems [2]. Additionally, fossil fuels are not renewable and are expected to run
out in the future [3]. Nuclear energy is considered to be another highly efficient,
reliable and economically competitive energy source for electrical power generation
[4]. However, nuclear energy has several political problems and long term
environmental concerns, such as the catastrophic events of Ukrainian Chernobyl
disaster in 1986 and Fukushima Daiichi nuclear disaster in Japan in 2011[5]. As a
result, clean and renewable energy sources such as hydro, wind, solar and biomass
became more attractive and several leading countries such as the United States and
the United Kingdom have planned to increase the installed capacity of renewable
energy resources dramatically over the upcoming few years. Some other countries
such as Germany chose to abandon nuclear energy in favour of renewable energy
[6].

In 2015, 28.9 GW of new power generating capacity was installed in the EU, 2.4
GW more than in 2014. Wind power was the energy technology with the highest
installation rate in 2015: 12.8 GW as shown in Figure 1.1, accounting for 44% of all
new installations. Solar PV came second with 8.5 GW (29% of 2015 installations)
and coal came third with 4.7 GW (16%). Gas installed 1.9 GW (6.4 % of total
installations), hydro 238.5 MW (0.8%), biomass 232.4 MW (0.8%), waste 118.5
MW, nuclear 100 MW, geothermal 4.3 MW and ocean 4.1 MW. Peat and fuel oil
did not install any capacity in 2015. During 2015, Member States decommissioned
8 GW of coal capacity, 4.3 GW of gas, 3.3 GW of fuel oil, 1.8 GW of nuclear energy
capacity, 518 MW of biomass and 281 MW of wind energy [7].
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Figure 1.1 Share of new power capacity installations in EU in 2015. Total of 28.9
GW [7].

1.1.1 Current developments in wind energy

Wind energy has been utilized since early ages of ancient humans in 5000 BC when
boats used wind to sail the river Nile. Also wind mills have converted the kinetic
energy of wind into mechanical energy since 200 BC, where it was used for pumping
water and grinding in china [8], [9]. In the early 1970s, wind energy started to gain
interest for electrical power generation on a small scale as a result of the oil crisis.
However, things changed in the 1990s and wind energy emerged as one of the
leading sustainable energy resources [10].
Wind power generation gained more attention than other renewable energy
resources as it is considered to have a low environmental impact [8], [10], [11]. The
reasons can be summarized as follows:

o |t offers a low cost alternative for fossil fuels.

e It does not consume any fuel or water and it does not produce any emissions.

e Hasgood lifetime expectancy of 20-25 years and breaks even its cost in three

to six months of generation [7], [12], [13].
e It utilizes less land area per kilowatt-hour of power generation when

compared to other resources.



e The wind energy conversion systems (WECS) have experienced a massive
technological boost in recent years, increasing its efficiency and reliability.
In the 1990s, a single wind turbine was rated at a few kWs; now a single wind turbine
can be rated up to 8 MW such as the Vestas V164 turbine introduced in 2014 [14].
Figure 1.2 shows the evolution of wind turbine diameter length and the power
electronics from 1980 to 2018 [15].

Y

1980 1985 1990 1995 2000 2005 2011 2018 (E)

Power  Rating: = 0% | 10% 30% 100%
. I Rotor | 5 | aenerator
Electronics Role: Soft starter Rotor Rotor Full generator

resistance power power

Figure 1.2 Evolution of wind turbine diameter length and it’s power electronics
[15].

During 2015, 13.8 GW of wind power was installed across Europe, 5.4% more than
in the previous year. 12.8 GW of it was in the European Union. Of the capacity
installed in the EU, 9.7 GW was onshore and 3 GW was offshore. In 2015, the annual
onshore market decreased in the EU by 7.8 %, and offshore installations more than
doubled compared to 2014. Overall, EU wind energy annual installations increased
by 6.3% compared to 2014 installations. Germany was the largest market in 2015 in
terms of annual installations, installing 6 GW of new capacity; 38% of total capacity
was installed in Germany. Poland came second with 1.2 GW, more than twice the
annual installations in 2014 and one quarter of its national cumulative capacity at
the end of 2015. France was third with 1.1 GW and the UK was fourth with 975
MW, 59% of which was offshore (572 MW). Almost half of the new capacity
installed in 2015 came from the pioneering markets of Germany and Denmark. This
4



is mainly due to the stability of the regulatory frameworks in these countries, which
gives investors visibility on cash flows of future projects and favours investments in
wind energy. 47% of all new EU installations in 2015 took place in Germany and
73% occurred in the top four markets, a similar trend to the one seen in 2014.
Offshore wind accounted for 24% of total EU wind power installations in 2015,
double the share of annual additions in 2014. This confirms the growing relevance
of the offshore wind industry in the development of wind energy in the EU [7].
Figure 1.3 shows the EU market shares for new wind energy capacities installed
during 2015.

Greece, 172, 1.3% Lithuania, 145, 1.1%
Denmark, 217, 1.7% Portugal, 132, 1%
Ireland, 224, 1.7% Croatia, 76, 0.6%
Belgium, 274, 2.1% Romania, 23, 0.2%
Italy, 295, 2.3% Cyprus, 11, 0.1%

Austria Estonia, 1, 0.01%
323
2.5%

Finland
379
3%

Netherlands
586
4.6%

Germany
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Sweden

615

4.8% UK
975
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France

1,073 " pojand
8.4% 1,266
9.9%

Figure 1.3 EU member state market share of new wind energy capacity installed
during 2015 (MW), total 12.8 GW [7].

1.1.2 Offshore wind energy

As the wind technology emerged and the demand for more land use to install new
wind farms increased, the idea of forming offshore wind generation platforms
evolved [16]. In addition, offshore wind energy projects have one big advantage over
the wind energy projects on land, namely more frequent and more powerful wind.
Some recent studies have shown that offshore wind blow 40 percent more often than

wind on land which means that in the future offshore wind farms can easily outpace

5



wind projects on land in terms of installed capacity [17]. However, the major
disadvantage of offshore wind farms is high construction costs and complex logistics
[16]. Structures in offshore wind energy projects need to be strong enough in order
to withstand rough weather conditions; the cost of installing an offshore wind turbine
was estimated to be double of that onshore per megawatt of capacity in 2010 [18].
Consequently, wind farms need to be large, or otherwise they are not economically
viable. Figure 1.4 shows the global cumulative offshore wind capacity, where it can
be noted that the United Kingdom is leading the charts by more than 5 GW of
installed capacity, followed by Germany, Denmark, China, Belgium, Netherlands
and Sweden [19].

ANNUAL CUMULATIVE CAPACITY (2011-2015)

GLOBAL CUMULATIVE OFFSHORE WIND CAPACITY IN 2015 [t -
12,105

5000 MW 12,000
10,000
B Cumulative Capacity 2014 [l Cumulative Capadity 2015 8728
8,000 7,046
4000 6,000 5415
4117
4,000
2,000
3,000
0

201 2012 2013 2014 2015

UK Gevmany Denmark PR China Belgium Netherdlands ~ Sweden ~ Japan  Finland  Ireland S Korea Spain  Norway Portugal US  Total
Total 2014 4,500 1,012 1271 658 72 247 212 50 26 pL] 5 5 2 2 002 8728
New2015 566 2282 0 361 0 180 3 0 0 0 0 0 0 0 339
Total 2015 5,061 3,295 127 1,018 mn 47 2(]2 53 26 25 5 5 2 2 002 12,105
Source: CGWEC

Figure 1.4 Global cumulative offshore wind capacity and annual cumulative
capacity (2015) [19].

1.2 Research Motivation

When offshore wind farms are built far into the sea, High Voltage Direct Current
(HVDC) is the most viable way to transmit the generated power to shore [20].
However, almost all the available HVYDC interconnections are point to point. Data
presented in Figure 1.4, indicates that offshore wind energy farms are being installed
extensively by European countries in the North Sea area. As a result, industry leaders



and research pioneers proposed the idea of interconnecting such farms with multi
terminal HVDC (MT-HVDC) connections and forming the so called “European DC
super grid” [21], [22] as shown in Figure 1.5.

Figure 1.5 Proposed European super grid [21].

The collaboration between industry and researchers conducted a joint research group
called “friends of the super grid” to work on practically realizing this idea. However,
several challenges arose [23], [24] such as the following:

e Absence of reliable DC protection schemes and equipment that are needed
to protect the system against Faults.

e The need of DC-DC high voltage transformer, to intertie connections with
different voltage levels.

e Absence of power and current flow control methods. The control of the
flowing current is important to prevent cables overloading and damage and
to achieve dispatch orders.

This research project focuses on contributing to the MT-HVDC concept by offering
a solution of precise current flow control in DC grids.



1.3 Research Aim and Objectives

This research studies an IGBT based Modular Current Flow Controller (MCFC)
for application in MT-HVDC grids, with the aim of developing a feasible power
electronic current control and limiting solution that can be implemented
practically to prevent cables overloading and facilitate maintenance. To achieve

this aim, the following objectives were set for this investigation:

e To perform a literature review to study AC/DC converter topologies,
multi terminal HVDC grid configuration and available power and
current flow control methods, especially methods proposed by

industry.

e To investigate the available current flow controller (CFC) topology
in order to develop all possible operating modes, mathematical model

and appropriate control circuits.

e To achieve autonomous operation of the CFC by designing operating
mode detection and change control unit, giving it the ability to

operate continuously even under sudden load changes.

e To develop a generalized topology to be applied for large MTDC
grids and a reduced switch count topology for unidirectional power

flow applications.

e To validate all the developed operating modes, control strategies and
topologies through both computer simulations and scaled down

experimental prototyping.



1.4 Thesis Structure

This thesis consists of seven chapters as follows:

Chapter 1: Introduces the thesis, includes a background on development of
wind energy and multi terminal HVDC grids, research motivation and finally
research aims and objectives.

Chapter 2: Discusses current AC/DC converter topologies used in HVDC,
MTDC grid configurations and challenges preventing their realisation.
Chapter 3: Reviews existing current and power flow control methods through
either the AC/DC converter control or applying addition equipment to the
grid.

Chapter 4: Presents the proposed current flow controller operating principle,
modes of operation, mathematical model, control strategies, extended three-
port topology and computer simulation results.

Chapter 5: Presents the proposed modular generalized topology and reduced
switches count topology of the CFC, and their validation through computer
simulation.

Chapter 6: Scaled down laboratory prototype details are demonstrated, and
all proposed topologies and control schemes are validated experimentally.
Chapter 7: Presents general conclusions, summary of contributions and

recommendations for future research.

1.5 Publications

Journal papers:

Diab, H.Y., Marei, M.I. and Tennakoon, S.B. “Operation and control of an
insulated gate bipolar transistor-based current controlling device for power
flow applications in multi-terminal high-voltage direct current grids”. IET
Power Electronics, 9(2), pp.305-315. 2016.



e Diab, H.Y., Marei, M.l. , Tennakoon, S.B. and Abdelsalam M. “A
Generalized Topology of a Modular Current Flow Controlling Device for
Multi-terminal DC Grid Applications” a submitted IEEE Transaction.

e Diab, H.Y., Marei, M.I. and Tennakoon, S.B. “A Reduced Switches Count
Topology of Current Flow Control Apparatus for MTDC Grids” Journal of
Power Electronics. Vol. 16, No. 5, 2016.

Conference papers:

e Diab, H.Y., Tennakoon, S., Gould, C. and Marei, M.1. “An investigation of
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2

Emergence of High Voltage DC
and Multi terminal DC grids
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2.1 Introduction

The modern configuration of electrical power generation, transmission and
distribution systems has been changed significantly with the increased integration of
advanced technologies and power electronics when compared with the conventional
power system. In recent decades, new technologies such as smart grids (demand side
management, bi-directional smart meters, etc.), Flexible AC Transmission Systems
(FACTS) and new renewable power resources such as solar, wind, tidal and wave
energy have been added gradually to the power system to enhance its functionality,
reliability and continuity. Solar and wind energy, especially offshore, are considered
to be the leading alternatives to conventional fossil fuel based systems in Europe
generally and in the North Sea area in particular.

This chapter reviews the re-emergence of High Voltage Direct Current
(HVDC) power transmission as a serious rival to High Voltage AC (HVAC)
transmission and AC grid. Three AC/DC power converters topologies, Line
Commutated Converters (LCC), Voltage Source Converters (VSC) and Modular
Multilevel Converters (MMC) are reviewed as they form the core of any HVDC
transmission network. The possible configurations that are available for forming
multi-terminal DC grids are also discussed along with challenges that need to be
overcome for the practical realisation of DC grids.

2.2 High Voltage DC Transmission

HVDC has been a power transmission option since early 1950s, where the
world’s first HYDC commercial transmission line was installed between Gotland
and the Swedish mainland [25]-[27]. Since then, HVDC started to attract researchers
and industry to investigate its feasibility and whether it can be a better substitute to
conventional HVAC transmission. Until now, most European offshore wind farms
are interconnected to the grids with HVAC [28], as each specific wind farm case in
terms of network configuration and power rating play an important role in choosing
the best solution. The main advantages that HVDC [28], [29] can offer when

compared to HVAC can be summarized as follows:
13



e Ease of interconnecting two asynchronous grids, for example, the back to
back HVDC link between Brazil and Argentina. By connecting two back to
back AC/DC converters, AC power is converted to DC and then back to AC
with the desired frequency, facilitating power exchange between 50Hz and
60Hz grids.

e Ease of active power control in point to point links.

e Lower power losses and cost over long distances of power transmission; in
particular, in submarine transmission. This is the major factor that
contributes toward HVDC to take over HVAC in offshore wind farm to grid
connections. Figure 2.1 illustrates the cost against transmission distance for
both overhead and submarine cable transmission. HVAC is more economical
in shorter distances as the total cost is low when compared to the high cost
of HVDC converter stations. Nevertheless, DC underwater cables rated to
transfer an equal amount of power at lower costs than their three-wire AC
rivals. On the other hand, transmitting power to long distances is more
economical with HVDC as there are no reactive power compensators needed
similar to when transporting via HVAC.As a result, HVDC is usually more
economical when transmitting power using submarine cables for distances
more than 70km [30].

Cost

Total HVAC cost
Total HVDC cost
/
A
DC line
v cost
o A
A
AC line
cost DC Terminal
\ J cost
A
AC Terminal
\ Y » Transmission
Break even distance distance

Figure 2.1: Power transmission cost versus distance with both HYDC and HVAC
solutions.
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The increase of more remote offshore wind farms as well as the desire for
establishing international interconnections in the North Sea area [31]-[33] require
long transmission networks and reliable power flow controllability. The large shunt
capacitance of submarine cables affects HVAC connections causing stability
problems and require large reactive power compensation equipment [28]. For these
reasons, HVDC became the best available option for forming not only point to point

connections, but also offshore multi terminal HVDC power transmission networks.

2.3 High Voltage DC Converter Stations

2.3.1 Line commutated current source converter

The most recognized and generally utilized in conventional HVDC power
transmission is thyristor valve based three phase line commutated converter (LCC)
or also known as 6 pulse Graetz bridge shown in Figure 2.2 [34]-[36]. LCC can
transmit power in both directions where it can be operated in inverter or rectifier
modes by changing the firing angle. If the firing angle is set to less than 90°, the
converter is operated in rectification mode and transmits power from the AC side to
the DC side. If the firing angle is set to a value between 90° and 180°, it can be
operated as an inverter and power is transmitted from the DC side to the AC side.
The high reliability, low cost technology and high power capability have put the
LCC in a leading position when it comes to market share [37]. A widely used
configuration of LCC is back to back HVDC transmission system shown in Figure
2.3. One major drawback of LCC based HVDC is that it suffers from low order
harmonics which need to be treated through installing additional large passive filters.
[38]. Despite the low cost and high efficiency of passive filters, they are still limited
to specific frequencies. Moreover, they are affected by the system impedance [39]
and consume large amount of reactive power due to the operation with AC current
lagging the voltage[36], [40].
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Figure 2.2: Three phase line commutated converter topology.
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Figure 2.3: Back to back LCC based HVDC system.

To overcome these drawbacks, active filters have been proposed for LCC based
HVDC systems as shown in Figure 2.4 as they are able to compensate the distorted
current waveforms produced by the LCC [39], but on the other hand, more switching
losses are introduced to the system as a result [34] and large footprints are lost. Also,
a LCC needs to be connected to a strong AC grid to guarantee successful
commutation otherwise operational problems may occur if connected to a weak
system.

LCC HVDC converters are invariably 12 pulse as shown in Figure 2.5, where two 6
pulse LCC are displaced in phase by 30° [35], which leads to 12 pulse operation.
The increased number of pulses eliminate all 6n+1 harmonics; 5, 71, 11" and 13™

harmonics.
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Figure 2.4: Active filter connected to LCC-HVDC system.

Another similar converter topology proposed is the Capacitor Commutated
Converter (CCC) where series capacitors are connected between the converter and
the AC grid (see Figure 2.6) allowing connection to weak AC grids, and overcoming

LCC’s commutation problem [41].

'y
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Figure 2.5: 12 pulse Line Commutated Converter circuit topology.
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Figure 2.6: Circuit topology of Capacitor Commutated Converter (CCC).

2.3.2 Self-commutated voltage source converter

As its name implies, self-commutated Voltage Source Converters (VSC) use self-
commutating switches such as Gate Turn Off Thyristors (GTO) or Insulated Gate
Bipolar Transistors (IGBT), as shown in Figure 2.7 [42]. Switches can be switched
on or off at any time by on/off gating signals, which is a great advantage in
comparison with LCC’s thyristor valves which can only be turned off by reducing
the anode current below zero [42]. Anti-parallel diodes need to be connected with
VSC’s switches as IGBTs can only block voltage and permit current in one direction
[43], and these diodes provide the ability to dissipate current in the other direction.
VSCs give better waveforms as it can be operated in high frequencies, typically
around 1 kHz, to get rid of low order harmonics [36]. Another important advantage
of VSC technology is that it allows both active and reactive power control
independently from each other and DC voltage level [40], allowing VSC converters
to be installed at any point in the AC grid without the need of reactive power

compensation as well [36].
18



S T U S

Vbc J 3
-':-: Vb
I VC

49

Figure 2.7: Three phase two level self-commutated — VVoltage Source Converter
(VSC).

One of the features that attracted researchers and industry leaders to the VSC
technology is that it behaves as an amplitude and phase angle controlled voltage
source [43], allowing the instant reversal of active power if needed, which gives
VSC more potential to act in the converter role in futuristic MTDC grids when
compared to LCC [42]. VSCs can also be connected in back to back configuration
as shown in Figure 2.8. However, 2 - level VSC converters in its conventional form
still need bulky DC link capacitors. VSCs also offer lower power capacities and
higher switching losses when compared to LCC converters.

AC grid 1 Inverter AC grid 2

station :

Rectifier
station

Figure 2.8: Back to back connection using VSC converters.
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2.3.3 Multi-level converter topologies

Voltage source converters are thought to be the best choice for the future industry
applications for HVDC transmission systems [44]. However, conventional
topologies of two-level VSC still suffer from significant drawbacks such as poor

performance in case of DC link faults [45], [46].

To make VSCs more feasible, several multi-level converter topologies have been
introduced by researchers offering similar but upgraded operation to that of
conventional VSC and providing features such as lower voltage stress on IGBT’s,
low dv/dt, and suppression of low order frequency harmonics and hence decreasing
AC side filter footprint and cost [47], [48]. Diode clamped multilevel converter was
first introduced in 1980 by [49] and afterwards extended to N levels topology in
1983 by [50]. Flying capacitor multilevel converter is another topology introduced
in the early 1990s by [51], [52]. Both topologies suffered from DC link capacitors
voltage imbalance, complexity with higher levels and vulnerability to the effect of
system impedance [53]. Modular multi-level converters (MMC) emerged firstly in
its half-bridge configuration in [54] and offered several advantages such as minimal
conversion power losses when compared to other earlier VSC topologies, offer
modular functionality to increase voltage level as desired, easy capacitors voltage
balancing feature and higher system redundancy [55]. Unfortunately, half bridge
MMCs suffer from AC inrush currents during DC link faults and are capable of
operating in buck mode that does not provide active power to the AC grid when the

DC link voltage decreases under the peak value of line AC voltage [55].

Full bridge MMC was introduced later on which offers similar advantages in
addition to the ability of DC faults ride through and the voltage support capability
to the AC grid during faults [56]. Also, H-bridge MMC cells can produce bipolar
output voltage +V¢ or -V which gives it another reason to be utilized in HVDC
transmission and renewable energy interconnecting when compared to unipolar +Vc
output of half bridge MMCs.
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Hybrid cascaded H-bridge multilevel converter was proposed as a special type of
converter [57]. It offers multilevel output voltage waveform with less number of
cells, but still has limited capabilities in interrupting DC faults and AC inrush current
and the voltage stress on each switch is relatively high which in turn limits the
application of such converter in HVDC transmission systems [58]. The next

subsections discuss multilevel converters in more details.

2.3.3.1 Diode clamped multilevel converter

The topology of the diode clamped multilevel converter is formed of clamping
diodes and series DC capacitors, each phase of n-level converter (n-1) capacitors are
connected in series across the DC side and 2x(n-1) switches are present along with
(n-1)x(n-2) clamping diodes. This topology is capable of producing n levels of phase
voltage in normal operation [59]. The single phase, three level diode clamped
converter topology shown in Figure 2.9 consists of four IGBT switches (S1, Sz, S3
and Ss) each with its own anti parallel freewheeling diode (D1, D2, D3 and Da
respectively) allowing current flow capability in both directions. Each capacitor is
subjected to voltage %2 Vg and the neutral point G is set between both capacitors.
These DC link capacitors are charged or discharged when current ig flows into the

neutral causing neutral-point voltage distortion [53].

Figure 2.9: Single phase three-level diode clamped converter.
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The output voltage of this converter V, is produced by three switching stages. First,
when switches S; and S are on and Sz and Ss are off, the output is % Vqc. Second,
when Sy and Sz are on and S; and S4 are off, the output voltage is equal to zero.
Finally, when Sz and S4 are the only switches that are on, the output voltage is -%
Vdc. The clamping diodes role is to clamp the voltage to ¥ Vg4 on each switch that is
turned off [60]. The topology of the diode clamped converter is relatively complex
making it difficult to be constructed in a high number of levels with high number of
clamping diodes limiting its practical implementation in high voltage applications
[61]. As the levels exceed three, DC link capacitors voltage become unbalanced and
further circuits or capacitor voltage balancing techniques are required to solve this
problem [62].

2.3.3.2 Flying capacitor multilevel converter

Another topology is the Flying capacitor multilevel converter, where the capacitors
are combined with switches to produce different voltage levels by adding or
subtracting the capacitor voltages [63]. The voltage stress on each IGBT is
equivalent to the voltage rating of each capacitor; hence, for an n-level converter (n-
1) DC link, capacitors are required as well as %2 (n-1)x(n-2) flying capacitor per
phase. Figure 2.10 illustrates the circuit topology of a single phase three-level flying

capacitor multilevel converter.
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Figure 2.10: Single phase three-level flying capacitor converter.

The switching states are somehow similar to that of diode clamped converter
mentioned earlier, offering three output voltage levels %2 Vg, -¥2 Vgc and 0 [64], [65].
The flying capacitor multilevel converter requires a large number of capacitors at
the DC side. For this reason, it is impractical to implement such topology in a high
voltage transmission system with a large footprint and high cost of the bulky
capacitors [66]; in addition to the DC link voltage imbalance mentioned earlier, the
applications of this converter in medium voltage power transmission are limited
[67].

2.3.3.3 H-bridge cascaded multilevel converter

The cascaded H-bridge multilevel converter is basically a set of series connected H-
bridge cells each requiring its own independent DC source [68] as shown in Figure

2.11. This type of converter is not used in HVDC power transmission as there is no
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DC link present. Still, H-bridge cascaded converters are used for integrating

photovoltaic cells to the grid [69] and electric vehicles [70].
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Figure 2.11: H-bridge cascaded multilevel converter.

2.3.3.4 Hybrid H-bridge cascaded multilevel converter

The hybrid H-bridge cascaded multilevel converter’s topology is shown in Figure

2.12 with n H-bridge cells per phase. The converter can produce up to 4n+1 voltage
levels. The voltage rating of each cell capacitor is ‘;—ic and it is equal to the voltage

stress on each H-bridge cell [57].

24



Sq

» S
il

Figure 2.12: Hybrid H-bridge cascaded multilevel converter.

Ve

il s

During DC faults, all IGBT switches including H-bridge cells are switched off, and
cell capacitors give reverse voltage to suppress the inrush current from the AC grid.
This leads to a state where no active or reactive power is exchanged during DC fault
condition. The main switches, S1 and Sz, are subjected to high voltage stress of value

Ve Which limits the application of this topology in HVDC power transmission.

2.3.3.5 Half bridge modular multilevel converter

Single phase half bridge based modular multi-level converter topology is
demonstrated in Figure 2.13 where it is formed of n half bridge cells per arm that is
capable of producing n+1 output voltage levels. The rating of each cell capacitor is

VTdC and it is the same value of voltage stress that is subjected to each switch. One of

the main advantages of this topology is that the output voltage can have nearly a
sinusoidal waveform with increased number of levels. Arm inductors are present to
suppress the harmonics in arm currents and to limit the AC inrush current during DC

side faults. Sinusoidal Pulse Width Modulation (SPWM) and phase shifted carried
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modulation [71] are two major modulation methods commonly used in half-bridge

MMC control. Cell capacitor voltage balancing techniques are also introduced [72].
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Figure 2.13: Half-bridge modular multilevel converter.

The half-bridge MMC offer several advantages such as the following:

- Low voltage stress on each switching element as mentioned earlier

- No need for bulky capacitors.

- The quality of output waveform increases with the increase of number of levels.
Leading to less harmonics and smaller footprints for filters and less cost.

- Decreasing the switching frequency with the increased number of levels leading to
less switching losses.

However, this type of converter does not offer DC fault ride through capability and
it cannot be controlled in cases of DC link voltage decrease (between 0 and V)
which is a common case with renewable energy generation as wind speed and solar
irradiance cannot be controlled. Another disadvantage of half bridge MMC is that it
suffers from arm current harmonics and circulating current in each phase having

significant increases in conduction losses.
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2.3.3.6 Full bridge modular multilevel converter

With similar advantages of that of Half bridge MMC, the Full bridge MMC shown
in Figure 2.14 offers low switching frequency which has direct impact on AC side
filters size, low voltage stress on IGBT switches, eliminating bulk DC link capacitor,
and excellent AC output voltage waveform that is close to sinusoidal. However, as
the full bridge MMC involves more switches when compared to half bridge MMC
at the same power level, it has a noticeable draw back that it produces higher
switching losses. The full bridge MMC started to gain the attention of both industry
leaders and researchers as it adds an important advantage to its half bridge rival,
which is the DC fault ride through capability by suppressing AC inrush current with
reversed cell voltage and is able to keep cell capacitor voltages to the rated value.
Some other advantages such as post fault recovery and active power injection to the
AC side by utilising the full range of DC link voltage gave the full bridge MMC
superiority over all other topologies discussed earlier.
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1 2 Full bridge
-1 . Submodule
n
v,
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Figure 2.14: Full-bridge modular multilevel converter.
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2.3.4 AC/DC converters summary

The most famous converter topologies and their functionalities discussed earlier in

section 2.3.3 are compared in Table 2-1.

Table 2-1: Comparison between AC/DC converter topologies.

control

Required
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Requires

filters at AC

side

DC fault ride

through
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AC fault ride

through
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link voltage
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Line
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Switching Thyristor
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High
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2.4 HVDC Transmission System Configurations

2.4.1 Point to point connections

There are several possible HVDC configurations to interconnect any two AC/DC
converters together. In the following three subsections, the Monopolar, Bipolar and

back to back configurations are discussed in greater detail [73]-[78].

2.4.1.1 Monopolar connections

The monopolar is the most elementary HVDC transmission system arrangement.
One pole is used to interconnect the two converter stations together, usually with
negative polarity, to minimize corona effects [78]. The monopolar HVYDC point to
point configuration is possible either with ground return or metallic return as shown
in Figure 2.15(a) and Figure 2.15(b), respectively. Ground return arrangement offers
lower costs as only one DC cable is needed as shown in Figure 2.15(a). However, in
highly populated areas or areas with high earth resistivity, such as fresh water
reservoirs, ground return may not be the feasible option to be used. Metallic return
can be used in such cases to overcome any environmental or interactions with metal
structures. All monopolar configurations suffer from the drawback of losing the

whole transmission link if any fault occurs in the converter or to the DC cable.

29



Vbe
(b)

Figure 2.15: Monopolar HVDC point to point connection a) Ground return b)
metallic return.

2.4.1.2 Bipolar connections

The bipolar configuration makes use of two HVDC lines/cables with positive and
negative polarities. Currents in each cable have the same amplitude and there is no
current flowing in the return path during normal operating conditions. For any given
power rating, monopolar configuration is more economical to use, but some power
ratings to be transmitted are higher than the rating of a single pole. The bipolar
configuration can also be either ground return, which is mostly used when there are
no environmental restrictions (see Figure 2.16(a)), otherwise metallic return
arrangement is used (Figure 2.16(b)) as a path for currents to flow in cases of
imbalance. The bipolar configuration offers more redundancy in cases of outage
when compared to the monopolar arrangement which is considered to be a

significant advantage.
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Figure 2.16: Bipolar HVDC connection a) Ground return b) metallic return.

2.4.1.3 Back to back connections

Back to back HVDC arrangement, shown in Figure 2.17, is usually deployed in the
connection of two asynchronous AC grids together, where the frequencies of the two
grids are not the same and no long power transmission lines or cables are needed
[73]. In this configuration, usually the two converter stations are built together in the
same building, and the voltage level is kept low to minimize the HVYDC switches
cost [78]. Telecommunication is not needed as there is a short distance that needs to

be travelled between the two HVDC converter stations which simplifies the control
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and measurements equipment. Almost a quarter of all HVDC transmission projects
are back to back configured using LCC converters due to high current capacities of

Thyristor valves [76].

AC/DC converter AC/DC converter

station 1 station 2

Figure 2.17: Back to back HYDC connection.

2.4.2 Multi-terminal connections

Multi terminal HVDC is a terminology used when more than two converter stations
become interconnected through the DC side of the transmission system. Despite
their initial proposal long time ago [79]-[82], MTDC connections have seen a
revival in recent years primarily due to the advent of offshore wind farms paving the
way for DC grids. Until now, only few projects out of more than 100 HVDC projects
are known to have more than two terminals: the Hydro Quebec New England project
in USA-Canada, the SACOI scheme in France-Italy, Nanao and Zhoushan projects
in China [76], [78]. MTDC connections can be either series or parallel and these two

types are discussed in greater detail in the following subsections.

2.4.2.1 Series connections

In series MTDC networks, all converter stations share the same DC current, while
the voltage rating varies according to the amount of power to be inserted or absorbed

from the network (see Figure 2.18).
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Figure 2.18: Series bipolar MTDC connection.

2.4.2.2 Parallel connections

In contrast to series MTDC connections, in a parallel connected MTDC network,
converters share the same DC voltage. Parallel MTDC connections can be
subdivided into radial connected MTDC as in Figure 2.19(a) or meshed as in Figure
2.19(b). In radial connections, the outage of one DC transmission line/cable section
results in total service interruption for the terminal connected to it. While in meshed
MTDC networks, rated operation continues but with higher transmission losses (as
currents tend to take longer paths). In Table 2-2, a comparison between series and
parallel MTDC network connections is illustrated [38]. Due to the advantages
offered by parallel MTDC, this network configuration has been adopted in the
already built projects and the upcoming futuristic and research ones.
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Figure 2.19: Parallel MTDC monopolar connections a) Radial b) Meshed.
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Table 2-2: Comparison between series and parallel MTDC network configurations

[83].
Series MTDC network Parallel MTDC
network
Power flow reversal In LCC based networks  In LCC based networks
power flow reversal can  current direction cannot
be easily achieved by be reversed and hence
inverting the station’s power reversal can be

voltages. But in case of  achieved by mechanical
VSC based networks switches. While in VSC
mechanical switches based networks the
must be used. current direction can be
easily reversed and
power reversal is easily
achieved.

Converter station Voltage rating dependant  Current rating dependant
rating

High losses and current
Power losses must be maintained Lower losses
minimum to minimize
the losses
All converters to be rated
Different voltage rating. with same voltage.

May interrupt the whole The affected terminal
DC faults network service can be isolated and
service continues.

AC faults Leads to over voltage in  Leads to over currents in
terminals. terminals.

Breakers needed Breakers needed

2.5 Challenges for the Realisation of MTDC grids

2.5.1 DC Faults Currents

In an AC grid, during an AC fault the conventional mechanical circuit breaker has
approximately 400 ms to interrupt the circuit and isolate the fault. The nature of the
AC waveform and the presence of zero crossing also facilitate the circuit interruption
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process as well. On the other hand, there are mainly two types of fault scenarios that
can take place in the MTDC grid. The first one is faults occurring on the power
electronic converter AC side, where it may be single phase or three phase. AC side
faults represent loss of load or generation to the DC grid. The other type of faults
scenario are faults occurring at the DC side, this type of faults are considered a real
challenge to handle compared with AC faults [84] due to mainly the rate of rise of
DC fault current and magnitude which need to be interrupted in less than 1 to 5 ms
[84]-[87] as well as the absence of zero crossing (see Figure 2.20).

=10
ol
k]
g
3 st
>
0 : e x ]
05 .52 .54 0.56 0.58
15 | . t(s)
-~ Peak current:
| 14KA
5
E
3
"} l- A l-
0i5 0.52 0.54 .56 .58
t(s)

Figure 2.20: DC voltage and current rise during a fault [88].

During a DC fault, all connected AC systems contribute to the fault current and
because of the DC cables low impedance, the voltage in the MTDC is noticeably
reduced and power flow is nearly stopped. Thus, the development of protection
schemes and DC power electronic circuit breakers for HVDC grids are critical issues

and many researchers have started working on solving these problems [84]-[86],
[89], [90].
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2.5.2 Absence of DC transformer

Another challenging matter is the absence of DC transformer for stepping the DC
voltage up or down. AC transformers are tailored to the magnetic nature
characteristics of AC power, and its concept of operation would immediately fail to
work with DC. The only other solution is to create highly rated power electronic
devices similar to the low power Buck-Boost converters. Without DC transformers
or DC/DC converters, it is very difficult to adapt different voltage levels and connect
various HVDC connections. A lot of research has proposed solutions and inventions
to solve this problem [91]-[96]. Figure 2.21(a) shows a proposed Marx DC/DC
converter topology, the idea is to switch the IGBTs to charge the capacitors in
parallel as shown in Figure 2.21(b) and then connect them in series to discharge them

and add up the voltage as shown in Figure 2.21(c).
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Figure 2.21: Marx DC/DC converter a) Circuit topology
b) Charging period c) Discharging period [95].
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2.5.3 Power and current flow control

There are several established methods of controlling the power flow in AC power
transmission systems leading to the concept of Flexible AC Transmission Systems
(FACTS), which was introduced in the 1990s [97], [98]. FACTS theory of operation
is based on the characteristics of AC real power that can be expressed in the

following equation:

_ V,.V,.sin(o)

P
AC X

(2.1)
Where V1 and V> are the sending and receiving end R.M.S. voltages, ¢ is the power
angle and X is the line impedance as shown in Figure 2.22(a). Power flow control
can be achieved through varying the line impedance by a number of techniques.
However in DC systems, DC power flow is determined by the line resistance

according to equation 2.

(2.2)
Where V1 is the sending end DC voltage, AV is the potential difference between the
sending and the receiving end and R is the total resistance of the line as shown in
Figure 2.22(b).
Current flow control can be obtained by either introducing new resistances to the
subject network, or by injecting series voltage to act as a positive or negative
resistance. In the following chapter, several available current (power) flow control

methods are discussed.
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Figure 2.22: Basic electrical connection. a) AC circuit b) DC circuit.

2.6 Summary

This chapter reviews HVDC technology and all its important aspects. Reasons that
made HVDC convenient choice for interconnecting remote renewable energy
resources to the grid are discussed. Available current and voltage source AC/DC
converter topologies are demonstrated and a comparison is carried out to point out
technical differences between them. In addition, all possible HVDC point to point
and multi terminal network configurations are illustrated and compared. Finally,

challenges preventing the realisation of MTDC grids are discussed.
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Chapter
3

Current and Power Flow Control
In DC grids
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3.1 Introduction

As discussed earlier in the last section of the previous chapter, absence of reliable
current flow control method in high voltage MTDC grids is an obstacle preventing
practical implementation of such grids. Current control is important for the
following reasons:

e To prevent the overloading of cables and overhead lines. More currents tend
to flow in paths with less resistance, and if not controlled, cables may get
overloaded and overheat and may be subject to permanent damage.

e Control of the currents flowing can also be beneficial from the perspective
of maintenance of cables (lines), where for any given cable, if the current can
be ramped down to zero, it can be easily disconnected using low cost offload
disconnector switches and then easily isolated for maintenance.

e To control current/power flowing in different paths based on dispatch centre
orders.

In this chapter, published current (and power) control methods for HVDC and
MTDC grids are explained.

3.2 Voltage Margin Control

A DC voltage margin control scheme [99]-[101] is aimed to reduce communication
burdens. The concept is based on assigning a grid connected terminal (VSC) to
regulate and control the DC voltage and the rest of the terminals to their own local
power references. Figure 3.1(a) shows DC voltage versus power characteristics for
a given VSC DC terminal operating in constant power mode. In this mode, the DC
terminal regulates the power only. The control circuit for this case is shown in Figure
3.1(b) where the reference signal is compared with the DC signal and the resultant
error passes through a PI controller to result in the d-axis component control

reference current. While Figure 3.2(a) shows DC voltage versus power
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characteristics for a given VSC DC terminal operating in constant voltage mode,
where in this mode a DC terminal is deployed to keep the voltage constant, the
corresponding control circuit in this case is shown in Figure 3.2(b). In a given MT-
HVDC grid, wind generating terminals have the freedom to generate and track
maximum available power depending on wind speed, while the grid connected VSC
stations are set to control active power and DC voltage. A case is shown in Figure
3.3 were a voltage margin control strategy is proposed for three grid connected VSCs
in a MTDC grid that contains in addition several wind farms connected VSC
stations. Terminal 2 controls the voltage across the DC grid and other terminals
provide redundant operation and can detect the DC voltage variations in case of loss
of terminal 2 for any reason and hence take the voltage regulator role to maintain the
DC voltage stability within the grid.

u A

Inverter Rectifier P* 4
region region P/ b

o P >p

(@) (b)

Figure 3.1: Operation in constant power mode a) DC terminal voltage Vs power.

u A

U*
1 *
. ld

Inverter Rectifier

region region P/ b

0 > p

@) (b)

Figure 3.2: Operation in constant voltage mode a) DC terminal voltage Vs power
characteristics. (b) Controller schematic.
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Figure 3.3: DC terminal voltage Vs power characteristics of a three terminals grid
with voltage margin control.

However, the voltage margin control scheme has its problems; as it causes increased
power variation on both AC and DC sides, increased voltage stresses and DC over
voltages. This is due to the fact that one terminal is assigned to balance the power

for the whole grid, which is not desirable from a power security point of view.

3.3 Voltage Droop control

The voltage droop control is a combination of voltage control and power control
regulator circuits shown earlier in Figure 3.1 and Figure 3.2 [102]-[106]. Figure
3.4(a) shows that the droop controller tends to control power to its reference level
and at the same time contributing to the DC voltage control. As these two actions
are contradictory, one action happens at the cost of the other and vice versa. The
power can be controlled through this process. Figure 3.4(b) shows the droop
controller achieved by combining both regulators of voltage and power shown

earlier in Figure 3.1(b) and Figure 3.2(b), respectively.
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Figure 3.4: voltage droop control a) DC terminal voltage Vs power characteristics.
b) Controller schematic.

Equation 3.1 shows the relationship between the DC voltage response R and the

droop constant poc, which is responsible for power balancing:

R — Prated (3 1)
Ppc-Urated .

Where Prated and Urated refer to rated power and rated DC voltage of the DC terminal,
respectively.
The error can be calculated from the following equation 3.2:

e=P* —P+R(U*-U) (3.2)

Where e is the error signal of the voltage droop controller and P* and U* are the

power and voltage references, respectively (Figure 3.4 (b)).
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At steady state, the relation between DC voltage and converter power is the

following:

(P*=P)

U=U"+ (3.3)
The droop constant determines the slope in the relationship between the voltage and
the power [103]. However, the main disadvantage of DC voltage droop control is
that in order to achieve multiple control tasks, the droop characteristics may be very
complex as shown in [24]. Also, droop characteristics are related to grid parameters
such as cable resistances, leading to further adjustments over time.

3.4 Current control using series resistors

Controlling the current flow using series resistors and switches has been considered
[107]-{109]. From Ohm’s Law, by varying the transmission cables (lines)
resistances, desired current flow control can be achieved (see Figure 3.5). The major
disadvantage is the additional power losses that occur by the inserted series resistors

as described by equation (3.4).

s s Iy Cable 1
1 n .

DC o R L DC
System LI\AJ I, I3 f—a System
&) Ri Rn — - @

I Cable 2 Cable 3
DC
System
3

Figure 3.5: Switching series resistors.

Pss =17 * R (3.4)
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P=(V,—Vp)x 2 (3.5)
Equation (3.5) shows that with the variation of the value of R, current (power) flow
can be achieved. Mechanical switches would offer slow switching operation with
low switching losses while electronic switches would offer very fast switching with
high switching losses. Resistors can be set into a configuration similar to the binary
configuration to achieve more flexible values of resistances with fewer resistors.
This method is practical and easy to implement with simple control. However, the
power loss in the resistors introduced is very high compared to the line losses; thus,
this method is not economical. In addition, the additional losses cause heating which

may require cooling systems, leading to additional costs.

3.5 Current control by injection of series voltage

3.5.1 Controlled series voltage sources

Another proposed approach to control the current flowing in a DC circuit is to
introduce a DC voltage source in series with any cable [91], [107]-[113]. The
concept is to alter the magnitude and direction of the series voltage which influences
the flowing current and thus current flow control can be achieved. This can be
achieved by inserting a controlled voltage source in series that would be either acting
as additional positive resistance or negative resistance based upon the voltage source
polarity (See Figure 3.6). This concept is evaluated using MATLAB/SIMULINK
computer simulation, where it is assumed that cables 1 and 2 (Figure 3.6) are
carrying currents with values 1150A and 840 A, respectively, and it is required to
equally redistribute both currents to prevent cable 2 from overloading. A
proportional — integral (P1) controller is designed to fulfill this purpose as shown in

Figure 3.7, where currents i1 and i are compared and the output error signal is fed
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to a PI controller, which provides the two voltage sources with the required voltage
set point to balance the currents as shown in Figure 3.8.

This method is easy to implement in low voltage applications, where controlled DC
voltages can be built easily, but in HVDC grids it is not possible to apply it in this

simple manner.

DC Voltage Source 1

r'\ Il. Cable 1
DC ; DC
System jem u I s — System
1) ﬁ\ — — @
N4 Cable 2 Cable 3

DC Voltage Source 2

|Controller I I

DC
System
®3)

Figure 3.6: Controlled series voltage sources.
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Figure 3.7: Proposed voltage sources controller.
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Figure 3.8: Balancing of currents i1 and i2 using series DC voltage sources.
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3.5.2 Series DC/DC converters

One way to implement the series voltage injection is to use DC/DC converters as
proposed in [91], [107], [113]. The converter is inserted in series as shown in Figure
3.9. To achieve precise current control in several cables, a DC/DC converter is
needed for each cable which is a noticeable draw back for this method. Moreover,
the presence of inductors and high voltage switches increases the cost, size and
complexity [91], [107] , making this a difficult solution for current flow control in

offshore applications where size and cost are critical.

v, A

Figure 3.9: DC/DC converter inserted in series to a DC cable [113].

3.5.3 AC/DC converters

Another method to implement the series voltage injection is to use AC/DC
converters. (See Figure 3.10). The converters can be supplied by three phase AC
voltage through the nearest terminal by stepping down the voltage to the desired
level. An IGBT based three-level PWM voltage source converter is used as a current
flow controller. Two converters are inserted in the two cables in a network similar
to that example shown earlier in Figure 3.6. The controller of the converter is
supplied with reference DC voltage; this set point is determined by a PI controller

that minimizes the error signal of both currents (Figure 3.11).
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Figure 3.10: AC/DC converter as a power flow controller.
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Currents voltage signals
% P % Converter

i1 controller controller
.|

Figure 3.11: Currents balancing through AC/DC converter’s control loop.

Converters can be set to limit the current to a required value or to balance the currents
as mentioned earlier. Figure 3.12(a) shows a simulated case study where currents iz
and i are equal to 1180A and 780A respectively, currents are balanced by switching
in two series AC/DC converters with the two cables at t= 1.2 s, one converter adds
series voltage (see Figure 3.12(b)) and the other subtracts from the cable to achieve
the requested set point. The control signal and converters AC side voltage are
presented in Figure 3.13 and Figure 3.14, respectively. Similarly, a single AC/DC
converter can be used to perform current control with desired set points within any
chosen cable as illustrated in Figure 3.15.

The noticeable disadvantage is that stepping the HVAC down from hundreds of kVs

to few kVs to supply the converter requires a relatively bulky, high cost three phase
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AC transformer in addition to the AC/DC converter cost and size, which may not be

suitable specially in offshore installations.
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Figure 3.12: a) Balancing i1 and i2 using two AC/DC converters.
(b) DC voltage added to the grid by converter.
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Figure 3.13: PI controller output signal.
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Figure 3.14: Phase to Phase voltage VAB at the AC side of the converter.
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Figure 3.15: a) il is set to 900A and 950A using single AC/DC converter.
b) DC voltage added to the grid by converter.

3.6 The Current flow controller

A new power electronics device, termed the Current Flow Controller (CFC), which
consists of two full bridge converter modules each connected in series with one of
the two cables to be controlled as in Figure 3.16, was introduced by Barker in [109].
The principle is based on transferring energy from one line/cable to the other. This
is achieved by charging the cell capacitors from the line carrying the higher current
and discharging them into the other line. This effectively adds a voltage to the line
with the required polarity and magnitude to increase or decrease the current. This

current control method seems to be more practical and promising when compared to
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the methods reviewed in the foregoing sections. The CFC has numerous advantages
such as:
- Provides precise performance in current flow control and limiting
applications.

- Consists of IGBTs and capacitors with low voltage ratings.

The CFC is patented by Alstom, a power system industry leader, and only patent
application [114] is available which contains limited information. Therefore, it was
concluded that the CFC constitute a worthy research topic. The rest of the thesis is
devoted to report the studies carried out to fully develop the concept of CFC for
application to a real meshed MTDC grid. The studies were carried out by analysis,
simulations using MATLAB/SIMULINK, PSCAD/EMTDC and experimental

work.

gts

DC SYSTEM

2
I
2l

Figure 3.16: Current Flow Controller [13].

S I

3.7 Summary

Current (power) flow control methods in HVDC grids can be divided into two main

groups. The first are VSC based methods such as voltage margin control and voltage

droop control. The second group is based on achieving the control by introducing

new equipment to the grid such as series resistors, series voltage sources or the

current flow controller. All the mentioned current and power control methods are
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discussed in details in this chapter. Detailed investigation of the operation, control
and dynamic modelling of the current flow controller through computer simulation
is demonstrated in Chapter four. New generalized and reduced topologies are also
discussed in Chapter five. Experimental validation through lower power prototype

is carried out and results are presented in Chapter six.
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Chapter
4

Proposed Operation and Control

for the Current Flow Controller

54



4.1 Introduction

In this chapter, the CFC topology is discussed in detail along with its principle of
operation and possible functionalities. Moreover, the proposed modes of operation
are presented and explained and a dynamic mathematical model is developed. Two
different control strategies, PID and Hysteresis Current Control (HCC), are proposed
to achieve different functionalities. As grid loading may change suddenly, which
may require the CFC to operate in a different mode, an automatic mode detection
and changing algorithm is developed to allow autonomous operation of the CFC to
maintain achieving the desired function even under sudden load changes.

In addition, to allow the CFC to have three ports and be able to control three cable
currents, an extended topology is proposed along with its operating modes,
mathematical model and control strategies.

Finally, computer simulation for two-port and an extended three-port CFC is carried
out to validate the proposed operating modes, mathematical model, control schemes,
and the automatic mode detection unit and results are presented at the last section of
this chapter.

4.2 Topology

The current flow controller is a power electronic device made of two full bridge
IGBT modules each with its own cell capacitor. In its preliminary topology, each
module of the CFC is connected in series with a cable to be controlled, and the two
cell capacitors are connected in parallel as shown in Figure 4.1. Another approach
is to build the CFC using separate eight IGBT switches each with its own anti-
parallel freewheeling diode, and to substitute both parallel cell capacitors with one
single main capacitor. The single capacitor gives more flexibility in measurements

and monitoring tasks as illustrated in Figure 4.2.
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Figure 4.2 Current flow controller with single capacitor.
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4.3 Operating principle

The current flow controller can be installed in series at any given terminal in a three
terminals meshed MTDC grid (see Figure 4.3). This fact gives the CFC a unique
advantage as it is isolated from the ground of the system and from the potential of
the cables; hence, relatively low voltage rating IGBTs are needed when compared
to the DC grid rated voltage. Each group of four IGBTSs are inserted in series with
each cable and a capacitor is connected between both cables, and the aim is to switch
the capacitor in series to charge from the cable carrying higher current and discharge
in the other cable and introduce to it series controlled DC voltage. This process can
be controlled by appropriate IGBT gating signals in order to achieve the desired
operation, whether it is currents balancing in both cables, setting a current to any
desired value or even nulling a current to zero. The speed and duration of switching
the capacitor to charge/discharge from a cable depends on the set reference value

and is determined by the controller as discussed later in the control strategies section.
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Figure 4.3 CFC inserted in series in a three terminals MTDC grid.



In theory, the CFC introduces no power losses as the net amount of active power

taken from one cable is transferred to the other. In practice, IGBT switching causes

switching losses, which are still acceptable. The CFC offers several advantages that

can be summarized as follows:

Simple construction with small footprint, facilitating its utilization in
offshore purposes where cost and size are critical.

Low production cost, as it is installed in series and in cable potential, this
means that relatively low voltage (typically few kV rated) IGBTs and
capacitor are needed with very low cost.

As a result of incorporating low voltage rated IGBTSs, the CFC offers much
lower switching losses when compared to other available solutions such as
AC/DC converters and DC/DC converters. This is due to the fact that
switching losses depend mainly on the operating voltage, current and
switching frequency of the IGBT.

Gives full controllability to cable currents, allowing the redistribution of
flowing currents for cables overloading prevention.

Ability to null a current flowing in a certain cable, which may be useful in
cases of maintenances where only offload disconnector switches are required
to isolate the cable. At the same time, the service is not interrupted as the
power is transferred through the other cable.

If sized adequately, the capacitor can be of low cost as well as the IGBTs as
it is not subjected to high voltage and its cost most probably functions in its

capacitance.

4.4 Modes of operation

As the CFC is controlling two cables (currents) only, there are four modes of

operation for the CFC. Firstly, two forward modes when currents are flowing in the

forward direction out of the CFC (one for i1>i> and the other is for i,>i1), and two

reverse modes when currents are flowing in the opposite direction into the CFC (one
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for i1>i> and the other is for i>>i1). In the following subsection, operation of all

possible modes is discussed in detail.
4.4.1 Operation in forward direction

441.1 Mode 1: 11> i2

The first mode begins with a charging period when i1 is the higher current, IGBT Sy
is switched on to allow current iz to flow through Da2 and Sz in cable 2, and at the
same time to connect the CFC’s capacitor in series with cable 1 through Daiand Dg1

to charge from it as shown in Figure 4.4(a).

Da1 Do+ Da1 Do+
Sa Sp1 Sa Sp1
i1 i1
De1 Dg1 De1 Dg1

Daz Dp2 Da2 Dp2
Saz sz S, 2 sb2
i2 i2
Dc2 Da2 Dc2 Da2
Se S S Sa2
(a) (b)

Figure 4.4 CFC operating in mode 1. (a) Charging from cable 1.
(a) Discharging in cable 2.

This is followed by a discharge period where switches Sc1 and Sco are turned on to
allow the current iy to flow in cable 1 through both S¢1 and Dg; and at the same time
connect the capacitor in series in cable 2 for discharging through Sc. and Sz as shown
in Figure 4.4(b).
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4.41.2 Mode 2: 12> i1

Similar to mode 1, mode 2 is when current iz is higher than current iz, the operation
is identical but Sp1 switched on instead of Sy as shown in Figure 4.5(a) for charging
period and Figure 4.5(b) for discharging period.

Se2 ! Sa2 Se2 S

(a) (b)

Figure 4.5 CFC operating in mode 2. (a) Charging from cable 2. (b) Discharging in
cable 1.

4.4.2 Operation in reverse direction

4.4.2.1 Mode 3: 11> i2

The third mode of operation starts with a charging period when i1 is the higher
current, and both currents are flowing into the CFC. IGBT Sq2 is switched on to allow
current iz to flow through Dc2 and Sq2 in cable 2, and at the same time to connect the
CFC’s capacitor in series with cable 1 through D¢1and Dy to charge from it as shown

in Figure 4.6(a).
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Sat Shy Sat Sb1
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Figure 4.6 CFC operating in mode 3 (reverse). (a) Charging from cable 1. (b)
Discharging in cable 2.

This process is followed by a discharge period where switches Sa1 and Sa2 are turned
on to allow the current i1 to flow in cable 1 through both Sa; and Dy and at the same
time connect the capacitor in series in cable 2 for discharging through Sa2 and Sq2 as

shown in Figure 4.6(b).

4.4.2.2 Mode 4: i>> i1

The fourth and last mode of operation is similar to mode 3, where current iz is higher
than current iz, the operation is identical but Sq1 switched on instead of S¢2 as shown
in Figure 4.7(a) for charging period and Figure 4.7(b) for discharging period.
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Figure 4.7 CFC operating in mode 4 (reverse). (a) Charging from cable 2.
(b) Discharging in cable 1.

All four modes of operation and switching stated of all IGBTs are summarized
inTable 4-1 CFC modes of operation and their relevant switching states..

Table 4-1 CFC modes of operation and their relevant switching states.

Mode  Higher Current Switching states
Currents Direction

- Sa1 Saz St Sh2 Sc1 Sc2 Sd1 Sdo
1 i1 Forward off off off on PWM PWM off off
2 ir Forward off off on off PWM PWM off off
3 i1 Reverse PWM PWM off off off off off on
4 ir Reverse PWM PWM off off off off on off

All schematic diagrams for the four operating modes are presented in Appendix A.1
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4.5 Dynamic modelling

To evaluate the performance of the CFC mathematically, a dynamic model is derived
using averaging technique. CFC operation in mode 1 illustrated earlier in Figure 4.4
is considered where cable current i1 is higher than i> and the capacitor is charging
from cable 1. The following set of equations describes the circuit presented in Figure

4.8 where the capacitor is charging from the line carrying the higher current, is.

V =T'1i1+L1%+UC+V1 (41)
V = rziz + LZ % + VZ (42)

. dv,
iy = C—* (4.3)

where r; and L, are the series resistance and inductance of the first cable, r,and L,
are the series resistance and inductance of the second cable, v, is the capacitor
voltage, V is the voltage at the bus where the CFC is connected to, V; and V, are the

voltages at the end terminals of the first and second lines, respectively.

ve i V1
Dar Da1
+ -
R1 L1
V .
i
P
Da2 i2 V2
’I Sh2
R2 L2

Figure 4.8 C circuit during charging period (mode 1).
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Figure 4.9 CFC circuit during discharging period (mode 1).

By defining xT = [i; i, v.] as state vector, where T refers to the transpose

operation, equations (4.1), (4.2), and (4.3) can be arranged in matrix form as:

Ly 0 O d Iy -1y 0 =171 1 -1 o071V
[0 L, O]a[izl = [ 0 -r, O ] L+[1 0 -1\ 4.4
0 0 C Ve 1 0 0 XL 0 O 0 \LIZ—J
K X Ay X B U

Similarly, for the capacitor discharge period of mode 1 shown earlier in Figure
4.5, where the capacitor is discharging into the line carrying the lower current iz, the

equations describing the equivalent circuit shown in Figure 4.9, are as follows:

dis

V = Tlil + Ll E + V1 (45)
V=ryip + L 22— v 4V (4.6)
iy = —C2E 4.7)

And hence, equations (4.5), (4.6) and (4.7) can be rearranged as:

L1 0 0 d i1 —Iq 0 0 i1 1 -1 0 Vv
[0 L, 0] T [izl = [ 0 -r, 1] |+t 0 -1|[Vs (4.8)
0 0 C Ve 0 -1 0 LVl 0 O 0 \YL
K X Az X B, U

Assuming that the duty ratio of the charging mode of operation is D, multiplying
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(4.4) and (4.8) by D and (1-D), respectively, and adding the result to obtain the

average model for the CFC when i1 >iy, results in the following:

Ly 0 0] [u] [rn O -D 1[ik] 1 -1 07V
[0 L, ola[izlz 0 -r, 1-D||liz[+[1 o =1||v| 49
0 0 cl lv D -1+4D o0 llvd lo o ollv]

K X A X B U

Where A=DA1+(1-D)A2 and B=DB1+(1-D)B2. At steady state, (4.9) is written as

follows:

-r, 0 —-11{lt7 1 -1 o7V
[0 —r, 0||L|+|1 o —1||Vi[=0 (4.10)
1 0 ollvd lo o ollw

Solving (4.10), the dc steady state value of the capacitor voltage can be expressed as

follows:

:—iD(V—Vl)+(V2—V)(1—D)

(4.11)

c T2p2 —D)2
2D%+(1-D)

Equation (4.11) gives an expression for the capacitor voltage as a function of the
network parameters and the voltage drops across the cables connected to the CFC
which represents the loading condition of the grid. It is worth mentioning that the
rated voltage of the CFC switches, which is equal to the rated capacitor voltage, can
be estimated from (4.11) as well.

In order to calculate the capacitor voltage ripple, (4.3) is integrated over the

charging period as follows:

[PT i, dt = ¢ [/emax . (4.12)

0 Vemin

where T refers to the switching period which is the reciprocal of the switching
frequency fs. Neglecting the current ripples compared to the average value, iy, results
in linear charging of the capacitor from initial minimum voltage Vcmin to maximum
voltage Vcmax. Therefore, the capacitor voltage ripple, AV, can be estimated from
(4.13):

DI
AV = Vemax — Vemin = C_fz

Eqg. (4.13) shows that increasing the capacitance reduces the capacitor voltage ripple,

(4.13)
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as expected. As illustrated by equation (4.9), the parameters of the DC grid and
loading conditions influence the line current which affects the capacitor voltage
ripple. Moreover, the capacitor voltage ripple depends on the mode of operation as
the charging current, which is i1 for mode 1, changes from mode to another. For
mode 1, the capacitance can be roughly estimated from (4.11) and (4.13) to meet a
required percentage voltage ripple, AV, ,,, = AV /V., at the extreme deviations of the
line currents. Similarly, the capacitance can be calculated for each mode of operation
for the CFC. Finally, the maximum value of the capacitance is considered to meet
the desired level of voltage ripple for all modes of operation.

In complex MTDC grids, capacitor sizing using calculations may be very
sophisticated. Hence, it is a good practice to perform detailed computer simulation

to the network to obtain the CFC switches and capacitor voltage rating.
4.6 Control Strategies

A robust controller needs to be designed in order to achieve different
functionalities of the CFC such as cable currents balancing, setting a current to
follow a desired reference value or even damp a current in a given cable to zero. The
main role of the controller is to measure cable currents and produce eight gating
signals for all IGBTS to satisfy user command at any given time. Two different types

of controllers are proposed and discussed in details in the following subsections.

4.6.1 Pl based current control technique

The first proposed controller is based on Proportional Integral (P1) control.
Cable currents are measured and supplied to the controller as an input. Based on the
measured currents and the chosen user command, the firing PWM signals to relevant
IGBTSs are produced to achieve the desired function. For currents balancing function,
the sum of currents in the two cables is calculated and then divided by 2 to obtain
the average value of the desired current, i*. This value is considered the reference

value to be compared with the measured current that needs to be redistributed. The
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error signal is processed using a P1 controller which produces the proper duty cycle
value. The duty cycle is then supplied to the PWM generator (along with user
defined switching frequency) to produce gating signals to the relevant switches as
shown in Figure 4.10. Similarly, the user can assign a value directly to i* to achieve
the other desired functions of current nulling or setting the current to any chosen
value, as illustrated in the Figure. This value is set as the reference value for the
controller and switches are controlled to let the capacitor charge from the chosen
cable and discharge in the other two cables. If the reference value is set to zero, the
capacitor will charge from the desired cable until it is fully charged to stop the
current flow in this cable. As there are theoretically no power losses except for the
switching losses of IGBTS, when the current is decreased in any cable by a certain
amount, it increases by the same amount in the remaining cable. It is always

important to check the capacity of these cables to prevent overloading problems.

Reference signal for currents

balancing function Pl controller

*
i1 1" (reference)

. Duty Cycle
- Q—» ) —/_>©_> Pl > PWM GENERATOR -

PWM
- i to relevant IGBT
Iy (Sc1 and S¢; or S,¢ and

(measured) Sa2)

Frequency
User input value for:
- current nulling
-current setting value

Figure 4.10 Proposed PI controller for CFC.

Furthermore, Figure 4.11 illustrates another proposed controller for the CFC
not only to control the current flow, but also to regulate the capacitor voltage. The
outer controller, which is the current control loop, is realized by a simple PI
controller, similar to that of Figure 4.10, to process the error between the reference
value i* and the actual current i,.. The output of this outer control loop is considered

the reference capacitor voltage v;:. A limiter can be used to prevent exceeding the
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rated capacitor voltage. This reference value is then passed to the inner control loop
which is dictated to regulate the capacitor voltage at its estimated value from the
outer one using another PI controller. Finally, the output of this inner control loop is
the duty cycle where the PWM generator operates at.

Inner control loop
Inner control loop

Outer control loop

Reference signal for currents

| I
| I
I
I
balancing function " Vemad | 1 !
i 1 1" (reference) | :

. 4 Ve I+ Duty Cycle! I To switches
—+( g D P sl e PIR2 P GENERATOR [
— " / I

: |
| I

I
I
I
I
I
I
I
I

User input value for:
- current nulling
-current setting value

Figure 4.11 Proposed PI controller with capacitor voltage regulation.

PI controllers are very common in industry and they offer a robust, economical and
reliable control solution. Such controllers offer very good dynamic performance if

their proportional and integral constants are set correctly.

4.6.2 Hysteresis band current control

The second proposed CFC controller is based on a different approach, where
Hysteresis Band Current Controller (HCC) is deployed instead of the PI controller
as shown in Figure 4.12. It is based on the HCC technique to derive the PWM
switches directly by producing either an on or off signal. In a similar manner to what
have been discussed in the previous sub-section, in case of currents balancing, the
average value of both currents is calculated, and the result is set as a reference value
to the controller, i*. The calculated reference value is compared with the measured
actual value of the current that needs to be decreased, either iy or i2. The error signal
is considered as the input of the HCC as shown in Figure 4.12. The on/off states
determined by the HCC are assigned to the PWM switches directly based on the

current direction (forward or reverse). Considering forward currents, the HCC
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initially turns-off switches Sc1 and Sco to charge the capacitor from the cable carrying

the highest current. When the actual current exceeds the reference current with the

user predefined hysteresis band (HB), the HCC turns-on switches Sc1 and Se to

disconnect the capacitor and allow it to discharge in the other cable. As a result, the

actual current decreases to a value less than the reference current by HB and then

the same process is repeated as shown in Figure 4.13. As a result, the switching

frequency and accuracy depend mainly on the set value of the HB. The HB is

inversely proportional with the switching frequency and the accuracy. There are

many advantages of the HCC technique such as simplicity and ease of

implementation. Moreover, there are no complicated tunning and parameter setting

similar to that in Proportional Integral controllers (P1).

Reference signal for currents

balancing function

+

/—>

User input value for:
- current nulling
-current setting value

.
| (reference)

_ Tix

Hysteresis band current

controller

ON/OFF

HCC |———» pPwm

(measured)

T

HB user input

to relevant IGBT
(Sc1 and S¢; or S,1 and
SaZ)

Figure 4.12 Proposed Hysteresis band current controller for CFC.

Similarly, external reference values can be applied directly to the proposed control

system for cases of current nulling and current setting as explained earlier.
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Figure 4.13 Hysteresis band current controller operation.

o

4.7 Automatic mode detection and change unit

For each particular mode of operation of the CFC, as explained earlier in section 4.4
and Table 4-1, some of the CFC IGBTSs are switched on, others are off, while the
rest are pulse width modulated. These IGBTs swap their states based on the
operating mode. Therefore, a master control unit needs to be implemented to assign
each IGBT its correct switching state based on the operating mode at any given time.
The control unit monitors the currents directions and magnitudes; hence, it can detect
the present mode of operation. Afterwards, the controller looks up Table 4-1 and
decides the correct switching states for all IGBTs and also supplies the PID (or HCC)
controller with the correct measured current as shown in Figure 4.14.

Reference signal for currents .
. . Hysteresis band current
balancing function
controller

i1 . i*(reference) ON/OFF
—+( (el HEE -

. - i
i2 T T(rﬁeasured) THEusermput

Figure 4.14 Mode detection control unit.

Signals to 8 IGBT switches
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During the CFC operation, if any of the currents flowing are changed in the grid
(whether in direction or magnitude), the operating mode may change and the CFC
continues supplying the wrong IGBTSs resulting in wrong switching states. To
overcome this problem, the master control unit is modified to detect any change in
the operating mode and accordingly change the switching state to keep the CFC user
defined function maintained as it is. The developed control algorithm is based on
monitoring all currents, and during operation, the operating mode must be changed
if any current hits a hysteresis window centred around the average value with + ¢
which is user defined. Consequently, the CFC controller is deactivated if one of the
two currents hits the user defined hysteresis window, for a short time torr (user
defined as well), to identify the new mode precisely before reactivating once again
with the new mode settings and correct switching states. The flow chart shown in

Figure 4.15 demonstrates the developed control algorithm in details.
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Turn CFC off for tos —
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Figure 4.15 Flow chart for automatic mode detection and change algorithm.

4.8 The proposed extended CFC topology

An extended topology for the CFC is proposed, which allows the CFC to be

connected to three cables simultaneously and control the currents flowing through
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them. This proposed three-port CFC topology is formed by adding only four IGBTs
with their anti-parallel freewheeling diodes to be connected to the third cable as

shown in Figure 4.16.

Sa1 Sb1: : | i Vi
e AAA— A~~~

Dc+ Da1 R4 L1

Sc1 Sa1

Da2 De2

A ‘
\% i Sez Ve sz; in Vs
>~ - + |- A~~~
Dc2 _| l_l Da2 R2 )

Figure 4.16 Proposed extended three-port CFC topology.

4.8.1 Modes of operation

As the topology of CFC has been extended, new modes of operation appear. The
modes of operation can be grouped into six modes for forward current and another
six for the reverse direction. If only one cable current is higher than it should be, the
capacitor can be switched to charge from this cable and discharge in the other two
carrying lower currents. An example is shown in Figure 4.17 where i1 is the highest
current (mode 1). In a similar manner, if two cables are carrying currents higher than
the average value, the capacitor is switched in series with both cables in order to
decrease their currents and increase the current flowing in the third cable. Figure
4.18 shows an example for this case where i1 and i> are considered higher than the
average value. Consequently, by considering all current combinations, there are 12

modes of operation as shown in Table 4-2.
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Figure 4.17 CFC extended topology mode 1 a) Charging from cable 1 (mode 1). b)
Discharging in cables 2 and 3.

Das Dot Da Dos
Sat Spt i Sa Sp1 i1
Det Da1 Det Da
—_—
Se1 Sat Se1 St
Dz Dp2 Da2 D2
i Sa2 Ve Sh2 2 i Sa2
De2 Da2 De2
Se2 Saz Sc2
Das Dis Da3
Sa3 S, i3 Sa3
Des Da3 Des
Ses Sas Sca Sa3

(@) (b)

Figure 4.18 CFC extended topology mode 4 a) Charging from cables 1 and 2, b)
Discharging in cable 3.
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Table 4-2 Extended three-port CFC modes of operation and their relevant
switching states.

Direction Switching states

Sh2 Sh3 Sc1

1 i1 Forward off off off off on on P P P off  off off
2 i Forward off off off on off on P P P off off off
3 i3 Forward off off off on on off P P P off off off
4 ip&i; Forward off off off off off on P P P off off off
5 i &i3 Forward off off off on off off P P B off off off
6 iir &iz Forward off off off off on off P P P off off off
7 i1 Reverse P P P off off off off off off off on on
8 i Reverse P P P off off off off off off on off on
9 i3 Reverse P P P off off off off off off on on off
10 i1 &i, Reverse P B P off off off off off off off off on
11 i &Iz Reverse R B P off off off off off off on off  off
12 ii &iz Reverse R B P off off off off off off off on off

Where P refers to the PWM signal. All schematic diagrams for the twelve operating
modes are presented in Appendix A.2

4.8.2 Dynamic modelling

The dynamic model of the two-port CFC presented earlier in section 4.5 has been
expanded as well to describe the extended topology mathematically. By considering
operating mode 1 shown earlier in Figure 4.17(a), where current i1 is considered the
highest current flowing and the capacitor is charging from cable 1, the following set

of equations describes the circuit in this case:

V= T1i1 + Ll% + UC + V]_ (413)

V= rziz + Lz % + Vz (414)
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dlS

V = T'3i3 + L3 E + V3 (415)

i, =Cc%e (4.16)

where 7, and L, are the resistance and the inductance of the line number x originates
from the CFC bus and carrying an instantaneous current i,, v, is the capacitor
voltage, V is the voltage at the bus where the CFC is connected to, V;,V, and V5 are
the voltages at the end terminals of the first, second, and third lines, respectively. By
defining xT = [i; i, i3 v,] as state vector, where the super-suffix T refers to
the transpose operation, equations (4.13), (4.14), (4.15), and (4.16) can be arranged

in matrix form as follows:

L, 0 0 O iy -, 0 0 —11[i
O L2 O 0 i i2 — 0 —TZ 0 O lz +
0 0 Lz Ofat]is 0 0 -r; 0]]is
0 0 o0 cl Llvl 1 0 0 0llvel
K X Aq X
1 -1 0 O01[V
1 0 -1 o0]|W
1 0 0 -—1||% (4.17)
0 0 0 0 \_]‘/:3__1
Bl U

Similarly, the equations describing Figure 4.17(b), where the capacitor is

discharging into the two other lines carrying currents i, and is, are as follows:
diy

V= T1i1 + ng + V1 (418)

. di,
V= sy + ng — V. + VZ (419)
V=ryis+ L322 = v 4 Vs (4.20)
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dv,

And equations (4.18), (4.19), (4.20) and (4.21) can be arranged in the state equation:

L, 0 0 0] [ix - 0 0 0][i
0 L, 0 Ofafizf_[0 -r, 0 1‘ i2+
0 0 Ly Ofatfis 0 0 -r; 1]|is
0 0 o0 cl lv 0 -1 -1 ollv
K % 4, x_
1 -1 0 o0][V
1 0 -1 oW
1 0 0 -1(|% (422)
0 0 o ollvl
B, U

Assume the duty ratio of the charging mode of operation is D. Multiplying (4.17)
and (4.22) by D and (1-D), respectively, and adding the results to obtain the average

model for the CFC for mode 1 as follows:

Ll O O 0 -il- —Tl 0 0 _D il
O LZ O 0 i i2 _ 0 ) 0 1-D iz +
0 0 Lz O0]at|is 0 0 —T3 1—-D]||i3
0O 0 0 C | Ve D —-14+4D —-1+4+D 0 Ue
K X A X
1 -1 0 01[V
1 0 -1 0]|"
1 0 0 -1||n (4.23)
0 O 0 0 1LVs]
B U

where A=DA;+(1-D)A. and B=DB1+(1-D)B.. At steady state, (4.24) is written as

follows:
-1 0 0 -D 1L 1 -1 0 0o11v
0 —7, 0 1-D||L 1 0 -1 o0|[W|_
0 0 -3 1—-D||/l3 + 1 0 0 —1||V| 0 (4.25)
D —-1+D -1+4D 0 V. 0 O 0 0 1LV;
) X B U
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where Iy, I, I3, and V. are the steady state values of iy, i,, i3, and v,, respectively.
By solving (4.26), the steady state value of capacitor voltage is obtained as

follows:

D(V-Vy)-r; (1-D)Fr 24203y
Ve = preva (4.26)

1 1
D2 +ry (E‘l‘g)(l—D)z

Equation (4.26) gives an expression for the capacitor voltage as a function of the
network parameters and the voltage drops across the cables connected to the CFC
which represents the loading condition of the grid. It is worth mentioning that the
rated voltage of the CFC switches, which is equal to the rated capacitor voltage, can
be estimated from (4.26).

In order to estimate the capacitor voltage rippleAV,, in a similar manner to that of

the two-port CFC mentioned earlier, the following equation can be used:

_ DL

AV: = Vemax — Vemin = C_fs (4-27)

4.8.3 Control strategy

The control strategies presented earlier for the two-port CFC are implemented in a
similar manner to the proposed extended topology, with only modifying the
reference value and the table of switching states to that of the extended CFC to
accommaodate the new operating modes. Figure 4.19 and Figure 4.20 show both PID

and HCC control schemes after modifications, respectively.

Outer control loop Inner control loop

i3
Reference signal for currents
balancing function V.
e max]

|
|
Inner control loop |
|
|
|

i1 + 1 i*(reference)
Vex

1
/J;y Cycle!
t PWM GENERATOR

TI - T Ve 5

(measured) (measured)

) Frequency
User input value for:

- current nulling
-current setting value

|
|
|
|
|
— T PID1 i@—» PID2
il /
|
|
|
|
|
|
|
|
|

Figure 4.19 Proposed PID control scheme for the extended 3 ports CFC.

78

' To switches
[



Hysteresis band current

balancing function
controller

Reference signal for currents
i3
+

i 1 . I*(reference) ON/ OFF
— Q» S HCC ——» pPwm
3 to relevant IGBT
+ (SCW, ScZ and ScS or Sa1, SaZ
i T T . T and Sa3)
(measured)

HB user input
User input value for: P

- current nulling
-current setting value

Figure 4.20 Proposed HCC control scheme for the extended 3 ports CFC.

4.9 Simulation Results

In order to validate the proposed control strategy and modes of operation for the
two-port and extended three-port CFC, several simulation case studies are carried
on MATLAB/SIMULINK software and presented in the following sub-sections.
Proposed PID and HCC controllers are simulated as well as the proposed mode
detection and change unit in order to investigate their performance and validity. The
simulation is carried out on a simplified MTDC grid initially and then followed by
testing the two-port CFC on a VSC based three terminals DC grid. More details of

the simulation models used are available in Appendix B.

49.1 Two-port CFC

In this subsection, a two-port CFC is tested to evaluate the proposed control
strategies and operation modes. Figure 4.21 shows a three terminals DC grid similar
to the one used in [114] with parameters listed in Table 4-3. This MTDC grid is
simulated and different functionalities of the CFC are demonstrated in the following

subsections.
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Table 4-3 Simulation parameters.

Parameter Value

Grid voltage rating 320kV
Main capacitor 10mF
Cable 1-2 1.42Q
0.021H
(0F:10] [EX 2.42Q
0.021H
Cable 2-3 242 Q
0.021H

Current flow controller

oN
O
v a
B
i1 2L
N S
<
o
o
Sd‘
A
isb;

Cable 1

Cable 3

Controlled DC1

i2 Cable 2

Controlled DC3

Figure 4.21 Three terminals MTDC grid with 2 ports CFC inserted.

4.9.1.1 Currents balancing using PID control.

In this simulation case, currents iy and i, are set to be initially 700 A and 412A,
respectively. It is required to operate the CFC such that it redistributes the currents
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on both cables to achieve a balanced current flow operation. Figure 4.22 shows the
CFC switched on at t= 1 s to perform the currents balancing. Figure 4.22 (a), (b), (c)
and (d) show cable currents, capacitor voltage, series voltages and PWM signal,
respectively. The controller switches the two PWM IGBTSs Sc1 and Sc. off to allow
the capacitor to be charged and then Pulse width modulates the switches to maintain
the balanced operation of the two currents at approximately 550A successfully. The
capacitor voltage is with steady state value of 1.4kV in this case. The operating mode
in this case is mode one as i1 is higher than i.. This is shown in Figure 4.23 along

with the reference current.
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Figure 4.22 Currents balancing. (a) Cable currents, (b) Capacitor voltage, (c) Series
voltages, (d) PWM signal
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Figure 4.23 Currents balancing. (a) Operating mode, (b) Reference current
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4.9.1.2 Current limiting using PID control.

Another CFC function is to let any desired current to follow a given set point value.
Currents i1 and iz are set to be initially 700 A and 412A, respectively. It is required
to limit current i1 to 300A. Figure 4.24 shows the CFC switched on at t=1 s to
perform this operation. Figure 4.24 (a), (b), (c) and (d) show cable currents, capacitor
voltage, series voltages and PWM signal, respectively. The controller switches the
two IGBTs Sc1 and S, off to allow the capacitor to be charged until i1 reaches the
set point and then pulse width modulates the switches to maintain the value of iz at
300A successfully. The capacitor voltage is with steady state value of 1.6kV in this
case. The capacitor voltage is higher than the previous case as the amount of energy
transferred is higher as the set reference point is lower than that of the previous case.

Figure 4.25 shows the operating mode along with the reference current.
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Figure 4.24 Current limiting. (a) Cable currents, (b) Capacitor voltage, (c) Series
voltages, (d) PWM signal
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Figure 4.25 Current limiting. (a) Operating mode, (b) Reference current

4.9.1.3 Current nulling using PID control.

In this case, the reference value is set to zero in order to null current i1. Figure 4.26
shows the CFC switched on at t= 1 s to perform this operation. Figure 4.26 (a), (b),
(c) and (d) show cable currents, capacitor voltage, series voltages and PWM signal,
respectively. The controller switches the two IGBTs Sc¢1 and Sc, off to allow the
capacitor to be charged from cable 1 until i1 decreases from 700A to finally reach
OA and current iz increases consequently. The capacitor voltage is 2.1kV in this case.

Figure 4.27 shows the operating mode along with the reference current.
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Figure 4.26 Current nulling. (a) Cable currents, (b) Capacitor voltage, (c) Series
voltages, (d) PWM signal
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Figure 4.27 Current nulling. (a) Operating mode, (b) Reference current

4.9.1.4 Mode detection and change.

As discussed earlier in section 4.7, an automatic mode detection and change control
unit is developed in order to maintain CFC operation even under sudden load
changes that may result in different operating mode and hence needs changes in the
switching states. Figure 4.28 shows a case where current balancing is initially
successfully performed by the CFC for two currents iy and i>. Att= 1.94 s, a sudden
load change is performed that results in making i higher than i1, and hence the new
operating mode should be mode 2. Without the mode detection and change control,
the switching state remains incorrect and the CFC continues to operate in mode 1
and the currents balancing operation will be lost as shown in Figure 4.27.
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Figure 4.28 Sudden mode change with mode detection unit switched off.
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The same case is repeated with applying the proposed mode detection and change
control algorithm. Figure 4.29 shows the CFC switched on at t= 1.275 s to perform
the currents balancing function. Figure 4.29 (a), (b), (c) and (d) show cable currents,
capacitor voltage, series voltages and PWM signal, respectively. The control unit
detects mode 1 as i1 is higher than i» and sends to all switches the relevant correct
states. At t= 1.44 s, a load change is applied such that currents iy and i> swap their
values. As current i starts to increase and bypasses the predefined threshold value
epsilon (100A in this case), the control unit detects the mode change and corrects
the switching states to that of mode 2 to maintain the currents balancing operation.
The CFC is finally switched off at t= 1.77 s to show the new values of currents iz

and i,. Figure 4.30 shows the operating mode along with the reference current.

13 1.35 14 145 15 1.55 1.6 1.65 17 1.75 18
(d)
Time (seconds)

Figure 4.29 Mode detection and change. (a) Cable currents, (b) Capacitor voltage,
(c) Series voltages, (d) PWM signal
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Figure 4.30 Mode detection and change. (a) Operating mode, (b) Reference
current.

4.9.1.5 Hysteresis current control.

Another proposed control strategy for the CFC is using HCC as discussed in detail
earlier in sub-section 4.6.2. The HCC is applied to perform currents balancing
operation for the same MTDC grid, where currents i1 and i, are initially 700A and
412A, respectively. Figure 4.31, Figure 4.32 and Figure 4.33 show HCC with
hysteresis bands 50A, 5A and 0.01A, respectively. The CFC is switchedonatt=1s
to perform the currents balancing function.

Decreasing the HB gives more accurate performance and less voltage and current
ripples, but at the same time, the switching frequency increases accordingly.

Figure 4.34 shows the performance of the HCC control strategy under sudden load
changes where currents i1 and iz are initially 700A and 412A, respectively, and the
sudden load change influences current il to be 1400A. The CFC is switched on and
the load change is applied at t=1.4 s. It is noticed that the CFC maintains the balanced
operation and the capacitor voltage increases from 0.5 kV to 1.0 kV to compensate

for the sudden rise of current iz.
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Figure 4.31 Currents balancing with HB=50A.. (a) Cable currents, (b) Capacitor
voltage, (c) Series voltages, (d) PWM signal.
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87



o

1 1.02 104 1.06 1.08
(L)
s 20 I T T T
S o ‘ — ] — ] ] 1 1
g — [I— — 7 = O
> 2000 | | | | |
1 1.02 104 1.06 1.08

1 1.02 1.04 1.06 1.08

(d
Time (seconds)
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4.9.2 Extended 3 ports CFC

In this subsection, the proposed extended three-port CFC is tested to evaluate the
proposed topology and operation modes. The same MTDC is used but is extended
to four terminals with parameters listed in Table 4-4. This MTDC grid is simulated
and different proposed operating modes of the CFC are demonstrated in the

following subsections.

Table 4-4 Extended topology simulation parameters.

Parameter Value

Grid voltage rating 320kV

Main capacitor 10mF

Cable 1-2 1.42Q
0.021 H
Cable 1-3 2.42Q
0.021 H
Cable 1-4 242 Q
0.021 H
Cable 2-3 242 Q
0.021 H
Cable 3-4 242Q
0.021 H
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4.9.2.1 Currents balancing

In this simulation case, currents i, i> and iz are set to be initially 700A, 412A and
T40A, respectively. It is required to operate the CFC such that it redistributes the
currents on both cables to achieve a balanced current flow operation. This can be
achieved by connecting the capacitor in series with both cables 1 and 3 as both carry
high currents (mode 4). The CFC switched on at t= 1 s to perform the currents
balancing. Figure 4.35 (a), (b), (c) and (d) show cable currents, capacitor voltage,
series voltages and PWM signals, respectively. The figures show that the controller
successfully reaches balanced operation for the three currents at approximately 575
A. The capacitor voltage with steady state value of less than 0.7 kV is shown in
Figure 4.35(b). It is important to note that series voltages of cables 1 and 3 are
overlapping in Figure 4.35 (c) as the capacitor is connected and disconnected to both

cables at the same time.
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Figure 4.35 Extended CFC currents balancing mode 4 - extended topology. (a) Cable
currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

Another similar case is simulated where currents iz, i and iz are equal to 700A, 412A
and 424A, respectively. To achieve the balanced operation, the CFC operates in
mode 1 as current iy is higher than the average value and needs to be decreased.
Figure 4.36 (a), (b), (c) and (d) show cable currents, capacitor voltage, series

voltages and PWM signals for this case, respectively.
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Figure 4.36 Extended CFC currents balancing mode 1 - extended topology. (a)
Cable currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

All functionalities demonstrated earlier on the two-port CFC can also be utilised
with the extended topology. A similar case to the previous where current iy needs to
be decreased from 700A to 250A is simulated. Figure 4.37 (a), (b), (c) and (d) show

cable currents, capacitor voltage, series voltages and PWM signals for this case,

respectively.
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Figure 4.37 Extended CFC limiting i1 to 250A (mode 1) - extended topology. (a)
Cable currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.
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4.9.2.2 Extended topology limitations

As discussed earlier, this extended topology has some limitations. If two currents
are higher than the average value, and at the same time there is a significant
difference in magnitude between them, connecting the capacitor to both cables at the
same time results in decreasing both of them with the same amount; hence, accurate
balancing operation is not possible. This particular case is simulated in Figure 4.38.
In this simulation case, currents i1, i2 and iz are set to be initially 700A, 412A and
1000A, respectively. Figure 4.38 (a), (b), (c) and (d) show cable currents, capacitor
voltage, series voltages and PWM signals, respectively. These figures show that the
controller fails to reach accurately balanced operation for the three currents.
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Figure 4.38 Extended CFC unsuccessful balancing (mode 4) - extended topology.
(a) Cable currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

Similarly, if the two currents are below the average value and have a significant
difference in magnitude between them, connecting the capacitor to both cables at the
same time will result increases both of them with the same amount; hence, accurate
currents balancing operation is not possible. This case is simulated in Figure 4.39.
In this simulation case, currents ix, iz and iz are set to be initially 700A, 412A and

525A, respectively. Figure 4.39 (a), (b), (c) and (d) show cable currents, capacitor
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voltage, series voltages and PWM signals, respectively. The figures show that the

controller also fails to reach accurate balanced operation for the three currents.
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Figure 4.39 Extended CFC unsuccessful balancing (mode 1) - extended topology.
(a) Cable currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

4.9.3 Testing the CFC in VSC based HVDC grid

After validating all the proposed CFC operating modes and control strategies by
simulation using a simplified MTDC grid, a more realistic voltage source converter
based HVDC model [115] is simulated in this subsection to demonstrate the validity
of CFC for more real applications.

The simulation model rating is 200 MVA, +/- 100 kV DC where forced-commutated
VSC interconnection is used to transmit power from a 230 kV, 2000 MVA, 50 Hz
system to another identical AC system which acts as a second terminal and a load
which acts as a third terminal. The rectifier and the inverter are three-level Neutral
Point Clamped (NPC) VSC converters using IGBT/Diodes. The SPWM switching
uses a single-phase triangular carrier wave with a frequency of 1350 Hz. Along with
the converters, the station includes on the AC side: step down Yg-D transformer, AC
filters, converter reactor; and on the DC side: capacitors, DC filters. The transformer
tap changers and saturation characteristics are not simulated. The rectifier terminal

is interconnected to both load terminal and the inverter terminal through two 75 km
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cable (i.e. 2 pi sections) and two 8 mH smoothing reactors as shown in Figure 4.40.

All simulation parameters are shown in Table 4-5.
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2000 MVA equivalent —
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Figure 4.40 VSC based SIMULINK model.

Table 4-5 VVSC based model simulation parameters.

Parameter Value

DC Grid voltage rating 100kV
Main capacitor 10mF
Terminal 1 Rectifier station
Terminal 2 Load
Terminal 3 Inverter station
Cable resistance 0.14Q/km
Cable inductance 15 mH/km
Cable capacitance 23uF/km
Cable 1-2 length 75km
Cable 1-3 length 75km
Cable 2-3 length 100km
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4.9.3.1 Currents balancing

A case study is demonstrated where currents iy and i2 are initially equal to 700A and
300A, respectively. It is required to operate the CFC such that it allows the amount
of the current flowing in cable 1 to transfer to cable 2 in order to achieve a balanced
current flow operation (mode 1). The CFC switched on at t= 1.2 s to perform the
required task. Figure 4.41(a), (b), (c) and (d) show cable currents, capacitor voltage,
series voltages and PWM signals, respectively. These figures show that the
controller successfully performs the balancing operation for the two currents. The
capacitor voltage is with steady state value of less than 0.7 kV as Figure 4.41(b). It
is important to note that switching frequency in this case is approximately 750 Hz

as can be observed from Figure 4.41(d).
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Figure 4.41 VSC based model with CFC currents balancing (mode 1) (a) Cable
currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

4.9.3.2 Current limiting

For a similar case study, currents i1 and iz are initially equal to 700A and 300A,

respectively. It is required to operate the CFC such that it limits the amount of the

current flowing in cable 1 to 300A. The CFC is set to operate at t = 1.2 s to perform

the required task. Figure 4.42 (a), (b), (c) and (d) show cable currents, capacitor

voltage, series voltages and PWM signals, respectively. The controller successfully
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performs the current limiting operation for current iy at 300 A. The capacitor voltage
is with steady state value of less than 1.2 kV as noted from Figure 4.42(b). The
switching frequency in this case is approximately 1.2 kHz as it can be observed from
Figure 4.42(d).
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Figure 4.42 VSC based model with CFC currents limiting (mode 1) (a) Cable
currents, (b) Capacitor voltage, (c) Series voltages, (d) PWM signal.

4.9.4 Validation of the dynamic model

The mathematical model discussed earlier in sub-section 4.8.2 is validated through
PSCAD computer simulation. The mathematical model is used to calculate the
currents and capacitor voltage with the same parameters used in the MTDC model.
The simulation output values are plotted and currents i1, i> and capacitor voltage V.
are shown in Figure 4.43. In a similar manner, mathematical calculation output
currents ilm, i2m and capacitor voltage Vcm are shown in Figure 4.44. In order to
prove the validity of the proposed mathematical model, both simulated and
calculated currents are plotted together in Figure 4.45(a), while the modelled
capacitor voltage is plotted against the calculated capacitor voltage in Figure 4.45(b).

It is noticed that the modelled and calculated results are inline.
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Figure 4.43 Simulation model outputs (a) Cable currents, (b) Capacitor voltage.
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Figure 4.44 Calculated mathematical model outputs (a) Cable currents, (b)
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Figure 4.45 Comparison between simulation and calculation results (a) Cable
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4.10 Summary

In this chapter, the circuit topology of the CFC is presented along with its theory of
operation. The proposed operation modes are set based on the magnitude and
direction of the currents flowing. A mathematical model is developed for both the
two-port and proposed extended topology three-port CFC and validated by

comparing the calculated values with the simulated CFC circuit.

Different functionalities of CFC such as currents balancing, currents limiting and
nulling are demonstrated using computer simulation on both a simplified and a VSC
based MTDC grid. The proposed control strategies are validated and simulation
results show accurate and fast dynamic performance. Both PID and HCC control
schemes produced excellent results when designed correctly. Moreover, the

proposed automatic mode detection and changing control unit is tested and results
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showed fluent interchange in the switching modes to allow continuous proper

operation of the CFC.

The proposed extended topology showed limitations throughout the computer
simulation process especially when the difference in magnitude between the two
controlled currents is significant. Therefore, the proposed extended topology may
fail to perform accurately under certain loading circumstances due to the presence
of a single capacitor and hence a better topology is needed in order to expand the
CFC for operation in large MTDC grids.
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5.1 Introduction

To implement the CFC in real MTDC grid applications, where several cables at a
given terminal may be connected, a generalized modular current flow controller
(MCFC) is proposed in this chapter. A three-port MCFC is chosen to describe in
details its circuit topology, operating modes, mathematical model and proposed
control strategies. The proposed topology gave dual functionality when compared
with the extended topology as each cable current can be controlled independently.
Moreover, a reduced switches count topology is proposed which reduces the
manufacturing cost of the MCFC to almost half. The reduced topology may be used
in cases where current control of reverse direction is not required. Finally, the

proposed MCFC topology is validated through different simulation case studies.
5.2 Proposed Generalized MCFC Topology

The proposed MCFC topology consists of mainly sub-modules and capacitors.
These sub-modules are considered to be the building blocks of the MCFC with each
containing four IGBT switches as shown in Figure 5.1. The number of cables (ports)
connected to the MCFC determines its topology as shown in Figure 5.2, for two,
three, four, and n ports. The number of sub-modules required can be calculated from
the following equation:

ng=nmn-1) (5.1)
Where ns is the total number of submodules and n is the number of cables to be
connected to the MCFC. In addition, the number of the involved capacitors nc can
be obtained from the following equation:

ne=m-1) (5.2)
The principle of operation of the MCFC is based on switching capacitors in series
with cables carrying higher currents, one capacitor to one cable. This action allows
each capacitor to charge independently from its connected cable and hence reducing
the current flow in them and increasing the current flow in the cable carrying the

lowest current.
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Figure 5.1 Building block of the MCFC.

Four ports
CT TS Three ports
v Twoports  §
it s ; _
_’_E'ﬁ_SMn : SMy, : SM13?— ————— ré N1 _1'_)|
o i i .
_’g.“:z— SMy1 = SMy, - SMpf= — — — — - ré M2(n-1)|
§: 5 = : =
o | -
_’&H_SMM SMa—+—{SMap- — — — — - ré 30|
¥ = : o
é ot :
> —1SMa; SMy2 SMysp — — — — - SMy(n)!
S T S U U N L
N o | Con E-i-

Figure 5.2 Proposed MCFC modular topology for 2, 3, 4, and n ports.

For each capacitor, a dedicated control circuit is developed, allowing it to be
connected to the desired cable with the desired charging and discharging times based
on the requested set point. As a result, the main drawback of the extended topology
presented earlier in the previous chapter can be solved. Consequently, the proposed
MCEFC is able to control all currents flowing in a given MTDC grid independently.
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5.3 Modes of Operation

By studying a three-port MCFC with circuit shown in Figure 5.3, where six sub-
modules are used (two connected to each cable) and two capacitors are involved.
The three-port MCFC modes of operation can be grouped into two groups. The first
group is when currents are flowing in the forward direction (out of the MCFC), three
operating modes are present where any of iz, i and iz may be the lowest current. The
second group is similar to the first one but contains three modes of operations when
currents are flowing in the reverse direction (into the MCFC). The six modes of
operations and their switching states are shown in Table 5-1.

2% N i1 2 T i1 Vi
oo o R1 L1
i v \Td v i2 v \T(:Z v i2 V2
V"_ _H_+ _”_+ R2 L2
A R
v \_ v i3 v e v i3 V3
v v v v R3 L3

Figure 5.3 Proposed three-port MCFC topology.
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Table 5-1 Three-port MCFC modes of operation and switching states.

Operating modes

h&i: &K L&D W&D &I L&
2 3 4 5 6

0 0 P1 P1 P1
0 0 0 P1 P1
0 0 P1 0 0
1 0 0 0 0
0 1 0 0 0
1 1 0 0 0
P1 P1 0 0 0
P1 P1 0 0 0
0 0 0 0 0
0 0 0 1 0
0 0 1 0 1
0 0 1 1 1
0 0 0 P2 0
0 0 P2 0 P2
0 0 P2 P2 P2
1 1 0 0 0
1 1 0 0 0
0 0 0 0 0
P2 0 0 0 0
0 P2 0 0 0
P2 2 0 0 0
0 0 1 1 1
0 0 0 1 1
0 0 1 0 0

All schematic diagrams for the six operating modes are presented in Appendix A.3.

By inspecting mode 1 as an example, it is assumed that both currents iy and i, are
higher than current is. It is required to redistribute the three currents to achieve
balanced operation, and this action is done by connecting capacitor Cy to cable 1 and
capacitor C» to cable 2 to charge them in the charging period as shown in Figure 5.4.
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After that, each capacitor is connected in series with cable 3 to discharge in it in the
discharging period as demonstrated in Figure 5.5. The fact that each capacitor is
switched by a different control signal, gives accurate performance as each control
signal has its own distinct reference value and duty cycle.

Sat1 Sbi1 Sata,
i1

Sa1 Sei2

b2t Saz
oN i2

Seay Saz1 Sc2

R3 L3

St Saat Sca2 Saz

Figure 5.4 Three-port MCFC operating in mode 1(charging period).
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Figure 5.5 Three-port MCFC operating in mode 1(discharging period).

5.4 Mathematical Modelling

In this section, the averaging technique is used to derive a dynamic model for the
three-port MCFC. Considering mode 1 of operation, i1 and iz are both greater than
current iz flowing in cable three. The proposed MCFC transfer currents from cable
1 and cable 2 through C; and C, respectively, to cable 3. The MCFC charges Ci
from cable 1 for a time interval of DT, while it charges C, from cable 2 for a time
interval of DT, where Dy and D> are duty ratios for charging periods of C; and Co,
respectively, and T is the switching period. Assuming i; is greater than iy,
consequently, D1 becomes greater than D2. Therefore, the operation of the proposed
MCFC in mode 1 can be divided into three consecutive intervals of periods D-T,
(D1-D2) T, and (1-D31) T. Figure 5.4 presents the operating devices of the MCFC

during the first interval where both C; and C; are charging from cable 1 and cable 2,
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respectively. The circuit equations that describe the MCFC during this interval, DT,

can be written as:

V=ri L v +V; (5.3)
V=ryip+ Ly v, 4V (5.4)
V=rist+ L4V, (5.5)

iy = ¢4 (5.6)

iy = €222 (5.7)

where r; and L, are the resistance and the inductance of the first cable, r, and L,
are the resistance and the inductance of the second cable, 3 and L are the resistance
and the inductance of the third cable, v.; and v, are the capacitors voltages of the
three-port MCFC capacitors, V is the bus voltage where the MCFC is
connected, V3, V, and V5 are the voltages at the end terminals of the first, second,
and third cables, respectively. The state-space model representation of (5.3)—(5.7) is

given by the following:

L, 0 0 0 o] (1] [—rl 0 0 -1 0][11]
0 L, 0 0 0f || |0 -r 0 —1f|iz|
0 0 Ly O 0‘& iglzlo 0 -r; O 0‘I13I+
0 0 0 C 0 VclJ 1 0 0 0 0 [vclJ
Lo 0 0 0 ¢! Ly 0 1 0 o0 o0y
K X Aq X
1 -1 0 O] V1
1 0 -1 0 | v
1 0 0 -1y (5.8)
0 0 0 OJ Vz
0 0 0 0 %
B

In the second interval, C, is switched to discharge in cable 3 while C; remains
charging from cable 1. The duration of this interval is (D1-D2)T. The equations

describing the circuit in this case can be as follows:
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. di
V=T'1£1+L1§+vcl+V1

. di
V:T‘212+L2£+V2

V=r3i3+L3%—vC2+V3

. dvcl
L =C—=

1 dt
dvcz

l3 - _C dt

(5.9)
(5.10)
(5.11)

(5.12)

(5.13)

In a similar way, the state equations representing the second interval are written as

follows:
L, 0 0 O O] 'i1] [T1 0 0o -1 0][11]
0 L, 0 0 0| || |0 -r; 0 0 0|
0 0 Ly 0 o|xlisf=lo o -rp o 1flis|+
0 0 0 C oJ vclJ [1 0O 0 0 OJ[vclJ
Lo 0 0 0 cl lvg, 0 0 -1 0 olvel
K X A, X
1 -1 0 o] V1
1 0 -1 0|y
1 0 0 -1 vl (5.14)
0 0 0 O VZ
0 0 0 0 =-U3~
B

During the third interval, (1-D1) T, Cy is switched to cable 3. Hence, both C1 and C»

are discharging into cable 3, as indicated in Figure 5.5. The circuit equations in this

case are as follows:

V=ni+ L 4V

V =iy + L 22+ Vy

. diz
% =T3l3 +L3E_vcz — Vs +V3

. dav,
l3 = _C_Cl
dt
. dav,
l3 = _C_Cz

dt
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The mathematical state space representation of the MCFC during this interval is

given by the following:

L, 0 0 O O] [il] [—rl 0 0 0 0][11]
0 L, 0 0 Of |iz| [0 -r, 0 0 Off]
0 0 Ly O ojaliﬂ:[o 0 -r; 1 1}|i3|+
0 0 0 C 0 [vclJ 0 0 -1 0 0 [vclJ
L0 0 0 o0 cl lvg 0 0 -1 0 ollvel
K X As X
1 -1 0 07y
1 0 -1 0|y
1 0 0 —1IV1 (5.20)
0 0 0 OJVZ
0 0 o0 0422
B

Multiplying (5.8), (5.14) and (5.20) by their duty ratios, D2, Di1-D2, and 1-Dj,
respectively, and summing the results to get the average model for the MCFC for

mode 1 presents the following:

[—rl 0 0 -D; 0 1 i
0 -r, 0 0 -D, || i
Kx=| 0 0 —r;  1-D; 1-D,||is |+BU (5.21)
lDl 0 —(1-Dy) 0 0 Jvc1
0 D, —(1-D,) 0 0 llve,
A X

where A = D2 A1 + (D1-D2) A2 + (1-D1) As. At steady state, (5.21) is written as the

following:

AX+BU=0 (5.22)

Rearranging (5.22), the capacitors’ voltages can be expressed as the following:

((1=D3)?+13D3 /r3)a—b/(1—D1)(1-D;) (5 23)
1-((1-D2)?+13D3 /12)((1-D1)?+73D% /17) .

Ve =

(1-D1)(1-D)a—((1-D1)*+12D} )b
Vez = 7 ((D1D2)?+(1~D1)?(r1D5+72D7))

rir2
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where a=1—-D)(V —-V3) —r3D;(V—-V,)/ry and b=(1—-Dy,)(V—-V3)—
r;D,(V —V,)/r,. The rated voltage of the capacitors and hence the MCFC switches
can be calculated from the maximum of (5.23) and (5.24). These equations show
that the capacitor voltage depends on the network parameters and the voltage drops
across the cables connected to the MCFC are related to the loading condition of the
grid.

5.5 MCFC Control Strategy

The control system proposed for the MCFC is different from the one of the two-port
CFC proposed earlier in the previous chapter. For an n-port MCFC having (n-1)
capacitors, (n-1) control loops will be required each with its own unique reference
value and feedback signals. Figure 5.6 shows the proposed control system for a
three-port MCFC.

Outer control loop Vet max

2, 1 / iy
—»Q—» 3 Pl controller

Signals to 24

IGBT switches

Mode detection and |—»-
IGBT selection —»
Control unit e
(Table 5.1) —

A

Figure 5.6 Proposed three-port MCFC control loops.

As noticed from Figure 5.6, two selector switches are utilized to determine the
function of the MCFC. For currents balancing, in each of the two control loops, the
sum of currents in the three branches is measured and then divided by the number
of branches to obtain the average value of the desired current, i*. This value is
considered the reference value to be compared with the measured value of the
current ix (which depends on the operating mode) that needs to be redistributed. The

error signal is processed using a PI controller, where the output of this outer current
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control loop is considered the reference value of the capacitor voltage v;. A limiter
is used to prevent exceeding the rated capacitor voltage. The inner control loop is
dictated to regulate the capacitor voltage at its estimated value from the outer one
using another PI controller. The output of this controller is the duty cycle of the
modulating switches. Similarly, a reference signal can be inserted directly to the
controller based on the required function whether it is current setting or current
nulling.

A master control unit similar to that proposed earlier in the previous chapter may be
developed in order to look up Table 5-1, and based on the measured currents iy, iz
and i3 the appropriate mode of operation can be chosen and hence the switching
states of all twenty-four IGBTs can be determined (whether on, off, PWM; or
PWM,).

5.6 Proposed Reduced Switches Count Topology

By inspecting any given MTDC grid, some nodes (terminals) would always operate
in a unidirectional power flow scheme. For example, a terminal connecting several
offshore wind farms together or a terminal having solar power generating arrays
always act as a generating terminal and all currents flow out of it. Consequently, a
reduced switches count topology is proposed to decrease the number of switches by
half by eliminating the switches responsible for the reverse currents control. The
building block of the MCFC is changed to a reduced one that contains two IGBTS
and two diodes as shown in Figure 5.7 and the general MCFC topology remains the

same.
Da Sa
al
S M L J =t
L J
Sy Dy
Sub module N— 4”*

Figure 5.7 Building block of the reduced switches count MCFC.
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Figure 5.8 shows a two-port MCFC with the reduced topology as an example, where
only four diodes and IGBTSs are needed in this case. The operating modes for the
two-port MCFC is reduced to two modes only as the other two responsible for
reverse currents control are eliminated as illustrated in Table 5-2. For operation in
mode 1, where iy is assumed to be higher than i, the capacitor is allowed to charge
from cable 1 through diodes Da1 and Dp1, while current i, flows regularly in cable 2
by switching Sa2 on as indicated in Figure 5.9(a). As for the discharge period, in
addition to Sa2 both Sp: and Spo are switched on to connect the capacitor in cable 2
as in Figure 5.9(b). Similarly, mode 2 is operated when iz is the higher current and
Switch Saz is switched on instead of switch Sq2 in that case.

In case of installing the reduced MCFC at a terminal with wind generating units
only, care must be taken as wind turbines need power at the starting up process and
the reduced topology allows power to flow in one direction only. The solution can
include using batteries to supply the wind turbines at start up or installing bypass

switches for the MCFC to allow reverse power flow.

Da1 Sa1
T.TZ ’
—>—
Sb1 Db1
S.TZ .
I - |_+
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Daz Sa
S.TZ )
| —
sz Db2

¥ P

Figure 5.8 Reduced switches count topology of two-port MCFC.
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Figure 5.9 Reduced switches count topology MCFC operating in mode 1, (a)
charging (b) discharging.

Table 5-2 Two-port reduced MCFC modes of operation and switching states.

Higher Switching states
Mode Current

i1 off on PWM PWM
i2 on off PWM PWM

All schematic diagrams for the two operating modes are presented in Appendix A.4.
5.7 Simulation Results

In the following subsections, the proposed MCFC topology is validated using
PSCAD/EMTDC environment. However, the reduced MCFC topology is not
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simulated nor tested as it offers the exact behavior of any MCFC operating in the
forward direction modes. Additional details of the models used are presented in
Appendix B.2.

5.7.1 Currents balancing: MCFC

In this case study, currents iy, i2 and iz are set to be initially 640A, 540A and 700A,
respectively. It is required to operate the CFC such that it redistributes the currents
higher than the average value (i1 and i3) on all cables to achieve a balanced current
flow operation. This can be achieved by connecting the capacitor C; in series with
cable 3 and capacitor C; in series with cable 1 as both are carrying high currents
(mode 3). The CFC switched on at t= 1.5 s to perform the desired currents balancing.
Figure 5.10(a), (b), (c), (d) and (e) show cable currents, capacitor voltage Vi,
capacitor voltage Ve, PWM; signal and PWM: signal, respectively. These figures
show that the controller successfully force the currents to reach balanced operation
at approximately 620 A. The capacitor voltages V¢1 and V¢ are equal to 1.2 kV and

0.5 kV respectively.
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Figure 5.10 MCFC currents balancing - mode 3. (a) Cable currents, (b) Capacitor
voltage Vci, (c) Capacitor voltage Vcz, (d) PWM; signal, (e) PWM: signal

Another similar case study is shown in Figure 5.11(a), where currents i1 and i, are
both below the average value of the three cable currents with values 620 A and 580

A. And i2 is considered to be the lowest current. The MCFC is operated at t= 1.5 s
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and accurate current balancing operation is achieved by limiting the highest current
i3. Figure 5.11(b) and (c) show both capacitor voltages Vc1 and V¢, respectively.
Finally, both PWM: and PWM: signals are shown in Figures 5.11(d) and (e),
respectively.
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Figure 5.11 MCFC currents balancing - mode 3. (a) Cable currents, (b) Capacitor
voltage V1, (c) Capacitor voltage Vcz, (d) PWMq signal, (€) PWM: signal.

By comparing these simulation results with the one shown earlier in Chapter 4 for
the three-port CFC extended topology, the MCFC offers more accurate results as an
additional capacitor is introduced. Each current is controlled with a dedicated
capacitor leading to better performance specially when there are significant

differences in magnitude between the currents being controlled.

5.7.2 MCEFC: setting currents i1 and i3

The proposed MCFC topology indicates that for each controlled current a dedicated
capacitor is needed; this fact adds independent control opportunity for each
controlled current. A simulation case is proposed to validate this concept, where
currents iz, i and iz are set to be initially 640 A, 570A and 660 A, respectively. It is
required to operate the CFC such that it limits both currents i1 and iz to 600 A. This
can be achieved by connecting the capacitor C; in series with cable 3 and capacitor
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C: in series with cable 1. The MCFC switched on at t= 1.5 s, Figure 5.12 (a), (b),
(c), (d) and (e) show cable currents, capacitor voltage Vci, capacitor voltage Ve,
PWM; signal and PWM: signal, respectively. These figures show that the controller
succeeded in limiting the two currents, i1 and is, to reach the predefined reference
value. As both currents iz and iz are decreased throughout the MCFC operation,

current i increases consequently to achieve the balance in the grid.
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Figure 5.12 MCFC currents i1 and i3 setting. (a) Cable currents, (b) Capacitor
voltage Ve, (c) Capacitor voltage V2, (d) PWM;s signal, () PWMz signal

5.7.3 MCFC: currents nulling

Another case study is presented in this subsection, where dual functionality of the
proposed three-port MCFC is demonstrated. Currents iz and i1 are both to be
controlled, the first is to be set to 600 A while the second is to be ramped to zero.
The three cable currents are shown in Figure 5.13(a) where the MCFC is switched
on at t= 1.5 s and successfully performs the desired task. For current i3, Figure
5.13(b) and (d) show the relevant capacitor voltage Vci and PWM; signal,
respectively. These figures show that the capacitor voltage reaches a maximum
value of 2.2 kV. Similarly, for current i1, Figure 5.13(c) and (e) show the relevant

capacitor voltage Vc2 and PWM; signal, respectively. The PWM signal is equal to
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zero as the capacitor C» is connected in series with cable 1 to charge to 4.1 kV and

block the current flowing.
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Figure 5.13 MCFC nulling iz and setting i1. (a) Cable currents, (b) Capacitor
voltage Vi, (c) Capacitor voltage Vcz, (d) PWMz signal, (€) PWM: signal

More simulation results for MCFC tested in a VVSC based four terminals MTDC
grid are presented in Appendix B.2.

5.8 Summary

This chapter presents a generalized MCFC topology that can be installed ina MTDC
to control currents flowing in any number of cables. The proposed topology
succeeded in solving the limitations introduced by the extended topology proposed
in chapter 4. In addition, introducing two capacitors instead of one in the three-port
topology not only enhanced the performance in currents balancing, but also
introduced dual functionality ability where each capacitor can be used to control a
cable current independently. A reduced switch count topology is also proposed in
this chapter where the switches and diodes responsible for reverse current control

are eliminated, offering lower cost and smaller footprint MCFC in cases of
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unidirectional power flow control. The proposed MCFC is simulated in different
case studies and accurate results and fast dynamic performance are noticed. The
validated proposed MCFC topology revealed that it can be used in real MTDC grid

current flow control applications.
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Chapter
6

Experimental Validation
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6.1 Introduction

To obtain experimental results and validate the MCFC topologies and control
strategies proposed in this research project, a scaled down laboratory MCFC
prototype is designed and built. The prototype is tested in a scaled down three and
four MTDC grids. Two different physical controllers are used: OPAL RT OP4500
real-time simulator and NI-Crio real-time FPGA-based controller to acquire the
measurement signals and provide the IGBTs with all the firing signals based on the
current operating mode. A graphical user interface (GUI) is designed for each
controller in order to facilitate the control of all MCFC parameters and switch
between the two proposed control strategies during operation. Experimental results
for two-port CFC, extended topology three-port CFC, and three-port MCFC are

obtained and presented in this chapter.
6.2 Experimental System Configuration

6.2.1 Scaled down MTDC grid

A scaled down MTDC grid is prepared to allow realistic testing of the proposed
MCFC control and topologies as shown in Figure 6.1. The grid consists of one
generating terminal based on DC power supplies with a rating of up to 150 VDC,
and two/three load terminals each connected to an electronic active load. Electronic
loads give the flexibility of precisely controlling the flowing current in each cable
and mimicking instantaneous load variations when compared with passive loads.
The load terminals are programmed to apply sudden load changes in order to test the
developed MCFC mode detection and change control algorithm. More details of the

experimental setup are available in Appendix C.
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Figure 6.1: Three and four-terminal MTDC grid schematic diagram.

6.2.2 MCFC prototype

The submodule circuit is designed using the Proteus software package as shown in
Figure 6.2 and is produced using a printed circuit board milling CNC machine. Each
submodule contains four IGBTS, each with its own gate driving circuit and isolated
power supply. The main role of the gate driving circuit is to provide optical isolation
between both the low power control signal side and high power switch side and the
supply switches with the required power. The current-measurement amplification
circuit is designed for signal conditioning purposes.
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Figure 6.2: MCFC submodule schematic diagram.

6.2.3 Controllers and user interface

The MCFC prototype is tested using two different controllers. The first controller is
the OP4500 Opal real-time simulator. The programming is carried out by building
the control algorithms in the MATLAB/SIMULINK environment and then
transferring them to the OP4500. This type of control is termed a rapid control
prototyping (RCP), as modifications can be done quickly through the model, and all
simulation parameters can be controlled online during operation. The full setup of

the three-port MCFC controlled via OP4500 is shown in Figure 6.3.

The second controller used is the FPGA-based National Instruments (NI) Compact
Rio (Crio) real-time controller. The programming is carried out using the
LABVIEW simulation environment and then the developed code is compiled and
translated into VHDL and transferred to the FPGA. The full setup is shown in Figure
6.4.
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Figure 6.4: Extended topology CFC with NI-Crio controller experlmental setup.

For each controller, a GUI is designed in order to provide online control of the
MCFC. Through this interface, the user can turn on/off the MCFC, swap between
control strategies HCC/PID, change any desired control parameter, choose the
MCFC function, and monitor current magnitudes and present the operating mode.
Figure 6.5(a) and Figure 6.5(b) show both the developed GUls.
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Figure 6.5: User interface: (a) MATLAB, (b) LABVIEW.
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6.3 Experimental Results

The prototype is used to test the dynamic and steady state performance of the
proposed MCFC control strategies and topologies. Table 6-1 shows the main
parameters of the experimental setup. In the following subsections, two-port,
extended three-port, and modular three-port CFC will be tested.

Table 6-1: Laboratory test prototype main parameters.
Parameter Value

70 — 150 V dc Power supply
Terminal 2 Prodigit 3261 300 V/18 A Active load
Terminal 3 Prodigit 3251 150 V/8A Active load
Terminal 4 80V Active load
Cables resistance 1.2 Ohm

Cables inductance 1 mH
CFC capacitor 1mF
N-channel IGBT HGTG10N60A4D — 70 A — 600 V
Proportional gain 150
Integral gain 0.01
Controller time cycle 25nS

6.3.1 Two-port CFC

6.3.1.1 Current balancing and limiting using PID controller

Currents i1 and i2 are initially set to 3 A and 2.2 A, respectively. The CFC is
switched on to perform the current-balancing operation. Figure 6.6 (a) and Figure
6.6 (b) show the currents, capacitor voltage, and PWM signal at two different time
scales. The switching frequency has a value of approximately 1.5 kHz. Figure 6.6
(c) shows the same operation but with a sudden load change where i1 drops from
3Ato2.9Aandi2 drops from 2.2 A to 1.2 A. As the difference between the two
currents has significantly increased after the load change, the capacitor voltage has

increased from 4 V to 6 V to maintain the current-balancing process.
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Figure 6.6: Current balancing (Y axis: 1 A/Div for il and i2, 2 V/Div for V¢, and
5 V/Div for PWM): (a) balancing il into i2 (X axis: 20 ms/Div), (b) balancing i1
into i2 (X axis: 1 ms/Div), (c) sudden load change (X axis: 100 ms/Div).

To test the current limiting capabilities, the CFC is supplied by a reference value of
1.7 A for current i1, as shown in Figure 6.7 (a) andFigure 6.7 (b). The CFC

succeeded in injecting the required voltage in series with cable 1 to follow the

reference signal where the capacitor voltage in this case is equal to 10 V. Similarly,

Figure 6.7(a) and Figure 6.7 (b) show the same operation but with reference signal

zero in order to dampen the current il. The CFC capacitor fully charges, and once

the CFC is switched on, the PWM signals are equal to zero to allow the capacitor to

remain connected to cable 1.
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Figure 6.7: Current limiting (Y axis: 1 A/Div for il and i2, 5 V/Div and 10 V/Div
for V¢, and 5 V/Div for PWM): (a) setting i1 to 1.7 A (X axis: 2 ms/Div), (b) setting
i1to 1.7 A (X axis: 20 ms/Div), (c) nulling i1 (X axis: 100 ms/ Div), (d) Nulling i1
(X axis: 10 ms/Div).

6.3.1.2 Testing of HCC

Another control strategy for the CFC discussed earlier in Chapter 4 is generating the
PWM signals using HCC. To investigate the effect of varying the HB, four case
studies are presented in Figure 6.8(a), Figure 6.8(b), Figure 6.8(c) and Figure 6.8(d)
with hysteresis bands of 150 mA, 80 mA, 30 mA, and 5 mA, respectively. In each
of the figures, current il, current i2, capacitor voltage V¢, and generated pulses are
demonstrated. In Figure 6.8(a), as the HB is very high, the current ripple is very high
as well as the capacitor voltage ripple, which is approximately equal to 4 V in this
case. On the other hand, the switching frequency is very low with a value of 300 Hz.
By decreasing the HB to 80 mA, the voltage ripples have decreased to 2 V, and the
switching frequency has increased to 650 Hz, as shown in Figure 6.8(b). Figure
6.8(c) shows the result of decreasing the HB to a lower value of 30 mA. In the final
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case, when applying a5 mA HB, the voltage ripples are minimised to approximately
0.4V because of the switching frequency, which has significantly increased to
4.5 kHz, as indicated in Figure 6.8 (d). The current-balancing operation is most
accurate and both the capacitor peak voltage and voltage ripples are minimum when
the CFC is operated at the lowest possible HB. Decreasing the HB allows the control
loop to track the reference current as closely as possible, incurring higher switching
frequencies and thus higher switching losses. However, acceptable results can be
obtained with low switching frequencies, as shown in Figure 6.8(c), and the
maximum switching frequency can always be limited to the desired value through

the controller programming process.

(©) (d)
Figure 6.8: Current limiting (Y axis: 0.5 A/Div for il and i2, 2 V/Div for Vc, and
5 V/Div for PWM. X axis: 1 ms/Div): (a) balancing currents HB = 150 mA, (b)
balancing currents HB = 80 mA, (c) balancing currents HB = 30 mA, (d) balancing
currents HB =5 mA.
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6.3.1.3 Mode detection and changing algorithm
The mode detection algorithm is developed using both SIMULINK and LABVIEW
and is programmed using both OP4500 and Crio. A sudden mode load change is
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applied during the CFC current-balancing operation to investigate the performance
of the proposed mode detection and change algorithm. A case is presented where the
CFC is successfully operating in mode 1, which balances both currents il and i2
with values 2.7 A and 2.2 A, respectively. A load change is applied such that the
new values of i1 and i2 are 2.8 A and 3.6 A, respectively, leading to operation in
mode 2. Figure 6.9(a) illustrates that, without activating the mode detection
algorithm, the balancing operation will stop under the sudden load change as the
CFC continues with the wrong switching states.

In Figure 6.9(b), the proposed mode detection and change algorithm is activated,
and for the same case study, the mode change is detected instantaneously, and the
current-balancing operation continuous fluently. Due to the high difference in the
currents that resulted due to the mode change process, the capacitor voltage
consequently increases to maintain balanced currents. A closer view is shown in
Figure 6.9(c) for the same case, where once i2 increased and crossed the predefined
window, the CFC can detect the mode change. Figure 6.9(d) shows a similar case
where the CFC is already operating in mode 2, and a load change is applied to swap
the current values and to change the operating mode to 1. In this case, the CFC turn
off time is inserted as 100 ms to show how the mode detection and change algorithm

perform.

The same proposed algorithm can be expanded easily to be applied to n-port MCFCs

and can be designed based on the desired operating conditions.
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Figure 6.9: Mode detection (Y axis: 1 A/Div for il and i2, 2 V/Div for Vc, and
5 V/Div for PWM): (a) mode change without detection (X axis: 40 ms/Div), (b)
mode change with detection (X axis: 200 ms/Div), (c) mode change with detection
(X axis: 1 ms/Div), (d) mode change with 100 ms CFC off time (X axis:
400 ms/Div).

6.3.1.4 Effect of varying capacitance

The CFC capacitor is one of the key elements in designing the CFC, and as discussed
in Chapter 4, the value of the capacitor can be estimated based on the network
parameters. An experimental case study is proposed with four different capacitor
values and a fixed 30 mA HB, in order to investigate the effect of varying the
capacitance and its effect on the functionalities and performance of the CFC. By
installing a very low capacitor in the CFC with a value of 47 uF, Figure 6.10(a)
shows that the small capacitance increases the capacitor voltage to a value of 8 V,
high current ripples, and high voltage ripples, leading to poor performance.
Installing a small capacitor also increases the switching frequency, which reaches
3 kHz in this case. By increasing the capacitor value to 220 uF and 1 mF, as shown
in Figure 6.10(b) and Figure 6.10(c), respectively, the capacitor voltage has
decreased to 2.8V and 2.2V, respectively. Finally, a large 9.6 mF capacitor is
installed, and the results are shown in Figure 6.10(d), where the minimum current
and voltage ripples are observed. The capacitor voltage is equal to 2 V, and the

switching frequency has dropped to 875 Hz in this scenario.

As implied by the results, the CFC capacitor must be chosen with a value that is as
high as possible. Higher capacitance provides smoother CFC operation with

minimum capacitor voltage and low current and voltage ripples. Another advantage
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of installing a large capacitor is minimising the switching frequency, which leads to
minimising the switching losses.
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Figure 6.10: Effect of CFC capacitor value (Y axis: 0.5 A/Div for il and i2, 2 V/Div
for V¢, and 5 V/Div for PWM): (a) CFC capacitor = 47 uF (X axis: 1 ms/Div), (b)
CFC capacitor =220 uF (X axis: 1 ms/Div), (c) CFC capacitor = 1 mF (X axis:
1 ms/Div), (d) CFC capacitor = 9.6 mF (X axis: 4 ms/Div).

6.3.2 Extended three-port CFC
The proposed extended topology is tested by building a three-port CFC prototype,

using three submodules and a single capacitor, as shown earlier in Figure 6.4. A case
study is presented where i1, i2, and i3 are initially equal to 3.5 A, 0.5 A, and 3.2 A,
respectively, as shown in Figure 6.11(a). The CFC is switched on to operate in mode
6 and performs the current-balancing operation, providing satisfactory results. By
changing the values of il and i3 to 3.7 A and 3.1 A, respectively, the drawback of
this extended topology starts to appear, as illustrated in Figure 6.11(b). When the

single capacitor is inserted in series with both cables 1 and 3 at the same time, both
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currents il and i3 will decrease by the same amount and hence maintain the

difference between them, which may not result in an optimum balancing operation.
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Figure 6.11: Extended topology (Y axis: 1 A/Div for il, i2 and i3, X axis:
400 ms/Div): (a) low differences in current (b) high differences in current.

6.3.3 Three-port MCFC

In this subsection, a three-port MCFC prototype is built using six submodules and
two single capacitors, as shown earlier in Figure 6.3. Three case studies are presented

to evaluate the performance and validate the proposed topology.

6.3.3.1 MCEFC current balancing

Cable currents i1, i2, and i3 are initially equal to 2A, 0.75 A, and 1.75 A,
respectively. The MCFC is turned on to perform the current-balancing operation in
mode 3, as illustrated in Figure 6.12(a). The currents are balanced successfully to an
approximate value of 1.5 A. Capacitor voltages, in this case Vcl and Vc2, are
portrayed in Figure 6.12(b) and Figure 6.12(c), respectively. Additionally, Vcl is
higher than Vc2, as current il is relatively higher than current i3. Finally, the two
PWM signals, P1 and P2, are shown in Figure 6.12(d) where P2 starts switching

earlier than P1, as current i3 is closer to the reference value than il.

The results from this case study can be compared to extended topology results
presented in the previous section, where currents can be controlled independently
based on their values and very accurate performance can be obtained by dedicating

a single capacitor with its dependant control circuit for each cable.
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Figure 6.12: Current balancing — three-port MCFC (Y axis: 0.5 A/Div for i1, i2, and
i3, 1 V/Div for V¢, and 5 V/Div for PWM, X axis: 2 ms/Div): (a) balanced currents,
(b) capacitor voltage Vc1, (c) capacitor voltage Vc2, (d) PWM signals P1 and P2.

6.3.3.2 MCEFC current setting

Another case study is presented where currents il and i2 are the higher currents
(mode 1) and the reference values of the controllers are set as zero for il and 1.25 A
for i2. The proposed MCFC succeeds in nulling current il and setting current i2 at
the desired value, as demonstrated in Figure 6.13(a); i3 is increased to a value that
maintains the energy balance in the grid. The corresponding capacitor voltages, Vcl
and Vc2, are presented in Figure 6.13(b) and Figure 6.13(c), respectively. The
capacitor C1 is charged to block current i1. The relevant PWM signals are shown in
Figure 6.14(d), where P1 remains zero to allow C1 to charge from cable 1, and P2
is the pulse width, modulated to let i2 achieve the required set-point value. Fluent

operation of the MCFC can be noticed.
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Figure 6.13: Setting i2 and nulling i1 — MCFC (Y axis: 0.5 A/Div for i1, i2, and i3,
5 VI/Div for V¢, and 5 V/Div for PWM, X axis: 10 ms/Div): (a) cable currents, (b)
capacitor voltage Vcl, (c) capacitor voltage Vc2, (d) PWM signals P1 and P2.

6.3.3.3 MCFC current nulling

Similarly, both reference values of currents il and i2 are set to zero to ramp both

currents down to zero. For this case, currents il, i2, and i3 are presented in Figure

6.14(a). Capacitor voltages Vcl and Vc2 are shown in Figure 6.14(b) and Figure

6.14(c), and both capacitors charge to block currents flowing in cables 1 and 2. The

PWM signals are shown in Figure 6.14(d), as both signals are equal to zero all the

time to keep capacitors C1 and C2 connected in series with cables 1 and 2,

respectively.
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Figure 6.14: Nulling iland i2 — MCFC (Y axis: 1 A/Div for i1, i2, and i3, 5 V/Div
for V¢, and 5 V/Div for PWM, X axis: 4 ms/Div): (a) cable currents, (b) capacitor
voltage Vcl, (c) capacitor voltage VVc2, (d) PWM signals P1 and P2.

6.4 Summary

In this chapter, the details of designing and building the scaled down CFC and
MCFC prototypes are explained in detail. Proposed modes of operation and control
strategies for the CFC are validated using the experimental prototype. The effect of
varying the CFC’s capacitor value is demonstrated, and it is concluded that larger
capacitors give better performance, and less capacitor peak voltage and current
ripples are experienced. The HCC is tested closely under several different HB
values, and the results indicated that lower HB values give more accurate

performance because of the increase of switching frequency and losses.

Finally, both the proposed extended three-port CFC and the MCFC topology are
tested, and more accurate results are achieved with the MCFC, when comparing their
results. In addition, the dual functionality offered by the three-port MCFC is

demonstrated in simultaneously controlling the cable currents.
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7.1 Conclusions

The concept of forming Multi Terminal HVDC grids is being considered due to the
increase of offshore wind farms recently in the North Sea area. As a result,
researchers and industry leaders biased their work towards solving emerging
challenges that prevent the idea of multi terminal super grids from being established
reliably. The difference in characteristics between AC and DC power prevents the
use of available AC power system protection schemes, circuit breakers, transformers

and power flow control methods with new DC grids.

In this thesis, AC/DC converter topologies and MT-HVDC grids configurations are
reviewed. Available power and current flow control methods are investigated as
well, and methods such as voltage droop control, voltage margin control, insertion
of series resistors, insertion of series voltage sources and utilization of AC/DC
converters are investigated. Furthermore, operating modes, a dynamic mathematical
model and control schemes are developed for a two-port CFC and validated using
both computer simulation and scaled down laboratory experiments. The CFC
capacitor and IGBTSs are subjected to relatively low voltage when compared the grid
rated voltage, resulting in low cost and small footprint of the CFC, giving it
superiority as a solution for offshore installations. A number of functionalities such
as currents balancing, current limiting, and current nulling of the CFC are discussed
and evaluated. Results shows that the proposed CFC can be utilized reliably for the
current flow control applications in multi-terminal HVDC systems. A three-port
extended topology is proposed along with its relevant modes of operation and
control circuit. This simple extended topology gave acceptable results only in cases
where the controlled currents are close in magnitude; as it utilizes only one capacitor
no matter how many ports it has. To overcome this drawback, a new generalized
modular CFC topology is proposed with the aim to allow each current to be
controlled with a dedicated capacitor and a control circuit with an independent
reference signal. Furthermore, a reduced switched count topology is proposed

cutting the cost and footprint of the MCFC to half in cases of unidirectional current
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flow control. The proposed MCFC topologies are tested in three-port configuration
using both computer simulation and experimental prototyping. The MCFC revealed
its ability to control subject currents accurately and independently when compared
to the extended topology. Fast dynamic response and accurate performance of the
proposed MCFC are explored and results show that the newly proposed MCFC
topology, control and operation offer a low cost - small footprint promising solutions
for next generations DC grids current flow control problems. The produced work
forms solid ground for further research and development in this area.

7.2 Summary of Contributions

The summary of contributions achieved in this project is listed below:

e Conducting a detailed review on AC/DC converter topologies, MT-
HVDC grid configuration and available power and current control
methods in the literature.

e Development of operating modes, mathematical model and two control
strategies based on Pl and HCC for the two-port current flow controller
and validating them through computer simulation and experimental
prototyping.

e Conducting a single capacitor extended CFC topology, and highlighting
its advantages and drawbacks.

e Design of an automatic operating mode detection and changing control
unit, allowing continuous operation of the CFC during load variations
that may lead to sudden operating mode changes.

e Development of a modular generalized topology for the CFC, allowing
it to be applied in more complex MTDC grids, and solving the drawbacks
generated from the single capacitor extended CFC topology where

independent currents control is achieved accurately.
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e Proposing a reduced switches count topology, which may reduce the cost
and footprint of the MCFC by half in cases of unidirectional current

control.

7.3 Recommendation for Future Research

The author recommendations for future research are as follows:

Investigation of the CFC ability to contribute to DC protection.

Finding out the necessity of deploying more than one MCFC in large MTDC
grids and whether a master control unit will be needed.

Investigation of the effect of CFC on power system stability.

Determine the significance of incorporating Artificial Intelligent (Al) control
strategies such as Artificial Neural Networks (ANN) on the mode detection
and change control unit.

Quantitative evaluation of MCFC operating losses under different operating
modes and conducting a detailed comparison with losses resulting from

AC/DC and DC/DC converters performing similar tasks.
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A.1 Two ports CFC schematics
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Figure A.1: Two port CFC in mode 1. (a) Charging from cable 1.
(b) Discharging in cable 2.
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Figure A.2 Two port CFC in in mode 2. (a) Charging from cable 2.
(b) Discharging in cable 1.
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Figure A.3 Two port CFC in in mode 3 (reverse). (a) Charging from cable 1.
(b) Discharging in cable 2.
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Figure A.4 Two port CFC in mode 4 (reverse). (a) Charging from cable 2.

Discharging in cable 1.
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A.2 Three ports CFC (extended topology)
schematics

(a) (b)

Figure A.5 Extended CFC mode 1. a) Charging from cable 1, b) Discharging in
cables 2 and 3.
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Figure A.6 Extended CFC mode 2 a) Charging from cable 2, b) Discharging in
cables land 3.

158



(a) (b)

Figure A.7 Extended CFC mode 3 a) Charging from cable 3, b) Discharging in
cables 2 and 3.

(a) (b)

Figure A.8 Extended CFC mode 4 a) Charging from cables 1 and 2, b) Discharging
in cable 3.
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Figure A.9 Extended CFC mode 5 a) Charging from cables 2 and 3, b) Discharging
in cable 1.
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Figure A.10 Extended CFC mode 6 a) Charging from cables 1 and 3, b)
Discharging in cable 2.
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Figure A.11 Extended CFC m ode 7 (reverse) a) Charging from cable 1, b)
Discharging in cables 2 and 3.
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Figure A.12 Extended CFC mode 8 (reverse) a) Charging from cable 2, b)
Discharging in cables 1 and 3.
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Figure A.13 Extended CFC mode 9 (reverse) a) Charging from cable 3, b)
Discharging in cables 1 and 2.
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Figure A.14 Extended CFC mode 10 (reverse) a) Charging from cables 1 and 2, b)
Discharging in cable 3.
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Figure A.15 Extended CFC mode 11 (reverse) a) Charging from cables 2 and 3, b)
Discharging in cable 1.
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Figure A.16 Extended CFC mode 12 (reverse) a) Charging from cables 1 and 3, b)
Discharging in cable 2.
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A.3 Three ports modular CFC schematics

5

Figure A.18 Three port MCFC operating in mode 1(discharging period).
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Figure A.20 Three ports MCFC operating in mode 2 (discharging period).
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Figure A.21 Three ports MCFC operating in mode 3 (charging period).
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Figure A.22 Three ports MCFC operating in mode 3 (discharging period).
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Figure A.23 Three ports MCFC operating in mode 4 - reverse (charging period).
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Figure A.24 Three ports MCFC operating in mode 4 - reverse (discharging period).
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Figure A.26 Three ports MCFC operating in mode 5 - reverse (discharging period).

168



Sat1 Spr1
i1
Sei1 San
Sa21 Sha1
] Vc1
\Y; i2
Seay 21
ON
Sast Shat
i3
Seat 31
ON

Figure A.27 Three ports MCFC operating in mode 6 - reverse (charging period).
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Figure A.28 Three ports MCFC operating in mode 6 - reverse (discharging period).

169

Satz Sbiz

Satz

ON

Stz

Scaz Saz

Sal? SblZ

NI

S22

Sazz

ON

Spaz

Saz



A.4 Two Ports CFC Reduced Topology Schematics

Dat Sat Da1 Sa1
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Figure A.29 Reduced switches count topology MCFC operating in mode 1. a)
Charging period, b) discharging period.
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Figure A.30 Reduced switches count topology MCFC operating in mode 2. a)
Charging period, b) discharging period.
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Appendix

Detalils of Simulation Models
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B.1 MATLAB/SIMULINK Simulation Models
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Figure B.1 Two port CFC MATLAB model.
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Figure B.2 Three port CFC MATLAB model.
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Figure B.3 MATLAB model of VSC based three terminals grid with CFC.
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B.2 PSCAD/EMDTC Simulation Models and
Additional Results
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178

Eﬁé% '}—V‘“—H: %%’J—::]
& " off
T
W _series1 LT‘ g i} N
L ERAL T B AL v A
g TIE
= VFT%
@Hﬁ @ﬁ z@hm @:ﬁ Ak @r@
3 i i
. LT‘ _s:ﬁissz@ﬁ}jg % gﬁ _ghi }—vl__s:[;igsa LT‘
E‘H—T L % _|1L }_Ei B |
L TR A g w U
2 T8 :
| Aon A g
Kk @*@ @ ‘U



Graph
Page

_oypass switcn |

Bus 2

o>
I Converter
| i] L: 125[ohm]  0.01[H] station # 2
) Ty
z = j\’jl—u : Line23 |
2 f
ETa_ B BRI
- < m\
‘ Bus 1 ‘ )

0

Converter

+
©,
&

’7 L]r?{-T‘
dac3
station # 3

—=

I

Converter | dc1
station # 1

T, L
« E’I —— AN
[@] ? ‘ 0.01H]  2.42 [ohm]
PQ mode
S

QQ@ 4
+l

P
L

20[ohm)

e i ‘ Bus 4 Line 4-3
. Can> Sk
regulan‘oﬂ —00 0.0 0'1‘1'1‘[Hl 0.5/ohm]
mode i) "——v—J\/\I\.vil I
- -Jc ! E_ ] . Line 1-4 - i
V_series1 'ies1 r r~l dcd
Vs ] Lg o ¢ T
_series2  Vggries2 =) @
- 2 station # 4
V_series3 ' ?; B‘I’Imea
= Vseries3 reaker
s B e, Looc

‘ PQ mode

o= 0C_00 >‘A'| Cil= 0 (oo >—A-|C1rl= 0

Lo a2 Lk
A ok e T el e T e

Figure B.8 VSC based four terminals DC grid with MCFC inserted simulation
model.

179



T
dct oifles S
vt o o l 400KV, 50 Hz
4_{ é_{ g_{ system
gfn gdn gén véa A
1001 H :
o

I

6000 [uF]

o0 >2 o= o0
2000
Refvoll ° 1:
vdc il ble Vsa
TIE —J oy Pt theta,
- Vsb theta
Ve
Ve B
~ n
::0‘0 7D 05 ianRef \ CMI ¢
i Q = Birker ionRefD Nenable
0.0 0 Cle - oo >% =0
o0 >% o= o0 LT o
5 gdn Nenable

cn| 90

Nenable
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C.1 OPAL RT Programming Code
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Figure C.1 OPALT RT GUI.

Figure C.2 OPAL RT master code.
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C.2 LABVIEW Programming Code
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Abstract: One ofthe main problemsthatneedto be solved to allow the realisation of multi-terminal high-voltage direct current
{HVDC) transmission systems is the absence of a practical power flow control method. Industry leaders and researchers have
proposed a few methods of power flow control based on either the control of converter station or the connection of new power
electronic equipment to the grid. This study presents the operation and control of a three-port insulated gate bipolar transistor-
based current flow control {CFC) device suitable for multi-terminal HVDC systems. Key features and functionalities of the
proposed controller including the balancing of cable currents, limiting the magnitude of cable current and current nulling
are demonstrated. The three-port CFC was simulated using power systermn computer aided design {PSCAD)/electromagnetic
transient and direct current {EMTDC), network simulation software to evaluate its steady state and dynamic performance.
Furthermore, low-power prototypes are implemented for a two and three-ports CFC to experimentally validate their
different functionalities. Simulation and experimental studies explore the fast dynamic response and the results show that
the CFC studied may have a significant role to play in the control of power flows in multi-terminal high-voltage DC systems.

1 Introduction

As more and more offshore wind farms are being installed in the
North Sea area in the recent few years [1-4], the concept of a
multi-terminal high-voltage DC grid (MTDC) to interconnect the
wind farms owned by European countries has emerged [5-9]. The
idea of forming an MTDC grid has been proposed since the early
use of high-voltage direct current (HVDC) transmission systems
[10], but it was not possible to develop this idea into practical
devices until the recent emergence of high-voltage source
converters (VSCs). Still major challenges [11, 12] are investigated
by researchers and industry such as the need for HVDC circuit
breakers and protection schemes and algorithms [13-15], DC
transformers [16-19] and power flow control methods. Approaches
to develop power flow control in MTDC are based either on
modifying the control of the VSC’s [20-28] or adding additional
devices to the grid itself [29-35]. This paper presents an insulated
gate bipolar transistor (IGBT)-based current flow control (CFC)
device [35] for precise CFC in MTDC grids to achieve different
functionalities such as balanced cables loading and current nulling
in one cable to ease the maintenance of cables. The CFC can be
installed in series with the cables at a terminal of the grid and
isolated from the system ground as shown in Fig. 1. The circuit
topology of the proposed CFC is determined by the number of
cables that it controls. The CFC’s major advantage is that inserting
it in series with the cables means that relatively low-voltage rating
IGBTs with low cost are needed when compared with the grid
voltage rating. Complete operation and control of a three-port CFC
is presented in this paper to balance the three currents, set a
current to desired reference point or even null a current in any
chosen cable. Simulation results show accurate performance of the
CFC and fast dynamic response even under transient load
conditions. Furthermore, experimental validation is carried out by
building two-ports and three-port prototypes to test different cases.

This paper is organised as follows: in Section 2, DC power flow
control problem is explained in comparison with the AC power
flow control problem. While in Section 3, the CFC circuit
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topology and theory of operation is explained. In Section 4, the
mathematical model of the CFC is discussed followed by the
proposed CFC control, simulation results and experimental
validation in Sections 5-7, respectively. Finally, conclusions are
drawn in Section 8.

2 Power flow control concepts

There are several established methods of controlling the power flow
in AC power transmission systems leading to the concept of flexible
AC transmission systems (FACTS), appears in the 1990s [36, 37].
FACTS theory of operation is based on the characteristics of AC
real power that can be expressed in the following equation

ey

po _ViVasin(®
=T
where ¥} and ¥, are the sending and receiving end root mean square
voltages, 4 is the power angle and X is the line impedance as shown
in Fig. 2a. Power flow control can be achieved through varying the
line impedance by a number of techniques.
However in DC systems, DC power flow is determined by the line
resistance according to (2)

v, AV
R

@

Ppe =

where ¥ is the sending end DC voltage, AV is the potential
difference between the sending and the receiving ends and R is the
total resistance of the line as shown in Fig. 2b. One obvious
method is to insert series resistors to control the current flow using
conventional mechanical switches or fast power electronic devices
such as IGBT or thyristor switches [29, 30]. However, the power
losses introduced by the inserted resistances and thermal problems
make this impractical specially in HVDC applications where
currents are high. Another proposed approach is to add or subtract
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power from a certain line by introducing additional bidirectional
three-phase converter that acts as a series DC voltage source [32, 34].
The need of a relatively large AC transformer to feed the series
converter from the high-voltage grid makes this approach not
economical though the required lower voltage can be obtained via
tertiary winding of the main converter’s transformer.

The CFC topology presented in this paper consists of four IGBT
switches with parallel freewheeling diodes for each cable and a
common capacitor as shown in Fig. 3a. The capacitor is charged
and discharged to transfer voltage from a cable to another with
theoretically no power loss, except for the switching losses of the
IGBTs. The proposed topology can be applied to any number of
cables by expanding the circuit with four more IGBTs for each
added cables. The proposed multi-port CFC offers an economical
solution for current balancing and limiting as it is inserted in series
with the cables and without conmection to the system ground
resulting in relatively cheap low-voltage rated IGBTs. In the
following section, the operation of the CFC is explained.

3 Modes of operation of the proposed three-port
CFC

The basic idea of the CFC is to use the capacitor to transfer energy
from the cables carrying current higher than the average value to the
cables that carries low current. This action results in balancing the
current in the cables connected to the CFC. There are many modes
of operations for the proposed CFC depending on the cable
current directions and magnitudes. The following sections discuss
the switching states of the proposed three-port CFC for different
modes of operation.

3.1 Operation in forward direction

Figs. 3b and c illustrate the three-port CFC operation in the forward
direction, where the currents are assumed to be outgoing from the
CFC. In this case, two modes are considered. The first mode
where one cable carries the highest current while the currents of
the other cables are lower than the average value of the three cable

Xu
IGC
YT
Vi \71Q®
i e
+ +
a
Fig. 2 Point-to-point electrical
@ AC circuit
b DC cirouit
306

currents. In the second mode, two cables are carrying currents
higher than the balanced value. For mode 1, assuming 7, is the
highest current, switches Sp; and Sp3 are turned-on during the
charging period to allow for the currents i, and i3 to flow directly
in their cables, while cable 1 is connected to the capacitor through
the feedback diodes of S, and S, as shown in Fig. 3b. As a
result, #; is reduced by charging the capacitor. In the discharging
period of the capacitor, switches S, and S, are turned-on to insert
the capacitor to cables 2 and 3 with reverse polarity, as shown in
Fig. 3c. This action is similar to introducing opposite voltage
source to these cables. In addition, S, is turned-on to allow the
flow of i, in its cable. The charging and discharging states are kept
interchanging to transfer of power from cable 1 to cables 2 and
3. This mode of operation is useful when cable 1 is carrying much
more current and it is needed to redistribute it among the other
two cables.

Another mode of operation is where two cables, 1 and 2, for
example, are carrying high currents and it is required to transfer
power from these cables to cable 3 (mode 4). In charging state, the
capacitor is charging from cables 1 and 2 through the feedback
diodes of S,), S and Sy, Sp, respectively. Moreover, switch Sps
is tumed-on to allow the flow of i3 directly in its cable, as
indicated in Fig. 4a. During the discharging state, switches Sy, Sz
and S, are turmned-on to transfer emergy stored in the capacitor
from cables 1 and 2 to cable 3 as shown in Fig. 4.

3.2 Operation in reverse direction

In this case, the three cable currents are reversed in direction to go
into the CFC from the right side, as illustrated in Figs. 4c and d.
All the switching sequences discussed for modes 1-6 of the
forward direction are changed. Modes 7-12 are similar to modes
1-6, but the currents are reversed. For mode 9, if i3 is the highest
current magnitude, switches S and S, are turned-on to bypass
their currents and the capacitor is charged from cable 3 as
demonstrated in Fig. 4c. During the discharge state, the capacitor
with reverse polarity is inserted in cables 1 and 2 by turning-on
Sz and S, respectively, as shown in Fig. 44. In addition, S, is
turned-on to allow the flow of i3 in its cable. Similarly, the
previous switching algorithm can be modified so that currents can
be transferred from any desired cable(s) to the remaining cable(s).

On the basis of the previous discussion of the different modes of
operation of the proposed three-port CFC, the switching states for
different conditions of the cable currents are shown in Table 1.
The second column of Table 1 includes the currents with
magnitudes higher than the average value of the three cables
originated from the CFC. As indicated, three possibilities for the
highest current at each mode, and hence a total of 12 switching
states are presented.

4 Modelling of the proposed three-port CFC

This section presents the dynamic model of the proposed three-port
CFC using averaging technique where the terminals voltages are
taken into consideration as setting values. Figs. 35 and c illustrate
the circuit diagrams of the three-port CFC for the charging and
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discharging operation mode 1. The following set of equations
describes the circuit of Fig. 35 when the capacitor is charging
from the line carrying the highest current, i,

V:’1i1+L1%1‘+"=+V1 3)

V=ni, +L2%+ v, @)

V:r3i3+L3%ii+ 1A (5)

ilzc% ()

where », and L, are the r and the ind of the line

number x originated from the CFC bus and carrying an
instantaneous current 7,, v. is the capacitor voltage, ¥V is the
voltage at the bus where the CFC is connected to, ¥y, ¥, and V3
are the voltages at the end terminals of the first, second and third
lines, respectively. By defining x" = [, i, 4 v.] as state
vector, where the super-suffix 7" refers to the transpose operation,
(4)(6) can be arranged in matrix form as (see (7))

Similarly, the state equations of Fig. 3¢, where the capacitor is
discharging into the two other lines carrying currents i, and i3, are
as follows: (see (8))

Assume the duty ratio of the charging mode of operation is D.
Multiplying (7) and (8) by D and (1-D), respectively, and adding
the results to obtain the average model for the CFC for mode 1 as
follows: (see (9))

where 4 = DA, +(1-D)4, and B = DB, +(1-D)B,. At steady state,
(9) is written as (see (10))

where /,, I, I5 and V are the steady-state values of 7y, i3, i3 and v,
respectively. Solving (10), the steady-state value of capacitor voltage

is obtained as

_ DV = V) (= D)V~ Vafrs + V = VaJrs}

% D2+ 7 (1/ry + 1/r)(1 = DY

c

(1

Equation (11) gives an expression for the capacitor voltage as a
function of the network parameters and the voltage drops across
the cables connected to the CFC which represents the loading
condition of the grid. It is worth mentioning that the rated voltage
of the CFC switches, which is equal to the rated capacitor voltage,
can be estimated from (11).

To calculate the capacitor voltage ripple, (6) is integrated over the
charging period as follows

DT Vi
} ipdt = CI Ve
0

Vemin

(12)

where 7 refers to the switching period which is the reciprocal of the
switching frequency f;. Neglecting the current ripples compared with
the average value, /,, results in linear charging of the capacitor from
initial minimum voltage V., to maximum voltage V.. Therefore,
the capacitor voltage ripple, AV, can be estimated from (12)

DI

AV, =V, ==a
Ch

c omax

V.,

cmin

13)

It can be seen from (13) that increasing the capacitance reduces
the capacitor voltage ripple, as expected. As can be seen from
(10), the parameters of the DC grid and loading condition
influence the line current which affects the capacitor voltage
ripple. Moreover, the capacitor voltage ripple depends on the
mode of operation as the charging current, which is /; for mode 1,
changes from mode to another. For mode 1, the capacitance can
be roughly estimated from (11) and (13) to meet a required
percentage voltage ripple, AV, p,=AV/V,, at the extreme
deviations of the line currents. In a similar way, the capacitance
can be calculated for each mode of operation for the CFC. Finally,
the maximum value of the capacitance is considered to meet the
desired level of voltage ripple for all modes of operation. In this
paper, the capacitance of the CFC is selected using trial and
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Fig. 3 Proposed threeport CFC

a Schematic diagram of the proposed three-port CRC
b Charging the capacitor from cable 1 (mode 1 — forward operation)
¢ Discharging the capacitor in cables 2 and 3 (mode 1 — forward operation)

error since the practical limitations of the DC grid under study are
not considered.

5 Proposed control system of the CFC

One of the features of the CFC is the ability to balance currents in the
transmission cables or cables. Currents one or more can be relatively
high and with the balancing control all currents can be maintained
within the acceptable limits and redistributed among all branches
in order to prevent overloading of cables. Furthermore, the
proposed CFC can set the current flow of one cable to a desired
value either to limit the current or damp it to zero. This feature
may help in cases of maintenance of the cables as only off load
dis-connector switches are required to isolate the cable eliminating
the need for a DC circuit breaker or interrupting the whole
transmission by opening the AC side circuit breaker.

A controller is designed to implement the CFC operation
explained in the previous section. For currents balancing, the sum
of currents in the three branches is measured and then divided by
the number of branches to obtain the average value of the desired

308

o

current, i*, This value is considered the reference value to be
compared with the measured value of the current(s) that need to
be redistributed. The user can assign a value directly to i* to
achieve the other desired functions of current nulling or limiting.
The error signal is processed using a proportional-integral (PI)
controller which produces the gating signals to the relevant
switches as shown in Fig. 5a. Similarly, any desired cable current
can be limited to any chosen value. This value is set as the
reference value for the controller and switches are controlled to let
the capacitor charge from the chosen cable and discharge in the
other two cables. If the reference value is set to zero, the capacitor
will charge from the desired cable until it is fully charged to stop
the current flow in this cable. As there are theoretically no power
losses, except for the switching losses of IGBTSs, when the current
is decreased in any cable by a certain amount it will increase by
the same amount in the remaining cables. It is important to check
the capacity of these cables to prevent overloading problems.
Furthermore, Fig. 5b illustrates another proposed controller for the
CFC not only to control the current flow, but also to regulate the
capacitor voltage. The outer controller, which is the current control
loop, is realised by a simple PI controller, similar to that of
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Fig. 4 CFC conduction states

a Charging the capacitor from cables 1 and 2 (mode 4 - forward operation)
b Discharging the capacitor in cable 3 (mode 4 — forward operation)

¢ Charging the capacitor from cable 3 (mode 9 — reverse operation)

d Discharging the capacifor in cables 1 and 2 (mode 9 — reverse operation)

Fig. 5a, to process the error between the reference value * and the
actual current i, determined from the mode detector, to set the
required setting of the capacitor voltage v;. A limiter can be used
to prevent exceeding the rated capacitor voltage. The inner control
loop is dictated to regulate the capacitor voltage at its estimated
value from the outer one using another PI controller. The output
of this controller is the duty cycle of the modulating switches.
‘With the aid of Table 1, a generic control algorithm, shown in
Fig. 5¢, is designed to automatically select the relevant switches to
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be controlled based on the required operation mode. First, the
controller acquires the measured currents and determines the
operating mode. If the currents flows are changed in the grid
during balancing current operation, the line currents are no longer
balanced. This fact is employed to detect the mode of operation.
Simply, the operating mode must be changed if any current hits a
hysteresis window centred around the average value.
Consequently, the CFC controller is deactivated, for a short time,
to identify the new mode precisely before reactivating once again

309

194



Table 1 Switches conduction states

Mode Currents Direction Switching states
521 532 533 sb‘ sz Sba 5.':1 ‘552 S:.’. 5d1 st 543
1 i forward off off off off on on pulsed pulsed pulsed off off off
2 fa forward off off off on off on pulsed pulsed pulsed off off off
3 fa forward off off off on on off pulsed pulsed pulsed off off off
4 iy and i, forward off off off off off on pulsed pulsed pulsed off off off
5 fand iz forward off off off on off off pulsed pulsed pulsed off off off
6 fand i forward off off off off on off pulsed pulsed pulsed off off off
7 iy reverse pulsed pulsed pulsed off off off off off off off on on
8 f reverse pulsed pulsed pulsed off off off off off off on off on
9 i3 reverse pulsed pulsed pulsed off off off off off off on on off
10 iy and 1, reverse pulsed pulsed pulsed off off off off off off off off on
1 fand i3 reverse pulsed pulsed pulsed off off off off off off on off off
12 frand g reverse pulsed pulsed pulsed off off off off off off on off
- " .
B " e
2 A 1 P Gaing signals e N ! * ol ) s Pl controlierl—s{ )| Pl controller! S
2 (O o otcumans O Promoler—e [ Number of curents > 5 i
switches s i ve

User command for
- current nulling
~current fimiting

a

User command for
- current nulling
~current imiting

Start

-

v
Data acquisition
i1,i2, and i3

v
Determine the operating mode

v
Select the proper switching state from Table 1

L
Set the reference current according 1o the
desired function: Balancing, limiting, o nulling

v
Activate the current controller of Fig.5 () / (b)
to determine the state of the pulsed switches

2

Fig. 5 Proposed control for the three-port CFC

@ Current controller for the CFC switches
b Cascaded confroller-based capacifor volfage regulation
¢ Flowchart of the proposed control algorithm

with the new mode settings. After checking the user-defined set
point, the controller decides which switches are involved to
operate the current controller as discussed earlier.

6 Simulation results
Simulation study is carried out using PSCAD/EMTDC software
package in this section. A four terminals DC grid, shown in

Fig. 1, is simulated to evaluate the dynamic and steady-state
performance of the proposed three-port CFC. The system

Table 2  Simulation parameters

parameters are obtained from [38] where a multi-terminal HVDC
grid is presented to set a base for research studies. The simulation
parameters are shown in Table 2. Three case studies are presented
in the following sections to evaluate the different features and
operation modes of the proposed CFC.

6.1 Case 1: charging from cable T and discharging in
cables 2 and 3

In this case study, currents ), i, and i3 are equal to 1.1, 0.79 and 0.81

kA, respectively. It is required to redistribute the currents to achieve a
balanced operation by decreasing the current flow in cable 1 and
increase the currents flow in cables 2 and 3. The proposed control
selects mode one of operation for the CFC which is programmed

Cable length, km Value to activate at #=1.5s. Fig. 6a demonstrates that the proposed

three-port CFC succeeds to balance the three cable currents with

grid voltage rating = 400kV fast dynamics and without overshoot. Fig. 6b illustrates the

::Ef;ﬁ'izrg — - a,kam; capacitor voltage which is <600 V. This result proves one of the

cable 1-2 142 1350 advantages of the proposed CFC that is the capacitor and switches

cable 1-3 273 26Q voltage rating is very small when compared with the grid voltage

cable 1-4 263 250 400 kV. The series voltage introduced by the CFC to each cable is

cablo.2-3 L 18 shown in Fig. 6¢c. Note that series voltages of cables 2 and 3 are

cable 3-4 85 08Q

the same.
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Fig. 6 Charging the capacitor from cable 1 and discharging in cables 2 and 3
a Cable currents
b Capacitor voltage
¢ Series voltages
6.2 Case 2: charging from cables 1 and 3 and cables at t=1.5s. Fig. 7a indicates the successful action of the
discharging in cable 2 proposed CFC to decrease both i) and i3 from 1.1 and 1 kA, and

simultaneously increasing i2 from 0.8 kA to achieve a balanced
In this case study, currents #, and i; are higher than i, and the average operation at ~0.95 kA. Fig. 7b displays the capacitor voltage at

value. Mode 2 is activated to redistribute the currents among the this case.
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Fig. 7 Simulation results
« Cable currents during balancing
b Capacitor voltage during balancing
¢ Cable cumrents during current sefting
d Capacitor voltage during current setfing
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Fig. 8 Comparison between the average model and detailed circuit simulation

a Cable currents

b Capacitor voltage

¢ Mode of operation

d Series voltage infroduced fo each cable

6.3 Case 3: current set point

The final simulation case study is dedicated to test the feature of the
proposed CFC to set any cable current to a desired value. In this case,
current f, is equal to 1.1 kA, initially, and is required to reduce it to
0.6 kKA. The CFC controller is enabled at #=1.5s. It can be noted
from Fig. 7c that the CFC succeeds in achieving this target
smoothly. The capacitor voltage at this case is shown in Fig. 7d. It
is worth mentioning that the capacitor voltage for this case is
higher than the previous cases. This action is expected as to
achieve the required 46% reduction in one cable current, the
capacitor should be charged to a higher level of voltage compared
with the current balancing cases. As explained in Section 3.1, the
capacitor is inserted to the other two cables to transfer the energy
from cable 1.

6.4 Case 4: evaluating the average model and mode
detection algorithm

To evaluate the accuracy of the average model, three cable
inductances of values 2, 3.8 and 3.5 mH are added in simulation
to cables 1, 2 and 3, respectively. Fig. 8 illustrates the currents and
the capacitor voltage obtained from the detailed circuit
simulations, i, i, i3 and v,, and the average models, i1y, fom, f3m
and vy, presented earlier in Section 4. The CFC is enabled at ¢ =
0.02 s to balance the line currents. To evaluate the mode detection
algorithm, a sudden load change is programmed to occur at ¢=
0.035s where i, becomes the highest current instead of i) as
indicated in Fig. 8a. The CFC succeeded to detect the mode
change from mode 1 to mode 2 as displayed in Fig. 8c. As a
result, the switching algorithm is automatically changed to

Fig. 9 Experimental prototype setup
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maintain the currents balancing operation. Fig. 84 shows the series
voltage introduced to each cable throughout the simulation process.
Moreover, it can be noted that the traces obtained from the average
model and the detailed circuit simulation are inline. Furthermore, the
steady-state value of the capacitor voltage is calculated from (11) and
it is coinciding with the result of Fig. 8. In addition, the measured
capacitor voltage ripple is very close to the value calculated from
(13), 184 V. Therefore, the average model is validated.

7 Experimental validation

A low-power prototype of the CFC is implemented in the laboratory
based on IGBT switches. The DC grid is built with one terminal DC
supply and the rest of terminals are connected to active loads.
National Instruments (NI) Compact Rio 9024 field programmable
gate array real-time controller is used to realise the proposed
control of the CFC, measuring the cable currents and outputting
gating signals to the IGBTs. First, a two-port CFC is built which
has been expanded to a three-port CFC. Fig. 9 displays the
complete laboratory setup. The experimental system parameters are
shown in Table 3.

Fig. 10q illustrates the balancing currents operation using two-port
CFC prototype where initially 7, is 2.3 A and &, is 1.1 A. The
proposed control of the CFC succeeds to balance the two cable
currents at about 1.75 A with very fast dynamic response. To
examine the proposed mode change detection algorithm, currents
are suddenly changed such that if the CFC is disabled, i, and i,

Table 3 Experimental prototype parameters

Value

terminal 1 150V DC power supply

terminal 2 prodigit 3261 300 V/18 A active
load

terminal 3 prodigit 3251 150 V/8 A active
load

cables resistance 120

CFC capacitor
N-channel IGBT
proportional gain

4.7 mF
HGTG10N60A4D - 70 A - 600 V

integral gain 0.01
controller time cycle 25nS
maximum allowed switching 2 kHz

frequency

become 1.1 and 19 A, respectively. The CFC succeeded in
detecting the mode change and corrects the switching algorithm to
maintain the currents balancing operation smoothly. The change of
the capacitor voltage at moment of mode change is illustrated at
the lower plot of Fig. 10a. Fig. 10b evaluates the dynamic
performance of the proposed CFC where a sudden load change is
applied and the mode is not changed as i, remains higher than 7.
It can be noted that the CFC keeps the balancing of the currents.
Figs. 10c and 4 investigate the nulling operation of current i; from
12A to zero and the corresponding capacitor voltage,
respectively. Fast acting without overshoot dynamic performance
of the proposed CFC is obvious from these results.
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Fig. 10 Experimental results from two-port CFC

d

2 Balancing currents iy and i, with sudden mode change. X-axis: 400 ms/Div and Y-axis: 1A/Div, 1 V/Div
b Balancing currents i1 and i2 with sudden load change. X-axis: 400 m&/Div and Y-axis: 1A/Div, 1 V/Div

¢ Cumrent nulling. X-axis: 100 ms/Div and Y-axis 0.5A/Div at 70V DC
d Capacitor voltage in case of current nulling. X-axis: 100 ms/Div and Y-axis: 2 V/Div
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« Balancing currents in three-port CFC. X-axis 400 m&/Div and Y-axis 1 A/Div
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b Capacitor voltage of three-port CFC during balandng curmrents. X-axis 400 me/Div and Y-axis 2 V/Div
¢ i and i currents nulling in three-port CFC. X-axis 40 ms/Div and Y-axis 1 A/Div, 2 V/Div

Furthermore, the experimental setup is expanded to three-port
CFC by adding one more port with its corresponding load to act
as a fourth terminal. Currents i), i and i3 are mitially equal to
3.55, 0.5, and 3.1 A, respectively, as indicated in Fig. 11a. The
proposed controller is set to redistribute the currents equally to
~24 A. The CFC capacitor is charged from cables 1 and 3 and
discharged into cable 2. The relevant capacitor voltage is shown in
Fig. 11b.

Moreover, Fig. 11¢ investigates a current nulling operation for i,
and i, where it is ramped to zero. As a result, cable 2 carries the
current of cables 1 and 3; therefore, i, is increased. This particular
case is useful in cases of cable maintenance as it eases the
isolation of any cable online, as explained previously. Similarly,
the current can be set to any desired value as shown in Section
6. Fast response of the proposed three-port CFC is revealed from
these results.

8 Conclusion

This paper presents the operation and control of an IGBT-based
current flow controller. The proposed CFC can be utilised for the
power flow control applications in DC grids including
multi-terminal HVDC systems. A number of functionalities such
as current balancing, current limiting and current nulling of the
proposed three-port CFC are discussed and evaluated. Fast
dynamic response and accurate performance of the proposed
system are investigated using both computer software and

314

experimental prototyping. Results show that the proposed CFC
offers solutions for next generations DC grids power flow control
problems.
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Abstract

The increasing demand for high voltage DC grids resulting from the continuous installation of offshore wind farms in the
North Sea has led to the concept of multi-terminal direct current (MTDC) grids, which face some challenges. Power (current)
flow control is a challenge that must be addressed to realize a reliable operation of MTDC grids. This paper presents a reduced
switch count topology of a current flow controller (CFC) for power flow and current limiting applications in MTDC grids. A
simple control system based on hysteresis band current control is proposed for the CFC. The theory of operation and control of
the CFC are demonstrated. The key features of the proposed controller, including cable current balancing. cable current limiting.
and current nulling, are illustrated. An MTDC grid is simulated using MATLAB/SIMULINK software to evaluate the steady
state and dynamic performance of the proposed CFC topology. Furthermore, a low power prototype is built for a CFC to
experimentally validate its performance using rapid control prototyping. Simulation and experimental studies indicate the fast
dynamic response and precise results of the proposed topology. Furthermore, the proposed controller offers a real solution for

power flow challenges in MTDC grids.

Key words: Current control, CFC, DC grids, MTDC, power control, RCP

1. INTRODUCTION

Unlike in AC grids, power flow in any DC grid is
determined mainly by grid cable resistances. A reliable and
safe operation, in which cables are guaranteed to carmy
currents below their thermal limit even under sudden load
changes, is difficult to achieve. Cables carrying currents over
their limit for long periods may fail. Therefore. power
(current) flow controllers are needed in DC grids. Currently,
researchers and industry leaders are urged to focus on
multi-terminal direct current (MTDC) grids as a solution to
establish an interconnection among European grids [1]-[5].
Power flow control is one of the several major challenges that
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 StafTordshi

prevent the realization of MTDC grids [6], |7]. Other
challenges include the absence of high voltage DC (HVDC)
circuit breakers, protection schemes, and algorithms [8]-[10]:
and HVDC DC to DC converters (DC transformers) [11]-[14].
The lack of practical, reliable and accurate current (power)
flow control is a critical challenge for industry practitioners
and researchers. Current approaches to achieving power flow
control in MTDC are based on either modifying the control of
the voltage source converters | 15]-|24| or adding additional
devices to the grid itself [25]-[30]. The insulated gate bipolar
transistor (IGBT)-based current [flow controller (CFC)
concept presented in [29], [30] is adopted because it offers a
promising solution to the power flow control problem. The
present work presents a reduced switch count topology of the
CFC to achieve accurate current flow control in MTDC grids
with similar voltage stresses while cutting the cost and
footprint in half. The CFC is connected in serics to
transmission cables to achieve functionalities such as
balancing cable currents and current nulling in numerous
cables and thereby ease the maintenance process. The main
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Fig. 1. A three terminal MTDC grid with CIFC inscrted in serics.

advantage of the proposed CFC is its installation in series
with the grid cables and isolation from the system ground
(Fig. 1). Moreover, the voltage ratings of the capacitor and
IGBT switches are relatively low in comparison with the grid
voltage. This characteristic, in addition to the proposed
reduced topology, lcads to low manufacturing cost and
footprint.

A simple control system based on the hysteresis band
current control (HCC) technique is proposed for the CFC.
HCC offers precise control and accurate results without the
complexity of implementation or tuning. The complete
operation and control of the proposed CFC are presented to
balance the currents, sct a current to a desired relerence point,
or null a current in a chosen cable. Simulation results
illustrate the precise performance of the proposed CFC
system. Moreover, experimental validation is carried out
using advanced rapid control prototyping (RCP) by building a
three-terminal DC grid with the CFC prototype to evaluate its
functionality in different cases.

This paper is organized as follows. The theory of operation
of the proposed reduced switch count topology for the CFC is
discussed in Section II. The discussion includes possible
operating modes with their switching states and mathematical
modeling. The proposed control system is detailed in Section
1. Computer simulations arc carricd out using the
MATLAB/SIMULINK software package, and the results are
demonstrated and analyzed in Section IV. The experimental
validation of the proposed CFC system using the RCP
technique is presented in Section V. Selected operating
modes and functionalitics arc illustrated as well. Conclusions
are provided in Section VI.

1. THEORY OF OPERATION

A. Operation of Current Flow Controller

The CFC consists of TGBT switches with parallel
freewheeling diodes and capacitors, as shown in Fig. 2(a).
Four IGBTs arc inscrted in scrics with cach cable, and a
capacitor is connected between both cables. The goal is to
swilch the capacilor in serics such that it charges from the
cable carrying a higher current and discharges from the other
cable. This process can be controlled to achieve the desired
operation, which could be balancing the cuments in both
cables, setting a current to a desired value. or nulling a
current to zero. The speed and duration of switching the

capacitor to charge/discharge from a cable depends on the set
reference value, which is determined by the controller. Fig.
2(b) illustrates the proposed reduced switch count topology
for the CFC, in which the numbers of switches and diodes are
reduced by hall. Two modes of operation arc available for the
CFC. In the first mode, il is the higher current, and Sa2 is
switched on o allow current i2 to flow in cable 2 while
connecting the capacitor in series to cable 1 to charge from it
(Fig. 3(a)). This phase is followed by the switching on of Sb1
and Sb2 to allow the current il to flow in cable 1 and to
connect the capacitor in series in cable 2 for discharging (Fig.
3(b)). In mode 2, when 12 is higher than il, the operation is
identical, except Sal is switched on instead of Sa2 (Figs. 4(a)
(b)). The swilching states of different IGBTSs for the two
modes of operation of the CFC are summarized in Table 1.

B. Mathematical Modeling

To dynamically model a CFC using an averaging
technique, we consider operation mode 1 illustrated in Fig. 3.
As shown in this figure, il is higher than i2. The following
cquations describe the circuit of Fig. 3(a). in which the
capacitor is charging from the line carrying the higher current,
il.

V=rgi LR v+, M
V= + LS4V ®
iy =cSe G)

where r; and L, are the resistance and inductance of the first
line, tespectively: randL, are the resistance and
inductance of the second line, respectively; v, is the
capacitor voltage; V is the voltage at the bus to which CFC is
connected; and V,andV, are the voltages at the end
terminals of the first and second lines, respectively. By
defining x* = [i; i, V] as a state vector, where T refers
{o the transpose operation, cquations (1), (2), and (3) can be
arranged in a matrix form as

L. 0 0], iy -, 0 —1][i 1 -1 07V
0 o cllv 10 ol lo o ollvl
K X Ay X By u

(€3]

Similarly, the state equations of Fig. 3(b), in which the
capacitor is discharging into the line carrying the lower
current i2, are written as follows:

L 0 0] [k -r, 0 O][k] 1 -1 O]V
[0 Ls ola[izl:[ 0 -r, 1 iz]+ 10 -1] i
0 o c v Lo -1 ollvd lo o ollvl
K X A, X B, U
®

Assume that the duty ratio of the charging mode of the
operation is D. Multiplying (4) and (5) by D and (1-D),
respectively, and adding the tesults to obtain the average
model for the CFC when il >i2 yields the following:
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TABLEI
SWITCHING STATES FOR CFC MODES OF OPERATION
Higher Switching statcs
Mode | Current St S Sot =
1 is off | on [ PWM | PWM
2 i on | off | PWM [ PWM
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where A=DAI1+(1-D)A2 and B=DBI1+(1-D)B2. At steady

state, (6) is wrilten as
—r, 0 —1[4] 1 -1 071[V
[0 -1, 0][Iz]+ 10 —1”V1
1 o ollv. 0 0 o0llv,

Solving (9), the DC steady-state value of the capacitor
voltage can be expressed as

1 -1 07V ©
£
0 0LV,

=0 (@)

B ED(V-V,)+(V;-V)(1-D) .
L Fh2+(1-D)? ®

Equation (8) expresses the capacitor voltage as a function
ol network parameters and voltage drops across the cables
connected to the CFC; this function represents the loading
condition of the grid. The rated voltage of the CFC switches,
which is equal to the rated capacitor voltage, can be estimated
from (8).

To calculate the capacitor voltage ripple, (3) is integrated
over the charging period as follows:

Pryde=c fv";'"";* v, ©
where T refers to the switching period, which is the
reciprocal of the switching frequency fs. Disregarding the
current ripples compared with the average value, 11, results in
the linear charging of the capacitor from the initial minimum
voltage Vemin (o the maximum voltage Vemax. The
capacitor voltage ripple AV, can be estimated from (9).

DI
AV: = chax -

- chm = l'_fv (10)
Equation (10) shows that increasing the capacitance reduces
the capacitor voltage ripple. Equation (7) shows that the
parameters of the DC grid and loading condition influence

Upper band

1 (actual) 2

Lower

‘~\<n“-,.:
3

Hysteresis band (HB) s

—

Un On
Switches St1 and Sh2
cff oft

Fig. 6. Hysteresis band current control.

| |

the line current, thus affecting the capacitor voltage ripple.
The capacitor voltage ripple depends on the mode of
operation as the charging current, which is I1 for mode 1,
changes from mode 1 to mode 2. For mode 1, the capacitance
can be roughly estimated from (8) and (10) to meet a required
percentage voltage ripple, AV, = AV,/V.. at the extreme
deviations of the line currents. Similarly, the capacitance can
be calculated for each mode of operation of the CFC. Finally.
maximum capacitance is considered to meet the desired
voltage ripple for all modes of operation. In the present study,
the capacitance of the CFC is sclected using trial and error,
and, as implied by (10), higher capacitors produce smoother
CFC performance and lower operating switching frequency.

TII. PROPOSED CONTROL OF CFC SWITCHES

Fig. 5(a) illustrates the proposed control system. It is based
on the HCC technique to derive the PWM switches of the
proposed CFC. In case of current balancing, the average
value of both currents is calculated. and the result is sct as a
reference value for the controller, i*. The calculated reference
value is compared with the measured actual value of the
current that must be decreased, il or i2, which is set by the
selection control unit. The error signal is considered as the
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TABLE IL
SIMULATION PARAMETERS
Parameter Value
Grid voltage rating 320kV
Capacitor | | mI
Cable | 1.5Q
0.8 mH
Cable 2 2350
1.1 mil
Cable 3 242Q
1.1 mil
Hysteresis band 5A

|

B T P T R TR S TP

Trie s

Fig. 9. Series voltages introduced by the CFC (o both cables.

TN
= I | ‘
e nm e o o o

Fig. 10. HCC generated pulses.

input of the HCC (Fig. 5(a)). The on/off states determined by
the HCC are assigned to the switches chosen by the IGBT
selection control unit on the basis of the detected mode of
operation (Table I). The HCC initially deactivates switches
Sa to charge the capacitor from the cable carrving the highest
current. When the actual current exceeds the reference

current with the predefined hysteresis band (HB). the HCC
activates switches Sa to disconnect the capacitor and allow it
to discharge in the other cable. As a result. the actual current
falls below the reference current based on the HB. The
process is then repeated. Fig. 5(b) shows another control
circuit that enables the application of capacitor voltage
regulation. The error signal is passed through a proportional

integral (PI) controller, and its output is considered as the
reference capacitor voltage Ve*, which is compared with the
measured value and passed through an HB controller that
produces the switching signals. This step is important in cases
in which capacitor voltage must be limited to ensure that it
does not exceed its rated value during operation. The
principle of HCC is also illustrated in Fig. 6. which shows
that the effects of varying the width of the HB on the
switching frequency are noticeable. Switching frequency and
accuracy depend mainly on the set value of the HB. The HB
is inversely proportional to the switching frequency and
accuracy. HCC offers many advantages, such as simplicity
and case of implementation. Morcover, its tuning and
parameter seftings are mot as complicated as those of PI
controllers. Similarly, external reference valucs can be
applied directly to the proposed control svstem for current
nulling and current sctting. These two functions are uscful in
cases in which the current in the cable must be limited to a
desired value or lowered to zero to disconnect the cable and
facilitate maintenance.

IV. SIMULATION RESULTS

A simulation is  camied out  using  the
MATLAB/SIMULINK software package. and the results are
presented in this section. An MTDC grid, similar to that in
Fig. 1, is simulated to evaluate the dynamic and steady-state
performance of the proposed control system of the CFC. The
main simulation parameters are shown in Table TI. As shown
in this table, cables 1 and 2 carry currents il and i2,
respectively. Two case studics are presented to evaluate the
different features and operation modes of the proposed CFC.

A. Case I: Balancing il and i2

This case study demonstrates a current balancing operation
using the proposed CFC. Currents il and 12 are initially 0.6
and 0.27 kA, respectively. The CFC is set to operate at t = 0.2
s (o charge the capacitor from cable 1 and discharge it in
cable 2 to achieve the balanced operation. Currents il and i2
reach an average of 0.43 kA (Fig. 7)., which indicates a fast
performance without any overshoot. The capacitor voltage Vc
and series voltages Vs introduced by the CFC to both cables
are shown in Figs. 8 and 9, respectively. Fig. 9 shows that
both series voltages Vsl and Vs2 are equal but opposite in
terms of direction as the capacitor charges from cable 1 and
starts immediately discharging in cable 2. The gating signals
generated by the HCC are presented in Fig. 10. As shown in
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this figurc. HCC produces an off gating signal from t=0.2 s
until the current il reaches the lower HB at t = 0.202 s. The
results demonstrate one of the advantages of the CFC, that is,
the capacitor and switches are subjected to an extremely
small voltage (approximately 1 kV) relative to the grid
voltage of 320 kV. The result is a low production cost and
footprint for the CFC.

B. Case 2: Setting il to 0.3 kA

This case study limits the current il to 0.3 kA. As
explained earlier, the user defines the reference value, which
is 0.3 kA, and a similar control process is conducted.
Currents il and i2 are shown in Fig. 11. The proposed control
system of the CFC successfully performs the task, and current
il is limited. Current i2 is increased to balance the sudden
decrease inil. The capacitor voltage and series cable voltages
arc shown in Figs. 12 and 13, respectively. The capacitor and
scrics voltages arc higher than those in case 1. as the
capacitor must charge more in case 2 to achieve the reference

Fig. 15. Experimental RCP setup of the CFC.

TABLE ITT

EXPERIMENTAL PROTOTYPE PARAMETERS
Parameter Value
Terminal | 150 VDC power supply
Terminal 2 Elcctronic load
Terminal 3 Electronic load
Capacitor 1 1mr
N-channel IGBT 70 A-600 V
Iysteresis band 5 mA

point. The capacitor and series voltage are approximately 2
kV, which is relatively low. Fig. 14 presents the gating
signals produced by HCC in this case.

V. EXPERIMENTAL VALIDATION

A low power prototype of the CFC is built in the
laboratory using low rating IGBT switches (Fig. 15). A
three-terminal DC grid is constructed. with one terminal
supplying DC and the other two connected 1o clectronic
(active) loads. The RCP technique is implemented using an
OPAL RT OP4500 real-time simulator to control the CFC
circuits in real time with the proposed control system. All
cable currents are measured and connected as inputs to the
OP4500 that outputs all gating signals to the CFC IGBT
switches. The experimental prototype system parameters are
shown in Table III.

A. Case I: Balancing il and i2

To validate case |, as explained earlier in the simulation
results section, we present a similar case, in which il and i2
are balanced from the initial values of 1.8 and | A,
respectively. The HB is set to 50 mA to demonstrate the
operation of HCC (Fig. 6). The results in this case are shown
in Fig. 16, which shows a clear gap between currents il and
i2 after the balancing as they are oscillating around the
average valuc 1.4 A as a result of the high HB sct. This HB is
then decreased to 5 mA in Fig. 17, which shows that the
accuracy increases, and the switching frequency of the pulses
increase significantly from 0.5 kHz to 4 kHz. The capacitor
voltage Vc is also shown in both figures. Decreasing the HB
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Fig. 19. Nulling current i1. X axis: 4 ms/div. and Y axis: 0.5 A/div,
10 V/div, 5 Vidiv.

results in a smooth balancing of the cutrents, but a higher
switching frequency is incurred.

B. Case 2: Setting il to 0.4 and 0 A

The reference value is set to 0.4 A to validate the results
obtained from case 2 of the simulation. il is successfully
limited to 0.4 A, and i2 increases significantly to cover the
decrease in il (Fig. 18). The capacitor voltage Vc is higher
than that in case 1. as il decreases at a higher amount, in
which case the capacitor has to charge more. The gating
signals in this case arc shown in Fig. 18. Another option is to
set the reference value to zero to null the current flowing in
the cable. The results of this casc arc shown in Fig 19, in
which the capacitor is fully charged to block the current il
and the gating signal is cqual to zcro to keep the capacitor
connected. The success of the experimental operation
demonstrates the validity of the proposed CFC and control
strategy.

V1. DISCUSSION

The simulated and experimental results validate the
proposed topology and control strategy. They also show that
reducing the HB results in increased switching frequency. A
comumon practice is 10 sct the HB in the range of 3% to 5% of
the current magnitude. The performance improves as the
ripples decrease; however, the switching losses increase, as
expected for any power electronics converter. Hence, a CFC
capacitor with high capacitance should be chosen because its
application ensurcs a smooth operation with low voltage and
current ripples while minimizing switching frequency and
losses.

VII. CONCLUSIONS

This paper presents a reduced switch count topology for a
CFC to achieve current limiting applications in DC grids.
including multi-terminal HVDC systems. A simple control
system based on the HCC technique is proposed for the CFC.
The detailed operating modes and mathematical modeling are
illustrated. Functionalities such as current balancing, current
limiting, and current nulling of the proposed HCC-based CFC
arc discussed and cvaluated accordingly. The fast dvnamic
response and accurate performance of the proposed system
arc investigated using compuler software and experimental
validation. As indicated in the results, the proposed CFC
incurs low costs and a small footprint and thus serves as a
promising solution for power flow control problems in
next-generation DC grids.
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A Generalized Topology of a Modular
Current Flow Controlling Device for Multi-
terminal DC Grid Applications

Abstract—The recent increase in installations of offshore
windfarms in the North Sea area produced the idea of
forming Multi-Terminal Direct Current (MTDC) grids. Power
flow controlis one of few challenges that need to be solved
to allow reliable operation of the MTDC grids. This paper
presents a generalized topology of an IGBT based modular
current flow controlling device (MCFC), that can be utilized
in MTDC power flow and current limiting applications. The
proposed topology allows practical implementation of CFC
where it can be connected to several cables at each given
terminal. Theory of operation, key features, modelling, and
control ol the proposed MCFC are demonstrated. The
different funcrionalities of the proposed controller
including the balancing, limiting, and nulling of cable
currents are illustrated. A three-port MCFC is simulated
using PSCAD/EMTDC software to assess its dynamic
performance. Moreover, a low power prototype is built for a
three-port MCFC to experimentally validate its operations at
different modes using Rapid Control Prototyping technique
(RCP). Fast dynamic response and accurate performance
are revealed from simulation and experimental results.
Furthermore, the promising [ealures ol the proposed MCFC
renderitable to play an important role in power flow control
of MTDC grids.

Index Terms—Current limiting, [IVDC, MTDC, Power
converters, Power flow control.

I.  INTRODUCTION

Multi Terminal Direct Current (MTDC) grids are

considered by researchers and industry to be the furure
solution for interconnecting offshore wind farms to one or more
onshore points. As more offshore wind farms are being installed
in the North Sea area by surrounding countries in the recent few
years [1], the MTDC concept may play an important role in
interconnecting the wind farms owned by LEuropean countries
has emerged as well [2]-[3]. The concept of forming a MTDC
grid has been highlighted since the early use of High-Voltage
Direct Current (HVDC) transmission systems [4], but it was not
possible to develop this idea into practice until the recent
emergence of high Voltage Source Converters (VSCs) which
have more flexibility when it comes to inverting the power
direction. Major challenges preventing realization of MTDC
grids are investigated by researchers and industry such as the
absence of HVDC circuit breakers, protection schemes and
algorithms [5]-[7], and high voltage dc to dc converters (dc
transformers) [8]-[9]. The lack of practical, reliable and
accurate current (power) flow control method is considered one
of the critical challenges, as the power flow through the grid

conductors is generally determined by the conductor’s
impedances leading to overloading in some of the conductors
thus exceeding their thermal ratings. Efforts are done to achieve
the dc power flow control via controlling the converter
connected at different terminals of the MTDC grid |10]-|13].
several methods are proposed in literature to achieve current
flow control in dc grids. The first method is based on inserting
a voltage source in series with the line using three-phase
converter coupled with a transformer [14], [15], while the
second method proposed using dc transtormers [16]. [17]. The
main disadvantage of these methods is the high cost and large
size of the transformer |15]. The use of dc¢/dc converters have
been also proposed |18]-20] but still the utilization of series
inductor with kA rated grid currents and high voltage switches
increase the cost and complexity [18], [20]. Moreover, a single
dc/de converter is needed to control the current in each cable at
a given node. making it a hard solution for offshore wind
generation where platforms sizes should be minimal.

To overcome this problem, an apparatus called Current FFlow
Controller (CI)C) is proposed in [15], [21], [22]. However, the
available CI'C topology is based on one capacitor which limits
its application to control the current flow between two cables at
any given time, and there is no information available on how
this topology can be expanded. For realistic integration with
MTDC grids, which may require the ability of controlling the
currents at several cables simultaneously, the CI‘C topology
must be modified to offer independent current flow paths
between the cables.

This paper presents generalized topology for a Modular
Current Flow Controller (MCFEC) based on Insulated Gate
Bipolar Transistor (IGBT) for precise current flow control in
MTDC grids. The proposed MCI'C consists of a number of
Sub-Modules (SM) and capacitors that can be connected to any
number of cables to achieve different functionalities such as
balancing cable currents, limiting currents and currents nulling
in a number of cables to ease the maintenance process. The
main advantage of the MCFC is that it is installed in series with
the cables of the de grid and isolated from the system ground,
as shown in IFig. 1. This action results in reducing the voltage
rating of the IGBT switches to a small fraction of the grid
voltage leading to low cost and small footprint in comparison
with series dc/dc converters needed to perform similar action,
and giving MCFC superiority when it comes to offshore
platforms installations. TFurthermore, MCIEFC is able to
redistribute high currents that may result from cable
disconnection during faults, preventing cables overloading.
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Fig. 1. A 4 terminals DC grid with 6 sub modules MCFC inserted in
series.

The circuit topology of the proposed MCI‘C is determined by
the number of cables that it is connected to. Complete analysis,
operation and control of a three-port MCFC is presented in this
paper to balance the three currents, set a current to desired
reference point or even null a current in any chosen cable. The
new generalized topology sets basis for designing MCIC to
control the current flow in any number of cables and offers
additional degrees of control when compared to the available
topology in [21] which uses single capacitor, where functions
such as nulling current in one cable and balancing the two
remaining currents can be now carried out with the MCFC.
Simulation results demonstrate the accurate dynamic
performance of the proposed MCIC. TFurthermore,
experimental validation is carried out using the Rapid Control
Prototyping (RCP) advanced technique by building a four
terminals dc grid with a three-port MCFC prototype to test
different cases.

This paper is organized as follows: In section II. generalized
MCIC topology and principle of operation are introduced. The
detailed explanations of operating modes of three- port MCI'C,
mathematical modelling and the proposed control strategy for
the MCFEC are presented in section 111. Computer simulation is
carried out using PSCAD/EMTDC software package and
results are discussed in section 1V. In section V, experimental
validation is presented using the RCP technique and different
operating modes are tested. Finally, section VI concludes the
paper.

Il.  THE PROPOSED GENERALIZED CURRENT FLOW
CONTROLLER

The proposed modular topology consists of IGBT switches
integrated with parallel freewheeling diodes and capacitors.
The building block of the MCFC is a sub-module containing
four IGBT switches as shown in Fig. 2. The number of cables
(ports) connected to the MCFC determines its topology as
shown in Fig. 3 for two, three, four, and # ports. The number of
sub-modules required can be calculated from the following
equation:

n.=n(n—1) o

where n; is the total number of submodules and 7 is the number
of cables to be controlled by the MCFC. In addition, the number
of the involved capacitors can be obtained from:

n, = (n2—1) @)

The principle of operation of the MCEC is based on switching
capacitors in series with cables carrying higher currents, one
capacitor to one cable. This action allows each capacitor to
charge independently from its connected cable and hence
reducing the current flow.

S

Fig. 2. Building block of the MCFC
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Fig. 3. Proposed Generalized MCFC topology for n cables.

Lor each capacitor, this period is followed by a discharging
period, where the capacitor is switched to a low current carrying
cable with reversed polarity. As a result, a series voltage is
inserted with the low current carrying cable allowing it’s
current to increase. Consequently, the proposed MCEC controls
the current flow in the MTDC grid. The duration of the
charging/discharging periods are determined by the control
algorithm based on the requested set point. The MCI'C is able
to operate independently from the VSCs control modes as its
control unit depends mainly on the cable currents, giving it
another advantage as no communication is needed even when
more than MCIC is installed in a complex MTDC grid. In the
tollowing section the operation, dynamic modelling and control
strategy of the MCFC are discussed in details.

Ill.  THREE-PORTS MCFC

A.Modes of operation

As discussed earlier, the MCIFC operates to decrease desired
currents by switching the capacitor(s) in series with the cables
carrying high currents to charge them, and then switched to
cables carrying lower currents to discharge into. This action
indicates that for every MCI'C topology different modes of
operation may appear. Three-ports MCI'C, with six submodules
(24 switches) and two capacitors is chosen to explain different
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possible modes of operation and demonstrate the MCFC
capabilities. Fig. 4 illustrates the three-port MCFC circuit
topology operating in mode 1, where currents flowing in cables
one and two are assumed higher than the average value of the
three line currents, i£, i2, and i3. 1t is required to decrease the
highest currents to achieve different functionalities such as
balancing them with i3, setting them to any desired value or
even nulling them. In this mode, switches Sui2, Spo1, Seai, and
Spa are switched-on to allow capacitor C; to charge from cable
1 and capacitor Cs to charge from cable 2. as shown in Fig. 4,
leading to decrease their currents. Two different PWM signals,
Py and P, are delivered to switches Scii, Se2a, Sear and S to
allow both capacitors to discharge in cable 3 (see Fig. 5).
Similarly, the switching states for modes 2 and 3 can be derived
as shown in Table 1.

Another scenario, where only one of the three line currents is
higher than the average value and needs to be decreased, which
gives three modes of operation, modes 4 to 6, in the forward
(positive) direction as indicated in Table 1. In the cases where
currents tflowing in the reverse (negative) direction, modes 7 to
12, the MCFC operates in a similar way but using switches S,
and Sy instead of S, and S, respectively. All the possible modes
along with their corresponding state of each of the 24 switches
are presented in Table 1. The proposed control of the MCFC
that generates the PWM signals is discussed in details in sub-
section C.

B.Dynamic Modelling

In this subsection, the averaging technique is used to derive a
dynamic model for the three-port MCEFC. Considering mode 1
of operation, #; > i> and both currents are greater than the
average current flowing in the three cables. The proposed
MCI'C transfer currents from cable 1 and cable 2 through C1
and C2, respectively, to cable 3. The MCI?C charges C1 from
cable 1 for a time interval of DT, while it charges C2 from
cable 2 for a time interval of DT, where D; and D are duty
ratios for charging periods of C1 and C2, respectively, and T is
the switching period. Since i; is considered greater than i,
consequently, D; becomes greater than D-». Therefore, the
operation of the proposed MCIC in mode | can be divided into
three consecutive intervals of periods D>7, (D;-D>)T, and (I-
DpT. Fig. 4(a) presents the operating devices of the MCI'C
during the first interval where both C1 and C2 are charging
from cable 1 and cable 2, respectively. The circuit equations
that describe the MCIFC during this interval, D7, can be written
as:

V=ri L P va 3)
V=i, + L S v, + Y, @
V=raig Ly 52+ Vg (5)
iy =cte ©)
i, =CSe @

where r; and L; are the resistance and the inductance of the
first line, rpand L, are the resistance and the inductance of the
second line, 13 and L are the resistance and the inductance of
the third line, v, and v, are the capacitors voltages of the

three-port MCFC capacitors, V is the bus voltage where the
MCIC is connected, V;,V, and V5 are the voltages at the end
terminals of the first, second, and third lines, respectively. The
state-space model representation of (3)-(7) is given by:
-1 0qri

L, 0 0 0 07 [i -r, 0 0 iy

0 L, 0 0 of |k 0 -r, 0 0 -1,

0 0 Ly 0 offfia|=[0 0 -r o o0fis|+

0 0 0 ¢ 0] |va 10 0 0 0fva

0 0 0 0 ¢l vy 0 1 0 0 o0l
K X Ay X

1 -1 0 07y

10 -1 0y

10 0 -y (8)

00 0 0fy

0 0 o0 ol=®

B
In the second interval, C; is switched to discharge in cable 3
while C; remains charging from cable 1. The duration of this
interval is (D;-D>)T. In a similar way, the state equations
representing the second interval are written as follows:

L, © 0 0 0] [ik] [-r, 0 © =1 Oy
0 L, 0 0 of |k 0 -r, 0 0 oti
0 0 Ly 0 offfis|=[0 o -r o 1f|is|+
0 0 0 ¢ 0| |va 10 0 0 0fva
0 0 0 0 ¢l by 00 -1 0 ollv,l
121 0 0q.0 : *
10 -1 0 “,'
10 0 -1 )
0 0 0 ol
0 0 0 0 TL

B

During the third interval, ({/-Dp7, Cl is switched to cable 3.
Hence, both Cl and C2 are discharging into cable 3, as
indicated in Fig. 4(b). The mathematical representation of the
MCEFC during this interval is given by:

L, 0 0 0 0] fih] [-r, O 0 0 Oyfiy
0 L, 0 0 0f | 0 —r, 0 0 0
0 0 Ly 0 Of¢fia|=[0 0 -r; 1 1flix|+
0 0 0 ¢ 0| |V 0o 0 -1 0 oflvy
0 0 0 0 ¢l vy 0 0 -1 0 ollv,
K X Ay X
1 -1 0 07y
10 -1 ol
10 0o -1 (10)
00 0 o
0 0 0 0 ‘UL
B

Multiplying (8), (9) and (10) by their duty ratios, D>, D;-D;, and
1-D;, respectively, and summing the result to get the average
model for the MCFC for mode 1 when 11>12, as follows:

—r, 0 0 -D; 0 i,
[ 0 0 -D, ||,
Kx=|l0 o -1y 1-D, 1-D,||is [+BU (11
D, 0 -(1-D) © 0 |[ver
0 D, —(1-D,) 0 0 Jlve,]
A X

where A =Dy A+ (D-D2) A2 + (1-Dy) As. At steady state, (11)
is written as:

AX+BU=0 (12)
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Rearranging (12), the capacitors’ voltages can be expressed as:

((1=D3)*+15D7 fra)a—b/(1-D1)(1-D;)

Vo= 1=((1=D,)2+75D3/r3)(1~D4 )2 +15DF fry) a3
(1-D)(1-Dy)a=((1-D1)*+}20} )b
Vez =13 z AT (14)
a5 (1022 +(1=D1)2 (11D +72D%))
where a =1 —-D)(V—-V;) =D, (V—-V;)/ry and b=

(1 —Dy)(V —V3) — 3D, (V — V,) /7, The rated voltage of the
capacitors and hence voltage stresses on the MCFC switches
can be calculated from the maximum of (13) and (14). It is
obvious that the capacitor voltage depends on of the network
parameters and the voltage drops across the cables connected to
the MCI'C which are related to the loading condition of the grid.
In order to calculate the first capacitor’s voltage ripple, (6) is
integrated over the charging period as follows:

DT . Vemas
Jo wde=Cf vy (15)

where T refers to the switching period which is the reciprocal
of the switching frequency fs. Neglecting the current ripples
compared to the average value, iy, results in linear charging of
the capacitor from initial minimum voltage Vi to maximum
voltage Vima. Therefore, the first capacitor’s voltage ripple,
AV, can be estimated from (16):

= _bh
AVey = Vemax = Vemin =

= (16)
Cfs

Eq. (16) shows that increasing the capacitance reduces the
capacitor voltage ripple, as expected. Similarly, voltage ripple
can be calculated for the second capacitor using . It is
noticeable that the capacitor voltage ripple depends on the mode
of operation as the charging current changes from mode to
another. For mode 1, the capacitance of the first capacitor can
be roughly estimated from (15) and (16) to meet a required
percentage voltage ripple, AV, = AV,/V,, at the extreme
deviations of the line currents. Similarly, the second capacitor
can be calculated and for mode 1 and all other operating modes.
Finally. the maximum value of the capacitances is considered
to meet the desired level of voltage ripples for all modes of
operation.

C.Control Strategy

One of the features of the MCFC is the ability to balance
currents in the transmission cables or lines. One or more

(a)

currents flow in the cables can be relatively higher than the rest
and with the balancing control all currents are maintained
within the acceptable limits and redistributed among all
branches in order to prevent overloading of cables.
Furthermore, the proposed MCFC can set the current flow in
one cable to a desired value either to limit the current or damp
it to zero. This feature may help in the situation of cables
maintenance as only off load dis-connector switches are
required to isolate the cable. This action eliminates the need for
a dc circuit breaker or interrupting the whole transmission by
opening the ac side circuit breaker. Fig.5 presents the proposed
control system of the MCFC to control the current flow and
simultaneously regulating the capacitor voltage. Two cascaded
controllers are designed for each capacitor to realize the PWM
signals needed for the MCFC. Two selector switches are
utilized to determine the function of the MCEFC. For currents
balancing, the sum of currents in the three branches is measured
and then divided by the number of branches to obtain the
average value of the desired current, i*. This value is considered
the reference value to be compared with the measured value of
the current(s) i. that needs to be redistributed. The error signal
is processed using a PI controller, where the output of this outer
current control loop is considered the reference value of the
capacitor voltage v.. A limiter is used to prevent exceeding the
rated capacitor voltage. The inner control loop is dictated to
regulate the capacitor voltage at its estimated value from the
outer one using another PI controller. The output of this
controller is the duty cycle of the modulating switches. A mode
detection unit measures the three cable currents to determine
the operating mode and assign the two PWM signals (P; and P»)
and the on/off states to all relevant IGBT switches based on
Table 1. Similarly, any desired cable current can be limited to
any chosen value. This value is set as the reference value for the
controller and switches are controlled to let the capacitor charge
trom the chosen cable and discharge in the other cable(s)
carrying lower currents. If the reference value is set to zero, the
capacitor will charge from the desired cable until it is fully
charged to null the current flow in this cable. When the current
is decreased in any cable by a certain amount it will increase in
the remaining cables. It is important to check the capacity of
these cables to prevent overloading problems.

()
Fig. 4. The proposed Three-ports MCFC operating in mode 1 where i1 and i2 > the average current of the three cables (a) The first interval where
the capacitors are charging from cable 1 and 2, (b} The second interval where the capacitors are discharging in cable 3.
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Fig. 5. The proposed control system for the three-port MCFC.
TABLE |
Switches Conduction States
Operation modes
Direction: Forward R
Highest currents: ;& H&is i &ia i i iz iy  L&dy L& i i iz -
Mode: 1 2 3 4 5 6 7 8 9 10 11 12 Bypass
0 0 0 0 0 0 Py P P, Py P Py 1
0 0 0 0 0 0 0 P P Py P 0 1
0 0 0 0 0 0 P 0 0 0 0 Py 1
0 1 0 0 1 1 0 0 0 0 0 0 1
1 0 1 1 0 1 0 0 0 0 0 0 1
1 1 I} 1 1 0 0 0 0 0 0 0 1
] Py P P Py Py 0 0 0 0 0 0 1
0 P, P P, P, 0 0 0 0 0 0 0 1
Py 0 0 0 0 Py 0 0 0 0 0 0 1
0 0 0 0 0 0 0 1 0 0 1 1 1
0 0 0 0 0 0 1 0 1 | 0 1 1
0 0 0 0 0 0 1 1 1 1 1 0 1
0 0 0 0 0 0 0 P 0 P 0 0 1
0 0 0 0 0 0 P 0 P 0 Py Py 1
0 0 0 0 0 0 P P P P P P 1
1 1 I} 0 1 1 0 0 0 0 0 0 1
0 1 1 1 0 1 0 0 0 0 0 0 1
1 0 0 1 1 0 0 0 0 0 0 0 1
0 P, 0 P; 0 0 0 0 0 0 0 0 1
P 0 P 0 Py P 0 0 0 0 0 0 1
P: P: P: P; P: P; 0 0 0 0 0 0 1
0 0 0 0 0 0 1 1 1 0 1 1 1
0 0 0 0 0 0 0 1 1 1 0 1 1
0 0 0 0 0 0 1 0 0 1 1 0 1
TABLE Il

V. SIMULATION RESULTS

Simulation study is carried out using PSCAD/EMTDC
software package where a multi-terminal MTDC grid, similar
to that shown in Fig.l, is simulated. The main simulation
parameters are shown in Table 2, where cables 1, 2 and 3 are
carrying currents i/, i2 and i3, respectively. VSCI is operating
indc voltage regulating mode and the remaining three VSCs are
operating in power control mode. Two case studies are
presented to evaluate the different features and operation modes
of the proposed MCEC.

Simulation parameters

>

<
—
-
e
—

Parameter

Grid voltage rating
Capacitor 1

Capacitor 2

itching [requency 1
ing frequency 2

Cable 1

Cable 2

Cable 3

Value

400kV
lmF
TmH
1kHz
TkHz

1.25Q
10 mil
2.5Q
10 mH
0.5Q
10 mH
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Fig.6. MCFC performing currents balancing: mode 3. a) Cable Time (s)
currents, b) Capacitor voltage Vc1, ¢) Capacitor voltage Vc2 Fig. 8. Setting i1 and i3. (a) Cable currents, (b} Capacitor voltage Vc1,

. (c} Capacitor voltage Vc2.

A.Case 1: Currents Balancing

In this case study, currents i/, i2 and i3 are initially equal to Fig. 7(a) indicates that the MCFC performs the currents
0.62kA, 0.52kA and 0.65kA. respectively. It is required to  balancing operation smoothly even under sudden load changes.
redistribute the currents to get a balanced operation by  Moreover, the dc voltages are shown in Fig. 7(b) where it is
decreasing the currents flowing in both cables 1 and 3, and  noticed that the voltage regulating terminal 1 successfully
increase the current flowing in cable 2. The proposed control  maintain its voltage at 400kV. Finally, Fig.7(c) portrays the
selects mode three of operation for the MCFC as shown in  active power delivered at each terminal where P2, P3 and P4
Table 1. The proposed control system of the MCFC is enabled  are overlapping.
at7=0.9 s. Ilig. 6(a) demonstrates that the proposed three-port B.Case 2: Currents setting and nulling
MCI)C succeeds to balance the three cable currents to
approximately 0.59kA  with fast dynamics and without
overshoot. Figs. 6(b) and (c) illustrate the capacitor voltages
Vel and Ve2 for this case respectively with steady state value
of 0.75kV. These results demonstrate one of the advantages of
the proposed CI'C that is the capacitor and switches voltage
rating is very small when compared to the grid voltage 400kV,
resulting in low cost and small footprint for the MCIC. In
addition, the superiority of the proposed MCIC topology over
three-ports CEC topology with single capacitor proposed in
[21] is presented where accurate currents balancing is achieved
despite the remarkable differences in cable currents
magnitudes.
To evaluate the viability of the proposed MCI'C in realistic
operating conditions, the same case study where the MCFC is
enabled at t= (.9 s to balance the currents is repeated under
dynamic changes of the MTDC grid. The power references for

In this case study, it is required to validate the ability of the
proposed MCFC topology to perform tasks simultaneously by
utilizing both capacitors. Currents 77, 2 and i3 are initially
equal to 0.62kA, 0.52kA and 0.65kA, respectively. The MCI'C
is enabled at r=0.9 s to set both currents i/ and i3 to 0.55 kA
and 0.6 kA respectively. [Fig 8(a) indicates that the MCIC
successfully performed the setting operation for both currents
and current i2 has increased to achieve the balance in the grid.
The capacitor voltages Ve/ and V2 are demonstrated in Figs.
8(b) and (¢), respectively. It is noticed that Ve! is slightly higher
than Ve2 as il is set to a lower value than i3 and hence the
capacitor C1 needs to charge more.

Similarly, the MCFC is controlled to set one current and
balance the other two as illustrated in Fig. 9(a), where current
i3is set to 0.375kA and currents il and i2 are balanced. Another
function is to ramp down current i3 to zero, and at the same time

terminals 2,3 and 4 are ramped up at t= 1.1 s to withdraw a total £ set current il at 0.6kA as demonstrated in Iig. 9(b).
of 1500MW from the generating terminal 1. The system is set

to return to the original reference value at t=1.4 s.
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Fig. 9. MCFC performing simultaneous tasks. {a) Setting i3 to 0.375kA
and balancing i1 and i2, {b) Nulling i3 and setting i1 to 0.6kA.

©
Tme {s)

Fig. 7. Dynamic performance of MCFC under sudden load change.

(a) Cable currents, {(b) Terminal voltages, (c} Active powers
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As explained earlier, this particular case is beneficial in cases
of maintenance where cables can be disconnected easily using
offload switches. Another advantage is that in cases of faults, a
cable may be disconnected due to circuit breaker action and this
will result in higher currents flowing in the remaining cables.
The MCEC can be utilized to redistribute the currents flow in
the remaining cables to prevent cable overloading and heating
problems.

V. EXPERIMENTAL VALIDATION

A low power three-ports prototype of the proposed MCFC is
implemented in the laboratory based on 24 IGBT switches with
70A — 600V rating each. A four terminals dc grid is formed with
one terminal de supply and the rest of terminals are connected
to electronic (active) loads. Rapid Control Prototyping
technique (RCP) is carried out by using OPAL RT OP4500 real
time simulator to implement the proposed control system of
Fig. 5§ and acts as real time controller for the MCEC circuits.
Grid cable currents are measured and delivered to the OP4500
that generates gating signals to the MCFC IGBT switches. The
experimental system parameters are shown in Table 3 and a
photograph of the setup is shown in Fig.10.

TABLE Il
Experimental prototype parameters
Value

Terminal 1 150V dc Power supply
Terminal 2 Active load
Terminal 3 Active load
Terminal 4 Active load
Capacitor 1 ImF
Capacitor 2 1mF
N-channel IGBT 70A — 600V
Proportional gain 100
Integral Gain 0.01
switching frequency 1000Hz

Fig. 10. Photograph of the MCFC experimental setup.
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Fig. 11. Balancing i1 and i3 into i2. X axis: 1ms/Div and Y axis:
0.5A/Div.

A.Case 1: Balancing i1 and i3 into i2

Similar to case 1 presented earlier in the previous section of
simulation results, mode three is tested practically using the
experimental setup, where currents i/, i2 and i3 are initially
equal to 2A, (.75A and 1.75A, respectively. The MCFC is
turned-on to perform the currents balancing operation as
illustrated in Fig.11. The currents are balanced successfully to
a value of 1.5A, approximately. Capacitor voltages in this case
Vel and Ve2 are portrayed in Fig. 12(a) and 12(b), respectively.
Tt can be noticed that V7 is higher than Vc2 as current i7 is
relatively higher than current :3. Finally, the two PWM signals
P1 and P2 are shown in Fig.13.

A LA AR,
.ji\/‘\»f VA

(b)
Fig. 12. (a) Capacitor voltages Vc1. X axis: Tms/Div and Y axis:
1V/Div, (b) Capacitor voltages Vc2. X axis: 1ms/Div and Y axis: 1V/Div
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Fig. 13. PWM signals. X axis: 1ms/Div and Y axis: 5V/Div.
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Fig. 14. Nulling i1 and setting i2. X axis: 10ms/Div and Y axis:
0.5A/Div.

B.Case 2: Nulling i1 and setting i2

Currents i/, i2 and i3 are initially equal to 2A, 1.5A and
(.75A. The reference values of the controllers are set as zero for
i] and 1.25A for i2. The proposed MCFC succeeds in nulling
current i/ and setting current i2 at the desired value as
demonstrated in Fig.14. 1t is noticed that i3 is decreased to a
value that keep the energy balance in the grid. The
corresponding capacitor voltages are presented in Fig.15 (a) and
15(b). Notice that the capacitor C/ is charged to block current
i/ as indicated in Fig. 15(a). The relevant PWM signals are
shown in Fig 16, where P remains zero to allow CJ to charge
from cable 1 and P2 is pulse width modulated to let i2 achieve
the required set point value. [{luent operation of the MCI’C can
be noticed and the topology is experimentally proven.

(a)

(b)

Fig. 15. {a) Capacitor voltage Vc1. X axis: 10ms/Div and Y axis:
5V/Div, {b) Capacitor voltage Vc2. X axis: 10ms/Div and Y axis: 1V/Div
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Fig. 16. PWM signals. X axis: 10ms/Div and Y axis: 5V/Div.

VI. CONCLUSION

This paper presents a generalized topology for a modular
current flow controlling device. The proposed MCFC can be
practical solution for power flow control applications in multi-
terminal de grids. The detailed analysis and operation of the
proposed MCFC for bidirectional current flow are discussed.
Simulation results are presented to evaluate the dynamic
performance of the proposed three-port MCFC for various
functionalities such as current balancing, current limiting, and
current nulling during different modes of operation. Moreover,
a scaled laboratory setup based on rapid control prototyping
technique is built up and the experimental results validate the
dynamic performance of the proposed control system of the
MCEC. Fast dynamic response and accurate performance of the
proposed control system for the MCI‘C are demonstrated using
both computer software and rapid control prototyping. Results
revealed that the proposed MCFC offers promising solutions
for power flow control problems in specially in offshore MTDC
grids where the cost and size can be significantly minimized.
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Abstract- Some significant problems prevent the formation of
multi terminal high voltage DC grids until now. Absence of
power flow control is considered one of the main challenges that
have to be solved in the near future to allow building of an
efficient DC grid. This paper investigates different power flow
control methods. Simulation of series insertion of AC/DC
converters is carried out using MATLAB/SIMULINK software
package and results are discussed.

Index Terms— HVDC, MTDC grids, Power flow control

I.  INTRODUCTION

Offshore wind energy is growing every day in Europe and
is expected to play an increasingly important role in the
coming few years [1], particularly to meet the goal of
establishing a European DC super grid to interconnect
conventional AC grids along with offshore wind farms in the
north sea area (Fig.1) [2,3].

As distances between offshore wind farms and on shore
AC grids grew longer, DC transmission became the
economical and efficient option to transmit the generated
power to the shore when compared to AC, as the breakeven
distance at which DC is more economical than AC for
submarine cable transmission is around 100 km [4,5].

Major problems facing the development of MTDC
networks are absence of DC circuit breakers, protection
algorithms and power flow controllers. The inability to
control the power flow or more particularly the cumrent flow
through the network branches is due to the simple nature and
characteristics of DC power which is different from AC
power that can be controlled through different methods such
as FACTS [6]. Power flow control is needed to allow
distribution of the power according to the dispatch center
orders and to protect cables from getting overloaded by high
currents. Recent research has focused on achieving power
flow control through the control of voltage source converters
and a few methods can be found in literature [7-10]. In this
paper three methods of power flow control namely, insertion
of series resistors, insertion of DC voltage sources and
utilizing IGBT based AC/DC are studied. The study is
carried out through computer simulation using
MATLAB/SIMULINK software package.

This paper is organized as follows: section II discusses the
feasibility of using series resistors for power flow control,
section III illustrates the use of controlled DC voltage sources
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Fig. 1. Possible north sea super grid topology [3].

and section IV shows how AC/DC converters can be
utilized as power flow controllers. Finally, sections V, VI and
VII show description of the current flow controller device,
simulation results and conclusion respectively.

II. INSERTION OF SERIES RESISTORS

The first approach proposed is to change the series
resistance in a certain branch by switching series resistors in
or out of the branch as shown in Fig.2. The total resistance of
cable 1 would change and thus current can be decreased or
increased to the desired value. Switches can be either
mechanical or electronic IGBTs. Mechanical switches would
offer slow switching operation with low switching losses
while electronic switches would offer very fast switching
with high switching losses. Resistors can be set into a
configuration similar to the binary configuration to achieve
more flexible values of resistances with fewer resistors. The
main drawback of this method is that the Power loss in DC
which is directly proportional to the square of the current
passing through the resistor as shown in equation (1).

P=F.R 1)

This means that for each additional 1 ohm resistor inserted
in a cable carrying 1kA current, an additional power loss of 1
MW will occur, and this is relatively high compared to the
overall power losses in any DC grid.
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Fig. 2. Switching of series resistors.

111. INSERTION OF SERIES VOLTAGE SOURCES

The sccond approach would be to vary the voltage in a
certain branch, which can be achieved by inserting a
controlled voltage source in series that would be either acting
as additional positive resistance or negative resistance based
upon the voltage source polarity (See Fig. 3). This method is
ideal in low voltage applications, where controlled DC
voltages can easily be implemented. However investigation is
carried out to clarily the advantages of this concept and in the
following section similar, more practical solution is proposed.

It is assumed that cables 1 and 2 (Fig, 3)are carrying two
dilTerent currents, and it is required Lo cqually distribute both
currents to prevent one of the cables from overheating. A
proportional — integral (PI) controller is designed to fulfill
this purpose. Currents 11 and 12 are compared together and
the output crror signal is inserted to the PI controller, the PI
controller provides the two voltage sources with the required
voltage set point for the balancing operation as shown in
Fig.4.

TV. AC/DC CONVERTERS UTILIZED AS POWER FLOW
CONTROLLERS

The third method is a more practical implementation of the
second approach mentioned earlier in section [II. The absence
of high voltage DC voltage source is solved by injecting the
required DC voltage to the grid through AC/DC converters.
(see Fig.5). Converters can be supplied by three phase AC
voltage through the nearest terminal by stepping down the
voltage to the desired level. An IGBT based three level PWM
voltage source converter [11] shown in Fig.6 is used as a
power flow controller in this paper. Two converters are
ingerted in the two cables as a similar example of the one
shown eatlier in Tig.3. The controller of the converter is
supplied with reference DC voltage; this set point is
determined by a P1 controller that minimizes the error signal
of both currents (Fig.7).

This power flow control method offers a very good
solution as AC/DC converters are very common in power

of vakage Saveal |

Cable 1
oc ole}
" « | system
) — -— @
Cable 3
oo osnr 00102 | |

[conter] |

DC

System

(3)

Fig. 3. Inserting two controlled DC voltage sources in serics.

b e PI To voltage
N/ sources
Measured i/ controller
Currents, '
Iy

Lig. 4. Pl controller to balance currents 11 and 12.

industry and the required additional controller is not
complicated. Converters can be set to limit the current to a
required value or to balance the currents as mentioned earlier.
The noticeable disadvantage is that stepping the HVAC down
from hundreds of kVs 1o [ew kVs o supply the converter will
require a relatively bulky, high cost three phase AC
transformer. The option of supplying the converter from the
same nearest main transformer can be also considered. A full
bridge can be added to give bi dircctional functionality to the
controller.

V. CURRENT FLOW CONTROLLLR

The current flow controller proposed in [12] is one of the
recent inventions dedicated for DC power flow control
problem. It consists of eight IGBT switches (four for each
cable) and two capacitors (one for each cable) as shown in
Fig.8. The current flow controller interchanges amount of
voltage between the two cables in order to balance the
currents. The current flow controller can also be set to keep
the current at any desired value or even ramp the current to
zero which is useful in maintenance purposes. One of its
numerous advantages is that the IGBT valves can be of a few
kV rating resulting in small footprint and low cost.

3 phase step down transformer

3t

Cable 1

AC
to DC

VsC

Cabie 2

AC side

Fig. 5. AC/DC converter as a power flow controller.
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Lig. 6. Typical 3 level AC/DC converter circuit topology [11].

Measured Reference DC IGBT gating
Currents_ voltage signals
o PI Converter -
It controller controller

Fig. 7. Currents balancing through AC/DC converter’s control loop.

VL SIMULATION RESULTS

A. Case [: Balancing Currents Using Voltage Sources

A three terminal test system is used as a multi terminal DC
grid in all simulation cases (Fig.3). The parameters of the test
system are given in Table I. Cable inductances are neglected
in case 1 only. In normal operation, currents 11 and [2 are 1.18
and 0.84 KA respectively. The target of this simulation is to
distribute both currents evenly on both cables | and 2. Ideal
DC voltage sources with a Pl controller are used in series
with both cables. Tig. 9 shows the fast dynamic response of
when the controller is switched on at 0.1 seconds and
succeeds to balance the currents in less than 0.02 seconds.
However as mentioned before this method is investigated for
illustration only and it is not practical in multi terminal
HVDC applications.

B. Case II: Balancing Currents Using AC/DC Converters

For the same grid simulated in case 1, two IGBT based
three level PWM voltage source converters are to replace the
voltage sources in case I, and inserted in series in cables 1
and 2 as shown in Fig. 10. Currents 11 and 12 are given to the
PI controller as inputs and the PI controller generate the DC
voltage sct point [or both converters. One convetler adds the
amount of voltage decided by the PI controller in one cable
and the other converter subtracts the same amount from the
other cable in order to achieve the balanced currents as shown
in Fig. 11. The DC voltage injected and subtracted to both
cables by the converter is shown in Fig.12.
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Fig. 9. Balancing 11 and 12 using DC voltage sources.
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TABLET
TEST GRID PARAMETERS
Parameter Value
DC Voltage 320 kV

raling
Cable 1 - 131km 1.25 Ohm & 276 mi1
Cable 2 - 255 km 242 0hm & 538 mH
Cable 3 —255 km 242 Ohm & 538 mH

Converter’s AC 400V peak
vollage




Volage (V)

Current (A}

Pl cortraller cutput siaral

n
8

b g Switch ti
e
oy
T
i3
; Vel vt tierz
) o~
] [yl
T = catiet caties | .
pea
g g 1 2| T AVAVA 011)
= £ DC system 3
oo T :
- = = =
RN —
o
z [= 2] Bpms 3 {}
1 P cocie H
H s
[ m—
2 s P, p—
=0
‘l‘ T Messurements 1 Outtp—T it

Power flow control using AC/DC Three-Level PWM

"2

2 phase ACIDC converter 2
Corverter cortral 2
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Fig. 13 and Fig.14 show the PI controller output signal
and the converter’s AC side phase to phase voltage
respectively.

C. Case III. Cumrent Set Point Using Single AC/DC
Converter

Similarly, one converter only can be used to decrease the
current within a cable to any desired value. Fig. 15 shows
the operation of one converter only applied into cable one to
set the current I1from 1200A to 900A at 2 seconds and 950
at 3 seconds, while current 12 remains uncontrolled. Fig.16
shows the applied DC voltage of the converter to the grid.

We can observe from the simulation results that power
flow control using AC/DC converters is possible and
accurate results can be achieved if proper control is applied.
Controlled voltage source method shows very fast response
and accurate results although it can be used only in low
voltage DC power flow applications.

3 2 =
8 8 8

900 15t set point
9504 2nd set point

Cument (A}
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Time (s)

Fig. 15. 1 is set to 900 A and 950A using single AC/DC converter.
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Fig. 16. DC voltage added to the grid by converter.

VII. CONCLUSION

This paper investigates the power flow control problem in
multi terminal HVDC grids. Three different power flow
control methods are investigated. Series resistors method
cause high power losses despite its simplicity. Two methods
usage of AC/DC converters and DC voltage sources are
simulated using MATLAB/SIMULINK software package and
tested on a three terminal HVDC grid. AC/DC shows the
ability of playing the HVDC power flow controller role in the
future as it can fluently add or subtract voltage from any
desired cable and thus control the flowing current. Results
show fast dynamic response and accurate performance in
balancing and limiting DC currents.
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