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Abstract

In recent years the growth of renewable energy has encouraged the develop-
ment of HVDC grids. One challenge of building HVDC grids is the power
converter response to DC side faults. The full-bridge Modular Multilevel
Converter (MMC) is a desired power converter topology which is used in
HVDC grids due to its scalability, modularity and capability of blocking DC
side faults.

Post fault operation of the full-bridge MMC requires the control of power
flow, the energy of each sub-module capacitor and the elimination of circu-
lating harmonic current to reduce power loss while DC line-to-ground or DC
line-to-line faults exist.

This thesis presents a post fault operation method for a full-bridge MMC
in order to transmit partial power after a DC line-to-ground fault and pro-
vides reactive power after DC line-to-line fault. Simulated results are provide
from a point-to-point HVDC system which consists of two eleven-level full-

bridge MMC.
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Chapter 1

Introduction

1.1 Objectives and motivation of the thesis

Multi-terminal high voltage direct current (HVDC) grids are a technically
and economically viable solution for future bulk power transmission for the
development of large scale renewable energy. By connecting different power
sources such as wind, hydro and solar, HVDC grids have advantages of flex-
ibility and reliability. The renewable energy power source such as offshore
wind power farms are usually located in remote areas. Compare to an AC
system, HVDC is more economic for transmission over long distance, espe-

cially when using cable to transmit the power.

Currently HVDC system exist mostly point-to-point systems with Line
Commutated Converter (LCC) or Voltage Source Converter (VSC). VSC is
more suitable for HVDC grids since it does not need to reverse voltage polar-

ity to change power lower direction. As one of the topologies of VSC, Modular
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Multi-level Converters (MMC) could provide high voltage, high performance
waveforms with a low switching frequency. Its modularity allows the increase

of the voltage rating of converter by adding more sub-modules.

One of the challenge of building a HVDC system is how it would react to
a DC side fault. For example, it would take about two month to fix a sub-
marine cable. During the repair time, the transmission between the onshore
and offshore system are cut. MMC with full-bridge sub-modules is able to
continue to produce the rated AC waveform up to a complete reversal of the
DC-Link voltage, as such it has a DC fault blocking response. And after DC

fault, full-bridge MMC can partially transmit power.

This project belongs to ” Transforming the Top and Tail”. It is a collab-
orative project of eight Universities funded by the EPSRC Grand Challenge

Programme.

The main aim of this project is to research full-bridge MMC post DC
fault operation. The advantage of the full-bridge sub-module is that it could
provide negative voltage and lead to arm voltage range increase to [—Vje, V|-
It assumes that in a symmetric monopole point-to-point HVDC system, two
full-bridge MMC converters are connected through two power cables. After a
DC line-to-ground fault, both converters have one pole connected to ground.
One possible operation method is that the faulted pole arm could provide the
voltage as AC voltage V., and the other arm provide voltage as %Vdc — Ve

1
Then on DC side the voltage is §Vdc so that the point-to-point system could
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continue to transfer half rated power. There are also other possible post line-
to-line fault operation methods. After DC line-to-line fault, both converters
have two pole connected with ground. One arm could provide the voltage
as AC voltage V., and the other arm provide voltage as —V,.. Then on DC
side the voltage is 0, but on AC side the converters can still provide reactive

power.

The full-bridge modular multilevel converter can only operate correctly
when all the sub-module capacitor voltage are controlled. Also, energy inside
the sub-modules in one arm have to be evenly distributed. The harmonic
circulating which is caused by interaction between arm inductor and sub-

module capacitors should be eliminated to reduce power loss.

This thesis provides post fault operation method and the control schemes
which include power flow control, energy inside sub-modules control and
proportional resonant control. All these methods and control schemes allow
the full-bridge MMC continue to transfer half rated power after DC line-to-
ground fault, and provide reactive power to each side AC system after DC

line-to-line fault.

The objectives of this thesis are:

e To evaluate the current research into full-bridge modular multilevel
converters, in an effort to show the advantages of this topology in order

to response to DC side fault.



e Research a post fault operation method which enable the HVDC system
transmit partial rated power after DC side line-to-ground fault and

provide reactive power after line-to-line fault.

e To simulate a point-to-point system with 11-level full-bridge modular

multilevel converter to investigate the post fault operation method.

1.2 Statement of originality

The author believes that the originality presented in this thesis lies in the

following;:

e The new management algorithm for the full-bridge MMC such that it
can continue to transmission power with one cable grounded after a dc
side line-to-ground fault. The operation can be extended to minimize
voltage stress on the ac side transformer. The MMC has to operate
asymmetrically to remove voltage stress on transformer, thus the sec-
ond harmonic circulating current and the sub-module capacitor voltage

need to be controlled.

e The new management scheme can eliminate second harmonic arm cur-

rent for post fault operation.

e The new management scheme can control the total energy of one phase
and can control the energy difference in the upper and lower arms, to
balance sub-modules energy of the upper and lower arms for asymmet-

ric post fault operation.



1.3 Outline of the thesis

Chapter two provides an overview of the HVDC grids and the DC grid
power flow control schemes. An overview of different voltage source con-
verter topologies are then given. The background of HVDC cables and cir-

cuit breaker are provided.

Chapter three presents analysis of full-bridge modular multilevel con-
verter in normal operation. The second harmonic circulating current and
sub-module capacitor voltage estimation are investigated. The post fault
operation modes are presented in order to enable the converter continue op-
eration after DC side line-to-ground fault or line-to-line fault. The best post

line-to-ground fault mode is given from the power loss point of view.

Chapter four presents the control schemes of full-bridge modular multi-
level converter in normal and post fault operation condition. The sub-module
balancing scheme is based on level-shifted PWM, and the rotation speed de-
pends on the carrier wave frequency. The rest control schemes AC, DC
current control, second harmonic circulating current elimination and the en-

ergy of sub-module capacitor voltage.

Chapter five presents the overview of CIGRE DC grid system. It provides
the reference for the parameters of simulated full-bridge modular multilevel
converter. The scaling method for the simulation circuit is also provided.

The advantages and disadvantages of different cable modelling methods are



presented. A non-switching model of MMC converter is presented in order

to reduce the simulation computation time.

Chapter six presents the simulation results obtained by using Matlab /Simulink.
Evaluation of the post fault operation schemes and MMC control schemes

are presented.

Chapter seven gives the conclusions for the work as a whole and is followed
by several appendices containing information on the power loss calculation

of post fault operation.



Chapter 2

Literature Review

This chapter presents a review of HVDC system grid. The chapter begins
with a general introduction to HVDC system configurations and grid topolo-
gies. Power flow control schemes are then presented, including the advantages
and disadvantages of each scheme. A brief introduction of the available con-
verter topologies is provided, which classified into modular and non-modular
structures. Background information on HVDC cables and DC circuit breaker

topologies are then presented.

2.1 HVDC grids

Multi-terminal high voltage direct current (HVDC) grids are a technically
and economically viable solution for future bulk power transmission required
due to the development of large renewable energy installation [1-6]. The

reason for considering an HVDC system is that it has lower cost for long
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distance power transmission compared to an HVAC system. The break-even
distance, which is when cost of HVDC system and HVAC system are equal,
for an overhead line is 500-800 km [7-9], for a cable is 50 to 80 km [10-13].

HVDC converters can be classified as Line-Commutated Converters (LCC
also called Current-source converters) and Voltage-Source Converters (VSC).
The LCC, which is thyristor-based, is also known as the classic HVDC or
traditional HVDC converter since it has been used from 1972 [14]. The main
difference between LCC and VSC is that the VSC uses semiconductor devices
such as IGBT, which can be controlled to turn on and turn off. Meanwhile
LCC uses thyristor, which can only be controlled to turn on with turn off
relies on the external circuit. This freedom gives the VSC advantages such
as black start capability and reactive power control [15]. Most importantly,
the VSC changes the power flow direction by changing the current direction,
maintains the voltage polarity the same. This makes it more suitable for

multi-terminal HVDC transmission [16].

Up to now, HVDC systems mainly has been point-to-point connections.
Instead of connecting these point-to-point systems, an HVDC grid has less
converters, and as a result the investment cost and conversion loss will lower.
Moreover, an HVDC-VSC grid is more flexible for power flow and energy
trading, and will increase grid security [17]. The configurations of HVDC-

VSC system are given in the following subsections.



2.1.1 HVDC system configuration

The arrangement of VSC converters for HVDC power transmission can be
classified into the following types, asymmetric monopole, symmetric monopole
and bipole [15, 18]. Here a brief description of each type of system is pre-

sented.

Asymmetric monopole configuration

}—@7 Converter 1 Converter 2 —@—‘ Converter N —@—‘

Figure 2.1: The configuration of Asymmetric monopole HVDC grid with
earth return

}—@7 Converter 1 Converter 2 4@—‘ Converter N 4@—‘

Figure 2.2: The configuration of Asymmetric monopole HVDC grid with
metallic return

Figure 2.1 shows the configuration of an asymmetric monopole HVDC
grid with earth return. Figure 2.2 shows the configuration of an asymmetric

monopole HVDC grid with metal return. The common conception between

10



them is that they both have a single HVDC converter connected via a sin-
gle conductor at the full HVDC voltage. The advantages of earth return
are reduced cable investment cost and relatively less transmission loss [3].
However, the metallic return is essential when the continuous current flow

through earth is not permitted [3].

Symmetric monopole configuration

1 I I
Converter 1 | I| Converter 2 | onverter
’—@7 _TH I HT_ 4@—{ I HT_ Converter N [

Figure 2.3: The configuration of Symmetric monopole HVDC grid

The configuration of a symmetric monopole HVDC grid is shown in figure
2.3. Unlike the asymmetric monopole, it features a single HVDC converter
with two conductors, and the grounding is at the middle of the DC side. This
increases the power transmission compare to asymmetric monopole configu-
ration since the DC side voltage doubled, and in normal operation, no current

flows through the earth [3].

Bipole configuration

As shown in figure 2.4, the configuration of a Bipole HVDC grid consists of

two HVDC converters connected in series and grounded in the middle. The
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Figure 2.4: The configuration of Bipole HVDC grid

most attractive point about the Bipole configuration is that with one cable

fault. It is shall possible to operate the system at reduced power [18].

Mixed configuration

In order to build DC Grids, it is important that all the readily existing HVDC
systems can be connected into the grid. As long as the DC voltages are the
same, the three types of HVDC system configuration can be connected to-
gether. Figure 2.5 shows one example of a configuration mixing three types.
Converter 1 is a bipolar structure. Converter 2 is asymmetric monopolar
with metallic return, with the grounding point at converter 1. Converter 3

is a symmetric monopole configuration.

If the number of terminals in Figure 2.5 is increased, there are many

possibilities for interconnection between the terminals. The topology of the
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Figure 2.5: The configuration of Mix HVDC grid

multi-terminal HVDC grid has an impact on the steady state system losses
and grid reliability [19]. Different topologies of HVDC grid are discussed in

the next subsection.

2.1.2 HVDC grids topology

There are three HVDC grid topologies are considered here: star topology,
ring topology and meshed topology [19-21]. We take a 6 terminal HVDC
system as an example, assuming 3 of them are onshore substations and the
other 3 are offshore wind farms. The pros and cons of each topology are

demonstrated below.

Star topology

Two star topologies are shown in Figure 2.6. The central point could be on

an offshore platform or on an onshore substations, respectively as illustrated
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(b) Star topology with central substation
Figure 2.6: Star topology of HVDC grids



in 2.6a and 2.6b. Either way the terminals are connected at one central node.

The advantages of star topology are: first, the topology structure is sim-
ple; second, the cost of this topology is low since the cable rating of the
transmission lines is same as the rating of the corresponding terminal. The
disadvantage is that if a fault occurs at the central node the whole grid goes
down. When a DC fault occurs on a cable, and if the DC fault is permanent,
which is highly possible, the corresponding wind farm or substation is lost.

This causes the reliability of the star topology to be low [19, 20].

Ring topology

Onshore

Line 14

éFau\t

VsC4 VSC1

Line 45 Line 12

VSCS e

Line 56 Line 23

VSCe VSC3

Line 63

|
|
|
|
|
|
|
|
|
|
|
|
|
— VSC2 |
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 2.7: Ring topology of HVDC grids

Figure 2.7 shows a ring topology HVDC grid. The terminals are con-

nected as a closed loop. This topology has more reliability and flexibility
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Figure 2.8: Mesh topology of HVDC grids

than the star topology [19, 20].

The absence of a central node avoids the whole grid to go off due to a
simple fault. Also when a DC fault occurs, for example at line 14, the open
loop is able to operate without losing wind farm 4. However, this also lead
to a disadvantage of the ring topology which is that the cable rating need
to be higher than in a star topology. In the above example, after line 14 is
disconnected, the power from wind farm 4 has to go through line 45, line 56
and line 63 to be transferred to onshore. As a result, the rating of line 63 is
at least the sum of the power rating of wind farm 4,5 and 6. This increases

the investment cost [20].
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Meshed topology

The mesh topology is presented in figure 2.8. It is an extreme case in that
all terminals are connected with each other. The purpose is to show the

advantages and disadvantages of the mesh topology clearly.

The benefits of a meshed topology is that the reliability and flexibility
is increased [19]. If the line between terminal 1 and 4 is disconnected as in
the ring topology example, the power from wind farm 4 has more choices to
be transferred onshore. The drawback is that the increased connections use
more cables than the star or ring topologies. As stated before, connecting all
terminals with each other may not be necessary in practice, so the cost will
a trade off between reliability and cable cost. Anyhow, the high reliability
and flexibility make the mesh topology more suitable to meet future HVDC

grids requirements than the others [19].

The topology of an HVDC grid can be a mix of the above. For exam-
ple, the wind farms could be connected to onshore first, with a subsequent
increase in connections from a star or ring to a mesh by adding cables. The
grid building could be a gradually growing process. The optimal topology
depends on the terminal locations and power flow scenarios. The power flow

control methods of multi-terminal HVDC grids is introduced next.
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2.2 Literature review of published power flow

control schemes

There are two types of methods to control multi-terminal HVDC grid power
flow: by adding a device such as a voltage source at the end of lines, and
by power flow control schemes. The published power flow control schemes
can be classified into three types: Master-slave control [16, 22, 23], voltage

margin control [24-26] and voltage droop control [27-31].

2.2.1 Device power flow controller

In multi-terminal HVDC VSC grids, the flow of current in the transmission
lines depend on the voltage difference of the two ends and the impedance.
Although in theory the line current can be controlled by adding resistance,
steady state loss would be increased significantly. On the other hand, if an
auxiliary dc voltage controller is added on one end of the line, the power
flow on the line can be controlled by introducing a voltage source [32]. The
loss then will then depend on the efficiency of this device. Up to now,
three topologies of device are proposed: Thyristor power flow controller [33],

DC/DC device [34] and current flow controller [35].
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Figure 2.9: The structure of thyristor power flow controller [33]

Thyristor power flow controller

The structure of a thyristor power flow controller is shown in figure 2.9. It
is inserted in series in the dc transmission line and it consists of two 6-pulse
thyristor bridges to have four-quadrant operation. The rating of this thyris-

tor controller is expected to be 10% of the connected VSC converter [33].

DC/DC device

Since a DC/DC converter can produce a voltage difference, it can be placed
at the end of line to control current flow. There are many topologies for
a DC/DC converter which could be used to connect different HVDC grids
[36-38]. Figure 2.10 shows the structure of a bipolar DC/DC converter. In
[34], a voltage control ratio 1% — 20% for the DC/DC device when used in

power flow control is considered to be optimal.
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Figure 2.10: The structure of bipolar DC/DC covnerter [34]
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Figure 2.11: The structure of Current Flow Controller [35]

Current flow controller

Figure 2.11 illustrates the structure of a current flow controller. Both the

thyristor power flow controller and this CFC are connected in series with
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cables. The difference is that in order to reduce power loss, the thyristor
PFC transfers the power draw from the DC cable to an AC side through
a transformer, while the CFC transfers this power to another cable. As a
result, the AC transformer rating of the thyristor PFC has to be the DC sys-
tem voltage, meanwhile the rating of this CFC can be the insertion voltage

which is much smaller than DC system voltage [35].

All three devices introduced above are theoretically able to control the
power flow of HVDC grids. They could increase the DC grid power flow
flexibility by assisting the other multi-terminal HVDC power flow control
schemes which are discussed next. However, the investment cost and effi-

ciency of these devices still need to be investigated [35].

2.2.2 Master-slave control

In point-to-point HVDC systems, one converter controls the DC voltage and
the other converter controls the power flow. The same control can be used
in a multi-terminal system, where one converter controls the DC voltage and
the others control the power flows [22]. The converter controlling the DC
voltage acts as master controller, and its power flow depends on the rest of

the converters.

The master converter has to be able to provide and absorb a large power

when necessary. For example, when a converter is lost or there is an increased
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demand from one terminal. The worst case happens when the master con-
verter fails since the whole system will go off. Consequently, for a mesh

HVDC grid, master-slave control is not very suitable [23].

2.2.3 Voltage margin control

In voltage margin control, each converter is given a DC voltage offset. The
difference between the converter offsets is defined as the voltage margin [24,
25]. The DC voltage offset can be set in 2-stages to reduce the reliance on

the communications between terminals [26].

Compared to Master-slave control, the advantage of Voltage margin con-
trol is that when the converter controlling the DC voltage is lost, a new
equilibrium point (power balance point) will be reached automatically and

another converter will regulating the DC voltage.

Figure 2.12 shows an example of 2-stage voltage margin control of three
terminals A,B and C. When all the three converters are in operation as in
figure 2.12a, terminal C controls the DC voltage. After terminal C is lost,
as shown in figure 2.12b, the system reaches a new balance where terminal

A controls the DC voltage.
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Figure 2.12: An example voltage margin control of HVDC grids [24]

2.2.4 Voltage droop control

Another control method is named voltage droop control. It regulates the
DC voltage based on the relation between voltage and power or current. An
example of the Voltage-Power characteristic or Voltage-current characteristic
of one converter is illustrated in Figure 2.13 [16, 27, 29]. The limits on volt-
age and current are determined by the terminal converter. The DC voltage

reference will be calculated according to the droop characteristics.
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Figure 2.14: An example voltage droop control of HVDC grids [30]
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Figure 2.13: An example of Voltage-Power characteristic or Voltage-current
characteristic of one converter

Simplified four terminal HVDC grid is shown in Figure 2.14a. Assume
VSC 1 and 2 are offshore wind farms and they are provide constant power;

VSC 3 and 4 are onshore substations and they both implement voltage droop
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control. The resistors represent the impedance of the cables. Define the V/I
V mar V
characteristic slope of VSC 3 as k3 = DC?} DO and the slope of VSC
DC3mazx

4as ky = VDcé}mam — VDCO. Then the DC voltages of VSC 3 and 4 are:
DC4mazx

Vbes = Voo + kslpes

(2.1)
Vbca = Vpeo + kalpea
According to the grid structure, the voltage at Vg is:
Vbes + R3lpcs = Vpea + Ralpes (2.2)
Substituting (2.1) to (2.2) yields
kslpcs + R3lpcs = kalpca + Ralpea
Ipcs _ ks + Ry (2:3)
Ipca  ks+ R3

If we assume the voltage increase is small compared to nominal voltage,
and the magnitude of k3, k4 are much greater than Rj3, R4, then the power

sharing between VSC 3 and 4 is
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Ppcs  Vpeslpes

Ppcs Vpealpea

~ 1pcs (2.4)
Ipcs
ks

Equation (2.4) illustrates that the slope of the voltage droop characteris-
tic will determine the power sharing between terminals [30, 39]. The droop
gain also influences the DC voltage disturbance and grid stability [31, 40, 41].
Different from voltage margin control, in which only one terminal controls
the DC voltage at a time, voltage droop control enables any number of ter-

minals to adjust the DC voltage to reach the desired steady state condition.

An appropriate multi-terminal HVDC grid control scheme should be able
to maintain at steady state when a DC side fault occurs. The next section
gives review of voltage source converters topologies and then types of possi-

ble DC side fault are discussed.
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2.3 Voltage source converters

2.3.1 Non-Modular Voltage Source Converter (VSC)
topologies

This section contains a literature review of VSC topologies proposed for
HVDC systems. Discussion is provided on the advantages and disadvantages
of each topology for HVDC power transmission and the ability of each con-
verter to withstand DC faults. The discussion is limited to comparison of

VSC topologies and not on the comparison with line commutated alterna-

tives.
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Figure 2.15: Two level Voltage Source Converter

27



Two level converter topology

In Figure 2.15, a two level converter is shown [42]; for HVDC applications
a high number (greater than 100) of series connected IGBTSs are required to
achieve the necessary voltage rating. The advantage of the two-level VSC for
HVDC power transmission is it is a relatively simple circuit to control with
techniques well published in the literature [43-50]. The disadvantages of this
converter when used for this application arise from the requirement to use
PWM to decouple the AC voltage from the DC voltage magnitude [51, 52].
This requires that the series string of IGBTs are hard switched introducing
additional switching loss as well as extra complexity required to dynamically
share the device voltage during the switching event. The PWM switching
pattern will also introduce harmonics into the output voltage; which require
bulky passive filters to mitigate them to acceptable levels defined by the grid
codes [53, 54].

Further disadvantages include poor DC side fault performance; when the
DC voltage is depressed, such that when the AC voltage exceeds that of the
over-modulation region permitted by triple harmonic injection, then the AC
voltage causes the two-level converter to rectify into DC grid and the AC
breaker must be opened. Additionally when the DC grid voltage is fully re-
versed the IGBT diodes will begin to conduct regardless of the state of the

IGBTs and the AC side breaker [55, 56].
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Non-Modular Multilevel topologies

In Figure 2.16a, one phase of a three-level diode-clamped converter is shown
[57]. It is a three-level inverter it has available voltage outputs of +Vj., 0
and —Vy.. The advantages are relatively low switching loss and a good basic
AC waveform compared to the two level converter [51]. If the converter is
extended to further levels additional clamping diode pairs need to be intro-
duced as shown for the five level case in Figure 2.16b. The total number of
diode pairs increases rapidly with the number of levels [58]. For one phase
of N-level diode clamping inverter requires (N-1) capacitors, 2(N-1) switches
and (N-1)(N-2) clamping diode [59]. The non-modular nature of the topology
also means that the clamping diodes do not have a common voltage rating;
i.e. some clamping diodes need to be rated for the full DC bus and others
do not . Assuming series connected devices are used to achieve this voltage
rating, it can be observed that for each extra level many more components
are required. Additionally the split DC-Link capacitors introduces complex-

ity in voltage balancing [60, 61].

In Figure 2.17a, one phase of three-level floating capacitor topology is
shown. It is also called ”capacitor clamped” and ”flying capacitor” [62-64].
Instead of adding diodes as in Figure 2.16a, floating DC capacitors, Cy, are
added. The advantages are low switching loss, good AC waveform compared
to the two-level inverter, and the switches (have the same duty) are at the
same rating. Similarly to the diode clamped-topology, when the number of

levels is increased, the number of added capacitors increases rapidly. For one
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(b) 5-level floating capcitor topology

Figure 2.17: Topologies of 5-level converter

31



phase of an N-level flying-capacitor converter, (N-1)(N-2)/2 flying capacitors
and (N-1) main dc bus capacitors are required [60]. This large number of
capacitors also leads to a large footprint [51].

As with the two-level voltage source inverter a reversal of the DC bus causes
the diodes in both the diode-camped and floating capacitor topology to con-
duct, thus it is not suitable for use in multi-terminal HVDC systems relying

on the converter to provide the fault blocking capability.

2.3.2 Modular topologies
Modular multilevel converter (MMC) converter

The modular multilevel converter was first proposed in 2003 [65]. The MMC
converter shown in Figure 2.18a (half-bridge variant shown) is constructed
from a number of series connected sub-modules [42, 66, 67]. The advantages

of this topology include scalability, modularity, and low switching losses [68—

70].

The modular nature of the converter means that the same building blocks
can be used to expand the converter to higher voltages with more levels. This
has benefits for commercialization such as reducing development costs and

reduction in spares holding requirements [68, 71].

Each sub-module, used as a power electronics building block, includes a

self-contained DC-Link which allows at least a two-level output and at the
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same time restricts the voltage seen across the semiconductors. The conse-
quence of this is that the required high voltage rating can be achieved, while
semiconductor voltage sharing issues are mitigated, switching losses are re-
duced. Additionally the high number or output levels means the converter is
able to produce a cleaner output voltage reducing passive filter requirements

[72-75).

The disadvantage, of what is essentially taking the bulk energy storage
components and distributing them in a smart way around the converter, is

that additional complexity is required in the way that energy is managed

[76-83].

The MMC as classically proposed is formed from half-bridge sub-modules
as shown in Figure 2.18a. The half-bridge sub-module MMC suffers from
poor fault performance for similar reasons to the two-level inverter; the
IGBT anti parallel diode starts to conduct if the DC bus voltage is reversed.
Additionally as each sub-module cannot produce a negative output, over-
modulation is only possible via triple harmonic injection, as a consequence a
DC voltage depression limits the output AC voltage such that converter will

need to be disconnected via opening of the AC circuit breaker.

Variants of the traditional MMC can be constructed using alternative
sub-modules. Figure 2.18b shows proposed sub-module topologies [66]. The
full-bridge sub-module is able to an output produce voltage of +V.,0 and

—V.. The ability to be able to produce a negative voltage means that the
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converter is able operate even during a full reversal of the DC bus voltage
[67]. However, the use of additional semiconductors increases the losses. For
the Clamp-Double Sub-Module, it acts as two half-bridge sub-modules in
normal condition. When a fault occurs, the IGBT T5 is able to cut off the

fault current. Modular High Frequency is used for low power range.

Parallel hybrid Converter
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Figure 2.19: Three phase hybrid VSC topology [84]

Figure 2.19 shows the VSC, referred to here as The Parallel Hybrid Con-
verter, first published in [84]. Each phase of the converter is constructed
from an H-bridge in parallel with half-bridge sub-modules. The series-string
of half-bridges are operated as to produce the rectified target AC voltage,

this waveform is then unfolded using the H-Bridge valves which are soft
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Figure 2.18: Topologies of MMC converter
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switched at fundamental frequency. On the DC side, the three phases are
connected in series such that rectified phase voltage sums. The addition of
triplen harmonics can be used to decouple the AC and DC side voltage to
avoid PWM of the H-Bridge valve which sits in the main power path [84,
85]. The summation of the rectified sinusoids results in 6n harmonics on
the DC bus, further injection of triplen harmonics can be used to eliminate
these harmonics [86]. This technique has been extended in [87] to produce a

smooth DC output voltage.

The advantages of this topology are that the loss is very low, between

0.85 to 1.2% [85, 88], and reduced sub-module size and number.

The IGBT reverse blocking diodes in both the sub-modules and the H-
Bridge mean DC-Link voltage reversal will result in the conduction of these
devices. Additionally the published triplen harmonic injection technique that
allows decoupling of the AC and DC side magnitudes has a maximum range

that would be exceeded in DC voltage depressions.

Two level inverter with Multi-Level Series Active Filter

The topology depicted in Figure 2.20 was first proposed for HVDC applica-

tions in [89] and further published in [90].
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Figure 2.20: Hybrid converter topology [89]

The converter is operated by low frequency hard switching of the inverter
IGBTs. The output is then actively filtered using full-bridge sub-modules
[90].

Advantages of this topology include, AC fault ride through, both sym-
metrical and asymmetrical AC faults [90], it has been proposed in literature
that a smaller size sub-module capacitance could be used than in the MMC

[90].

The inclusion of AC full bridge sub-modules allow DC fault ride through
of depressed DC bus voltages without conduction of the two level inverter
anti-parallel diodes [90]. In the case of negative DC voltages the inverter
diodes still begin to conduct for the duration of the negative fault. However
unlike a standard 2-level inverter the full bridge modules allow the AC net-

work to be decoupled from the DC fault.
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Figure 2.21: Alternate-Arm Multilevel converter topology

Alternate-Arm Multilevel (AAC) converter

The Alternate-Arm Multilevel converter (AAC) was first proposed in [89]
and more extensively published in [91-96], is depicted in Figure 2.21. In this
hybrid topology, a series string of IGBTs are connected in series with a series
string of full-bridge sub-modules to form a converter arm. The addition of
the series string of IGBTSs, referred to as the director switch, enables the arm
to be switched off for approximately half of a fundamental period. Doing so
allows the positive and negative half cycles to be generated by the upper and
lower arm respectively, such that the available voltage requirement for the
arm is approximately halved with respect to the MMC, thus the number of

sub-modules required is reduced [93].

The action of switching each arm in and out at fundamental frequency has

the effect of rectifying the current into the DC-Link such that a DC filter is
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required to prevent un-wanted DC current harmonics [91, 93]. Additionally
the circuit must be operated around a sweet spot for optimal performance
[93]. This sweet spot voltage requires the converter to over-modulate such
that full-bridge sub-modules are required. The use of full-bridge sub-modules
gives the circuit inherent DC fault blocking capability and allows it operate

during DC faults [91].

2.4 HVDC grids DC side faults

DC side faults management is critical for HVDC grid transmission. DC
faults can be classified as temporary and permanent dependent on the fault
clearance time. Temporary faults usually happen on overhead lines due to
lightning, the converter can recover after the DC fault is cleared. Permanent
faults usually happen to cables as them need a long time to repair. Since
this thesis focuses on converter operation after a permanent DC side fault
occurs, the background of HVDC cables and proposed fault management

schemes will be briefly introduced.

2.4.1 Background to HVDC cables

HVDC cable systems include three parts: cable, joint and end terminations.
The joint is used to connect cables to reach the desired length. The end ter-
mination is used to reduce the electrical stress at the end of the cable to pro-

vide adequate electrical and mechanical properties [97]. Presently there are
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mainly two types of cable used for HVDC VSC systems: Mass-impregnated
HVDC cables and Extruded HVDC Cable such as XLPE (self-contained fluid
filled SCFF is also available, but not widely in use) [98, 99].

— Copper conductor
— Semiconducting paper tapes

= Insulation of paper lapes lmpeegnated with viscous compeund
Semiconducting paper tapes

ment
~ Syntetic tape of yam bedding

Single or double layer of steel armeur (flat or round wires)
Polypropylene yam serving

Typical Weight = 30 ta 60 kg/m
Typical Diameter = 110 to 140 mm

Figure 2.22: The structure of Mass-impregnated (MI) cable [100]

Mass-impregnated (MI) cable is also known as paper lapped cable. Figure
2.22 shows the structure of Mass-Impregnated cable. It uses paper tapes as
the insulation [97, 101]. Currently this type of cable is mostly used because
they have been in service for 40 years and are highly reliable. At present the
rating is up to £600kV and 1800ADC' [102]. The conductor size is typically

up to 2500mm?.

Extruded cable is also known as polymeric cable. Figure 2.23 shows the
structure of extruded cable. Extruded cables such as Cross-Linked Polyethy-
lene (XLPE) cables are mainly used in Voltage Source Converter applications
that allow the power flow to reverse without reversing the polarity [101, 103].
To date, this technology has been applied at voltages up to £320kV (in ser-
vice with a power capacity of 800 MW) [104], and up to 525 kV, 2.6 GW
extruded HVDC cable system has been developed [105].
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Conductor
___—— Semiconducting compound
Extruded insulation
- s Syntetic tape or yarn beddings

T Semiconducting compound
BEr
Steel armour

Lead alloy sheath
L ‘i 4“‘5 Polypropylene yarn serving

Polyethylene jacket

Typ. Weight = 20 to 35 ka/m
Typ. Diameter= 90 to 120 mm

Figure 2.23: Structure of extruded cable [100]

Figure 2.24: Upper: 1 Bipole HVDC system, 320kV, 1 GW lower: 2 Bipole
HVDC system, 320kV, 2 GW [98]

Where HVDC cables are buried underground the cables are buried usu-

ally 1-1.5 meter deep and 1 meter wide, as shown in Figure 2.24 [98].

In submarine cable installations a distinction is made between shallow
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Figure 2.25: Two power and one optical cable in a bundle

Same to laying|' <10 m
depth
©—

Figure 2.26: Submarine cable laying in shallow water [102]

From 500 m
onwards

O

Usﬁuélly twice the
depth of the sea

Figure 2.27: Submarine cable laying in deep water [102]

water cable lying (i.e. up to a maximum depth of 500m) and deep water ca-

ble lying. For cable systems in shallow waters, burial is mandatory to protect
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the cable against the risk of damage from fishing gear and anchors [106-108].
The cable can be buried in bundle configuration (as shown in Figure 2.25)
or individually. When buried individually, the distance between the cables
will be at least the water depth (Figure 2.26). In deep water, the threat of
anchors is no longer exist, so a burial operation can be omitted. The distance
between the cables is usually as great as twice the sea depth. As shown in
Figure 2.27. The purpose of the large distance is avoiding overlapping when

recover the cable from damage [102, 106].

2.4.2 DC circuit breaker

In order to manage DC side faults, various DC circuit breaker topologies have
been proposed [109]. The difficulty for DC circuit breakers compared to AC
circuit breakers is due to the absence of natural current zero crossings. The
HVDC circuit breakers reported in the literature can be classified as resonant

breaker, solid-state breaker and hybrid breaker [110, 111].

The resonant breaker has the advantage of low cost and low on state loss,
but the drawback is that it is not fast enough [109, 110]. On the other hand,
the solid-state breaker is fast enough however the on state loss is significant
[110]. The hybrid breaker combines the merits of fast switching speed and
comparatively low on state loss and appears to be more attractive than the

other two [111].
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Figure 2.28 shows the topology of a modular hybrid IGBT DC breaker.
It was first proposed in 2011 [112]. In normal operation, all the current flows
through a fast disconnector and auxiliary DC breaker. Since there is no cur-
rent in main DC breaker, there is no power loss from the main breaker. After

the DC fault occurs, there are three steps to stop the fault current.

/ Hybrid DC Breaker \

Fast Disconnector Auxiliary DC Breaker
Current Limiting
Reactor /
— N (w]' ‘[w]--""- e s
Residual L
DC Current | Z Z Z

\

\ Main DC Breaker /

Figure 2.28: Topology of modular hybrid IGBT DC breaker [112]

First After the DC side fault is detected, the auxiliary DC breaker opens to

direct the fault current flow through the main DC breaker.

Second The fast disconnector will open after the current flow through it is

low enough.

Third the main DC breaker opens to cut-off the fault current

The DC circuit breaker breaks the current by generating a counter volt-
age larger than the system voltage. In [112], the main DC breaker is designed

for larger than 1.5pu system DC voltage. As shown in figure 2.28, the main
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DC breaker consists a large number of IGBTs due to the voltage rating re-

quirement. This leads to high economic cost.

Besides DC circuit breakers, the converters with fault ride through capa-

bility are also able to block a DC side fault.

2.5 DC fault management with fault blocking

converters

The DC side fault can be divided as temporary fault and permanent fault.
The DC fault type depends on the transmission line. For cable transmission,
the fault usually are permanent and require some time to repair. For over-
head line transmission, most DC fault due to lightning strike or flash-over is
temporary. So it is possible to bring the HVDC system back to operation

quickly with reverse blocking converters.

The DC fault that occurs on overhead line is usually caused by lightning
strikes. For this type of fault, the full-bridge sub-module can cut off the cur-
rent by insert reversing voltage [113]. As stated before in section 2.3, some
VSC topologies have the DC fault blocking capability. The converter will at-
tempts restart multiple times (typically three times according to SIEMENS)
after provide reverse voltage. As a result, the system availability can be in-

creased.
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The DC fault right through capability of AAC has been investigated in
(93], where the simulation results shows that the AAC behave as a STAT-
COM during a temporary DC side fault and back to operation after the fault
is cleared. In [90] the temporary solid pole-to-pole DC fault right through
capability of Two level inverter with multi-level series active filter has been
presented. Besides these two converter topologies, there are some new sub-
module topologies has been proposed. In [66], a Clamp-Double Sub-module
structure is given, as shown in figure 2.29; in [114], a half-bridge with double-
thyristor-switch sub-module is presented, as shown in figure 2.30; in [115], a
novel three-level cell topology is proposed, as shown in figure 2.31; in [116],
a unipolar-voltage full-bridge sub-module and a three-level cross-connected

sub-module are proposed, as shown in figure 2.32 and 2.33.

¥

T 1

a1

¥

Figure 2.29: Structure of Clamp-Double Sub-module [66]
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Figure 2.30: Structure of half-bridge with double-thyristor-switch sub-
module [114]

nce

Figure 2.31: Structure of three-level cell [115]

Figure 2.32: Structure of unipolar-voltage full-bridge sub-module [116]
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Figure 2.33: Structure of three-level cross-connected sub-module [116]

The above research mainly focus on the DC fault handling capability.
The converters with fault blocking capability are able to back to operation
after the fault is cleared. However, when the DC fault is permanent which is
highly possible for cable transmission, it takes a long time to clear the fault.
It would be an advantage if HVDC system can continue to operate under DC
fault. [117] proposed a method to ensure the healthy DC network continue
to operate by using additional DC passive components and novel converter
control combined with mechanical DCCBs. In this thesis, the author pro-
poses another method to keep the point-to-point HVDC system continue to

operation under DC fault.

2.6 Summary

HVDC VSC system grid provides a viable solution for future bulk power
transmission required due to the development of large renewable energy in-

stallation. The configuration of VSC converters can be classified into the fol-
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lowing types, asymmetric monopole, symmetric monopole and bipole. The

three types of HVDC system configuration can be connected together.

The topology of HVDC grid can be a mix of star, ring and mesh. The
optimal topology depends on the terminal locations and power flow scenar-
ios. Power flow of multi-terminal HVDC grid can be controlled by device or
power flow control schemes. Published device power flow controller include
thyristor power flow controller, DC/DC device and current flow controller.
Published power flow control schemes include master-slave control, voltage

margin control and voltage droop control.

Voltage Source Converter topologies consist of non-modular topology in-
cluding two level converter, diode-clamped converter, floating capacitor con-
verter; and modular topology including modular multilevel converter (MMC),
parallel hybrid converter, two level inverter with multi-level series active filter
and alternate arm multilevel converter (AAC). There are mainly two types
of cable used for HVDC VSC systems: Mass-impregnated HVDC cables and
Extruded HVDC cables such as XLPE. Hybrid IGBT DC breaker combines
the merits of fast switching speed and comparatively low on state loss ap-
pears to be more attractive among various proposed HVDC circuit breaker

topologies.

For temporary DC fault occurs on point-to-point or radical HVDC sys-
tem, the converter with fault blocking capability could back to normal op-

eration after the DC side fault is cleared. If the DC fault is permanent,
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which is usually happened on cable transmission, one method of continuous
operation of HVDC system is proposed in [117] with additional devices. For
the point-to-point HVDC system with full-bridge MMC, it is possible to con-
tinue to operation under DC fault without additional components. In the
following of this thesis, the operation methods of the point-to-point HVDC

system continuous operation with the dc side fault is presented.
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Chapter 3

DC fault ride through
operation of a single full-bridge

MMC converter

3.1 Introduction

The Modular Multilevel Converter (MMC) was first proposed by Prof. R.
Marquardt in 2001 [118]. Since this time the topology has been adopted for
commercial application by Siemens, ABB and Alstom Grid. The MMC has
the following advantages over the two level inverter used in previous genera-

tion HVDC voltage source converters:

e Scalability, the modular structure of the MMC enables high voltages

to be designed for by inserting large number of sub-modules;
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e High power quality, the large number of sub-modules leads to a great
number of voltage levels, therefore, the output voltage has low harmonic
distortion and is able to meet the grid code without large AC harmonic

filters;

e Low switching frequency, the modulation strategy for the MMC en-
ables high quality waveforms to be produced while switching each sub-

module close to fundamental frequency, reducing switching losses;

e High availability, due to the modular construction, MMC is able to
insert redundant sub-modules in the converter arms, providing faulted
sub-modules can be bypassed the MMC can continue to operate even

if there is a sub-module failure.

There have been several variants of the MMC proposed, utilising alterna-
tive sub-modules. One approach is to use the half-bridge sub-module shown
in Figure 3.2a. This sub-module voltage V,, is able to produce two levels v,
and 0, where V, is the sub-module capacitor voltage, thus an arm populated
with just half bridge sub-modules is only able to produce a unipolar waveform
and cannot respond to DC faults. Another approach uses the full-bridge sub-
module shown in Figure 3.2b. This sub-module is able to produce 3 levels
V.,0 and —V,.. An MMC converter populated with full-bridge sub-modules is
able to continue to produce the rated AC waveform for up to a complete re-

versal of the DC-Link voltage and as such it has a DC fault blocking response.
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Figure 3.2: The structures of Modular Multilevel Converter sub-module
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(b) Full-bridge sub-module
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Figure 3.1: Modular Multilevel Converter structure
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This chapter presents an analysis of DC fault responses for the MMC con-
verter, initially normal operation is considered showing the approach needed

to complete the analysis.

3.2 Normal operation of standard MMC con-

verter

The MMC converter topology is shown in figure 3.1. It uses a modular struc-
ture where each arm is populated with sub-modules. In this thesis only the
half-bridge and full-bridge sub-modules variants are considered; the structure
of these sub-modules are shown in figure 3.2a and 3.2b respectively. Alter-
native sub-modules have been proposed in [66, 67], but are not considered
in this work. The available states of the sub-module are shown in table 3.1
and 3.2; by correct modulation of these sub-module states the converter can
be controlled to produce both an AC waveform at the AC terminals of the

converter and a DC voltage at the DC bus.

Table 3.1: Control states of half-bridge sub-module

S1 S2 Vem | Operating state
ON | OFF || +V, 1
OFF | ON 0 2
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1 +
5 Vdc __l
2V,
1, 1+
E Vdc __I

Figure 3.3: One single phase MMC structure
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Table 3.2: Control states of full-bridge sub-module

S1 S2 S3 S4 Vem | Operating state

ON | OFF | OFF | ON || +V, 1
ON | OFF | ON | OFF 0 2
OFF | ON | OFF | ON 0 3
OFF | ON | ON | OFF || V. 4

Vu = _Vc_ Vac - Lc_
24 dt

diy

1
‘/l—é‘/;lc+‘/zzc_Lc%

diy, dz
vaczvuwmcéwc i

1
‘/ac = 5(‘/2 - Vu)

dt

(3.1)

(3.3)

(3.4)

The DC converter voltage is produced by the sum of inserted sub-modules

in both the upper and lower arms; conversely the target AC voltage is given

by the difference in upper and lower arm voltage. Thus equations (3.1) to

(3.4) can be used to derive the required upper and lower arm voltages V,,, V,
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Figure 3.4: The voltage relations of V., V,., V,, and V;

as shown in figure 3.3. The voltage and current in the equations are instan-
taneous value. Figure 3.4 illustrates these characteristics. It shows that the
maximum arm voltage will be the DC voltage V., so that if there are N sub-
modules in one arm, the capacitor voltage V, should be at least be Vj./N.

Ve
It also shows that the amplitude of AC voltage V,. can not be larger than ; .

The target inserted voltage can be achieved using a modulation technique
such as in-phase disposition (IPD) level shifted modulation or phase shift
modulation [77, 82, 119-121] to control the number of inserted sub-modules.
An insertion index of the upper and lower arms, n,,n;, between -1 and 1 is
defined here, to describe the number of inserted sub-module numbers N,,N,
as a fraction of the total number available, N; negative numbers are used to
represent sub-modules producing negative voltages. Although only a discrete
number of levels are available it is assumed here that the number of sub-
modules and so available levels of the converter is great enough that this

index can be considered continuous.
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Ny = Ny /N
ng :NZ/N

Ideally, the sum of inserted upper and lower arm capacitors voltages should
be equal to DC voltage, assuming that the ripple of capacitor voltage is small,

then
> Varn Y Vam Vi

Where V,,,V, are the upper and lower arm sub-module capacitor voltage.

The power pulsation in each of the arms, arising from the interaction
of the arm voltage and the arm current, results in a deviation in the bulk
energy stored in the sub-module capacitors. In order that there is sufficient
available voltage to meet the target required voltage demand, the capacitors
must be selected appropriately based on the inequality shown in (3.5). As
will be discussed in the next section this energy deviation can result in DC
harmonic circulation if the insertion index of upper and lower arm n,,, n; are

not compensated for appropriately.
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§Vdc + Vac - ‘/dsz
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- ref _ ysref

ac

Vae

Q

3.2.1 Steady state analysis of MMC converter

Analysis of the limb current in the MMC converter is not trivial and there are
several published methods for doing so [122-124]. Here methods of estimat-
ing the arm current are discussed assuming harmonic suppression techniques
are not used. These methods can be classified into two types based on the
assumptions used. The first approach [122] assumes all the limb current har-
monics exist. The second method [123] assumes the second harmonic in the
limb current is fixed to a particular value; this can be achieved by appropri-
ate control of the insertion index. It is a reasonable assumption since the

second harmonic is the most significant component [78, 122, 125, 126].

The first method [122] assumes that the arm currents /,,I; contain one
third dc current Iy, half ac current I,. and all orders of harmonics I,,, also the
switching function only contains dc and fundamental frequency components,

as shown in equation (3.6)(3.7). Under the ideal situation, where all the
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sub-modules capacitor voltage in one arm are the same, the upper and lower
arm voltage V,,V; can be calculated as the multiplication of the switching
function, sub-module numbers in one arm and sub-module voltage as shown

in equation (3.8).

1 1 -
[u = _Idc + Elac + ; [n

3
3.6
I, = 1] 1] +§:I o
I — 3 dc 9 ac £ n
where I, = i, cos(nwt + ¢n,), loe = e cos(wt + @qc)
1
n, = =(1 —mcos(wt))
1 (3.7)
n = 5(1 + m cos(wt))
V,.=n, x N xV,,
1
1 (3.8)

1
‘/Z :ana/nllldt

The relationship between the phase-leg voltage V,,= V,, +V; and the arm

current is described by equation (3.9), where C'is the sub-module capacitance
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and 7., is the current flow through the sub-module capacitor.

N

Inserting (3.6) and (3.7) into (3.9) gives

20V,, 2C(V,+ V)
N N
= /(nu[u + nyl;)dt — m cos(wt) /(nqu —mnlp)dt

1 - 1 3.10
— /(gldc + ; I, — mglac cos(wt))dt ( )

1 1 S
— m cos(wt) /(élac - mgldc cos(wt) — m cos(wt) Z I,)dt
n=1

In equation (3.10), integral terms on right side should be zero, otherwise
the phase-leg voltage will increase or decrease with time. This constraint

determines the relation between the DC current I;. and AC current [, to

be:

I, = 3”;“ c05(Gac) (3.11)

Using f,, represents the nth harmonic in the right side of equation (3.9).
Let f represent fundamental frequency, then f, = n % f. V, represents the

nth harmonic of phase-leg on the left side, then
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fo=—Va (3.12)

Equation (3.12) can be described by two Matrix equations. There is a
general solution for these matrix equations which is given in detail in [122].
It is worth noting that two conclusions based on the general solution can be
drawn. 1) there are no odd harmonics; 2) the second harmonic is directly
proportional to the amplitude of the ac current, and for a given AC current

magnitude, the second harmonic is reduced when there is only active power.

The second harmonic can be estimated with the assumption that the dc
side is a constant voltage source and the 4th harmonic is much smaller than

the second one. The estimation equation is given in (3.13).

1.~ 3m m21y.
il )
o — R, W W J2et 3.13
iz = Re{3 a2t (3:.13)

As has been demonstrated in the first limb current analysis method, it is
reasonable to consider the second harmonic is the dominant harmonic, as also
described in [78; 122, 125, 126]. The second method [123] takes advantage
of this fact and assumes the arm current only contains the second harmonic,
besides the fundamental ac and dc current. The switching function only con-

tains the fundamental frequency as in the first method. These assumptions
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are described in (3.14) and (3.7)

1 1. .
I,(t) = = Lic + =igesin(wt + @gc) + o sin(2wt + 0)

i{’ % (3.14)
I(t) = S lac - 5@';0 Sin(wt + Gae) + iz sin (2wt + 0)

The phase-leg voltage V,, = V,, + V; can be calculated by substituting
(3.9). The resultant equation can be considered to have a mean or DC com-
ponent and a ripple component containing AC harmonics. If it is assumed
that the converter is operated such that the average sub-module voltage is
given by %, then the DC mean value will be given by V.. The AC compo-

nent is represented here by AV,.

Voh =Vu+Vi= Vi + AV (3.15)

Using A‘/ﬁ) to represent the second harmonic voltage in the AV, it
can be derived from (3.9). It should correspond with the second harmonic
current in (3.14). Then (3.16) is obtained to derive the second harmonic cur-
rent. The second harmonic is calculated as equation (3.17), and the voltage

ripple can also be calculated once the second harmonic current is known.
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where

2
Avp(h)

o sin(2wt + ) = ——22 1
ig sin(2wt + 0) ale (3.16)
~ V/(Acosp+ B)? + (Asinp)?
S N m?N
16w?CLe  24w?CLc (3.17)

0 = arctan(Acos ¢ + B, —Asin )

3 mNige N m?iy,.

T 64wCLe T 48w2ClLe

Of the arm current analysis methods presented, the first method is more

complex providing an estimate of all harmonics in the arm, as the second

harmonic has been found to be the dominant harmonic the second method

presented provides a sound estimation without the extra complexity.

3.2.2 Energy deviation in limb

The energy deviation W,,W; in the limb can be calculated as (3.18), where

P, ,P, are the power flow through the upper and lower arms. These equations

are general and do not take into account the method used for limb current

calculation; however the accuracy of the result will be determined by the

method used.
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According to fig 3.3, the total energy in the upper and lower arm can be
calculated as equation (3.19). The arm current is replaced by an AC current
and circulating current I ss; and the arm voltage is replaced by a DC volt-
age, AC voltage and the voltage across the arm inductor Vg;rs, L. represents

the arm inductor.

dy W, 1 1
ZC:# :Vu[u = (5‘/dc_%c_‘/;liff)(ﬁlac+[diff)
(3.19)
Wy Ay v = Vi (=L 4 Tugy)
dt — Vid] — 9 dc ac dif f 9 ac dif f
Where
1
Lusgs = 5L+ 1)
(3.20)
Vs = L, it
if f c dt

Then the total energy of the upper and lower arm W and energy dif-

ference between upper and lower arm AW, are:
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T (Ve = 2Vair ) Laiff — Vaclac (3.21)
dAW, 1
dt < = _QWCIdiff + (5%6 - ‘/Ycliff)]ac (322)

From inspection of equation (4.17), it can be seen that the dc component
in the difference current, Iy;rf, causes the total stored energy in the capaci-
tors Y W¢ to increase or decrease depending on the sign. It can be further
seen from equation 4.18 that the dc component in ¢4, ¢ has no impact on the
difference in the upper and lower stored energy. The fundamental frequency
component in igrs can cause a change in AWe due to the Vi.igisp part.
The Vgirriqe part also causes a change since ig;rf and Vy¢r have the same
frequency components. But Vgtrie. should be much smaller than Vicigiyy.
Thus dc component in i4;¢s can be used to control the total stored energy in
one phase-leg, and an ac component in i4;s¢ can regulate the difference be-

tween the upper and lower arm [80]. This will be discussed further in chapter

4.

In this thesis the MMC is operated such that the second harmonic cur-
rent is eliminated using a proportional resonant (PR) controller. As a result,
the arm voltage and current will be controlled to be the same as in equation
(3.23), and the voltage across the arm inductor is considered to be very small.
Assuming the voltage balance is fast enough, the sub-module capacitor volt-
age could be estimated accurately based on the power flow through the arm.

Equations (3.24) to (3.28) demonstrate the steps.
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1
Vi = =Vae — vgecos(wt)

2
1 1.~

]u = g]dc + §iaccos(wt)
1

Vi = §VdC + vpecos(wt)
1 1.~

I, = gfdc — §iaccos(wt)

Then the power flow through the upper arm will be:

P, =V, x1,
Lyr. - Yo tnecos(uwt)
_6 deldce 3Uac DCCOS\W
~ 1 ~
+ ZVdciaCcos(wt) — ngciac
1 . -
— Zvaczaccos(th)

(3.23)

(3.24)

The sum of DC components in 3.24 will be zero since the DC side power

is equal to the AC side power, otherwise the voltage of sub-module capacitors

would be unstable. The upper arm energy variation is the integration of the

ac components of 3.24.
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AW, :/Pu

1
- ZLCI St t
3 Vecld sin(wt)

; (3.25)
+ @Vdci;csin(wt)

— —vgci;csm 2wt
R (2wt)

For the lower arm

Amz/a

=—VaclqcSt t
5 Vacld sin(wt)
1

- _vc.;c . 13
g Vet sin(wt)

(3.26)

- o ;c‘;c (2wt
S Vet sin(2wt)

If it is assumed that the average voltage of the capacitor is vy, then the

total energy of the capacitor is

W(t) = %chg + AW (1) (3.27)
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so that the capacitor voltages are equal to

2(%]\[02;8 + AW ()
NC (3.28)

2
- \/Ug + AW ()

3.3 Operation with one faulted cable

ve(t) =

According to a CIGRE report [106], the average time required to repair a
faulted sub-marine cable is two months. In the case of off-shore power trans-
mission the total disconnection of the HVDC link will impact the onshore
power system. It would be an advantageous if transmission could continue
to at least partially operate during the repair time.

This section describes post fault operation modes that allow power transfer
during a pole to ground fault. First the post fault arrangement is considered,
then methods of fault ride through are presented that enable continued power

transfer. The methods that will be presented can be summarised in table 3.3.

Table 3.3: Different modes of operation

Vie Available Cable Transformer| Available volt-
power stress stress age requirement

Norm Op | 1pu 1pu 0.5pu Opu [0,1]pu
Fault Opl | 1pu 1pu 1pu 0.5pu [0,1]pu
Fault Op2 | 0.5pu | 0.5pu 0.5pu 0.25pu [-0.25,0.75]pu
Fault Op3 | 0.5pu | 0.5pu 0.5pu Opu [-0.5,1]pu
Fault Op4 | 0.5pu | 0.5pu 0.5pu 0.125pu [-0.375,0.875]pu
Fault Op5 | 0.5pu | 0.5pu 0.5pu 0.375pu [-0.375,0.875]pu
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3.3.1 Post fault arrangement

The HVDC arrangement considered in this work is a symmetric monopole
[127], ie, the station is formed from one converter with a positive and neg-
ative DC pole such that a fixed path is provided for the return current ;

1
additionally the positive and negative DC poles are operated at :|:§Vdc.

In the event of a fault that does not damage the cable conductor but only
causes an insulation breakdown; such that the cable becomes permanently
electrically connected ground then it would be possible to continue to operate
at rated power. This is under the assumption that HVDC installation could
stand the double rated voltage seen at the cable terminals. Additionally in
the event of a complete conductor cut, it would be possible to isolate the
cable and reconfigure to an asymmetric monopole arrangement provided a
non-metallic ground return path could be temporarily provided. To enable
this switch gear would have to be provided, however this would not have to
break a DC fault, nor switch under load or high voltage. Figure 3.5 shows

the pre fault arrangement and the two faulted arrangements.

If the station and line cannot be operated at the full HVDC voltage it

is also possible that the same arrangements could be used but with the DC-
1

Link voltage at §Vdc. In this way no extra voltage stress is seen at the cable

terminals.

In the following sections pole to ground faults are considered and meth-
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Figure 3.5: The reconfiguration of symmetric operation to asymmetric oper-
ation
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ods of continuous faulted operation are presented, as it is arbitrary as to
whether the fault occurs on the positive or negative pole; for convenience the
DC fault is assumed to occur on the negative pole line.

Figure 3.6 shows the circuit structure of the steady state fault operation of
the MMC after a line-to-ground fault on the negative pole. Since the DC
side voltage is half rated voltage, and assuming that the cable current can
not reach a higher value, the maximum power rating of faulted operation is

half rated power.

% Vdc|

¥ Vdc

SM N SMN SM N

|

Figure 3.6: MMC fault operation circuit structure
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3.3.2 Operation with extra voltage stress on the trans-

former

If it is assumed that the converter station and cable are able to support the
additional DC voltage stress of the fault, then power transmission can con-
tinue at its rated value by floating the transmission system with the fault,
that is one pole operates around 0PU V. with respect to earth and the other
pole operate at £1PU, which is referred to as Fault Opl in table 3.3. If the
installed cable is not able to tolerate such voltage, but the transformer is
able to operate with 0.25PUV,. DC voltage stress then 0.5 PU power trans-

mission can continue.

When operating in this mode the active power could be freely separated
between the upper and lower arm. As long as the DC side voltage is equal to
§Vdc, the MMC is able to continue operating. Firstly assume there is only
active power transmission. Defining the real power proportion on the upper
arm as P., where 0 < P. < 1, then the lower arm real power proportion is

1-PF.

Assume that at this stage, the power factor is 1. The arm voltage and

current are calculated as equation (3.29) and (3.30).
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1
Vu:Pexéx/;lc_‘/ac

1 (3.29)
‘/l:<1_Pe) X 5‘/;16_'_‘/;16

1
[u: _[dc+Pe XIac

? (3.30)
Il = g[dc — (1 — Pe) X ]ac

When P, = 0.5, which is referred to as Fault Op2 in table 3.3, the real
power splits evenly between the upper and lower arms. Then the voltage and
current of the two arms are symmetric, which leads to symmetric sub-module
capacitor voltages, as shown in figure 3.7. Fault Op3 mode corresponds to
operation when P, = 1, Fault Op4 mode corresponds to operation when
P, = 0.75, and Fault Op5 mode to P, = 0.25. As P, can be freely chosen
between [0, 1], these value are selected to provide examples of how the cable

stress and transformer stress and available voltage requirement relate to P,.

Assume the reactive power proportion on upper arm is R,,, which is used
to refer the percentage of reactive power proportion on upper arm. The range
of R, is [0,1]. Using I eq and I eqerive to represent the active and reactive
current, then the arm current is equation (3.31). For instance if the reactive
power is the same as active power, then the arm voltage and current are

shown in figure 3.8.
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Figure 3.7: Arm voltage and current when P. = 0.5, Fault Op2 mode
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Figure 3.8: Arm voltage and current when P, = 0.5 and R, = 0.5

1

[u = §[dc + Pe X Ireal COS(wt) + Ru X Ireactive COS(wt —|— g)
1
I = §Idc — (1= P.) X Lyeqcos(wt) — (1 = Ry) X Lieqctive cOs(wt + g)

(3.31)
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3.3.3 Operation with no additional voltage stress

In Fault Op3 where P. = 1, the upper arm provides the same voltage as
in normal operation and the lower arm provides the same as AC voltage.
Under this asymmetric fault operation, all the AC current flows through the
upper arm. As a result, the upper arm current consist of one third of the DC
current and all of the AC current, the lower arm current consist of only one
third of the DC current and no AC current. The corresponding arm voltage

and current are shown in figure 3.9a.

1
Vu - _Vdc - ‘/;LC

2 (3.32)
‘/l - ‘/ac
Iu — _Idc + Iac

i’ (3.33)
L= gfdc

The advantage of this operation mode is that there is no DC voltage
stress on the AC side transformer. However, from the power loss aspect, this

mode generates the most power loss, the details will be given in section 3.3.5.
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Figure 3.9: Arm voltage and current when P, = 1, Fault Op3 mode
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3.3.4 Capacitor voltage estimation

By using the same method that was applied for normal operation, the energy
deviation for faulted operation can be calculated. As shown in figure 3.6, the
power flow through the arm could be calculated by multiplying arm voltage

and arm current. The calculation is given in equation (3.34) and (3.35).

1
V., :Peivdc — Uy cos(wt)

1 R
I, :gldc + P.ig. cos(wt)

1 1
P, ZBPeVdCIdC — gv;cfdc cos (wt)

1 ~ 1 n
+ §Pe2‘/dciac COs (Wt) - §P6'U;ciac

1 ~
— §Pev;0iac cos (2wt) (3.34)

AW, :/Pu

1 1 R
=— S—wvgc[dc sin (wt) + %ngdciac sin (wt)
1 -
— — Py dge sin (2wt)

4w

2
‘/cu :\/V;:uaverage +

2
—A
NC W
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1
Vi=(1-PF,) §Vdc + Ve cos (wt)

1 ~
I =§[dc — (1 = P.)igecos (wt)

1 1
B :_(1 - Pe)vdcfdc - gvacfdc COS (wt)

6
1 9v, 1 oA
+ 5(1 — P.)*Vyelqe cos (wt) — 5(1 — P.)vgciae
1 ~
- 5(1 — P.)Uaclqe cOS (2wt)

Am:/B

1 1 R
zg—wv;cldc sin (wt) — %(1 — P.)*Viigesin (wt)
1 R
— E(l — P.)vgcige sin (2wt)
v —\/ 1% > 2 AW,
c — claverage NC l

loss, which is explained in next subsection.

voltage calculation with reactive power.
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(3.35)

As shown in figure 3.10, the upper and lower capacitor voltages are asym-
metric when P, = 1 and P, = 0, and symmetric when P, = 0.5. Since the
capacitor voltage is determined by the arm voltage and current, they are
symmetric whenever the arm voltage and current are also symmetric. The

main advantage of symmetric operation is that it produce the least power

If we take the reactive power distribution into consideration, the com-
plexity is doubled with another variable R,. Nevertheless, the calculation

method is the same. Equations (3.36) and (3.37) illustrate the capacitor



Upper and lower arm sub-module voltage
0.11 . :

0.105

Vsm/Vdc (pu)
o

0.095

0.09 ; ;
0 0.01 0.02 0.03 0.04
Time (s)

(a) the capacitor voltage when P, =1
Upper and lower arm sub-module voltage

—Vecu
0.104f —val

0.102

Vsm/Vdc (pu)
o

0.098

0.096, 0.01 0.02 0.03 0.04
Time (s)
(b) the capacitor voltage when P, = 0.5

Upper and lower arm sub-module voltage
0.11 . :

0.105

Vsm/Vdc (pu)
o

0.095¢ 1
—Veu
—Vecl

0.09 ; ;
0 0.01 0.02 0.03 0.04
Time (s)

(c) the capacitor voltage when P, =0

Figure 3.10: The capacitor voltage estimation for different P. value
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1
Vu :Pe§‘/dc - VacCOS(wt)

I, :%[dc + Polreqicos(wt) + Rylreqerivecos(wt + g)
P, :é Vaelae + %Pf‘/dclreazcos(wt)
- %PeRuV;lc[TeactiveSin(wt) - %Vac[dccos(wt)
_ %Pe%cfrealCOS(th) — %Pevac]real
1 (3.36)

+ 5 Ru Vac[reactiveSin(th)

1 1
AWu = 4+ —Pf‘/dcfrealsin(wt) + —PeRu‘/chreactiveCOS<wt)
2w 2w

1 1
— S—w%CIdCSin(wt) - Epevac[realSin(th)
1

- E Ru Vacjreactivecos<2wt)

2

Ne oW

2
V::u :\/chuaverage +
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1
VE :Peé%c + V:lcCOS(’LUt)

1
I :gfdc — (1 = P)Lyeacos(wt) + (1 — Ry) L reactivecos(wt + g)

—
|

1
P=(

1
6 Pe)‘/dc]dc - 5(]— - Pe>2‘/dc]realcos<wt)

+

1
(1 - Pe)(l - Ru)%c[reactiveSin(Wt) + g‘/;zc[chOS(UJt)

1
(1 - Pe)‘/;zc]realcos(th) - 5(1 - Pe)‘/:zclreal

_l’_
NN =N

(1 - Ru) V;zclreactive sin (Zwt)

1 1
AVVZ == 2_(1 - Pe)Q‘/;ic]realSin(wt) B 2_(1 - Pe)(l - Ru)‘/dCITeaCtiWCOS(wt)
w

w

1 . 1 .

+ B—wVaCIdCsm(wt) — E(l — P)WVaelreqrsin(2wt)
1

- @(]— - Ru)v;zclreactivecos(th>

2

‘/cl :\/‘/claverage2 + N_CAVVZ

(3.37)

3.3.5 Best mode for partial power transmission from

the power loss point of view

The power loss of an MMC mainly comes from the IGBTs. For the semicon-
ductor devices, the power loss consists of conduction loss and switching loss.
In both normal and faulted operation, each sub-module capacitor voltage of
the MMC is controlled to stay at a certain mean voltage. Consequently, the
power loss depends largely on the current flow through the device. Consider
the magnitude of current as a function of the variables P, and R,,, the min-

imum of the arm current magnitude can be calculated, and this point also
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leads to the minimum power loss.

The power loss calculation detail is given in the Appendix. Based on the
analysis, the best mode for partial power transmission is to equally separate
the real power and reactive power between the upper and lower arms. The
reason is that at this point the conduction loss is lowest and the switching
loss for an MMC can be very small compared to the conduction loss due to
the low switching frequency. The lowest conduction loss condition leads to

the lowest total power loss of the MMC.

Figure 3.11 upper shows the semiconductor on-state characteristics. The
on-state voltage is non-linear with current. In order to analysis the power
loss, the an approximation is used to linearise the on-state voltage with cur-
rent, as illustrated in Figure 3.11 lower [128]. The simplified conduction loss
equation for calculating IGBT conduction loss Por and Diode conduction

loss Pop are:

Por = Voo X Tcaw + Tor X L. (3.38)

)
Pep = Vio X Ipgw + 700 X Ippms

According to I, I; in equation (3.36) and (3.37),
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Figure 3.11: Typical IGBT and diode on-state characteristics: real (upper)

and piecewise-linear approximation (lower) [128]

1
[Cav = Ith - gIDC
(3.39)

712 2
- IurmSOT]lrms

2 2
I Crms — ICrms
Since Ipc is a constant value independent of P,, R,, the conduction loss
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P.,, for one phase reach a minimum when 12+ I2 _reaches a minimum.

urms lrms

Separating the upper and lower arm into the dc component and ac compo-

nent, then
Iirms = IST‘T’TLSDC + IirmsAC
(3.40)
[l%“ms = Il2rmsDC + [l%“msAC'
Where,
12 _ 12 _ (1[ )2
urmsDC — LlrmsDC — 3 DC
1
]grmsAC - 5[(Pe X Ireal)2 + (Ru X ]reactifue)2]

1
[l2rmsAC = 5[((1 - Pe) X [real)2 + ((1 - Ru) X [reactive)Q]

Based on the above equations, the conduction loss P.,, for each phase
reaches a minimum when 12, ..o + I2, .ac reaches a minimum. Letting
Prmin = 12 menc + Iimsac, the minimum point can be calculated by using

differentiation.
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_ 712 2
Pcmi’fl - IurmsAC + IlrmsAC

1
- 5[(Pe X ]real>2

+ (Ru X [reactive>2 + ((1 - Pe) X [real)2

+ ((1 — Ru) X Ireactive)2]

d

_Pcmin: Pe: .
2 0= 0.5
i = 0= Ry = 0.5
R, cmin — u — Y.

Table 3.4: Data used for power loss calculation

Parameters | Data from [129]
Vie +320kV

Vac 333kV

P 1000MW

Q 350Muvar

N 400
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(3.41)

The power loss of a full-bridge MMC is calculated by using the MMC
data from [129] as shown in table 3.4, the thermal data sheet from Mitsubishi
Electric CM1200HG-66H and setting the carrier frequency to 1800H z. Fig-
ure 3.12 presents the conduction, switching and total power loss versus P,
and R,. For P, in figure 3.12 (a), the active power is 500M W and there is
no reactive power. For R, in figure 3.12 (b), the active power is 500M W
and the reactive power is () = 350Mvar. This figure demonstrates that the
conduction loss is a minimum when P, = 0.5 and R, = 0.5, as expected.

Unlike conduction loss, the switching loss line is not a continuous function,
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Figure 3.12: The power loss calculation
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since the switching function is non-linear.

A 3D figure of power loss vs P, R, is shown in Figure 3.13. It il-
lustrates that the conduction loss and total power loss is minimum when
P, = 0.5, R, = 0.5. The switching loss is not clearly shown, but the mini-
mum is clearly near the centre. Based on the above analysis, from the power

loss aspect, the best mode for partial power power transmission is when

P.=05,R, =0.5.

Note that post fault operation does not increase losses in the system,
so that there is no requirement of additional device or cooling. Meanwhile,
since the arm current is no bigger than in normal operation, the capacitor
voltage ripple is no bigger than before. As a result, no extra rating required

for sub-module capacitor.
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3.4 Operation with pole-to-pole fault

Although a line-to-line fault hardly ever happens, the full-bridge MMC could
operate as a STATCOM in this condition. A Full-bridge MMC can continue
to provide reactive power to the AC side. In figure 3.14, the circuit of the
MMC after a line-to-line fault is presented. The DC side of the MMC is
short circuited and directly connect to ground, On the AC side the converter

continue is unchanged but the real power demand is set to zero.

4 |5|\!11| |SN|1 1| |SM 1|
Bl Bl Ba
Vu a |
- |SM3| |SM3I |SIVI 3|
‘ |SIVI N| |sm N| |SIVI Nl
iu_a 1_j|'u_b Biu_c
val ia vb ib: VC_ =
1 il_a il_b il_c
= 4 |SM 1| |SM 1| |SM 1|
|SM 2| |SM2| |SM 2|
VI_a |SM 3| Ismal |SIVI 3|
SN-'IN sw;m SN-'IN
i | | | |y

Figure 3.14: The circuit structure of MMC steady state operation with line-
to-line DC side fault

During STATCOM operation, the AC side of MMC can remain connected
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to the AC grid. The sum of the upper and lower arm voltages and currents

are calculated based on equation (3.42).

Vu - _Vac
‘/2 = +Vac

(3.42)
-[u - Rujac

I =—(1- Ryl

Similar to before, the sub-module capacitor voltage can be estimated
by calculating the power flow through the arm. Assume V,. = v, cos(wt),
Toe = fne cos(wt + g) since only reactive power exists and the harmonics
in current are eliminated by the PR controller. Then the voltage on the

sub-module capacitor is calculated as equation (3.43) and (3.44).

P, =V,1I,

= — Ve coS(wt) X Ryiqe cos(wt + g)

1 R
= — —VaeRyiqe cos(2wt + z)

2 2
(3.43)
AW, :/Pu

_ 1 - R in(2 t+7r)
= 4w’l}ac wlac SIN{ 2W 9

2
= 2 —_—

‘/CU \/‘/cave'rage + NCAWU)
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P =ViI

=V, cos(wt) x —(1 — Ru)i;c cos(wt + E)

2
1 A
= — 511;6(1 — Ry)ige cos(2wt + g)
(3.44)
Amz/ﬂ
3 e
= = Ve w)lae SI(20E +
2
‘/Cl :\/‘/c%werage + N_CAVVl)

The upper and lower arm voltages are independent of R,,, but the arm
current varies with Ru. When R, = 0.5, the arm voltage, current and sub-
module voltage are shown in figure 3.15. Note that based on the analysis

when R, = 0.5, AW, =AW, =V, =V,.

When R, = 1, which means all the reactive power comes from the upper
arm, the arm voltage, current and sub-module voltage are shown in figure
3.16. The arm voltage is still the same, but all the current goes through the
upper arm. As a result, the sub-module capacitor voltages of upper arm and

lower arm are different.
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Figure 3.15: Arm voltage, current and sub-module voltage when R, = 0.5

94



Upper and lower arm voltage
0.5 ‘ :

Varm/Vdc (pu)
o

) 0.01 0.02 0.03 0.04
Time (s)

(a) The upper and lower arm voltage
Upper and lower arm current

1.5
—lu

1l — Il

larm/Idc (pu)
o

o
3
?

.

-1.5 L I
1 0 0.01 0.02 0.03 0.04
Time (s)
(b) The upper and lower arm current
Upper and lower arm sub-module voltage

0.106 : ‘
—Vcu
—Vel
0.104} |
5
£0.102} 1
[$)
o
2
E 0.1
2]
>
0.096; 0.01 0.02 0.03 0.04

Time (s)

(¢) The upper and lower arm sub-module capac-
itor voltage
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3.5 Summary

This chapter has presented the normal operation of a standard MMC con-

verter and has analysed post-fault operation of a full-bridge MMC converter.

MMUC steady state operation has been investigated. Specifically the har-
monic circulating current and the sub-module capacitor voltage characteris-
tics. The second order harmonic is the most significant circulating current
harmonic and the sub-module capacitor voltage can be estimated by calcu-

lating the power expression for the arm.

Depended on the different active power and reactive power distribution
between the upper and lower arms, a full-bridge MMC is able to continue
to transfer half rated power after a line-to-ground fault. Variables P,., R,
are defined to represent the active power and reactive power proportions.
When P, = 0.5, the upper and lower arm voltages and sub-module capacitor
voltage are all symmetric. The advantage of this operation mode is that the
power loss is a minimum compared to other modes. Under this situation,
the transformer needs to bear 0.25pu dc voltage stress. When P, = 1, there
is no dc voltage stress on the transformer but the power loss is a maximum
compared to other modes. Trade off can be made between transformer stress

and power loss.

The full-bridge MMC is also capable of providing reactive power to the

AC side after line-to-line fault. The reactive power can be distributed flexibly
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between the upper and lower arms. The same as before, when the reactive
power is equally distributed between the upper and lower arms the power

loss is the minimum.
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Chapter 4

Modular multi-level converter

control scheme

4.1 Introduction

This chapter presents an overview of the modulation and control schemes
required to implement the proposed methods of operation in chapter 3; these
can be broken down into arm modulation technique, sub-module rotation
algorithm, AC current control, even harmonic elimination control, stored en-
ergy control and finally DC grid voltage control. A brief review of multi-level
modulation methods is presented before the chosen in-phase level disposition
(IPD) scheme is described in more detail; then the implemented sub-module
rotation algorithm used is described and how it fits in with the modulation
scheme. A review of AC current techniques is presented before the selected
vector control technique is described. In chapter 3 analysis of the operating

modes proposed are conducted assuming second harmonic elimination. A

98



review of the published methods of achieving this is presented as is a novel
method based on the PR method found in literature. In order to avoid
sub-module voltage shift due to the post-fault operation, energy control is
developed. Last, DC voltage control involves the use of a PI controller to

regulate the DC side voltage.

/" ‘NN o TTTTTTE T ""s\ ’,' """"""" "'-‘
14 =) i A} AY
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IPD PWM

Rotation
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Figure 4.1: Control scheme organisation chart

Figure 4.1 shows the control scheme organisation in this thesis. The con-

trol scheme can be divided as current control and voltage control. Power
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control includes AC closed loop current control, even harmonic elimination
control, used to eliminate the second harmonic circulating current and DC
current control. Energy control consists of total energy control which is used
to control all the energy stored in the sub-module capacitor of one phase,
and difference energy control which is used to equalise the energy of the up-
per arm and lower arm in one phase. DC voltage control is used to regulate
the converter DC voltage to reference value. Then all the control outputs
are used to produce the target arm voltage, In-phase level disposition (IPD)
modulation is used to control the MMC to provide the target voltage. Af-
terwards, a rotation algorithm is used to keep the energy evenly distributed

in each arm. Finally, a modulation signal is provided to MMC.

4.2 Modulation method level shifted carrier

PWM

There are several multi-level modulation techniques presented in literature,
such as level shifted modulation [77, 82|, phase shifted modulation [70, 121]
and selective harmonic elimination pulse width modulation [130]. If Level
shifted modulation is used, a rotation method is required in order to bal-
ance the sub-module voltage [77]. The rotation method is unnecessary for
the In phase shifted modulation method. However, it can be used in con-
junction with the phase shifted modulation method [70, 121] to increase the

performance. The selective harmonic elimination method is able to eliminate

100



harmonics, but the typical benefits of SHE are also reduced when there are
such a high number of sub-modules used as the grid code can be easily met

131, 132].

In this thesis, in-phase disposition (IPD) level shifted carrier PWM is
used for the modulation, and it is now described in detail. It is not antic-
ipated that this modulation method would be adopted in full-scale systems
as the extra switching loss from the final cell PWM is unnecessary. However
it is a scheme that is simple to implement and allows demonstration of the
focus of this work, which is the DC fault ride through techniques presented

in chapter 3.

IPD level shifted modulation is a carrier based modulation techniques
that require generation of a modulation wave representing the target inserted
voltage. The modulating wave is compared to a high frequency carrier to pro-
duce a switching waveform. Carriers are arranged in levels representing the
available output levels of the converter as shown in figure 4.2. In the ex-
ample shown in figure 4.2b, there are 10 levels carrier corresponding to 10
MMC sub-modules. However, each carrier does not necessarily correspond
to a specific sub-module. A rotation algorithm, described in section 4.3, is

applied to ensure capacitor energy is well distributed in the arm.

Figure 4.2c shows the switching waveform by comparing modulation wave-
form with carrier. The waveform contains only an integer number of levels

and corresponds to the number of sub-modules that should be gated on. N;
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Figure 4.2: Level shifted modulation
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Figure 4.3: Level shifted modulation for post-fault operation
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is used to represent the modulation number of the inserted sub-module. The
sub-module rotation algorithm is subsequently applied and will select the

appropriate sub-modules based on this number.

The modes of operation presented in chapter 3 require that a negative
voltage be inserted, an example of which is provided in figure 4.3. In this
case additional negative level carriers are provided representing the capabil-
ity of the full-bridge sub-module cells. During this negative voltage region a
negative value of the inserted sub-module number, Ny, is generated. By us-
ing this technique the modulation strategy does not need to change between

normal and post-fault operation.

4.3 Sub-module rotation algorithm

A rotation algorithm has been implemented to ensure that the sub-modules
capacitor voltages within an arm stay balanced and do not diverge. The
inserted sub-module is chosen according to arm current I,q,.. Figure A.3
shows the implemented rotation algorithm for an MMC in the normal oper-
ation [73], the case where N; is positive. There are 3 steps of this rotation

algorithm.

1. The inserted sub-module number N, which is calculated from level
shifted PWM, is compared with the current number of inserted sub-

modules N,.
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voltage
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Figure 4.4: The flow chart of normal operation rotation algorithm (Ng > 0)

(a) if Ny > N, which means the reference voltage is larger than the

current voltage, one or more sub-modules need to be switched on.

(b) if Ny < N, which means the reference voltage is smaller than the

current voltage, one or more sub-modules need to be switched off.
(c) if Ny = N, then no sub-module needs to be switched on or off.

2. Depending on the valve current (positive or negative), select the sub-

module with the lowest voltage or highest voltage.

(a) if Lyawe > 0, it means that the inserted sub-module will be charged.

So switch on the lowest voltage sub-module when N, > N, or
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switch off the highest voltage sub-module when Ny < N.,.

(b) if Iyawe < 0, it means that the inserted sub-module will be dis-
charged. So switch on the highest voltage sub-module when Ny >

N, or switch off the lowest voltage sub-module when Ny < N..

For post-fault operation, the arm voltage needs to able to provide negative
voltage. Consequently Ny will have a negative value during a fundamental
period. When the sub-modules are producing a negative output and the valve
current is positive, the capacitor will be discharge and vice versa. An up-

dated flow chart showing the post fault rotation scheme is shown in figure 4.5.

Compare modulation wave and
carrier wave N
1
1 1 1
Compare Ns with currently switched _ 1
on submodule numbers Nc INs|<Nc INs|=Ne

Check arm current positive or -
i lvalve:=0 lvalve<0 Ivalve=0 Ivalve<0 Do nothing
negative

Switch off Switch off
lowest highest
voltage voltage
submodule submodule

Switch on Switch on
highest lowest
voltage voltage

submodule submodule

Decide which submodule to switchon
or off

Figure 4.5: The flow chart of normal operation rotation algorithm (Ng < 0)
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1. When N, < 0, the absolute value of inserted sub-module number N is

compared with current inserted sub-module number N..

(a) if |Ns| > N,, one sub-module to provide —V, needs to be switched

on.

(b) if |[Ns| < N, one sub-module to provide —V, needs to be switched
off.

(c) if |Ng| = N, then the no sub-module needs to be switched on or

off.

2. If the arm current is positive or negative, select the sub-module with

the lowest voltage or highest voltage respectively.

(a) if Iyawe > 0, it means that the inserted sub-module will be dis-
charged. So switch on the highest voltage sub-module when |N| >

N, or switch off the lowest voltage sub-module when |Ng| < N..

(b) if Lyawe < 0, it means that the inserted sub-module will be charged.
So switch on the lowest voltage sub-module when when |Ng| > N,

or switch off the highest voltage sub-module when |Ng| < N..

Even though the post-fault operation rotation is more complex than that
for normal operation, the post-fault algorithm functions for both operation
modes. As such, the rotation scheme is a unified scheme for all normal and

faulted operation.
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Based on the implemented modulation technique an on-off switching event
typically occurs once every carrier period, such that switching loss is a func-
tion of carrier frequency. A comparison of switching loss versus carrier fre-
quency is present in detail in Appendix. In the rotation algorithms presented
the rotation speed is locked to the carrier frequency. The proposed scheme
could be enhanced by allowing rotation events to happen when there is no
change in the inserted sub-module index. The algorithm is shown in figure
4.6. It achieves better voltage balancing but at the cost is increased switch-
ing loss. Overall the rotation algorithm is a trade-off between switching loss

and either capacitor voltage deviation or capacitor size.
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when NS >0, Ns = Nc :Ivahie >0

Switched off —= Highest Voltage Highest Voltage
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
Lowest Voltage Lowest Voltage <—— Switched on
Switched on sub-module Switched off sub-module

(a) Increased rotation example when Ny = N¢, Iq1pe > 0

when Ng > 0, Ng = N, Lygpe < 0
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] ]
1 1
1 1
1 1
] ]
1 1
1 1
1 1
Switched off —> |owest Voltage Lowest Voltage
Switched on sub-module Switched off sub-module

(b) Increased rotation example when Ng = N¢, Iygipe < 0

Figure 4.6: Increased rotation example when Ny = N, > 0

109



4.4 AC current control

There are several proposed AC current control schemes in literature that can
be adopted for use with the MMC converter [74, 133-136]. In [133], a pro-
portional current controller with a feed-forward voltage and a dq coupling
elimination term is used to control the current. In [74], predictive control is
used. In [74, 135, 136], vector control scheme is utilised to regulate AC cur-
rent. In this work a vector control scheme has been adopted. The advantage
of using vector control is that by projecting the AC abc values onto a rotating
axis they appear as DC terms, allowing a discreetly implemented PI control

to easily track the active power and reactive power references independently.

Vi

Figure 4.7: Three phase system stationary phase coordinate system to rotat-
ing coordinate system

Figure 4.7 shows a stationary phase coordinate system and a rotating

coordinate system. The three phase system voltage are named V., the sta-
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tionary two phase coordinate system voltage is named V,5 and the rotating

two phase coordinate system voltage are named V.

p L1
B B
2 3 3
Togo = = Y _ve 4.1
=310 3 ; (4.1)
1 1
L2 2 2
Va Va
Vﬁ = Lapo %
Vo Ve
U, cos(wt)
2
= Lapo Umcos(wt—g) (4.2)
2
Umcos(wt—i—g)
Up, cos(wt)
Up, sin(wt)
0
cosf sind
Tigo = (4.3)

—sinf cosf
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Clarke transform

The Clarke transformation (4.1) is used to calculate the projection of V..
on «a and [ axis. As stated in equation (4.1) and (4.2), assuming V, is in
phase with V,, and all three phases are balanced, the stationary voltage will

be given by (4.2).

Park transform

The Park transformation, as stated in equation (4.3) and (4.4), is used
to calculate the projection of V,3 on d and ¢ axis, where d and ¢ axis are

rotating with angular velocity w.

A simple model of the AC side of converter using ideal voltages sources
is shown in figure 4.8. Using the Park transform, the relationship of a vector
on the dq axis and a vector on the af axis is given by equation (4.5). By
using vector represention of the voltage source voltage v, , the converter AC

side voltage V., and current i, the KVL equation of the model is (4.6).
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Figure 4.8: Model of AC side of converter

fatife=(fatifs)e ™ = f=fotifs=(fatif)e®  (4.5)

Where p(t) is equal to the phase angle in radians given by wgyt + 6y,
typically this would be extracted by a Phase-locked loop (PLL) as in [43].

By analysing Fig 4.8,

(i) = —Ri+ V.-V, (4.6)

let V, = Vyed@ott00) §' = i, e3P V. = V 4,677, Then

d , . A A
La(idqejp) — _R,L'dqejﬂ ‘I’ V::dqejp _ ngqeﬂp
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which can be rewritten as

- d d ; j '
L(ejpaidq + jidqd_i) = —Rigge’” + Veage’” — Viag€’”

d
substituting for d_i =wo,ldg = La+j1y, Veag = Vea+7Veqs Vsag = Vea+7Vsq

The equation (4.6) can be rewritten as:

dl

L = Lonly = Rly+ Ve = Vaa (4.7)
dI,
% = —LWOId — R.[q + ‘/cq - ‘/sq (48)

In order to decouple the cross coupling terms Lwyl, and —Lwyly two
decoupling terms are added the output of PI controller along with feedforward
of the supply voltage in the dgq axis, as shown in figure 4.9. This enables
decoupled closed loop regulation of the line current. The total converter

voltage demand (V4, V,,) is then given by equation (4.9).

Vea = Vi — Lwoly + Vg

chq = V;] + _LWOId + ‘/sq

The relationship between the converter in the dq axis, Vg, , and the line

current is then given by equation (4.7).
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dly

e (4.10)
VdI R[d+LSId
(4.11)

V, = RI, + Ls,

Based on equation (4.10) and the control system described in figure 4.9,
the control system can be represented as a block diagram as given in figure
4.10 where the plant for the system is given by (4.11). The gains for the
PI controller can the be calculated form the transfer function based on this

transfer function.

Figure 4.9: Decoupled vector control scheme for the AC side current

The reference values for I, I, are calculated in open-loop based on active

and reactive power references as in (4.12). S(t), P(t), Q(t) refer to instanta-
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PI controller Plant

lgrer + Pl 1 Iq
‘i?_ Ls+ R

Plant

PI controller

1 1
aref + P q
_ Ls+ R

Figure 4.10: Block diagram of closed-loop current controller

neous complex power, instantaneous active power and instantaneous reactive
power respectively. In a real system it is likely that a slow closed loop PQ
controller would be added to ensure power demands are met; however it is
unlikely that the implementation of such a controller would significantly af-
fect the transient DC fault ride through performance of the converter and as

such has been neglected.

S(t) = P() +5Q() = VI’
P(1) = SVl ®)Ta(t) + Vg )1, (1) (1.12)
Q) = STVl L, (1) + Vag ()10

In this work the rotating dq axis is aligned with the supply voltage such
that in steady state V;, = 0. As a consequence [; and I, will determine

P(t), Q(t) respectively.
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2P (t)

I re t) = ———

v 3y, (4.13)
I . 2Qref(t)

gref(t) = T

4.5 Even harmonic elimination

In chapter 3, analysis showed that the dominant harmonic in the arm current
is the second order harmonic. This section presents a proportional resonant

control to minimize the second order harmonic current.

Proportional-Resonant Control (PR control) has been proposed as a con-
trol method to suppress the second harmonic circulating current in MMC
converters [137, 138]. An alternative control method for control of the sec-
ond harmonic using a rotating reference frame has also been proposed in [70].

In this work PR control is used.

The PR control consists two terms: the proportional term and the reso-
nant term. The proportional term is the same as PI control as it is frequency
independent. For the resonant term, a dc quantity is calculated by multi-
plying the input signal by a sine and cosine waveform, which both have the
reference frequency, so that the PR controller can control a DC value instead
of an AC value. The detail of the theory is shown in figure 4.11. After
multiplying the input signal e(t) by sin(wot) and cos(wgt), it goes through
the integral control term and also the double-frequency part is removed, so

that only the dc component is left. Then the output is multiplied the sine
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and cosine wave again to retrieve to AC waveform. The transfer function for

H ac is shown in equation (4.14), with the proportional term:

K;
HDC(S) = Kp ?
2K7;S
HAC(S> - Kp s2 + w(z) (4'14)
H .
sin(w,t)
|_)|: |‘§|><
—> >< HDC _|_
e(t) >V (1)
L, _|_
|—)|Z Hpe i)(
cos(w yt)
Figure 4.11: PR control block [139]
PR controller Plant
Vai 1 I
+ dif fref cir
0 > PR L.s+R,

Figure 4.12: Block diagram of standard closed-loop PR controller
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PR controller Plant

0 + . Vairfrefu 1 Ly
— L.s+ R,
PR controller Plant
0 Vai 1 I
+ PR ffref 1 l
. L.s+ R,

Figure 4.13: Block diagram of closed-loop PR controller

A control block diagram showing the implementation of PR control pro-

posed in literature for second harmonic suppression is shown in figure 4.12.

I I
Where I, = — + 4

is the circulating current of one phase, L.,R. are arm
inductance and arm resistance. This approach generates a reference second
harmonic voltage component to be inserted in the DC path of the current
and it assumed that the distribution of this component should be equally
split amongst the upper and lower arms. This works well for the case when
the arms are operating symmetrically as the second harmonic component
that is naturally generated by the arms is in phase and of equal magnitude.
However when the arms operate asymmetrically during post fault operation
as proposed in section 3.3. The second harmonic component produced by
each arm is no longer of equal phase and magnitude; thus to prevent a second
harmonic component being seen by the network a method of removing the
second order harmonic voltage from each arm must be used. It is proposed

here that independent control is given for the upper and lower arm, as shown
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in figure 4.13, this ensures that neither the upper or lower limb currents con-
tain a second order harmonic current. In practice complete elimination of the
second order component will not be possible; as such the controller should
be tuned to have sufficient attenuation that when any residual current in
the arm interacts with the arm impedance the AC voltage produced at the
network terminals meets the grid code. The references for the arm current

are calculated based on the reference input, as equation (4.15).

1

]uref = g deref T Pe]realref + Ru]reactiveref (4.15)
1

Ilref = g deref — (1 - Pe)jrealref - (1 - Ru)[reactiveref (416>

By using an AC current controller and a PR controller, the AC component
of the sub-module capacitor voltage is under control. But the DC compo-
nent, which is also referred to as the sub-module capacitor average voltage,
is not being controlled yet. In post-fault operation, the upper and lower arm
DC components of the sub-module voltage are asymmetrical whenever the
upper and lower current are not. As a result, sub-module average voltage

control is required.
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4.6 Control of the MMC sub-module capaci-

tor average voltage

In normal operation, the sub-module capacitor voltage will reach a natural
balance in steady state without any control. The sub-module capacitor aver-
age voltage of the upper and lower arms are the same since the arm currents
are symmetric, while the average voltage magnitude is not being controlled.
But in post-fault operation, the sub-module capacitor average voltage of the
upper and lower arms are no longer the same since the arm currents are
asymmetric. Consequently, a sub-module capacitor average voltage control
is necessary. It is possible to regulate the energy stored in each arm using
closed-loop control, which is the method preferred in this work. The control
loops used can be separated into total phase capacitor energy controller and
energy control is separated as total capacitor energy control and upper and

lower difference energy control [80].

The equations of the total energy for one phase > W, , and the energy
difference of upper and lower arm for one phase AW, are discussed in chapter

3 section 3.2.2, and repeated here in equation (4.17) and (4.18).

d> W,
zc:l—t = (Vae = 2Vaigs) Lairs — Vaclac (4.17)
dAW, 1
= —2Voelgirs + (§Vdc — Vaigs) Lac (4.18)
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4.6.1 Per-phase total capacitor energy control

In equation (4.17), Vyiss is the voltage across the arm inductor and Igsf is
the circulating current of one phase. The DC component of the right side of
equation (4.17) will affect the average magnitude of Y W.. Assuming the DC
reference voltage, Vy., is much greater than Vy¢¢ then the dc component of
(Vae = 2Viair£) Laig s 1s equal to Vo, X %]dc. The dc component of V.1, is equal
to %VECI;C cos(¢) = %Pref = %led. Then equation (4.17) can be rewritten
as in (4.19), where V. X §[dc is one third of the power from dc side, %Vd[d is
one third of the power from ac side. This shows that the total energy of the
sub-module capacitor can be controlled by the difference between the power

from the de side and the ac side.

dZWCZPdc_Pac

dt X X (4.19)
= Vie X =lae — SVal,
Ve X 3 d 2Vd d

let Ige = laeres + Alge, Ig = Igrey + Alg. Ideally, in steady state %Vdc X
Licrey = %V}Jd so that the average dc voltage is stable. From the view of
energy, when the DC side power equals the AC side, there is no change in
energy accumulated inside the converter. If an unbalance is created between
the DC and AC side power, the energy inside the converter can be controlled
to decrease or increase. As a result, by changing Al,. or Al; the dc voltage

of the sub-module capacitor can be controlled.
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Control of total stored sub-module energy using power from the

DC side

For one phase of the MMC converter, assuming AC side energy is kept to

be equal to the reference and DC side energy is used to control > We,

1
which means I4. = lierey + Alge, Ig = Igrey, then VdchIdc is the rate of

change accumulated of energy in the two arms of a phase. Substituting

1
S"We = =2NCV2 = NC,, V2  into equation (4.19), gives:

2 csm csm
NC i(V2 —V2 )=V, EA]
sm dt csmref csm/) T d03 dc
Let V2, e — Vi = AEp, and in Laplace form

1
NCsmSAET = ngCA[dC

The total energy closed-loop controller is shown in figure 4.14.

used as the reference of the de current controller.

PI controller Plant

AErrer + P Aly, Vac AEr
_T 3NCsms

(4.20)

(4.21)

A[dc is

Figure 4.14: The closed-loop controller of total energy from DC side

123



DC current control

For one phase of the MMC converter, a voltage can be imposed across the
arm inductor to control the dc current. Although it is unnecessary in normal
operation, it is required when using closed-loop total capacitor energy control
applied on the dc side. The relation between dc current ;. and the inductor

voltage Vy;rs are:

d 1 1
Le—(=14) + Re=14. =V 4.22
7 (glae) + Reglac = Vaigy (4.22)
In Laplace form,
Ly = 5 Vi (4.23)
dec — LCS+RC dif f .

The closed-loop dc current controller is shown in figure 4.15.

PI controller Plant

lacrer + p| Vairr
_T Lcs+ R,

Figure 4.15: The closed-loop controller for the dc current

Figure 4.16 shows the cascaded controller for total energy control from

the dc side.
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Idcref

PI controller PI controller
AErrery Pl Alget Pl Vairs
AEL J lac
Vdc 3

3NCgpS Les+Re
Plant Plant

Figure 4.16: The cascaded closed-loop controller of total energy from DC
side

Sub-module total stored energy control by using power from AC

side

Alternatively, the total energy can be controlled from the AC side by Alj.
Assuming Ig. = Igeref, la = larey + Alg, the rate of change of energy accu-

1
mulated inside the phase is §VdId-

1

d v = 5VdAId (4.24)

1% V2

NCsm 1. -
dt ( csmref csm)

Let V2 — V2 = AEp, and in Laplace form

csmref csm

1

Then the total energy closed-loop controller according to (4.25) is shown

in figure 4.17. Al is used as the reference of the AC current controller.
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Pl controller

Al,

Plant

AETref + ? P

Va

2N Cypms

AEq

Figure 4.17: The closed-loop controller for the total energy from the AC side

4.6.2 Difference energy of upper and lower arm control

A further energy control is required to balance the dc component of the

stored energy in the upper and lower arms of a phase. This can be done by

circulating a fundamental frequency component current in the limb.

Referring back to equation (4.18), the fundamental frequency current

component of I4¢ will affect AWe. Assuming there is a fundamental fre-

quency circulating current Iy exists, and Ve > Vaipp , Ve = Vie cos(wt) and

. 1
I = I cos(wt + ¢). Let AWy = éNCsm(VjL — V2), equation (4.18) can be

rewritten as :

1 d A
§NC’sm—(Vi — Vj) = —V,.I cos ¢

dt

Let AEp = V2 — V2 in Laplace form, then

cl»
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1 A
§NCsm5AED = —V,I cos ¢ (4.27)

Assuming ¢ = 0, the upper and lower capacitor voltage difference con-
troller is shown in figure 4.18. Based on equation (4.27), the upper and lower
arm voltage difference can be controlled by injecting a fundamental frequency

circulating current.

PI controller Plant

AEDT:’:Zf + P| I _ 2]7;;- AEDT:’:Zf
_T NCgms

Figure 4.18: The closed-loop controller of arm average voltage difference

4.7 DC grid voltage control

Using the carrier based modulation method discussed in section 4.1 the DC
grid voltage, V., can be controlled in open-loop by feeding forward a DC ref-
erence into the modulating wave. Using this open-loop approach can generate
an error in the output voltage, which can be attributed to the interaction
between the modulating wave containing AC and DC components and the
time varying sub-module voltages. To compensate for this error it is pro-
posed that a PI controller is used in conjunction with the feedforward term

as shown in figure 4.19.
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1 4.28
_‘/dc - V;wref - ‘/diffuref ( )

2
=N
Vie

X (‘/cudc + ‘/;uac)

Take the upper arm as example, as shown in equation (4.28). The ca-
pacitor voltage is divided as dc component V_,4. and ac component V..
Vewde 18 being controlled to equal V. /N; Ve is a function of controlled arm
current. For the modulation n,, Vierer and Vifpurer are both controlled by
the AC current controller and even harmonic controller. As a result, the DC
component of V,, will not be equal to half DC voltage. In order to adjust the

DC voltage of the arm leg, V,, is added to the modulation signal.

1
E Vdcref - Vacref - Vdiffuref

+
Vacrer + Vn + NV, | W+ Ve
»&X P ;é)—; v
_4 deref +
NVg )
+ Va
+ cref

> Vacrer + Vacrer — Vaifrirer

LPF

Low Pass Filter

Figure 4.19: The closed-loop controller of DC voltage
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Figure 4.19 shows the closed-loop controller for the DC voltage. The
compensation value V,, is added to the with modulation wave, and then

NV, NVy
and

deref Vdcref
terms are controlled to be one. The low pass filter is designed for a cut

multiplied with Over a fundamental period, these two
1 Lo
frequency of 0 fundamental frequency, which is 5Hz. As a result, the PI

controller is tuned according to the low pass filter.

This DC voltage controller is only used on one side in a point-to-point
HVDC transmission. However, in order to control the power flow in Multi-
terminal DC grids , DC voltage control can be used on any terminal. At
that time, the reference can be provide by the droop or margin controller to

regulate the power flow.

4.8 Summary

This chapter has presented the development of modulation, current and en-
ergy controllers for the MMC. The dq control method is used to regulate the
AC current for its high control performance. Harmonic elimination involves
the use of a PR controller since the main harmonic is the 100Hz circulating
current. The PR controller are separated as two individual controllers due

to the asymmetry of the arm current under post-fault operation.

The sub-module average voltage is adjusted to equal the reference value

after the implementation of the energy control. This control is not necessary
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for normal operation for in most cases the average sub-module voltage is
equal to Vz./N by natural balancing. However, by using energy control, the
sub-module average voltage can be assigned other magnitudes. This energy
control is more useful and essential for post-fault operation, in order to let
the upper and lower arm sub-modules average voltage achieve V,./N. The
DC voltage is controlled by a PI controller. The reference for the DC voltage
can be predefined or provided by the DC grid power flow controller. For a
point-to-point HVDC system, one terminal will control the power, the whole
control loop is shown in figure 4.20; and the other terminal will control the

dc voltage, the whole control loop is shown in figure 4.21.
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Figure 4.20: The whole control loop of power control terminal
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Figure 4.21: The whole control loop of voltage control terminal
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Chapter 5

Multi-terminal DC Grid

modelling

5.1 Introduction

This chapter explains in detail the modelling of a 4-terminal DC grid. Back-
ground information is provided of the CIGRE multi-terminal HVDC grid
used as the basis for this model. Derivation of model component values of
arm inductance, sub-module capacitance and cable parameters are demon-
strated by scaling down the data from CIGRE model using a per unit system.
The distributed cable model used to represent the transmission networks in
the simulation is introduced. A non-switching model of the MMC converter
is developed in order to reduce model computation time and make simulation
of the presented grid feasible. Simulations are presented to demonstrate the

non-switching model performance.
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5.2 CIGRE multi-terminal DC grid test sys-

tem
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Figure 5.1: The CIGRE B4 DC Grid Test System

A DC grid test system has been proposed by the CIGRE B4 working
group [140]. Tt is an example of a future meshed HVDC grid; the purpose of
the test grid is provide a benchmark model, accordingly this thesis uses the
parameters based on this model so that the results can be compared with

other studies which also use the same model.
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As shown in figure 5.1, the whole system contains three VSC DC systems
that can be used separately. DC system 1 which on the top of the figure
is a 2-terminal symmetric monopole system; DC system 2 which is at the
bottom of the figure is a 4-terminal symmetric system, this system can be
classified as a star system; DC system 3 which is at the middle of the figure
is a b-terminal bipole HVDC system, it is a meshed HVDC system. DC-
DC converter Bl is used to control power flow; when not performing this
function, it can be bypassed. The other DC-DC converter E1 connects DC
system 2 and 3 because the voltage of the bipole system is twice the voltage
of the monopole system in the model. It can be removed to disconnect the

two DC systems.

As simulating the proposed grid would be too computationally intensive
in this thesis the benchmark grid is reduced to just contain DC system 1.
It is a point-to-point symmetric monopole HVDC system.The transmission
distance between the two converters is 200km, made using DC cable. The
full-bridge MMC topology is chosen as the VSC topology to investigate op-
eration after a DC side fault. In order to simulate the MMC converter in
Simulink, the parameters and the number of sub-modules need to be scaled
to a lower value too, otherwise, the number of sub-modules of MMC will
make the simulation to computationally intensive to simulate in a reasonable
time. The next section explains the scaling method and the implications for

the accuracy of the model.
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5.3 Scaling method

DC system DCS 1 in "The CIGRE B4 DC Grid Test System” document are
given in fig 5.1. The pu value of the converter is given in table 5.1, where
the inductor L contains converter transformer inductance 18% and half the

converter arm inductance (15%/2).

Table 5.1: The PU values of converter from CIGRE DC Grid System

Component | S L R G C
PU value 11255% | 1.00% | 0.10% | 60ms

The number of sub-modules is chosen to be 10 sub-modules in each arm,
this allows a good compromise between producing reasonable waveforms and
computation time of the simulation. Based on ten sub-modules per arm op-
erating at a DC bus voltage of 20kV, the AC RMS line voltage V¢ is set
to 11kV. Based on the Cigre P.U. values given in table 5.1 and using the
per unit system given by equation (5.1), the absolute values of the modelled

system can be given in Table 5.2.
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Zachase = Vic/S
Zpchase = Vic/S
L = Lpy X ZacCbase/ W
R = Rpy X Zscbase/ W (5.1)
G = Gpu/ZpCbase
C = Cpu/Zpchase

Csm =N xC/6

Table 5.2: The parameters for the simulation model

Component | S (MVA) | L (mH) | R (2) | G (uS) | Ceenr (mF)
Values 20 4.9 0.0605 50 5

An alternative method for scaling the sub-module cell capacitance known
as energy scaling is also possible. The energy scaling method ensures the
ratio between the stored bulk energy inside the converter and the power rat-
ing remains the same in the two models. In equation (5.2) the ratio between
stored bulk energy and rated power is defined as the time constant 7y ; typi-
cal values of this would be 30 — 40kJ/MV A [129, 141]. From equation (5.2)
, equation (5.3) can be defined which shows the relationship between the

sub-module capacitance in the reference system and the scaled system.
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Wref o Wscaled
Sref Sscaled

2
Sscaled Nref VCref

Cscaled = Cref g N VQ
ref scaled YV C'scaled

(5.3)

An example system from [129] is taken as a reference for comparison with
the Cigre model; this is a 401-level MMC with a 7y equal to 30kJ/MV A.
Using the energy scaling method previously described the scaled parameters
are given in Table 5.3. As shown, the energy scaling capacitance is approxi-

mately the same as the value in Table 5.2.

Table 5.3: The energy scaling capacitance

Parameters | S (MVA) | N | Vo (V) | C (mF) | rw(kJ/MV A)
Reference 1059 400 | 1600 10 30
Scaled 20 10 2000 5.1 30

The Cigre model also includes parameters for the transmission line; for
the model used in this work this is scaled using the same per unit system as

describe in equation (5.1). The new per unit length parameters are shown in

Table 5.4.

138



Table 5.4: The CIGRE DC Grid System parameters of £200kV,800MV A
DC cable and the scaled £10kV,20MV A parameters

Parameters R L C Max current

[Q/km] | [mH/km] | [ uF'/km)] [A]
+200kV CIGRE reference | 0.0095 2.111 0.2104 1962
+10kV scaled 0.00095 0.2111 2.104

5.4 Cable modelling methods

In the DC system modelled in this work, a 200 km long cable connects the
two converters. A comparison of the published methods of cable modelling
is provided here. To fully demonstrate DC fault protection strategies the
fault transient in the grid must be considered which cannot be properly done

without a suitable cable or line model.

There are several overhead lines or cable models found in the literature.
They could be divided into categorise such as PI model, Distributed pa-
rameter model/Bergeron Model and Frequency dependent model [142-147].

These three models will be briefly introduced in the following sections.

5.4.1 PI section transmission line model

The PI section model represent the transmission line with lumped R, L. and
C components, as shown in figure 5.2. As the model is composed of electrical
components it is easy to implement in simulation software and also physically

in hardware. The required number of sections for the distributed parameter
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Figure 5.2: The configuration of PI model
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model is a function of the frequencies of interest and the cable length. An

equation for calculating the required number of sections is given in equation

(5.4) [148].

Nsection Xv
mas = ———— 5.4
f 8ltotal ( )

Where f,.. is the approximation of the maximum frequency range rep-
resented by PI line model, Ny.tion is the number of PI sections, v is the

propagation speed, l;,q is the length of the line.

The result of this relationship means that as the cable length increases,
for a given frequency range of interest, the required number of sections makes
the model cumbersome. Additionally the insertion of discrete lumped com-
ponents introduces extra resonant combinations between capacitors and in-

ductors such that false resonances may be observed in the simulation model.
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5.4.2 Distributed Parameter Model/Bergeron Model

The Bergeron model represents the line inductance and capacitance as dis-
tributed parameters while the cable resistance is represented as a lumped pa-
rameter [149]. The configuration of a distributed parameter model is shown
in figure 5.3, and is defined in equation (5.5). It is accurate upto a certain
frequency since all calculated parameters are calculated at this specific fre-
quency. The Bergeron model is roughly equal to a PI model with infinite
sections, thus when the transmission line is long enough (transport delay
longer than simulation time step), the Bergeron model is preferable to the

PI model [145].

e.| |Z |shC> CD"’h Z| | e

o O

Figure 5.3: The configuration of a Distributed Parameter Model
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I = (5 et = 7) bt = )]+ (P ) ealt = 7) + (i — 7)]

2 2
I = (T Coealt =) hislt =) + () et =) 4 bt — 7))
Z=Z.+R/4
r=IVLC
) _ Ze— R/
~ Z.+R/4

(5.5)

where e,., e, are the two terminal voltages, Z. is the characteristic impedance,

7 is the transport delay, [ is the line length [149, 150].

5.4.3 Frequency Dependent Model

A limitation of the Bergeron model is that the line parameters are not fre-
quency dependent; thus, the skin effect cannot be included into the Bergeron
model. The frequency dependent model does not have this limitation as it
is solved in the frequency domain, this allows the skin effect to be modelled.
Frequency solved parameters are convolved into their equivalent time-domain
characteristics. It represents R, L and C as distributed parameters. The fre-
quency dependent model circuit and calculation are shown in figure 5.4 and

equation (5.6).
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Figure 5.4: Norton equivalent for transmission line model

Iy(n) = G - Vi(n) — Thisk(n)
Iir(n) = Ir(n) — Ini(n)

Iiin+1)=H % I,.(n — )

(5.6)

Thisg(n+1) =Y, x Vi(n) — 2L;(n + 1)

The frequency dependent (phase) model is based on the theory presented
in [151]. A propagation function matrix H and the characteristic admittance
matrix Y, are calculated in the frequency domain, and then approximated
and replaced by equivalent low order rational functions. The time domain
implementation is shown in Figure 5.4. It is known as the most accurate
model [152]. However, it was deemed too complicated /unfeasible to imple-
ment this model within the scope of this project, using the Simulink software
chosen for the power electronics model. As as a consequence this model is
not used in this thesis.

VZYl

Where * indicates a convolution integral, H = e~ is the propagation
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function matrix and Y, = Z~'/ZY is the characteristic admittance matrix.

In the simulation work presented in this thesis simulation, the cable model
is chosen to be the distributed parameter model. The reason is that the trans-
mission line is 200km, which makes the transport delay 7 = 4.215ms. The
simulation time step Ts = le — bs. Since T, < 7, the distributed model is

able to model the cable adequately.

5.5 Non-switching model MMC converter

A non-switching model of the MMC converter is developed here to allow
the efficient computation of multi-terminal DC grid behaviour. There are
a number of simplified models of the MMC converter proposed in literature

(78, 129, 153-155]; they can be divided into three groups.

The first one is referred to here as the efficient model, where the sub-
module circuit is simplified to Thevenin or Norton equivalent circuit [78,
153]. The second one is referred to as the averaged model, where the AC
side arm legs are modelled as a controlled voltage source and on the DC side
MMC is modelled as a controlled current source with capacitor [129]. The
third one is referred to as the mathematical model, where the whole system
is written in equations in the time-domain [154] or in the frequency-domain
[155]. These methods each have their own advantages from different aspects.

To enable the same implementation of the control system to be used for
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the switching model and for the non-switching model the efficient modelling
method is employed. This allows a fair comparison between the models to

be made.

5.5.1 Theory of non-switching efficient model of the

MMC

In this section a Thevenin equivalent circuit is presented; initially the model
is developed and results presented for the condition where there are always
two IGBTs gated on is considered for both normal operation and faulted

operation. Following this the condition where the IGBTSs are blocked is con-

sidered.
51 D1 §3® D3
21 D2 5“%5 o
T
|
| | Rqu
! i
I ! ‘
I ! v 1+
Varm } Varm : Varm e
[T o1 s D3 :
i N I
52 D2 Sd@ D4 e

Figure 5.5: Thevenin equivalent circuit for one arm of the MMC

As shown in figure 5.5, the full-bridge sub-module capacitor is replaced

by Thevenin equivalent circuit and eventually the arm is modelled as a single
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Thevenin equivalent circuit [78]. The sub-module capacitor model values of

the resistor and voltage source are calculated based on equations (5.7) and

(5.8).
Vit) = ~ / L(t)
C - O C
AT AT
=V.(t —AT) + %Ic(t —AT) + ﬁlc(t)
AT AT
Let R. = 50 Vieg(t = AT) = V.(t — AT) + ﬁI,:(t — AT). Then,
Vo(t) = Relo(t) + Vieg(t — AT) (5.8)

The sub-module output voltage, figure 5.6 shows the equivalent circuit.
Using the simplified model of an IGBT and diode described in chapter 3 sec-
tion 3.3.5, the on-state resistance of an IGBT with diode is R,,,, the off-state
resistance is Ryff and R,, < R,s¢. The output voltage of sub-module Vsm,
and the equivalent resistance Ry, are dependent on state input to the sub-
module, s. It has three states for one sub-module: 1,0, —1. Where s = 1 is
used to represents positive sub-module output voltage;s = 0 represents Zero
state of the sub-module; s = —1 represents sub-module negative sub-module
output voltage. The sub-module equivalent circuit can be calculated as equa-
tion (5.9). According to the state of s, equation (5.9) can be rewritten as

(5.10).
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Figure 5.6: Thevenin equivalent circuit for one sub-module of MMC

(

(Re + 2Ron) X Lopm(t) + Veeg(t — AT) ifs=1

Van(t) = € 2Rn X Ly (t) ifs=0 (5.9)

(Re + 2Ron) X Lorm(t) — Vieg(t — AT)  if s = —1

\

Vim(t) = [(Re + 2Ron) X |8| + 2Ron X (1 —|8])] X Loy (t) + 8 X Veey(t — AT)
= (Re % |8| + 2Ron) X Lopm(t) + 5 X Veey(t — AT)

(5.10)

Summing the total sub-modules in an arm, N, the total arm voltage equa-
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tion is given by (5.10); the arm voltage, including resistive voltage drops,
can be represented as in equation (5.11). As shown in figure 5.5, the non-
switching model replaces each arm of the MMC converter by a resistor R,

and controlled voltage source V.

N
Varm = Z V:Smi (t)
= (5.11)

N N
= (Re % Y _|il + 2Ron) X Lugm(t) + Y _ i X Vi, (t — AT)
=1

=1

5.5.2 Comparison simulation results of switching model

and non-switching model in steady state

In the following simulation results, the arm circuit of an MMC is represented
by the model described in the previous section; i.e. a controlled voltage
source where the magnitude V., is calculated according to equation (5.11).
The variable resistor is represented by a controlled voltage source, where the
current provides the control feedback. The simulation circuit is shown in fig-
ure 5.7, Req, Ve, are given in equation (5.12). Although the output electrical
voltage is the sum of the sub-modules voltage, each sub-module voltage is
calculated separately; thus the individual voltage is available to be used for

the sub-module capacitor balancing scheme described in chapter 4 section 3.
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Figure 5.7: Non-switching model of one MMC arm
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N
Req = (RC X Z |82| + 2Ron)
= (5.12)

N
Veg =D 8i X Ve, (t — AT)
=1

AC Full-bridge
MMC

source

Figure 5.8: MMC simulation circuit of switching and non-switching model
comparison

Simulation results are presented here to show a comparison between the
switching and non-switching model during normal operation and after a line-
to-ground fault; a full set of simulation results are presented in chapter 6.
The simulation circuit is shown in figure 5.8. A three phase MMC converter
is connected to DC voltage source on the DC side. A line-to-ground fault is
set, all reference and control signals remain the same after the fault happens.
Both the switching and non-switching MMC models use this configuration in
order to compare them. The simulation results one period before and after

the fault are illustrated in figure 5.9. In these simulation results the rated
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conditions are as table 5.2, i.e. DC side voltage is V. = 20kV, power P =
20MW . Discussion of thes results focuses on the comparison of the models.
A discussion of the fault response is the focus of the following chapter.
Figure 5.9 presented the AC current, DC current, one phase arm cur-
rent and one phase sub-module capacitor voltage simulation results and the
difference of switching and non-switching model simulation results. For the
sub-module capacitor voltage, the difference is calculated based on the av-
erage magnitude of one arm sub-modules. As shown, the difference between

the two models is small.

Simulation for post fault operation is also shown for the condition where
one pole is grounded as described in chapter 3 section 3.3.2. The simulation
circuit is shown in figure 5.10. The simulation results are shown in figure 5.11.
Under these condition the DC side voltage is V. = 10kV, power P = 10MW
and P, = 0.5. The simulation results for P, = 1 are shown in figure 5.12. As
can be seen in these figures, the non-switching model is close to the switching

model in steady state operation and transient after line-to-ground fault.

5.5.3 Non-switching model of MMC when all IGBTSs
blocked
Provided there is sufficient negative available voltage from the full-bridge sub-

modules, the MMC is able to cut the fault current by opening all IGBTs.

For this condition the equivalent circuit is now extended. The simulation
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Figure 5.9: Simulation results comparison between switching model and non-
switching model in normal operation and after line-to-ground fault
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Figure 5.10: MMC simulation circuit of switching and non-switching model
comparison for post fault operation

circuit is shown in figure 5.13, the ideal switches are used to switch the cir-
cuit according to the IGBT blocked signal, /GBTB. In normal operation
IGBTB =1, at this time the equivalent circuit is the same as in figure 5.10;
when all IGBTs are blocked, IGBT B = 0, the equivalent circuit is the same
as in figure 5.14. However, this model extension increased the number of
switching components. It is only used when investigate the IGTB blocking

condition.

In order to compare the simulation results of non-switching and switch-
ing model when all IGBTs are blocked, the normal operation MMC circuit
is used as before. The line-to-ground fault occurs at ¢ = 0.2s, and at time
t = 0.3s, all IGBTs are blocked. The simulation results are presented in
figure5.15. As shown, before all IGBTs are blocked at ¢ = 0.3s, the differ-
ence between the two models is small as before. After ¢ = 0.3s, there is

an overshoot after the line current reaches zero, as shown in figure 5.16. In
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Figure 5.11: Simulation results comparison between switching model and
non-switching model in post-fault operation when P. = 0.5
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Figure 5.12: Simulation results comparison between switching model and
non-switching model in post-fault operation when P, =1
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Figure 5.13: MMC arm simulation circuit of non-switching model with I1G-
BTs blocked capability

the simulation circuit, the ideal switch is modelled as a large resistor when
opened. As a result, the current is not completely cut off. Nevertheless, as
a percentage error the overshoot is small, this non-switching model provides

the similar simulation results to the switching model.
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Figure 5.15: Simulation results comparison between switching model and
non-switching model with IGBTs blocked capability
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5.6 Summary

This chapter has described modelling of a 4-terminal DC grid which consists
of a 21-level MMC converter. It will be used to verify the DC fault ride
through techniques presented in chapter 3. The MMC component and cable
parameters are calculated based on the CIGRE model. A distributed param-
eter transmission line model has been chosen to be used. A non-switching
MMC model has also been developed to reduce the computation time in
simulating a complex DC grid. In the following chapter, the non-switching

model is used for simulation.
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Chapter 6

Simulation results

6.1 Introduction

To verify the theoretical work presented in this thesis a 21-level full-bridge
MMC converter has been simulated. This chapter presents the simulation
results for normal operation and post fault operation of a point-to-point
HVDC system with second harmonic elimination and sub-module capacitor

voltage energy control.

6.2 Simulation circuit and parameters

A point-to-point HVDC system is implemented using Matlab Simulink so
that the post-fault operation method developed in Chapter 3 and the con-
trol schemes in Chapter 4 can be applied. The aim is to verify the analysis
presented in chapter 3. These simulation studies will be the full switching

model for the proposed system.
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The simulation circuit for normal operation is shown in figure 6.1 and
the simulation circuit for post fault operation is shown in figure 6.2. During
faulted operation it is assumed that the line-to-ground fault occurs in the
middle of negative pole cable. Both MMC converters are populated with
full-bridge sub-modules. The control scheme for the point to point HVDC
system is as is presented in [22] and described in chapter 2 section 2.2.2. One
MMC converter is operated in power mode; i.e. it injects as much current as
is needed into the grid to achieve the power demand, while operating within
the limits of the converter. The other converter controls the DC voltage with
closed loop voltage control, in a multi-terminal system this would absorb any
difference in power from the power nodes and inject this onto its local AC

grid. The detail control loop has shown in the end of chapter 4.

Figure 6.3 shows the arrangement for faulted operation of post line-to-
line fault operation circuit. Again the fault is assumed happened at the
middle of the cable. In the simulation, the middle point of the faulted ca-
ble is assumed constantly connected to the ground. In theory, the converter
can also reconstruct the grounding point at the faulted pole. However, this

may not prove to be practical as it may accelerate corrosion in local pipework.

The simulation parameters are calculated based on the scaling method
described in Chapter 5. The MMC converter parameters are presented in
table 6.1 and the cable between the converters are presented in table 6.2.

As shown, the power demand for normal operation is 20MW and for line-to-
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Figure 6.1: Simulation circuit of normal operation
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Figure 6.2: Simulation circuit of post line-to-ground fault operation
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Figure 6.3: Simulation circuit of post line-to-line fault operation

ground post fault operation is I0MW. The operation modes table is repeated

here in table 6.3.
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Table 6.1: Simulation parameters used for MMC converter in point to point

scheme

20MW for normal operation

P 20MW for faulted operation mode 1
10MW for faulted operation mode 2-5

Q Ovar

N 10

Vie 20kV

VacLers 11kV

Ry 0.0605¢2

Ly 3.omH

L. 2.9mH

Com SmF

‘/sminitial 2kV

T, le s

Table 6.2: Simulation parameters used for transmission cable in point to

point scheme

R/

L/

O/

Length

0.0009552

0.2111mH

2.104uF

200km

Table 6.3: Different modes of operation

Vie Available Cable Transformer| Available volt-
power stress stress age requirement

Norm Op | 1pu 1pu 0.5pu Opu [0,1]pu
Fault Opl | 1pu 1pu 1pu 0.5pu [0,1]pu
Fault Op2 | 0.5pu | 0.5pu 0.5pu 0.25pu [-0.25,0.75]pu
Fault Op3 | 0.5pu | 0.5pu 0.5pu Opu [-0.5,1]pu
Fault Op4 | 0.5pu | 0.5pu 0.5pu 0.125pu [-0.375,0.875]pu
Fault Op5 | 0.5pu | 0.5pu 0.5pu 0.375pu [-0.375,0.875]pu
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6.3 Full-bridge MMC steady state normal op-
eration results

Figure 6.4 shows the AC current, arm voltage and sub-module capacitor
voltage of one phase, the dc current and the positive pole and negative pole
cable voltage to ground. The cable voltage and current simulation results
passed a low pass filter in order to show the average magnitude. As should
be expected, in steady state normal operation arm voltages are positive all
the time and the sub-modules act as half-bridges. The upper and lower arm
sub-module capacitor voltages are symmetric; the cable voltages are i%‘/;ic
respectively. The sub-module capacitor voltages remain converged, demon-

strating that the rotation scheme is balancing the sub-modules correctly.
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Figure 6.4: Simulation results of normal operation

6.4 Full-bridge MMC steady state operation
after line-to-ground fault

Figure 6.5 shows the simulation results of post fault operation mode 1 where

the power demand and dc voltage r%f%rence are the same as normal opera-



tion. Assuming a line-to-ground fault occurs at the middle of the negative
pole cable, the faulted cable is connected to ground as shown in figure 6.2.
The AC current, arm voltage and sub-module capacitor voltage are the same
as in figure 6.4; this is to be expected as the only difference is the shifting of
the ground reference, which can be seen in positive and negative pole cable
voltages. To operate in this mode the cable rating and converter plant needs
to have twice the DC voltage rating it would need for normal operation. The
dc voltage stress applied in common mode to the transformer is %Vdc, thus
the transformer insulation would also have be designed to withstand this
stress. However, if the cable voltage can not exceed the rated value, the post

fault operation modes 2 to 5 can be used.

Simulation results of post fault operation mode 2 where P, = 0.5 are
shown in figure 6.6. Under this operation mode, both the power demand
and DC voltage are set to be the half of the rated magnitude, as they are
for post fault operation modes 3 to 5. As the power has been reduced by
half, the AC current has also been reduced to half the magnitude of that in
figure 6.4 and 6.5. The positive pole voltage to ground is +Vg.. The arm
voltage range is approximately [—i‘/;lc, szc}, but the exact range depends
on the AC voltage magnitude. This means the dc voltage stress on the ac
side of the transformer is %V}k. The transformer DC voltage stress is equal
to the DC component of lower arm voltage as analysed. In figure 6.6, the
DC voltage of lower arm is inc . The arm voltage of the power control
side and voltage control side is slightly different due to the DC voltage drop

in the transmission cable. On the voltage control side, there are two sub-
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Figure 6.5: Simulation results of post fault operation mode 1

module capacitor voltage ripple are slightly larger than the rest sub-modules.
The reason is that in the simulation, the rotation method decided that the

sub-modules only switch when there the total inserted sub-module numbers
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changed in order to reduce the switching loss. As can be seen in the voltage
control side arm voltage plot in this figure, there is a time range where the
arm voltage is the same. As a result, no sub-module need to be switched so

that there are two inserted sub-modules continue to be charged.

The advantage of operation mode 2 over operation 1 is the reduction in
plant rating however this is at the expense of allowable power transmission.
Operation modes 3-5 allow a further reduction in the insulation voltage rat-

ing of the transformer, but at the penalty of higher transmission losses during

DC fault ride through.

Figure 6.7 shows the simulation results of post fault operation mode 3
where P, = 1. As was the case with operating mode 2, the ac current and
dc voltage are half rated value. In this mode of operation the upper and
lower arm voltage are no longer symmetric. The voltage range for the upper
arm is approximately [0, Vy.]; and the lower arm is [—%Vdc, %VQC]. As the
power pulsation in the arms is no longer symmetric (180 phase shifted), the
sub-module capacitor voltage in the upper and lower arm is also no longer

symmetric.

The main advantage of post fault operation mode 3 is that the ac side
transformer dc voltage stress is 0, however at the expense of increased semi-

conductor loss compared to operating mode 2, as shown in chapter 3 section

3.3.9.
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Figure 6.6: Simulation results of post fault operation mode 2

The simulation results of post fault operation mode 4 and 5 are shown

in figure 6.8 and figure 6.9, P. = 0.75 and P. = 0.25 respectively. When

P. = 0.75, the upper arm voltage range is approximately [—
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Figure 6.7: Simulation results

lower arm voltage range is approximately [—
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5
ngC]. The ac transformer

1
dc voltage stress is gvdc. The sub-module capacitor voltage from upper and

lower arm are not symmetric, but have the same DC component.
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Figure 6.8: Simulation results of post fault operation mode 4
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The arm voltage ranges when P, = 0.25 are [_gvdc’

1
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Figure 6.9: Simulation results of post fault operation mode 5

3
ngC. Figure 6.8 and figure 6.9 illustrate that the control scheme is working

for any P, € [0,1]. Larger magnitude leads to smaller dc voltage stress on ac

transformer.
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6.5 Full-bridge MMC steady state operation
for line-to-line fault

Figure 6.10 shows simulation results for point-to-point HVDC system operat-
ing with a line to line fault. In this scenario, the active power demand is set to
zero and the reactive power demand for both sides are set to Q = 10MV Ar,

also assuming R, = 0.5.

As can be seen, with the sub-module capacitor voltages controlled to their
nominal values, reactive power is exchanged with the AC grid. There is no
dc voltage stress on ac side transformer. The voltage range of the upper and

lower arms are both [—Vj., Vy.].
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Figure 6.10: Simulation results of line-to-line post fault operation

6.6 Comparison between analysis sub-module

capacitor results and simulation results

In chapter 3, the sub-module capacitor voltage has been estimated. The

analysed results is compared with the simulation results in figure 6.11 and



figure 6.12.

Figure 6.11 shows the sub-module capacitor voltage when P, = 0.5, the
upper plot is the analysis result, the middle plot and lower plot are the simu-
lation result of power control terminal and voltage control terminal. As can

be seen, the lowest voltage ripple value and largest value in analysis result

. ) 0.097 0.103
versus the capacitor average voltage are approximate 01 and 01 Also,

the upper and lower arm sub-module capacitor voltage are symmetric so that

the largest and lowest value are the same. When the average capacitor volt-
age is 2000V, the voltage ripple is between 1940V to 2060. These magnitudes

match the simulation results.

In the upper plot of figure 6.11, the sub-module capacitor voltage wave-
forms are continuous and smooth. The reason is that in the analysis the
rotation speed is assumed to be infinite, which means all the sub-module
capacitor voltage in one arm are the same. But in simulation, the rota-
tion algorithm is different to the analysis. There is only one sub-module is
switched whenever the required inserted sub-module numbers changed. As a
result, each sub-module capacitor voltage depends on the modulation signal
and arm current and will be different from each other. As shown in the mid-
dle and lower plot, the simulation results of sub-module capacitor voltage

have flat tops and not continuous.

Similarly, figure 6.12 shows the sub-module capacitor voltage when P, =

1. For upper arm, the lowest voltage ripple value and largest value in analysis
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. . 0.092 0.108
result versus the capacitor average voltage are approximate 01 and 01

When the average capacitor voltage is 2000V, the voltage ripple is between

1840V to 2160. For lower arm, the lowest voltage ripple value and largest

value in analysis result versus the capacitor average voltage are approximate

0.095 0.105
01 and 01 When the average capacitor voltage is 2000V, the voltage

ripple is between 1900V to 2100. These magnitudes also match the simulation

results.
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Figure 6.11: Comparison of sub-module capacitor voltage when P, = 0.5

182



Upper and lower arm sub-module voltage
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Figure 6.12: Comparison of sub-module capacitor voltage when P, = 1
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6.7 Summary

This chapter has presented simulation results for normal and faulted opera-
tion of point-to-point HVDC scheme defined in the Cigre bench mark model

[140] and the simulation results for a four-terminal DC grids.

The simulation results of the point-to-point full-bridge MMC system
proved voltage balancing control, current control and dc voltage control op-
erate satisfactorily. The post line-to-ground fault operation modes listed in
chapter 3 are applied to the point-to-point system. The factor P., defined
in chapter 3, can be chosen flexibly between [0, 1], when P, = 0.5 the con-
duction loss is minimum and when P, = 1 there is no dc voltage stress on
transformer. Under all these post-fault operation mode, the system is able

to transfer half of the rated power.

Applying the post line-to-line fault operation to a point-to-point full-
bridge MMC system, it is shown that the system can provide reactive power
to both AC networks and keep the converter station operational by ensuring

the sub-module capacitor voltages remain at their nominal level.
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Chapter 7

Conclusion and Further Work

Modular multilevel converters (MMC) provide the ability to create high volt-
age waveforms by increasing the number of sub-modules. The large number
of sub-modules leads to a high quality waveform despite the low switching
frequency. Each arm of a full-bridge modular multilevel converter consists
of many full-bridge sub-module which are made up of a full-bridge with a
capacitor. In a point-to-point HVDC system or a DC grid, a DC side fault
can result in a whole system outage. Since a DC side fault is usually per-
manent and the full-bridge MMC has the DC fault ride through capability,

it is able to continue transmitting power with one cable connected to ground.

This thesis has presented several post fault operation methods using a
full-bridge MMC to keep the DC system operational after a DC side fault.
In the case of a pole-to-ground fault when the cable can afford two times rated
voltage and the AC side transformer can with stand half V., the MMC can

operate as in normal conditions and continues to transfer rated power; this is
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achieved by allowing the system to float up with the grounding of the system.
However, in the case that the cable cannot support this additional voltage,
the full-bridge MMC can maintain the DC voltage at half the normal oper-
ating voltage and continue to transfer half rated power. The proposed post
fault operating modes require different allowable voltage stress and voltage
range requirements. For a line-to-line fault, the full-bridge MMC is able to
continue connected to the AC grid and provide reactive power, while the arm

1 1
voltage range requirement is [—§Vdm §Vdc].

To minimise the transformer DC voltage stress and reduce the insulation
requirement operating mode 3 is best. In this mode only one arm produces
a DC voltage and as a consequence non of the real components of the AC
current flows in that arm. From the power loss point of view, when the cur-
rent in the upper arm and lower arm are symmetric which is referred to as
post fault operation mode 2, the conduction power loss is minimum. This
is because the semiconductor conduction loss associated with the resistive
component is minimised by sharing the load equally between the two limbs.
Another advantage of this operation mode is that the negative arm voltage
range requirement is also lowest. The arm voltage needs to be able to provide
—;lvdc in mode 2 while in mode 1 needs to be able to provide —%Vdc. This
would be of particular importance for future work investigating the reduction

of semi-conductor loss using partial population of full bridge and half bridge

sub-modules, which has not been analysed in this thesis.

In order to ensure that sub-module capacitor voltages remain converged
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within an arm while still producing the target voltage, a rotation scheme
with level shifted PWM is used. The modulation wave is compared with
carrier waves so that the number of sub-modules to be switched in can be
determined. The sub-module rotation scheme discharges the capacitor with
highest voltage and charges the capacitor with lowest voltage, ensuring that

the capacitor voltages remain converged.

The target modulation wave is determined by the control system. The
full-bridge MMC control system in this work contains AC current control,
arm current control, sub-module capacitor voltage control. In the case of
arm current control, proportional resonant control is used to eliminate sec-
ond order harmonic circulating current. Second order harmonic circulating
current is caused by the twice fundamental period power pulsation which un-
less properly compensated for in the modulating wave causes the insertion of
a second order arm voltage into the limbs. It exist in both normal operation
and post fault operation condition. The upper and lower arm PR controllers
are separated in some modes of operation, as the power pulsation in each arm
is not symmetrical and without appropriate control an even harmonic could
be applied to the network. The energy control is used to maintain the sub-
module capacitor voltage. In normal operation, the upper and lower arm the
sub-module capacitor average voltage is naturally balanced as Vde/N. How-
ever, in some post fault operation modes, the sub-module capacitor average
voltage of upper and lower arms are not the same as in normal operation and
have been controlled using a closed loop energy control. The energy control

consists of total energy control and difference energy control.Total energy
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control ensures the energy summation of upper and lower arm are the same
as the reference value. Difference energy control ensure the energy difference
between upper and lower arm is zero. As a result, the sub-module capacitor

average voltage of both upper and lower arm are controlled.

The post fault operation is investigated by simulating a point-to-point
DC system. Under all post fault operation modes. It has been verified that
the full-bridge MMC simulation results are as predicated through the anal-
ysis of chapter 3. The implemented control systems have also been verified
with the second harmonic circulating current eliminated and the sub-module

: o Ve
capacitor arm voltage maintained to N

7.1 Summary of achievements
The following points summarise the achievements presented in this thesis.

e A literature review of HVDC grids topologies, the DC grid power flow

control methods and modular multilevel converter has been conducted.

e A review of modular multilevel converter normal operation analysis has

also been made in detail.

e A novel post fault operation method which applied to the full-bridge
modular multilevel converter has been presented and analysed. The
advantages and disadvantages of different post fault operation modes

has been presented.
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e The new management algorithm for the full-bridge MMC such that it
can continue to transmission power with one cable grounded after a dc
side line-to-ground fault. The operation can be extended to minimize
voltage stress on the ac side transformer. The MMC has to operate
asymmetrically to remove voltage stress on transformer, thus the sec-
ond harmonic circulating current and the sub-module capacitor voltage

need to be controlled.

e The new management scheme can eliminate second harmonic arm cur-

rent for post fault operation.

e The new management scheme can control the total energy of one phase
and can control the energy difference in the upper and lower arms, to
balance sub-modules energy of the upper and lower arms for asymmet-

ric post fault operation.

e A power loss calculation method for full-bridge modular multilevel con-

verter in the post fault operation has been presented.

e A control scheme for eliminating second order harmonic circulating cur-
rent and controlling sub-module capacitor voltage has been developed
and applied for full-bridge modular multilevel converter. The method
presented is particularly important for preventing even harmonic volt-
age injection onto the AC grid when using some of the faulted modes

operation presented.

e A point-to-point DC system was simulated in Matlab/Simulink to in-

vestigate the presented post fault operation scheme.
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7.2 Future work

This work has identified the negative available voltage requirement for the
modes of operation presented; future work could use the voltage requirement
to define the minimum number of full-bridge sub-modules need so that the
converter could be populated with half-bridge and full-bridges sub-modules.
Future work would analyse, the benefit in terms of reduction of conduction
losses, while also analysing the balancing method needed. It is anticipated
that mixed sub-module types will present problems in capacitor balancing
which will need to be addressed; these include ensuring that when AC/DC
power transfer is non zero over the period of negative/positive voltage in-
sertion a method of transferring sufficient energy from the half-bridge to the
full-bridge is provided. Additionally to prevent excess voltage ripple on the
sub-modules the capacitance of the full-bridge sub-module could be made

larger to the half-bridge sub-module.

The transient response of pole-to-ground and pole-to-pole fault could be
explored. As could the effect of fault location and fault detection time on

the transient response could be made.

The construction of a full-bridge modular multilevel converter to allow
validation of the post fault operation modes in practical a rig should also be

undertaken.

In a multi-terminal DC system, the transient response and the interaction

190



between the converters will be complicated. If a meshed grid is used a line-
to-ground fault would connect all the cables to the grounded point. In this
case, reducing the DC side voltage by a half to continue to transfer power
may be inappropriate. Alternative grounding methods under this situation

should be investigated.
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Appendix A

Appendix

A.1 Power Loss Calculation

A.1.1 Conduction loss In Normal Operation for All
Full-Bridge Sub-module

In normal operation, the conducted components in sub-module is depended
on output voltage and the valve current. The figure A.1 shows the conduction
path of Full-Bridge sub-module in normal operation.The table A.1 shows the

conducted components in the sub-module.

Output Voltage +Ve 0
Sub-module Utilization factor | Po(t) | 1 — Po(t)
Lyaive > 0 D1,D4 | T3,D4
Lyaive > 0 71,74 | D3,T4

Table A.1: Conducted components of Full-Bridge sub-module in Normal
Operation
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Figure A.1: Conduction Path of Full-Bridge sub-module in Normal Operation

Pe(t) = V‘/C’?g) (A.1)

where V,,.,,(t) is the output voltage of the valve, and V(t) is the average

voltage of sub-module capacitors in the valve.

Assume that I, = Luwe When Lyge > 0, and I, = ygwe When Iygpe < 0.

Based on the table A.1, the conduction loss of each component is able to be
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calculated.

PconTl - ]n X PC’(t) X VCE
PconDl = Ip X Pc(t) X VF
PconT2 =0
PconD2 =0
(A.2)
PconT3 = [p X (1 — Pc(t)) X VCE
PconD3 = [n X (1 — Pc(t)) X VF

PconT4 = [n X VCE

PconD4 = Ip X VF
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A.1.2 Switching loss In Normal Operation for All Full-

Bridge Sub-module

T1

T2
Dz

D4

B

Output voltage +Vc= 0, lvalve=0

T1
D1

T3
D3

Output voltage +Vc= 0, Ivalve<0

T1
01

|

T3
(DE]

T2|
e

| +

F - T4

d

Qutput voltage 0= +Vc, Ivalve=0

Output voltage 02 +Vc, Ivalve<0

Figure A.2: Switching Path of Full-Bridge sub-module in Normal Operation

(red to blue)

D) T 0= 0 0 0= 0
Ivalve >0 1 Eon(Tg); 1 Erec(Dl) 1 Eoff<T3)
Tyapwe > 0 1 EOff(Tl) 1 EO”(T1)7 1 ETSC(D?))

Table A.2: Switching components of Full-Bridge sub-module in Normal Op-

eration
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For the script calculation, the rotation method is that compare the modu-
lation wave and the carrier wave, when the modulation wave cross the carrier
wave, there is one submodule need to switch on or off. When modulation
wave is increasing, switch one on, otherwise, switch one off. Then based on

Ivalve sign, choose the sub-module with highest voltage or the lowest.

l_'_l I

e cu”e-nt pm'hve : = nc}thing
negative

Compare Ms with currently switched
on submodule numbers Nc

Compare modulation wawve and Ne>
carrier wave '
1

L]

Switchon Switchon
lowest highest

Switch off Switch off
highest lowest
voltage voltage

submodule submodule

Decide which submodule to switch on
or off

voltage voltage
submodule submodule

Figure A.3: The flow chart of rotation method

Based on the rotation method, the switching loss calculation is assumed

all the submodules have the same voltage. The calculation algorithm is:
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Compare modulation wave and calculate inserted submodule
carrier wave numbers Ns

Compare Ns with currently switched

1
on submodule numbers Nc :

1

Do
Ivalve>0 Ivalve<0 lvalve>0 Ivalve<0 -
nothing

Check arm current positive or

negative
1 Eon 1 Eon
switch on switch on
energy energy
1 Eoff loss loss 1 Eoff
) switch off (| ErzE 1 Erec switch off
Collect switch energy loss energy energy

Reverse
recovery
energy
loss

loss Reverse
recovery
energy

loss

loss

Figure A.4: The flow chart of switching loss calculation
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Téﬁ% D2

D4

Qe |

Output voltage: -Ve lvalve=0

-

Figure A.5: Conduction Path for -Vc
module in Fault Operation

Conduction Loss

Output voltage: Ve lvalve<0

output voltage of Full-Bridge Sub-

Output Voltage +Ve 0 —Ve
Sub-module Utilization Factor | Puosi(t) | Pezero(t) | Penega(t)
Loaive >0 D1,D4 | T3, D4 | T3,T2
Toatve > 0 T1,T4 | D3,T4 | D2,D3

Table A.3: Conducted components of Full-Bridge sub-module in Fault Op-

eration

Va'rm(t) VaTm(t)

P () = ) (when AR 0)
cpost -
0 (when Va‘}"c—’&(f) <0)
Varm(t)
rega Varm (#) Varm(2)
Vot) (when Velt) < 0)
Pczero (t) = 1 - Pcposi (t) - Pcnega (t)
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Conduction Loss/P when P=10 MW

14 T T T T T T T T T

— All Full-Bridge cells {Fault Operation)
— Leastnumber Full-Bad ge cells and rest are HalfBndge cells
12F — All HaliBridge cells {Mormal Operation)

Conduction Loss/P &

[

Figure A.6: Conduction Loss VS Pe when P=10MW Q=0

Preonm1 = I X Prposi(t) x Veg

Pronp1 = Iy X Prposi(t) x Vi

Poont2 = I, X Pepega(t) X Vor

Poonp2 = Iy X Prpega(t) X Vi

Poonts = Iy X Prrero(t) X Vop + I X Pepega(t) X Vor
Peonps = Iy X Prrero(t) X Ve 4 Iy X Pepega(t) X Vi
Poonra = Ly X Prrero(t) X Vog + I, X Peposi(t) X Ver

PconD4 = [p X Pczero(t) X VF + Ip X Pcposi(t) X VF
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A.1.3 Conduction Loss for different Pe (P=10MW)

The figure A.6 show that the conduction loss with different P, values. The
blue line is the conduction loss/P when all the cells are Full-Bridge. The
red line is when all the cells are Half-bridge, but this result is not depend on
P., the line is there to show the conduction loss in normal operation . The

green line is when there are least number Full-Bridge cells.

The least Full-Bridge number Ngp is depend on P..

0.5%xPe Pe>05

Nrp =
0.5%(1—Pe) Pe<05

[

For example, when Pe=0.5, assume that V,. = %‘/;lc- Then the upper arm

voltage V,, € [—Z—llVdc, ngC], the lower arm voltage V; € [—il/:ic, %Vdc].

So that of both upper arm and lower arm need to be Full-Bridge. When
P. = 1, The upper arm voltage V, € [0,Vy], The lower arm voltage
Ve [—%Vdc, %Vdc}. Then half of the lower arm cells need to be full-Bridge,
but since the faulted line could be the positive or negative, half of the upper

arm cells need also be full-bridge to operate in this mode.
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A.1.4 Switching Loss calculation for different Pe (P=10MW)

The switching path of full-bridge sub-module and the corresponding compo-

nents are shown in figure A.7 and table A .4.

T1 T 12 T1
6‘:] D1 D2

e
~ — T4 T3

F
03 D4

& [}

Qutput voltage -Vc—=2 0, lvalve=0 Qutput voltage -Vc—=2 0, lvalve<0

< ;

T3

T1

T3

3

01

| L

D3

Output voltage 0=2-Vc, Ivalve>0 Output voltage 0=-Vc, Ivalve<0

Figure A.7: Switching path of Full-Bridge sub-module in Fault Operation

In theory, the sub-module could change state direct between +V¢ to Ve.
But in operation, there is no need to since it cause more switching compo-
nents. So the state change between +V ¢ and Ve is not included in the table

A4
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Output +Ve—0 0—+Ve 0——Ve —Ve—0
Voltage
Ivalve >0 1 Eon(Tg), 1 Eoff(Tg) 1 EOn(TQ), 1 Eoff(TQ)
| Epo(D1) | Epoo(DA4)
Ivalve >0 1 Eoff(Tl) 1 Eon(Tl) , 1 Eoff(T4) 1 Eon(T4) ,
| Eyee(D3) | Eyee(D2)

Table A.4: Switching components of Full-Bridge sub-module

A.1.5 Conduction Loss for different Carrier frequency

The figure A.8 shows that when P=10MW, Q=0, despite the oscillation

spikes, switching loss is lowest when Pe=0.5 as conduction loss.

Figure A.9 shows that switching loss increase with the carrier frequency,

approximately linear.
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i Switching Loss vs Pe

B T T T T T T T =

Switching loss

= Switching loss when fcar=3800H
— Switching loss when fcar=1800He
= Switching loss when fcar=30He
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1 1 1 1 1 1 | 1 1
0 0 0z 4 5 B o7 0.8 ]

Figure A.9: Switching loss comparison when P=10MW, carrier frequency is
3600Hz, 1800Hz,900Hz
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