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Abstract

High-voltage direct-current (HVDC) transmission has higher efficiency and lower
expenses for the long-distance bulk-power transmission. A HVDC tap is one type
of the multi-terminal HVDC systems which transfers a small amount of power from

the HVDC line to the nearby communities with no access to the electricity.

Developed from the 1960s, HVDC taps can be summarised into series taps and
parallel taps, between which series taps are considered to be more promising on
the use of devices and the cost. The conventional series taps have some evident
drawbacks, which a modular multilevel based series tap may overcome. Here a
novel n-phase Multi-Modular Series HVDC Tap (MMST) is proposed to realise the
utilisation of the modular multilevel structure into the series tap and improve the

performance of typical series taps.

In this PhD thesis the theoretical analysis and the parameter design of two-phase
and three-phase MMSTs based on the South-West HVDC Link in Sweden have been
carried out. The control strategy for the n-phase MMST, including the load current
control, the mean capacitor voltage control and the DC link voltage control, has been
designed. In order to verify the feasibility of the proposed topology and the validity
of the presented control strategy, simulations have been validated using a low power
prototype. The simulation and experimental results indicate that the MMST offers

better performance when compared to the conventional series taps.
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Glossary of Terms

AAC
AC
CHB
CSC
DC
DSK
DSP
FC
FCC
FMA
FPGA
GTO
HPI
HV
HVAC
HVDC
IGBT
IGCT
LC
LCC
LCR
MMC
MMST
MV
MVAC
NLC
NPC
PC

PI

PR

Alternate arm converter
Alternating current

Cascaded H-bridge converter
Current source converter

Direct current

Development starter kit

Digital Signal Processor

Flying capacitor converter

Force commutated converter
Fundamental mode approximation
Field Programmable Gate Array
Gate Turn-off Thyristor

Host Post Interface

High voltage

High voltage alternating current
High voltage direct current
Insulated Gate Bipolar Translator
Integrated Gate Commutated Thyristor
Inductor and capacitor

Line commutated converter
Inductor, capacitor and resistor
Modular multilevel converter
Modular multilevel series tap
Medium voltage

Medium voltage alternating current
Nearest level control

Neutral-point diode clamped converter
Personal Computer

Proportional Integral

Proportional Resonant
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PWM
RCD
RMS
SPWM
TF
THD
VSC
WHO
ZCS
ZVS

Pulse Width Modulation

Resistor, capacitor and diode

Root Mean Square

Sinusoidal Pulse Width Modulation
Transfer function

total Harmonic Distortion

Voltage source converter

World Health Organization

Zero current switching

Zero voltage switching
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Instantaneous value of a generic variable
RMS value of z

Peak value of x

Average value of x

Window winding area

Cross section area of the magnetic core

Cross sectional area of the copper coil

Product of window winding area and the cross section area of magnetic core
Blocking capacitor

Equivalent blocking capacitor

DC grid filtering capacitor in the experiments
Capacitor in the sub-module
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Turn-on loss of one IGBT

Reverse recovery loss of one diode
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Instantaneous tap energy of phase %

Total energy change of the MMST
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Switching frequency of the MMST
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AC loop current
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Chapter 1

Introduction

1.1 Motivation

HVDC transmission is known to be more efficient and less expensive than high-
voltage alternating-current (HVAC) transmission over distances greater than the
break even distance [1]. HVDC is beneficial for optimising the allocation of global
energy, saving the energy consumption on the transportation, and reaching renewable

energy penetration requirements.

Most of the HVDC systems are point-to-point transmission, for example from a hy-
dropower station in Central Africa to Southern African regions [2]. However, there
are still 1.2 billion people that cannot get access to a stable electricity supply [3].
Orthodox methods for the provision of electricity supplies to them, such as a central
power station with a transmission and distribution network, may not be the most
economical means of providing electricity supplies in developing countries, partic-
ularly in rural areas where the demand per customer is only a small fraction of a
kilowatt [4]. In such circustmances being able to connect directly to a nearby HVDC
transmission network would be desirable and marketable. For this reason a novel
HVDC-to-Medium Voltage Alternating Current (MVAC) conversion method is re-
quired, this type of connection is referred to here as an HVDC Tap. Compared to
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the main system the HVDC tap transfers a suitably small power (1%~10%) to the

local customers [5].

The proposed HVDC taps in the literature can be separated into two categories:
series and parallel taps [5]. A series tap inserts a direct current (DC) voltage inline
with the HVDC transmission line. The interaction with the existing transmission
current and this voltage results in power being transferred from the line. A parallel
tap utilises the full HVDC voltage such that a relatively small additional current
is drawn by the tap. Series taps have a number of advantages considering the effi-
cient utilisation of devices, power losses, cost and volume over parallel taps in the

application of HVDC taps [6].

Several series taps have been proposed since the 1960s [7], most of which comprise
a first-stage DC/AC converter and a second-stage AC/DC/AC converter with a
high-voltage (HV) rated isolation transformer T; between the two stages, as shown
in Fig [[.1] The first-stage converter is commonly an H-bridge inverter with differ-
ent implementations ranging from line-commutated semiconductor devices to self-
commutated devices. Due to a current sourced characteristic of the first-stage con-
verter, a second-stage converter is normally needed for transferring the current source
into an AC voltage source and supply to the remote communities. The previously
proposed series taps have the disadvantages of: the need for an HV rated isola-
tion transformer, injection of significant harmonics into the HVDC system, and the
voltage sharing problem of the series semiconductor devices as a single switch. In
addition, the components used in parallel taps evolute from line-commutated to self-
commutated devices, then to sub-modules, but the components in series taps only
evolute from line-commutated to self-commutated devices. Therefore, the modular
multilevel based series taps, which would be the next generation of the series taps,
might be helpful to overcome these problems.

The simplest way of realising the modular multilevel based series tap is to insert a
modular multilevel converter (MMC) in series with the HVDC line, but published
papers have rarely discussed it before. The series MMC can optimise the harmonics

problem and the problem of series devices owing to the features of the modular mul-
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Figure 1.1: Schematic diagram of series taps

tilevel structure itself. Nonetheless the isolation transformer is still necessary, and
the modular multilevel structure leads to a higher filtering capability for the second
stage (explained in Section , which is even worse than those of typical series
taps. The motivation of the work is therefore to research and develop an
innovative modular multilevel based series tap topology which can fully
exploit the advantages of the modular multilevel structure and remove

the need for the HV rated isolation transformer.

1.2 Contribution

A novel series HVDC tap, called the n-phase Multi-Modular Series Tap, is proposed.
The work that has been undertaken includes the topology innovation and develop-
ment, control strategy development, detailed theoretical and simulation studies and

experimental validation. The contributions of this work are introduced as follows.

1. A novel n-phase MMST with the modular multilevel structure has been pro-
posed. The n-phase MMST can generate any number of phases by the config-
uration of two types of tap branches. It utilises the modular multilevel struc-
ture into the conventional series tap properly, injecting few harmonics into
the HVDC network, and removing the need for an HV rated isolation trans-

former. The detailed operating principle and topology design are introduced
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in Chapter [3]

2. Based on the control strategy presented in Chapter ] a method for eliminat-
ing the effects of harmonics from the HVDC grid and MMST on the control
system by alternative sampling variables has been proposed and verified in the
simulations and experiments. The MMST and power electronics converters in
real HVDC systems can generate the harmonics with frequencies close to the
resonant frequency of inductor and capacitor (LC) blocking branches, which
results in an obvious disturbance in the sampled values, mainly the arm and
loop currents. To solve this problem, the load current is sampled per phase and
values of arm and loop currents are calculated from load current values and the
line current value. This method has no effects on the steady-state operation of

the MMST but slows down the transient response speed.

3. The steady-state simulation and the transient- and steady-state experiments
verifying the feasibility of the n-phase MMST and the validity of the control
strategy have been carried out based on a 6.5kW prototype design. A method

for pre-charging the sub-module capacitors has been devised and demonstrated.

1.3 Thesis Structure

Chapter [2] mainly explains the motivation of this work. The development situation
of the global energy, HVDC, HVDC taps and multilevel converters in the literature
are described. The categories and the development tendencies of HVDC taps are
specified. The justification of the research topic based on series taps is given, includ-
ing the justification for using a modular multilevel structure in the new series tap.

Problems that may still exists in the modular multilevel series taps are explained.

Chapter [3| proposes a novel n-phase multi-modular series HVDC tap which has ad-
vantages and solves the problems of the modular multilevel series tap discussed in
Chapter [2 The operating principle of the n-phase MMST is introduced. The topol-
ogy design of a two-phase and a three-phase MMST are specified and compared based
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on the South West Link Project in Sweden. The methods of selecting the numbers
of sub-modules, sub-module capacitor size, LC values in the blocking branch and
the analysis of the sub-module power losses based on specific design parameters are

introduced.

Chapter || presents a control strategy that can allow MMSTs with any phase number
to operate in a practical HVDC system. The analyses of the PR current control
loop, mean capacitor voltage control loop and the DC link voltage control loop are
given. The design of the regulators is also given. The simulation of a two-phase
MMST under closed-loop operation has been carried out in PLECS software and the
simulation results of the load and arm voltages and currents, and the sub-module

capacitor voltages are demonstrated.

Chapter [p| introduces the design of the experimental rig for a two-phase MMST and
explains why the experimental results can prove the feasibility of the n-phase MMST
and the validity of the control strategy. The detailed design procedure of the rig is
given. A solution to the harmonics problem which exists in the experiments and

most likely in the real application has been presented.

Chapter [6] shows the experimental and simulation results for the two-phase MMST
under open-loop and closed-loop operation. The results prove the validity of a two-
phase MMST, which indicates the feasibility of the n-phase MMST and the validity
of the control strategy. The start-up method of the rig is also presented.

Chapter [7] concludes the thesis and proposes the potential future work.



Chapter 2

Literature Review

This chapter presents a literature review of HVDC systems, HVDC taps and mul-
tilevel converters. The merits and drawbacks of the various technologies used are
discussed. The concept of the proposed topology further investigated in this thesis

is introduced and how the ideas relate to previous work are explained.

Section describes the necessity of HVDC and the development prospect of the
HVDC tap. Section demonstrates the configuration of HVDC taps and sum-
marises the development tendencies of series taps and parallel taps. Section
introduces existing multilevel converters and explains the problems of introducing

multilevel converters into the series tap.

2.1 HVDC and HVDC Taps

2.1.1 Introduction on HVDC

The severe condition of global energy reflects the significance of the development of
renewable energy [3/8,9]. Renewable energy, such as solar energy near the equator
and wind energy in the Arctic Ocean, is abundant but normally distributed distantly

from the electricity consumption area |10,/11]. To supply renewable energy to the
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urban customers, optimise the allocation of resources and improve the environment
of urban areas, long-distance bulk-power transmission technologies, which are HVDC

and HVAC transmission, are necessary.

Compared to HVAC systems, HVDC systems have a number of advantages for bulk

power transmission such as [12}14]:

e Lower costs and losses of HVDC transmission systems, as two transmission
lines are needed rather than four although the costs and losses of the HVDC
terminals are higher than those of HVAC terminals. HVDC systems are more
efficient and less expensive than HVAC system over distances greater than the

break even distance [1].

e The power factor of AC systems is not unity due to the impedance of the line

- especially for long lines unless extra compensation measures are taken.

e The skin effect doesn’t exist in DC conductor, so the HVDC transmission has

higher efficiency and larger power capacity.

e The frequency and phase problems do not need to be considered in the design
and grid-tied connection of the HVDC system. It is technically impossible to

connect two AC systems with different frequencies and phases.

In order to optimise the allocation of global energy and cooperate with the develop-
ment of renewable energy, HVDC technology is demanded. HVDC lines are already
constructed or under operation in many places. Many industries including ABB,
Siemens, GE and State Grid as well as many universities offer strong acceleration of
every aspect of HVDC techniques [15-19]. By 2050 the global grids may be inter-
connected by HVDC transmission lines [20].

First proposed in 1882 [21], HVDC technology developed following the innovation of
the power semiconductor devices. The evolution of the power converters in HVDC
systems are from line commutated converter (LCC) [22] to voltage source converters
(VSC) [23] then to MMCs [24], with the semiconductor devices developing from line-

commutated devices [25] to self-commutated devices [26] then to sub-modules [27],
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respectively. The development of HVDC system closely reflects the development of

power electronics along with the innovation of semiconductor devices.

2.1.2 HVDC Taps in Multi-terminal HVDC Systems

According to the different applications and locations, HVDC transmission systems
have several configurations which include back-to-back converters, monopolar trans-
missions, bipolar transmissions and multi-terminal systems [13]. Nowadays bipolar
transmission is most widely accepted owing to the reduced cost, lower power losses

under the same power rating, and fault handling capability with two lines.

Most of the HVDC systems use point-to-point monopolar or bipolar transmission
although multi-terminal systems are developing [28]. The configuration of multiple
terminal systems can have series, parallel, or hybrid (a mixture of series and parallel)
terminals [29]. A five terminal HVDC system was built in Zhoushan in which the
five terminals have similar power ratings [30,/31]. However, according to the power
demand of each terminal, the power rating of each one is not necessarily the same as
the others, i.e. one terminal can transfer a relatively small power compared to the

other terminals in the multi-terminal system [5].

Small remote communities benefit from an external electricity connection to ensure
their energy demands can be reliably met. In such cases connecting a dedicated
transmission line from the existing AC grid may be impractical. Under such cir-
cumstances being able to connect directly to a nearby newly constructed bulk-power
HVDC transmission line would be desirable |14]. With the development of HVDC
technology, a means to connect an HVDC-to-MVAC network would be beneficial
and marketable. This type of connection is referred to here as an HVDC Tap [32].

The HVDC tap, as one component of the multi-terminal HVDC system, is beneficial
to supply energy (including renewable energy) to the remote communities, realising
'Sustainable Energy for All’ as proposed by the United Nations [33]. Belonging to the
collection of power converters used in HVDC systems, the development of the HVDC
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tap also follows the developing pace of HVDC system technology, as presented below.

2.2 HVDC Taps

The main requirements of an HVDC tap are [6,34]:

e Suitably small power rating compared with the main HVDC system, typically
1%-10% [5].

e Negligible impact on the reliability of the main HVDC system, i.e. a fault on
the HVDC tap should not shut the whole HVDC system down.

e Individual control system for the HVDC tap which doesn’t interface with the

main HVDC system control.
e Reduced fixed cost and limited volume.

Many different HVDC tap converters, with various ways of connection, power levels
and influence on the HVDC systems, have been proposed since the 1960s. The
proposed HVDC taps in the literature can be separated into two categories: the
parallel tap and the series tap [5]. The schematic diagrams of the parallel tap and
series tap are shown in Fig [2.1][35].

1. Parallel Tap

The parallel tap is connected in parallel with the HVDC transmission line, as
shown in Fig[2.1j(a). It operates under the same voltage as the DC line voltage,
thus the current rating is only 1%-10% of the DC line current. Considering the
installed cost and operating efficiency, parallel taps are more applied where the
power ratings are similar with those of the HVDC terminals. Two high-voltage
DC circuit breakers are necessary for the protection of the tap when an HVDC

fault happens or for the tap insulation if the tap is broken down [32].
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HVDC Line
| |
—@D— AC/DC DC/AC —GD—
Parallel
' Tap 1
_@D— AC/DC DC/AC @
I I
HVDC Line
(a)
I Series Tap I
|||— |||—
[ |
HVDC Line

(b)

Figure 2.1: Schametic diagrams of the parallel tap and the series tap: (a) Parallel
tap, (b) Series tap.

2. Series Tap

As shown in Fig 2.1|(b), the series tap is inserted in series with the HVDC
line. As the power rating of the series tap is 1%-10% of the HVDC system and
the current rating equals the HVDC line current, it only needs to introduce
normally less than 10% of the line voltage. With the series tap, the necessary
compensation at the main terminals is minor and the additional regulating
range is not high. In the event of a tap fault, a bypass switch can short-circuit

the series tap and ensure the normal operation of the HVDC system [36].
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2.2.1 Parallel Taps

The parallel tap, as discussed above, has to withstand the full HVDC voltage but only
conducts a small fraction of the HVDC current. Two possible categories of parallel
taps are shown in Fig [37]. A conventional design, shown in Fig[2.2{a), contains
a DC/AC converter and a three-phase step-down transformer (or three single-phase
transformers depending on the applications). An alternative architecture is shown
in Fig 2.2b), where the DC/DC converter steps down the HVDC voltage and the

DC/AC converter can be operated at a medium voltage rating.

HVDC line HVDC line

Transformer
DC/AC AC DC/DC | | DCIAC | AC
Converter Load Converter | |Converter[—| Load
HVDC line HVDC line

(a) (b)

Figure 2.2: Categories of parallel taps: (a) Conventional parallel tap, (b) Alternative
parallel tap.

Conventional Parallel Taps

As shown in Fig [2.2(a), the topologies of the DC/AC converters in conventional
parallel taps can be similar to those of the terminal converters, such as LCC with
thyristors [32] (where AC Load in Fig[2.2(a) should be replaced with an AC network),
VSC with IGBTs [38,39] or GTOs [40], or MMC with the sub-module structure [24].
The current rating of the parallel taps is 1%-10% of the HVDC line current, which is
beneficial for selecting switches with lower current rating. The cost, however, is still
high due to the massive number of series semiconductor devices for sustaining high
DC voltage. In addition, the control to ensure the dynamic voltage sharing among
the series devices should be carefully designed [41]. Therefore, the recent research on

the conventional parallel taps are on series-input parallel-output multilevel DC/AC
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converters, distributing the HVDC voltage on the converter level rather than the

device level.

Compared to the conventional parallel taps, multilevel architectures of parallel taps
provide the advantages of avoiding series connection of switches, operating at lower
dv/dt and reducing the isolation level of the transformers [42]. Several papers
have discussed the design of multilevel DC/AC converters, which include multilevel
LCC [42], multilevel VSC [43] and series-connected MMC [44,45]. Fig[2.3|shows the
schemetic diagram of the typical multilevel DC/AC converter which is composed of
series DC/AC converters and a corresponding transformer with a parallel output to
the AC load. The multilevel VSC is demonstrated specifically which contains a VSC
and a parallel capacitor in each DC/AC converter [43]. With the voltage balancing

of capacitors, each DC/AC converter can be treated as an individual inverter.

HVDC line
| P
DC/AC [ 1T DC/AC
Converter VSC Converter
2 HVDC line
Transformer
AC
Load

Figure 2.3: Schematic diagram of multilevel DC/AC converters

Alternative Parallel Taps

Rather than stepping down the HVDC voltage using isolation transformers in the
traditional design, the DC/DC converter in some alternative topologies of parallel
taps (Fig[2.2(b)) functions as the step-down component and the DC/AC converter
can operate at a relatively low voltage, avoiding the need for an HV rated transformer

although the HV isolation is still needed.
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Several bidirectional DC/DC converters, such as thyristor DC transformer [46{48]
and front-to-front DC/DC converter based on the MMC [49,/50], can be summarised
as a front-to-front DC' transformer. The schematic diagram of the second type is
shown in Fig 2.4 The MMC block can also be an alternate arm converter (AAC)
which has the DC fault blocking capability [51]. In this topology two MMCs meet
each other at the AC sides of an isolation transformer. Due to the multilevel structure
of the MMC the fundamental frequency of the AC output can be relatively high,
thus potentially reducing the volume of the transformer. From[37,146-50] it can be
concluded that the topology design and the control strategies of alternative parallel

taps are complicated, and a large amount of devices are required.

HVDC line
Transformer
Three-phase KZZE Three-phase DC/AC AC
MMC (HV) MMC (MV) Converter Load
HVDC line

Figure 2.4: Schematic diagram of front-to-front DC transformers

In conclusion, parallel taps upgrade with the development of semiconductor devices.
First proposed in 1963 [52], parallel taps with thyristor valves were the only option.
After the invention of self-commutated devices, the parallel taps can be VSC based
but they still need the series switches to sustain the DC voltage. To distribute the

high voltage, taps designed with multilevel converters are proposed.

Parallel taps are quite feasible where the power of the tap is similar (50%) to the
HVDC terminal. They are relatively simple to be designed and implemented into
the DC grid in that the tap topologies can be obtained from the terminal converters.
In addition, the point-to-point HVDC system itself can be treated as a parallel
connection of two terminals. However, in applications of tapping 1%~10% of the
line power down to isolated communities, parallel taps have unavoidable drawbacks

including [35]:
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e Parallel taps operate under the full HVDC voltages and have high voltage
step-down ratios. This leads to excessive use of devices, and a relatively low

operating current which is challenging for reasonable use of device ratings.

e A tap DC fault may affect the main HVDC system. Two additional high-

voltage DC circuit breakers are necessary for isolating the tap.

2.2.2 Series Taps

Due to the full utilisation of the HVDC current, less devices and flexible design, series
taps have seen increasing interest since 1965 [7]. Series taps were initially proposed
with a thyristor H-bridge due to the absence of self-commutated devices [32]. A
force commutated converter (FCC) using a capacitor to force the thyristors to turn
off was then proposed [34,53,/54]. Because the series tap conducts full line current,
this topology is a current source converter (CSC). Recently a tap using IGBTs (or
GTOs, IGCTSs) was proposed in [55]. Another topology, the soft-switching series
tap, was discussed in [56-58], realising zero voltage switching (ZVS) when turning
off and zero current switching (ZCS) when turning on. In conclusion, series taps
normally have two stages: A DC/AC converter and an AC/AC converter, as shown
in Fig [34]. Here a single-phase topology is selected to show a concept structure

of the conventional series tap.

R —
T |

HVDC Line|| pc/ac || HVDC Line
| Converter 1 :

First Stage | | Series T
T A O S eneslap
: i Tl T2 :

Second Stage| 'ac 4 E AC/DC C_I_T | DCIAC @ AC |
| § Converter |~ "™ Converter 2 Load |,
.- - _ "= V= T N

Figure 2.5: Concept structure of the HVDC series tap
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The first-stage converter, named the DC/AC converter 1 in Fig , inverts HVDC
to MVAC by various types of inverters shown in Fig m The second-stage AC/AC
converter, consisting of an HV rated isolation transformer Ty, an AC/DC converter, a
filtering capcitor C, a second DC/AC converter and a MV rated isolation transformer,
transforms the AC output from the first stage to the load. The AC/DC converter
in the second stage is often a diode rectifier, but can also be VSC if bidirectional
power transmission is required. The second DC/AC converter can be a single-phase
or three-phase LCC, VSC or MMC according to the applications and demands. In

this work the first-stage converter is mainly focused on.

Viap Vtap

Sg Sl SZ _i_ Sl

Figure 2.6: First stage of series taps: (a) Typical series tap, (b) FCC series tap, (c)
CSC series tap, (d) Soft-switching series tap.

The typical series tap [32], as demonstrated in Fig[2.6(a), is the first proposed series
tap due to the technical limitation of self-commutated semiconductor devices. As

presented in Fig (a), when S, & S3 are in the on-state, the DC current flows
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through Ty, inducing a positive v,,;. When S; & S, are turned on, the positive vy,
forces Sy & Ss to turn off and commutate to S; & S; and the current direction on

the transformer is reverse. Then the DC current can be inverted to AC.

Vout Vel

IR ER IR awway
EWARvARN

“Viink (Ll LXU ————— t E “Viink t

(a) (b)

Figure 2.7: Key waveforms of the proposed series taps: (a) Typical series tap, (b)
FCC series tap.

The FCC series tap with a resonant capacitor C; inserted in the middle of the
H-bridge is an updated version of the typical type, as shown in Fig 2.6(b). The
operating principle of the FCC series tap is similar to that of the typical one. As
illustrated in Fig 2.7(b), when Sy & S3 are in the on-state, C; is charged to be
positive. When S; & S, are turned on, the voltage on C; forces So & S3 to turn off and

commutate to S; & Sy and the current direction on the transformer is reversed [34].

With the appearance of GTOs and IGBTs on the market, series taps designed with
these devices were proposed. [55] presents a tap with a three-phase IGBT inverter
for off-shore wind energy integration with the HVDC line, as shown in Fig [2.6(c).
This approach is similar with typical series taps, but in this case with power reversal.
The diode in series to that of the IGBT [59] enables the reverse blocking capability
in case of the reverse current flow of the HVDC line. This topology represents the

adoption of self-commutated devices in series taps.
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Another topology implementing IGBTs or GTOs is shown in Fig|2.6(d). It is called
a soft-switching HVDC tap [56-58|. The switching sequence shown in Fig are
as follows. (1) When S; & S, are in the on-state, the line current flows through S,
Sa, Dy and Ds, bypassing the tap. (2) When S; & S, are turned off, C; is charged,
forcing D; & D5 to turn off. Then the line current flows through Cs. In this case
S; & Sy are turned off under ZVS conditions. (3) When S; & S, are turned on, the
DC current discharges C; first. After the voltage on C; decreases to zero, Dy & D»
are turned on and the converter turns into the on-state. In this case S; & So are
turned on under ZCS conditions and the energy stored in C; flows back into the
system. It can be seen that when the converter bridge is in the on-state the DC
current flows through the converter bridge. When the H-bridge is in the off-state the
DC current flows through C,. So the DC current does not interrupt instantaneously

with a bypass capacitor Cs.

S;and S, turning on S;and S, turning off

regenerative ON ZV/S OFEE

snubber
82 Dl SZ
D2 Si( D2

Figure 2.8: Switching sequence of the soft-switching tap

In conclusion, series taps have developed with the pace of the new semiconductor
devices, from the original thyristor bridge to IGBT or GTO topologies. Series taps
can fully utilise the HVDC line current and the number of semiconductor devices
is limited since the tap voltage is only 1%~10% of the line voltage, i.e. the cost
and volume can be reduced when compared with parallel taps. Series taps are
mostly current sourced due to the series connection with the HVDC transmission

line. However, most of the proposed series taps are two-level which is challenging for
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selecting the semiconductor devices or they have to use the series-connected devices
as one switch. The HV rated isolation transformer, which is costly, bulky and difficult
to design, also cannot be avoided. In addition, series taps inject a large percentage of
voltage and current harmonics into the HVDC grid which affects the power quality

of the transmission line.

2.2.3 Multilevel Converters in Series Taps

Fig shows a brief classification and the development tendency of the proposed
HVDC taps. Considering the development tendency of parallel taps, the first gen-
eration is the thyristor full-bridge topology which can be picked from LCC terminal
technology. The second generation is the IGBT or GTO full-bridge converter (VSC)
and the third generation is multilevel converters which can be an MMC or similar
topologies. In contrast with parallel taps, series taps have only reached the sec-
ond generation. Therefore the integration of the multilevel structure into a series
tap would be an interesting idea. The multilevel converter generates multilevel AC
which reduces the cost and volume of passive components, allow the HVDC current
to flow continuously, and inject fewer harmonics into the grid. The literature review

of multilevel converters are introduced as follows.

2.3 Multilevel Converters

For high-voltage applications where the converter operating voltage exceeds the volt-
age rating of single semiconductor device, there are normally two solutions: Series
connected devices or the adoption of multilevel converters. The devices in the se-
ries connection and with synchronous drive signals can act as one device which has
a higher voltage rating. The control strategy of the topology with series semicon-
ductor devices is also simple, however, the equal voltage distribution among them
in both transient and steady-state operations is challenging for its application [60].

Multilevel converters can overcome this problem.
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HVDC Tap
v v
Parallel Tap Series Tap
Thyristor Parallel Tap |+ —  Thyristor Series Tap
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IGBT Parallel Tap (< > IGBT Series Tap
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Multilevel Parallel Tap —> Series Tap with ?
Advantages: Advantages:
e Low design complexity ¢ Reasonable voltage and current ratings
e Limited cost and volume
Drawbacks: Drawbacks.
¢ High voltage rating and low current rawbacks. .
rating e HV rated isolation transformer

e Inject a large percentage of harmonics

e Excessive number of devices ) .
into HVDC grid

e Two HV DC circuit breakers

Figure 2.9: Classification of the HVDC tap
2.3.1 Topologies of Multilevel Converters

Recently multilevel converters have raised much attention in the applications at
medium and high voltages owing to lower voltage rating of power switches, lower
dwv/dt ratio to generate less harmonics, and no necessity for synchronous drive signals
to all the devices. There are typically four types of multilevel converters: the neutral-
point diode clamped converter (NPC) [61], flying capacitor (FC) converter [62], cas-
caded H-bridge (CHB) converter and MMC [24], of which the topologies are
shown in Fig[2.10(a), Fig [2.10(b), Fig[2.10(c) and Fig respectively.

NPC and FC converters shown in Fig[2.10[ can both output three-level AC compris-
ing +v;,/2, 0 and —vy,/2, but there is the limitation of complexity and number of
components when the level exceeds three [64,/65]. The CHB converter has better
expandability when compared with NPC and FC converters under higher level. The

CHB converter is composed of a series of H-bridges to synthesize a multilevel volt-
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Figure 2.10: Typical multilevel converters: (a) Neutral-point diode clamped con-
verter, (b) Flying capacitor converter, (c) Cascaded H-bridge converter.

age from several independent and isolated DC sources which can be obtained from

batteries or solar panels.

MMCs are state-of-the-art multilevel converters for medium and high power applica-
tions proposed in recent years. It is normally connected in parallel with the HVDC
line as one terminal for DC/AC power transmission. As seen in Fig , the three-
phase MMC comprises two arms per phase leg where each arm consists of n series
sub-modules and an arm inductor. Each sub-module leg is controlled to generate
the AC phase voltage and the arm inductor suppresses the harmonics in the arm AC

currents.

There are several configurations of sub-module circuits including the half-bridge
sub-module, the full-bridge sub-module, the clamp-double sub-module and hybrid
sub-module circuits [27,/66,/67]. However, the half-bridge sub-module, shown in
Fig [2.11)(a) is the most widely used owing to less semiconductor devices and lower
losses. The full-bridge sub-module, seen in Fig[2.11{(b), has more devices which re-
sults in a higher loss and cost but has DC short-circuit fault blocking capability [68].
The output voltage vgy, of half- and full-bridge sub-modules can be 0V or +uv¢,
where the ability of outputting —ve for the full-bridge sub-module is abandoned.

The CHB converter and MMC have more advantages in multilevel series taps (high

level) due to the reduced number of components and reduced complexity compared
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Figure 2.11: Schematic diagram of the MMC with different sub-module topologies:
(a) Half-bridge sub-module, (b) Full-bridge sub-module.

with NPC or FC converters. It has good expandability with standardised modules
and high voltage capability with the flexible sub-module number. So the CHB con-
verter and MMC are more suitable in multilevel series taps. The main difficulty is
to take the power from the tap to the load in a proper way and block HVDC voltage

from the transmission line to the load.

The simplest multilevel series tap is created by inserting a single-phase or three-
phase MMC into the line in series and then output to the second stage. the possible
series MMC is shown in Fig which is demonstrated based on Fig [2.5] The
series MMC can fully use the line current and inject few harmonics into the line.
The sub-module number can also be reduced compared with the MMC parallel tap
due to a lower output voltage. The voltage on the two sides of the MMC is only DC
because the AC voltages of two arms per leg are cancelled out. However, until now
there are no discussions about multilevel series taps in the literature. This is because
the high-voltage transformer still exists which offers no advantage over the proposed

series taps. In addition, the MMC generates multilevel AC voltages to the second
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stage. After the diode rectifier the AC voltages transfer to pulse DC voltage, which
results in a larger filter capacitor value compared with the other proposed series taps.
So the research emphasis of the multilevel series tap is to properly utilise
the modular multilevel structure into the series tap and remove the need

for an HV rated isolation transformer.

Single-phase
[ MMC |

@ AC/DC Vout DC/AC @

= Second-stage "
converter
I |
HVDC Line

Figure 2.12: Schematic diagram of the possible single-phase series MMC

2.3.2 Technical Requirements of Modular Multilevel Struc-

tures

The technical requirements of the modular multilevel structure consist of modulation
techniques, sub-module capacitor voltage balancing, the mathematical model, sub-
module parameter selection, precharging of sub-module capacitors etc [69]. Here the
modulation techniques and capacitor voltage balancing methods are introduced and

the other aspects are detailed in later chapters.
Modulation Techniques

Various PWM techniques have been proposed for the modular multilevel structure

such as level-shifted PWM [70], phase-shifted PWM [71] and nearest level control
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(NLC) modulation [72]. The level-shifted carriers, shown in Fig [2.13|(a), are com-
posed of n;, identical triangular carriers per arm, each of which has a specific level
matching one sub-module. The phase-shifted carriers, shown in Fig 2.13(b), com-
prise n,, identical carriers per arm with a phase-shifted angle of 360°/n,;. Assuming
the same number of switching transitions for both the level-shifted and phase-shifted
carriers shown in Fig[2.13] the level-shifted PWM produces lower line-to-line voltage
total harmonic distortion (THD) [73|[74]. In the modulation of series taps with the
modular multilevel structure, the level-shifted PWM technique can be adopted.

nSM A

Nsm
OPRIININAANAI 0 ?
AVAVAVAVAVAVAVAN
Nev Lo o S -Ngm
(a) (b)

Figure 2.13: Multilevel carriers: (a) Level-shifted carriers, (b) Phase-shifted carriers.

Capacitor Voltage Balancing

Different capacitor voltage balancing methods including capacitor voltage sorting ,
dual sorting and individual controlled balancing methods have been pro-
posed, in which the typical sorting method is most widely accepted. For the sorting
method the sub-module capacitor voltages and arm currents are measured. Assum-
ing the number of inserted sub-modules is 7,,04,, Wwhen the arm current is positive,
Nmoduw SUb-modules with the lowest capacitor voltages are inserted and the capacitors
of inserted sub-modules are charged, causing a voltage increase. When the arm cur-
rent is negative, n,,.q, sub-modules with the highest capacitor voltages are inserted
and the capacitors of inserted sub-modules are discharged resulting in a decrease of
voltages. The algorithm of the sorting method is simple to be realised in the software
but it leads to unnecessary switching when the modulation level is unchanged. In
the application of multilevel series taps with limited number of sub-modules, the

typical sorting method can be implemented.
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2.4 Summary

In this chapter the literature review on HVDC, HVDC taps and multilevel converters
has been carried out. The idea of implementing the modular multilevel structure into

the series tap and the evolutionary process has been discussed.

HVDC has evident advantages for long-distance bulk-power transmission, which is
beneficial for optimising the allocation of global energy, developing the renewable
energy and protecting the environment. It is also meaningful and marketable for
supplying a small amount of power to the communities along the transmission line
by HVDC taps where no stable electricity can be accessed and connecting to a

dedicated AC network is costly.

HVDC tap topologies can be split into two types: parallel taps and series taps.
Parallel taps can be simply designed and realised but operate under high voltage
and low current which leads to excessive use of semiconductor devices and high
cost. Series taps can fully utilise the HVDC line current and the components are
limited which is more suitable for tapping small power from the HVDC line, but the
proposed series taps have an HV rated isolation transformer, inject a large percentage
of harmonics into the HVDC system and can only generate two-level AC which
is challenging for selecting semiconductor devices or results in the usage of series
switches. In addition, considering the developing tendency of series taps and parallel

taps, the multilevel series tap could be significant for solving these problems.

Inserting an MMC in series with the HVDC line should be the simplest way to realise
multilevel series taps which has benefits of injecting few harmonics to the line and
avoiding series-connected switches, but the high-voltage transformer still exists and
it is even worse for voltage filtering after the rectifier. Therefore the aim of this
work is to realise the proper use of the modular multilevel structure into series taps,
fully exploiting the merits of modular multilevel structure, and remove the need for
HYV rated isolation transformer at the same time. A novel modular multilevel series

HVDC tap is proposed and analysed in the next chapter.



Chapter 3

N-phase Multi-Modular Series Tap

In this chapter the topology analysis and design of the n-phase MMST are carried out.
The parameters and power losses of the two- and three-phase MMST's are compared.
The MMST topology and the operating principle are introduced in Section [3.1]
The parameter design of a two-phase MMST is demonstrated in Section and
Section [3.3] The analysis of a three-phase MMST using a similar procedure to that
of the two-phase version is described in Section [3.4] A case study and a comparison

of the two- and three-phase MMSTs are discussed in Section [3.5]

3.1 Topology of the N-phase MMST

3.1.1 Introduction

Based on the literature review on HVDC taps in Chapter [2| the modular multilevel
based series taps avoid the utilisation of series semiconductor devices and lightly
influence the HVDC network compared with conventional series taps. However, if
a typical MMC is simply inserted in series to the DC line, an HV rated isolation
transformer, possibly air core [5§], is still essential and the capacitor filtering after

the rectifier is more difficult, as discussed previously in Section [2.3.1} In this work a

25
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novel series HVDC tap, the n-phase multi-modular series tap in Fig|3.1} is proposed
which is able to utilise the modular multilevel structure into the series tap properly
and overcome the drawbacks of the series MMC in Fig [2.12, This topology can be
used in monopole or bipolar HVDC systems which is analysed later in Section |3.1.3]
Here the MMST is designed based on a bipolar HVDC system.
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Figure 3.1: Schematic diagram of the n-phase multi-modular series tap

The MMST is a type of bidirectional series HVDC tap that utilises the full-bridge
sub-modules typically found in MMCs for HVDC power transmission. It is a polyphase
converter which requires a minimum of two phases. Each phase of the tap is con-
structed from one type of tap branches as shown in Fig[3.2] If the tap is composed
of an odd number of phases the Type 1 tap branch is required, if an even number is

used the Type 2 tap branch is needed; the reasons for that are discussed later.
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Figure 3.2: Schematic diagram of Type 1 and Type 2 tap branches: (a) Type 1 tap
branch, (b) Type 2 tap branch.

In each phase the AC current is actively circulated around the tap and load, and
power is exchanged between the HV and MV sides by the insertion of the AC voltage
in the tap and load branches. To ensure there is no net energy exchange with the
HV tap arms a DC bias voltage is inserted to recharge the tap arms with the DC
line current. A branch impedance (including a bocking capacitor and a resonant
inductor) is used to block the DC voltage between the HVDC transmission line and
the load, while filtering the AC voltage and current at the same time. As will be
shown, it is possible to capacitively couple the HV and MV connection removing the

need for an HV rated isolation transformer.

The reason for implementing the blocking capacitor is that the capacitor is able to
conduct AC current and block the HVDC voltage. If the transformer was connected
in parallel with the sub-module string for HV isolation, it would be saturated due to
the DC bias voltage on the tap arm. Therefore, the capacitive isolation is a peculiar

characteristic of the MMST topology, and the comparison between the capacitor and
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the conventional transformer for HV isolation is not necessary in the initial design.

The second-stage converter in the typical series taps (introduced in Section ,
which normally contains an isolation transformer and an AC/DC/AC converter,
is replaced by the LOAD in Fig 3.1} In the analysis of the MMST topology, the
second-stage converter of each phase can be regarded as a voltage source which is
synchronous with the load current (explained in Chapter [4]), or a resistor (explained
in Chapter . In practice the second-stage converter of the MMST can be designed
in various ways, but the MV rated isolation transformer, a rectifier and a DC link
capacitor should be necessary for each phase, which means the phase output of the
MMST needs to be transferred to DC first. For instance, a CHB converter can
be used to connect to the DC link capacitors, or just series connect the DC link
capacitors to obtain a DC bus. In this work the first-stage converter of this series

tap, the MMST, is mainly researched.

3.1.2 Operating Principle of the N-phase MMST

It is proposed that the n-phase MMST, shown in Fig is operated such that
symmetrical sinusoidal voltages with a DC offset are produced at the HV tap arms,
as described by . The use of symmetrical AC voltage components means that
the AC voltage sums to zero and is not seen by the HVDC line. The total tap DC
voltage seen by the transmission line is given by and must be overcome by the

difference in converter substation voltages at each end of the line.

A 2

Vtap—i = Voo + Vac_i - sin (wt + n—: . Z) 1=1,2,3...... (31)
P

Vpo—tot = 2npnVpe (3.2)

where vy, is the tap arm voltage, Vpc and V4o are the DC bias voltage and the
tap AC voltage of vy, respectively, w is the angular frequency of Vac, n,, is the
phase number of the MMST, and Vpc_s is the total DC bias voltage of the tap.
By controlling the AC component of the tap voltage v4c, with respect to an AC
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load voltage v;, the AC current between the tap branches and the load branch can
be circulated, such that the tap current is given by (3.3). As can be seen the tap
current also includes the DC current that flows in the transmission line. The load

current 4; contains upper and lower tap AC currents as in (3.4)).

A 2
Ltap—i =Ipc+ Tac_; - sin (wt—F—ﬂ- Z+¢9> 1=1,2,3...... (33)
nph
: 5 . 2 .
i1—; = 2lac—; - sin (wt +— i+ 0) i=1,2,3.... (3.4)
nph

where 4, is the tap arm current, Ipc and I4¢ are the HVDC current and the tap
AC current respectively, 0 is the phase shift between tap AC current and voltage,
and 7; is the load current. [4¢ is also called as the loop current in the analysis. The
instantaneous tap power pyqp,, given by , has been derived in Appendix . In
order that there is no net exchange of the bulk stored energy in the tap arm the DC
component voltage in (3.1)) is selected such that there is zero net power in the HV

tap arm, as in (3.6]).

Vac—i - Lac—i - cost)

Dtap—i = Vpc - Ipc + 5
. 2
+VDC . IAC—i - sin (wt—i— —7T Z—f—Q)
nph
N 2
+Ipc - Vac—i - sin(wt + il Z)
TNph,
N . 4 .
—Vac—i-Tac—i-cosQQut+ —-i+60) i=1,23...... (3.5)
nph

Vac—i - Taci - cosf
Ve = — 3.6
e Lic. (36)

The total DC power Ppc exchanged between the HVDC transmission line and the
MMST is therefore given by (3.7). The AC power Psc exchanged between the
MMST and the load is given by (3.8]).

Ppc = 2n,,Vpelpe (3.7)

PAC = nphVchACcOSH (38)
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In operating the MMST the selection of DC voltage and current are respectively
fixed by the power demand of the tap and the instantaneous current in the HVDC
line. However, if it is assumed that the load of the MMST is perfectly coupled to
the AC load by means of an additional second-stage converter, then the AC voltage,
current and frequency of the MMST have degrees of freedom and flexibility for the

system design.

3.1.3 Topology Analysis of the N-phase MMST

The operating principle of the MMST covers any number of phases. Here with the
Type 1 type branch the MMST is able to generate any number of phases. Further-
more, Type 2 tap branch, which a combination of two Type 1 tap branches, is also
proposed specifically for the even number of phases. The reason why the Type 2 tap

branch is feasible is as follows.

The combination of the middle blocking branch of two Type 1 tap branches lightly
influences the operation of the MMST. As the impedance of the middle branch at
the fundamental frequency is much lower, the AC currents of one phase will flow
through the middle blocking branch rather than flowing into the other phase. In
addition, the currents of the middle blocking branch do not need to be sampled and
controlled. The main effect is the ratings of the middle blocking branch impedance.
In the Type 2 tap branch the AC current of the middle upper blocking branch, which
equals to the sum of the currents of upper left and upper right blocking branches,
is doubled. Comparing between the MMSTs with one Type 2 tap branch and two
Type 1 tap branches, the AC voltage and current ratings of the middle blocking
branch impedance in the former MMST are doubled. However the combination of
more than two Type 1 tap branches is impossible if the independent sampling and

control of each tap arm is required.

The Type 1 and Type 2 tap branches make the MMST design flexible. For instance,
for an MMST with the odd number of phases, the n,, Type 1 tap branches or one
Type 1 tap branch and (n,, — 1)/2 Type 2 tap branches can be selected. For an
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even number of phases, the MMST can pick n,,/2 Type 2 tap branches or n,, Type
1 tap branches. In the initial analysis the MMST is united to be with Type 1 and

Type 2 tap branches for odd and even number of phases, respectively.

Based on the operating principle and the analysis of the two types of tap branches,

the MMST has the features including:

e The n-phase MMST can be flexibly adopted in bipolar or monopole HVDC

systems. For bipolar systems the tap branches shown in Fig can be directly
implemented. For monopole systems only the upper halves of the tap branches

are required to constitute the MMST.

It is a polyphase converter which can generate any number of phases greater
than one. A single-phase MMST may utilise one Type 1 tap branch and the
AC voltages of upper and lower tap arms are cancelled out in the HVDC
network illustrated in Fig 2.1(b). However, the single-phase MMST leads to
an AC common mode fluctuation on the HVDC network with respect to the
ground. In addition, the single-phase MMST cannot be used in monopole
HVDC systems.

The MMST uses the negative output capability of full-bridge sub-modules
which is neglected in the typical MMC.

It injects few harmonics to the HVDC line due to its multilevel structure and

the cancellation of AC voltages on a single transmission line.

The design complexity can be reduced compared to the conventional series taps
as the HV rated isolation transformer is replaced by the blocking impedance,

and the utilised sub-modules can be found in a typical MMC.

In this work the two-phase and three-phase MMSTs are selected particularly for

further analysis and comparison as they contain Type 2 and Type 1 tap branches

respectively. The results of the study can be extended to n-phase arrangements.
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3.2 Sub-module Analysis of the Two-phase MMST

In this section an analysis is provided in order that the sub-module parameters may
be designed. These include the required number of sub-modules, sub-module capac-
itance and semiconductor losses. The presented analysis is applied to an example

two-phase tap as shown in Fig|3.3
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Figure 3.3: Topology of the two-phase MMST

From Fig|3.3|it can be seen that the two-phase MMST has one Type 2 tap branch
in Fig 3.2l The two-phase MMST produces the voltage described by . In the
case of a two-phase tap the AC component of each phase is 180° phase shifted such
that the AC component sums to zero. As this is a two-phase system, the Type 2 tap
branch may be used as there are sufficient degrees of freedom to allow a common
impedance branch to be used. It is of particular interest as this should result in less
tap branches.

Vtap—1 = Vbo + VAC - sin (wt) (3 9)

Vtap—2 = Vbe + VAC - sin (wt + 7'I')
The parameters for the MMST analysis and design are provided in Table [3.1} The
MMST design is based on the South West Link Project in Sweden with £300kV and
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1kA ratings [77]. The power rating of the MMST is 20MW which is sufficient for
supplying more than two thousand households in urban areas [78]. A 10kV sampling
voltage of V 4¢_; is picked for the comparison with the three-phase tap under similar

input and output characteristics, the reason for which is explained in Section [3.5]

Table 3.1: Two-phase MMST parameters

Parameter Value
HVDC Voltage (Vvac) +300kV
HVDC Current (Ipc) 1kA
Tap Power (Pyqp) 20MW
DC Bias Voltage (Vpo—totat) 20kV
RMS AC voltage in Tap Voltage (Vac) | 6-25kV (10kV sample)
Maximum Sub-module Current (Igy;) 1500A
Capacitor Voltage of Sub-module (V) 2kV
Operating Frequency (fr) 300-500Hz

Based on the conventional series tap circuit mentioned in Section [2.2] a the second-
stage converter is connected on the LOAD of the MMST for supplying a stable
AC grid to the remote communities. Therefore, the MMST has a large degree of
flexibility on the operating frequency selection. With a higher operating frequency,
the inductor value can be reduced due to the resonance with the blocking capacitor.
Here the fundamental frequency f; ranges from 300Hz to 500Hz for a trade-off with
the sub-module number and the switching frequency in order that the MMST can

generate the high-quality power with a relatively low switching frequency.

3.2.1 Number of Sub-modules

It is anticipated that the MMST would be formed from presently manufactured sub-
modules. Thus some operating limits can be applied; firstly it is assumed that the
sub-modules will be nominally operated such that the average capacitor voltage is

2kV, it is also assumed that that peak sub-module current is 1.5kA [79)].

The DC component of the tap voltage is fixed by the power demand as in (3.7));

however there is some degree of freedom with regards to the AC voltage. Here the
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choice of the AC voltage and its impact on the sub-module number is considered. It is
assumed that if the AC voltage is selected such that the tap current exceeds the rated
sub-module current then parallel sub-module strings reducing the semiconductor

current or parallel IGBTs distributing the device current may be used.

The utilisation of parallel IGBTs has the problem of asymmetric current sharing.
Several current balancing techniques for parallel IGBTs have been presented includ-
ing de-rating 80|, impedance balancing [81] and active gate control [82]. However,
parallel IGBTs would lower the system reliability and increase the design complex-
ity, which parallel sub-module strings can overcome. Here in the initial analysis a
standardised sub-module found in the typical MMC is assumed to be adopted in the
two-phase MMST, and if the tap arm current exceeds the sub-module current rating

then the parallel strings are used.

Comparing between parallel sub-module strings and a single sub-module string with
parallel IGBTs, the numbers of semiconductor devices are equal under identical
voltage and current ratings. Although more sub-module capacitors might be needed
in parallel strings, the total equivalent capacitor value is unchanged if the same ripple
percentage of the capacitor voltage is required. Therefore the scheme of parallel sub-
module strings for arm current sharing is preferred. Here an arm inductor is inserted
in series with each sub-module string for current balancing of parallel strings, which

is detailed later in Section 4.3l

For a 20MW two-phase MMST the boundary AC voltage between using parallel
sub-modules string or not is given by (3.10)).

Ptap

Vac_bound = ——— = 14.14 kV (3.10)
IS]M\;JDC
2

Fig |3.4) shows the variation in the minimum required sub-module number for a two-
phase 20MW tap. The red line shows the theoretical minimum number of sub-
modules required for a given AC tap voltage. Since there must be an integer number
of sub-modules, the blue line shows the practical limit. It can be seen that when the

Root-Mean-Square (RMS) AC voltage is lower than the boundary voltage, parallel
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sub-module strings are needed, and the number of sub-modules doubles; when RMS
AC voltage is higher than this boundary voltage, a single string is sufficient for the
tap current. Based on Fig [3.4] the sub-module number at 10kV sampling AC tap

voltage is ngy = 20.

Peak Tap Voltage(kV)
30 ;5 2p 25 30 35 4030
—Number of Sub—modules
—— Calculated Sub—module Number
25- 125
20- 20

Sub-module Number

=
<
|
=
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Calculated Sub—module Number

=
Q
i
=
o

N
(62}

15 20
RMS AC Tap Voltage(kV)

Figure 3.4: Number of sub-modules required per arm for the two-phase MMST

3.2.2 Sub-module Capacitor Size

To ensure there is always sufficient available voltage in the tap arms to produce the
target voltage described in , the sub-module capacitance should be adequately
sized such that holds true. In this analysis it is assumed that a +5% ripple
in the sub-module capacitor voltage will meet this criteria. The assumptions used
in calculating this voltage ripple is that the sub-module energy is always perfectly

distributed amongst each sub-module in the tap arm by the rotation operation of
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the sub-modules (explained in Section and that the tap arm can be treated as
an ideal voltage source (explained in Chapter . As has been shown for the classic
MMC, circulating even harmonics arising from the twice fundamental power pulsa-
tion causes a deviation from this model; nevertheless valuable insight into capacitor

size can still be gained using this approach.

Utap

SUC’SVC*max (311)
nsm

Here ve is the sub-module capacitor voltage, Vi _jne: is the maximum capacitor
voltage that it can sustain, and ngj; is the sub-module number per arm. Under
these assumptions the energy in the tap arm can be related to the sub-module
voltage by . Assuming a 5% ripple and making the substitution, the sub-
module capacitance can be related to the peak deviation in tap energy using .

Here Ei,), is the tap arm energy.

Eiap = nsar - 3Csn (Voo — 2¥2)? + AB, = nsar - sCsm (Voo + 252)?

AVe _
Wg_lO%

(3.12)

 20AE,,
Voo s
The peak deviation in tap energy can be calculated by integrating (3.5) over a

Csu (3.13)

fundamental period (the DC component in is 0 with no net energy exchange)
to give the steady-state instantaneous tap energy as in (3.14)). Here ¢, is the starting
time of the integration, and assume a unity power factor of the system with #=0. At
a different operating time, the instantaneous tap energy is changing, but the peak-
to-peak energy keeps the same. According to , the peak energy deviation is a
function of the AC voltage and operating frequency. The graph of AE,,, vs. peak
AC current I4¢ and operating frequency f; under the parameters listed in Table
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(Ipc=1kA) is shown in Fig 3.5

to+t 1 )
Ctap—i = / Ptap—i (t)dt + §nSMCSMVCO
to
1 g o

1 ~
n.
= oswt — — - Ipe - Vaeoi - coswt
wiIpc Vae; w
1 Ptap

2w Ny,

1
sin(2wt) + 5nSMCSMVCO2 i=1,2,3...... (3.14)

x 10

w
wu

X: 300

Y: 10
Z:1.228e+04

Peak to Peak Energy(J)
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Figure 3.5: Graph of AEy,, vs. Vac & f;

By applying the results in Fig to , the required capacitor value can be
acquired for a particular set of operating conditions. For a two-phase 20MW tap
operating under full DC current and using the sub-module constraints given previ-
ously in Table 3.1], the required capacitor value can be plotted as in Fig Here
the capacitance is plotted against RMS AC voltage Vac and operating frequency
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f7. Sample points are provided on the graph showing a comparison of the required

sub-module capacitance at V4o = 10kV for the two extremes of operating frequency.
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Figure 3.6: Graph of sub-module capacitor value Cgys vs. Vac & fr

In Fig[3.6the sharp edges in the surface arise from the changes in sub-module number

as a function of the operating voltage, previously shown in Fig It can be seen

that the capacitor values at lower RMS AC voltage (parallel strings) is much lower

than those of higher AC voltage (single string), which should be noted that the

sub-module number should be taken into account when making this comparison. If

only considering the single string rather than parallel strings when Vie<Vic_pound

despite the limitation of the peak sub-module current, the capacitor value should be

doubled and no sharp edges would be seen. Then the required sub-module capacitor

value increases with the rise of V4¢. Therefore, the equivalent capacitor value of

one tap arm Cl,.,, considering both the sub-module number and the single capacitor
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value, shown in Fig is meaningful. C,.,, also represents the time-average energy
storage in the tap arm. The calculation of C,., is based on the condition of the tap
operating under full HVDC line current. The relationship of the equivalent capacitor
value and the sub-module capacitor value is given in , where ngying is 1 for the

single string or 2 for parallel strings.

n2

Carm = MCSM (315>

nsm

N o o
I o o0

Equivalent Capacitor Vaue(mF)
)
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Figure 3.7: Graph of equivalent arm capacitor value Cy,p, vs. Vac & fr

Comparing with Fig |3.6] and Fig the sub-module capacitor values around the
sample point Vo = 10kV are not the largest, but the values of C,,,, are larger than
the others. This is because when V¢ increases, ALy, increases but not linearly. In
order to sustain the energy variation in one arm and suppress the capacitor voltage

ripple, the sub-module capacitor value needs to be higher, and more sub-modules
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are needed with the increase of V4o at the same time. This means that both more
sub-module capacitors and the larger capacitor values, which make the voltage ripple
within +5%, lead to a higher cost and larger size. This can guide the MMST design
to select a suitable V4o which has the largest equivalent capacitor value of one arm

with no need of large sub-module capacitors.

3.2.3 Sub-module Loss Analysis

Here the semiconductor losses, including conduction losses and switching losses, are
considered. The full-bridge sub-module topology is shown in Fig[3.8 There are four
sub-module operating states, listed in Table [3.2] which need to be considered.

A A

(I |

oY s, D; S3 D !
Vsu : Csm ::: Ve

: :

| |

SZ D2 S4 D4

——

Figure 3.8: Full-bridge sub-module topology

Table 3.2: Full-Bridge sub-module states

Condition Sl SQ Sg 84 Vsm 'io Z(]gnductlng SWIZZh< 0
1 110110 1| Ve 2 diodes 2 IGBTs
2 O] 11011 0 1 diode, 1 IGBT | 1 diode, 1 IGBT
3 110 11]0 0 1 diode, 1 IGBT | 1 diode, 1 IGBT
4 O] 1] 1]0]-V 2 IGBTs 2 diodes

From this table the number and type of conducting devices can be seen based on the
sign of the AC output voltage and current. In the analysis of semiconductor losses
the states of the sub-modules are determined from the target waveform in . In
determining the sub-module states the flat carrier method [72] illustrated in Fig
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is used to provide an approximation of the switching function. In Fig the case
for a ten sub-module arrangement is chosen. If the tap voltage vy, is at point A,
four sub-modules operate in Condition 1 (output +V), and the other six operate
in Condition 2 or 3 (output zero voltage); at point B, seven sub-modules operate in

Condition 4 (output -V¢), and the other three operate in Condition 2 or 3.

A

Viap

Figure 3.9: The voltage and current of sub-modules

Losses have been calculated based on the MITSUBISHI CM1200HG-66H HVIGBT
modules, 3.3kV, 3.6kA . The conduction and switching characteristics of
the module are illustrated in Appendix The conduction loss of one IGBT, the
conduction loss of one diode, the turn-on loss of one IGBT, the turn-off loss of one

IGBT and the reverse recovery loss of one diode are represented by prar—one(io),

Pdiode—one(10)s €on(i0, ViaBT),s €off(i0, Vigar) and €rc.(io, vigpr) Tespectively.
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Conduction Loss Analysis

For the analysis of conduction losses the flat carrier method provides an adequate
approximation as only one sub-module can be in the incorrect state at any time.
Additionally, referring to Table[3.2]it can be seen that any error in the conduction loss
due to the incorrect state of one sub-module will be the difference in the conduction

loss for an IGBT as opposed to a diode and will be insignificant.

Equations are now presented to calculate the conduction loss based on the tap arm
voltage and current. For the region of the fundamental period T, where n; is the
number of sub-modules that output Vi when vy, > 0 & 9 > 0, or =V when

Uap < 0 & g < 0, the conduction losses of diodes are given by (i3.16).

e J 11 - 2Paiode—one ([io(1)]) + (nsTM — 1) * Paiode—one ([10(t)])] - dt (3.16)

The conduction losses of IGBTs are given by (3.17)

T J [(nsar — na) 'PI(;BT—one (Jio(2)])] - dt (3.17)

For the region of the fundamental period T', where ns is the number of sub-modules
that output Vo when vy, < 0 & 79 > 0, or =V when vy, > 0 & ip < 0, the
conduction losses of diodes are given by (3.18)).

- : iode—one 0(¢ -dt
Pcond—diode = f [(nSM n2) pde <|20< >D] (318)

The conduction losses of IGBTs are given by (3.19)

[ [n2 - 2p16B7T—-0ne (lio(t)]) + (ngar — 12) - PraBT—one ([io(t)])] - dt
Pecond—IGBT = T

(3.19)
Switching Loss Analysis

The switching losses of the IGBT module are related to the voltage and current of
each switch. Regarding the sub-module capacitor voltage as constant, the voltage
on each IGBT is V. The current of the IGBT, 1y, is equal to the tap arm current

itap- As illustrated in Appendix @, the switching energies include e,,, e,s¢ for turn
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on and turn off energies of the IGBT and e,.. for the reverse recovery energy of the
diode. For the different conditions of the tap arm voltage vy, sub-module current i
and the change of modulation level, the composition of switching energies are listed
in Table 3.3 where n,,,,q, + 1 represents one level increase of the modulation level

and Ny,0dw — 1 Indicates one level decrease.

Table 3.3: Conditions of sub-module switching energies

Condition Sq So S3 Sy Switching energies
Vtap = 0,20 = 0, Nynodu + 1 1 0 1—-0|0—1 €on T Coff
Vtap = 0,70 < 0, Nppoay + 1 1 0 1—=0]0—=1] eom+eorf+ ere
Viap = 0,20 2 0, Nnogu — 1 1 0 0—=1]1—=0] eom+eorf+ €re
Viap = 0,20 < 0, Nynodu — 1 1 0 0—1|1—=0 €on + €off
Viap < 0,790 2 0, Mppogy +1 |1 =0 0 =1 1 0 €on t €off + Erec
Viap < O,ig < O,nmodu +1|1—-0[0—1 1 0 €on T+ €off
Vtap < 0,70 > 0, Mpmody —1 | 1 =00 —1 1 0 €on T €off
Viap < 0,79 < 0, Mgy —1 |1 —=0]0—=1 1 0 €on T €off + Erec

Based on Table the switching energies in every step change of the modulation
level can be represented by egwit(Vtaps 10, Mmodu). For the region of the fundamental
period T', the switching loss of one sub-module is given by ({3.20)).

Dewit = Z eswit(”t(zzp: 20, nmodu) (320)

Using (3.16)) to (3.20)) and (B.1]), a Matlab script has been developed to calculate the
power losses. Fig shows the plot of conduction, switching and overall losses vs

RMS AC voltage for a two-phase 20MW tap operating at the fundamental frequency
of 300Hz under the full HVDC line current. Here the losses are not compared under
the same amount of semiconductor devices when the tap AC voltage varies. A higher
tap AC voltage leads to more sub-modules and higher losses which can be seen from

the steps in Fig[3.10[(b) since the standardised sub-modules are used.

The flat carrier approximation adopted in the Matlab script for the switching loss cal-
culation means that sub-module switching only happens when the modulation level
jumps, i.e. each sub-module turns on and off at most once in half the fundamental

period, and no switching action occurs when the modulation wave remains between
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Figure 3.10: The power losses of the two-phase MMST: (a) Conduction and switching
losses vs. Vyc, (b) Overall power losses vs. Vac.

two levels (referring to Fig . With a certain level of the modulation wave neyer,
the sub-module string switches (njepe; — 1) times in one fundamental period, and the
equivalent switching frequency for a single sub-module is always (neype; — 1) fr. How-
ever, in practice, when a sampled carrier approach is used, the switching frequency f,
will be higher. Therefore, considering the linear relationship of the switching losses
and the switching frequency, the switching losses from the Matlab script need to be
corrected to a certain switching frequency by a factor ( I - for more effective

nlevelfl)'f
analysis and comparison.
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The maximum and minimum voltages of the modulation wave of the upper left
tap arm in Fig are 19.14kV and -9.14kV. With a modulation level of 2kV, the
modulated voltage has njee = (l%| + ]%]) = 16 levels. So the equivalent
switching frequency is (nyeyer — 1) fr=4.5kHz. Set a standard switching frequency
which can allow every sub-module turn on and off twice in one fundamental period,

then f, = 2. St . f,—6kHz. The switching losses in the Matlab script is corrected

Nstring
with the factor % = 1.33. The curve of switching losses in Fig shows the

corrected power losses of the two-phase MMST.

It can be seen that the overall power losses at AC voltages lower than Vj,,,.q are
relatively low where it should be noted that the number of sub-modules are different.
At lower tap AC voltages the tap arm current exceeds the maximum current of
standardised sub-modules and the parallel strings are used. As the parallel strings
share the total tap current the power losses are less. The figure provides a sample
point at V4o=10kV. At this point, the value of conduction losses is 188.4kW, the
value of switching losses is 100.3kW and the value of overall losses is 288.7kW, which
yields a percentage loss of

Pcon —to Pswi
Mo = omdtot T Dowit _ 4 147
Ptap

The analyses above have shown the required number of sub-modules, sub-module
capacitor size and power losses for a two-phase MMST. In this case the power losses
and capacitor size can be improved by using parallel strings of sub-modules instead of
single strings. The evident disadvantage of parallel strings is the increased number
of sub-modules, which results in the additional coupling inductors to ensure that
the currents of two sub-module strings remain balanced. Furthermore, the parallel

structure leads to a higher cost directly, as well as a larger size of tap converter.



3.3. CONNECTION OF HV TAP AND MV LOAD ON THE TWO-PHASE
MMST 46

3.3 Connection of HV tap and MYV load on the
Two-phase MMST

The HV tap arm is connected to the MV load by means of an impedance capable of
blocking the high DC voltage potential between the HVDC line and ground instead of
an HV rated isolation transformer. It is possible to achieve this using a capacitor, or
rather a series string of capacitors to achieve the necessary voltage rating. However,
either a large capacitor value is used or the voltage required to circulate the AC
current is large. To mitigate this problem, it is proposed here that an inductor
can be connected in series with the blocking capacitor, as shown in Fig |3.11l By
selecting the parameters such that the inductor and capacitor are resonant near the
operating frequency the voltage drop across the blocking branch can be mitigated
and only a small capacitance is required. Although the voltage rating is increased,

the capacitance with a relatively small value is preferred for reducing the cost and

volume.
Ipc +/ 7 \— +/ N\~ loc
> IV N =
N N
A ——C; Vet ——C; V2 ——(;
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Figure 3.11: Two-phase MMST with LC blocking branches
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3.3.1 Design of Blocking Capacitor

To meet the HV requirement of the capacitor blocking branch it is proposed that a
series string of capacitors can be used; it is assumed that they would be of similar
ratings to those used in standard MMC sub-modules. The number of required series
blocking capacitors npy, is therefore defined by the HVDC line voltage as in ,
where Vg, is the average voltage of the blocking capacitor. The equivalent value of

the series string of capacitors is therefore given by ([3.22]).

Vavpe
Nk = 3.21
Bk 2Vaik (3:21)
C
Cp= =L (3.22)
N Bk

With the chosen value of Vg;,=2kV the number of series blocking capacitors is
np=150. However, it is not enough to just consider the required DC blocking
voltage, as the AC current in the blocking capacitor causes a ripple voltage which

must be considered. To avoid an excessive AC ripple, a reasonable AC voltage ripple
(£20%) limitation is selected, as in (3.23). Deducing (3.23]) gives (3.24]).

?AC'ZCf

oo < 2%
tap

iAC = \/§2nph (323)

Vac

_ 1
Zey = 27 f;-C

Cy > V2P 1 (3.24)
27 - npn - Vavoe  Vac - fy

Fig shows the minimum blocking capacitor values for a two-phase MMST based

on as the operating frequency and tap AC voltage are changed. It can be

concluded that with the increase of Vic & f; the blocking capacitor can be selected

with a lower value. At the sample point of V4c=10kV and f;=300Hz, a selected

branch capacitor value is Cy = 6.67uF, and the value of single blocking capacitor is

CBlk = 1mF.
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Figure 3.12: Minimum blocking capacitor value vs. Vyc & f;

The AC current in the blocking capacitor causes an increase in peak voltage which

must be considered. The peak blocking capacitor voltage is given by (3.25).

Vet = VBikpe + VBikae
Zc - Iac

= VBikpe +
npBik

Ptap

2n h

Zo-V2-

= VBikpe + ——"
npik

_ VHVDC \/§Ptap . 1
2npie 2npn - 20Cu - fr- Vac

(3.25)

Then the number of required series blocking capacitors can be rewritten as (3.26]).

Vavbe V2P, , 1 ) - 1
2 2npn - Vac 27fr- O’ Vg,

npik = ( (3.26)



3.3. CONNECTION OF HV TAP AND MV LOAD ON THE TWO-PHASE
MMST 49

Fig [3.13] shows the peak voltage of blocking capacitor as the operating frequency
and tap AC voltage are changed, with the chosen value of HVDC voltage as £300kV
and DC blocking voltage as 2kV. At the sample point of V4¢=10kV and f;=300Hz,
the peak blocking capacitor voltage is 2.375kV with a 18.8% voltage ripple, which
satisfy the £20% voltage ripple requirement.
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Figure 3.13: Peak blocking capacitor voltage vs. Vac & f

3.3.2 Design of Branch Inductor

An inductor is added in series with the blocking capacitor to reduce the net AC volt-
age drop across the HV to MV coupling impedance by resonating with the capacitor.

The following guidelines have been used in designing the branch inductor.
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e The maximum voltage drop across the LC branch is required to be 10 % of the

AC tap voltage.

e The inductor needs to make the LC branch inductive at the operating frequency
for control and filtering of the tap AC current, which means the resonant

frequency of the LC needs to be lower than the operating frequency.

Under these assumptions the impedance of the LC blocking branch, Z, is given by

(3.27). Substituting (3.8]) gives (3.28)).

Z; - Iae =0.1-Vae (3.27)

_ O.2V2Ac'nph

Z
/ Ptap

(3.28)
So the inductor Ly is

1 0.1V2A0'nph

L =
/ (27Tff)2 : Cf 7"-ff'Ptap

(3.29)

Fig [3.14] shows the curves of the inductor value for a two-phase MMST with different
branch capacitor valued at the operating frequency of 300Hz and 500Hz.
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Figure 3.14: Inductor value vs. different capacitor values at 300Hz & 500Hz



3.3. CONNECTION OF HV TAP AND MV LOAD ON THE TWO-PHASE
MMST 51

The AC current in the conductor will result in the skin effect being observed in the
coil. The skin effect is the tendency of an AC current to become distributed within a
conductor such that the current density is largest near the surface of the conductor,
and decreases with greater depths in the conductor. The electric current flows mainly
at the skin of the conductor, between the outer surface and a level called the skin
depth §. The skin depth of the conductor is
P 6.5
= m = ﬁcm

where for a copper conductor, the permeability u is equal to ug, and the resistivity p

(3.30)

is 1.724-107°Q-cm at room temperature. At the operating frequency of f; = 300Hz,
the skin depth is 6 = 3.75mm. In order to reduce the skin effect, AWG 25 wire
(diameter d = 0.455mm) is selected. When the diameter of a single wire d is much

smaller than the skin depth 9§, the proximity effect can be ignored.
The peak current that flows through the coil is
Ptap

. 2
[ao = V2 =22t (3.31)
Vac

So the cross sectional area of coil is

jAC o \/§Ptap

A p— pr—
! J 2nph . VAC -J

= 1.414cm? (3.32)

where J is the maximum current density of the copper coil, which is set to be
J = 5A-mm~2. Thus the number of strands is

A
Nstrand = —L = 228
wd?

4
which indicates the branch inductor is designed to be made by 228 AWG25 strands.

In practice the combination of the branch inductor and the blocking capacitor rep-
resents a very poorly damped 2" order system although the resistance exists in
the branch inductor, which is challenging for the control. Therefore an additional
damping branch is added. Appendix [C] gives the method of designing the damping

branch.
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3.3.3 Size and Loss Analysis of Branch Inductor

For the inductor with the value of 42.7mH and the current of 500A, the volume could
be large. The copper losses and core losses of the inductor could also be a significant
part of the system loss. Here the size and loss estimation of the branch inductor are

carried out. The schematic diagram of the magnetic core is shown in Fig|3.15]
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Figure 3.15: Schematic diagram of the magnetic core

The material of the magnetic core is selected to be Si Iron for high maximum flux
density. The window utilisation factor k., is set to be 0.2 considering the isolation of
the windings [85]. Then A,, which is the product of window winding area A, and
the cross sectional area of magnetic core A, is calculated as [86]
A Ly- Iac - Lno—rus
g Kw + Jmax - Bmax

where B,,,,=1.5T for Si iron core. Setting the number of turns N=100, the window

= 1006449cm* (3.33)

winding area is given by

_ NA,

Assuming a square shape of the window winding area, the height and width of the

Ay = 707cm? (3.34)

window winding area are h,, = [, =27cm.

The cross sectional area of the core is given by

_ Lylac
N'Bmaz

Therefore, select [,(=30cm, w.=50cm. Here A, = A.-A, = 1093500cm*, which

A, = 1423cm? (3.35)

satisfies the requirement of A, from (3.33). Thus, the branch inductor has the
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length of 2[. + [, = 87cm, the width of w.=50cm and the height of 2[. + h,, =87cm.

The volume of the magnetic core is 0.38m?.

The copper loss of one inductor is calculated as [86]

N - lMLTIQ

Pcu:p Al

ac—rars = 4.88kW (3.36)

where [y = 21, + 2w, is the mean length of a turn. The core loss per unit volume

is given by [86]
AB\"
Preo = K .f® (T) = 119kW/m?* (3.37)

where for the Si iron material, K.=3.388, a=1.7 and $=1.9. §B is the peak -to-peak
flux density ripple, which is regarded as 2B5,,,, in the initial analysis. Then the core

loss of one inductor is Pr.=35.8kW.

The inductor in the middle blocking branch has the doubled current rating of that
of the side branch, so the losses are esimated to be doubled. Therefore, the power

losses of the inductors in the two-phase MMST are
Pioss—1, = 8(Pry + Pfc) = 325.44kW (3.38)
which yields a inductor loss percentage of
NL—two = 1.62%

For reducing the inductor losses, the inductor value needs to be reduced by increasing

the operating frequency of the MMST or the value of the blocking capacitor.

3.4 Topology Analysis of the Three-phase MMST

3.4.1 Operation Principle of the Three-phase MMST

Here the analysis presented in Section [3.2]and Section [3.3]is repeated for the case of a
three-phase MMST. The topology is shown in Fig the parameters are provided
in Table It has three of the Type 1 tap branches in Fig The three-phase tap
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produces the voltages described by (3.39), in the case of a three-phase tap the AC

component of each phase is 120° phase shifted such that the AC component sums to

Zero.

(" Cascaded [ T 1., i

| Full-bridge S-Kl ; S;» ; i

' Sub-modules Com—=|[Vc

: . i
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Figure 3.16: Topology of the three-phase MMST

Vtap—1 = VDo + Vac - sin (wt)

Vtap—2 = VDC + VAC - sin (wt — %71') (339>

Vtap—3 = Vpo + VAC - 8in (wt — %7?)
The basic parameters of the three-phase MMST, as listed in Table [3.4], are the same
as for the two-phase case except for the DC tap voltage and the RMS AC voltage.
The range of RMS AC voltage is 3-20kV. According to , the DC bias voltage is

Vbe=-3.3kV.
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Table 3.4: Three-phase MMST parameters

Parameter Value
HVDC Voltage (Vivpo) £300kV
HVDC Current (Ipc) 1000A
Tap Power (Pyap) 20MW
DC Bias Voltage (Vpo—totat) 20kV
RMS AC voltage in Tap Voltage (Vac) | 3-20kV (sample 6.35kV)
Maximum Sub-module Current (/g/) 1500A
Capacitor Voltage of Sub-module (V) 2kV
Operating Frequency (fy) 300-500Hz

3.4.2 Number of Sub-modules

For the case of a three-phase tap the boundary AC voltage below which parallel
strings must be used is given by . Here it is also assumed that a standardised
sub-module found in the typical MMC is utilised in the three-phase MMST, and if
the tap arm current exceeds the sub-module current rating then the parallel strings

are used.

The minimum number of sub-modules as a function of the AC tap voltage is shown
in Fig [3.17 It can be seen that when the RMS AC voltage V4¢ is lower than the
boundary voltage Vac_pound, the parallel sub-module strings are needed; when V¢

is higher than Vic_pound, only one string is required.

Ptap
2nph

Vac—bound = 3 = 9.43kV (3.40)

Ispy—Ipc
V2

3.4.3 Sub-module Capacitor Size

The analytical method used and assumptions made to calculate the capacitor size
are the same as those of the two-phase MMST. The nominal capacitor voltage,
Ve, is again chosen to be 2kV and the voltage ripple on the capacitor, Vyippe, is

set to less than £5%. The three-phase MMST is operated under the full HVDC



3.4. TOPOLOGY ANALYSIS OF THE THREE-PHASE MMST o6

Peak Tap Voltage(kV)
20 10 15 20 25 30 -

— Number of Sub—modules L

—_— - (5]

18 Calculated Sub—module NumtgeirSE

o >

@ P

g 16- 16 ©

= 3

Z o)

o 14- 114 €

= |

3 S

£ 12- 1120

| e)

o i)
>

® 10" l7 1102

O

E

8 v 8 @)

6 4 6 8 10 12 14 16 18 2

RMS AC Tap Voltage(kV)

o

Figure 3.17: Number of sub-modules required per arm for the three-phase MMST

line current. The graph of the capacitor value vs. RMS AC voltage Vi and the
operating frequency f; is shown in Fig m Sample points are provided for the case
of Vo =6.35kV at the operating frequency of 300Hz and 500Hz. The reason why
the 6.35kV sample point is selected is introduced later in Section [3.5]

3.4.4 Sub-module Loss Analysis

Power losses have also been calculated for the three-phase MMST using the same
modulation and correcting methods presented in Section [3.2] The curves in Fig[3.19
shows the corrected power losses of the three-phase MMST operating at 300Hz funda-
mental frequency under the full HVDC line current. Here the losses are not compared

under the same amount of semiconductor devices when the tap AC voltage varies.
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modules and higher losses which can be

A higher tap AC voltage leads to more sub

seen from the steps in Fig|3.19|(b) since the standardised sub-modules are used.

It can be seen that the overall power losses at AC voltages lower than Vi, are

relatively low where it should be noted that the number of sub-modules are different.

At lower tap AC voltages the tap arm current exceeds the maximum current of

standardised sub-modules and the parallel strings are used. As the parallel strings

The figure gives a sample

share the total tap current the power losses are less.

1S

t, the value of the conduction loss i

is poin

At th
199.3kW, the value of the switching loss is 131.4kW and the value of the overall loss

35kV.

=6

operating point at Vo

is 330.6kW, which yields a percentage loss of

1.65%

Pcond—tot + Pswit o
Ptap

Nthree
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Figure 3.19: Overall power losses: (a) Conduction and switching losses vs. Ve, (b)
Overall power losses vs. Vyc.

Fig shows the overall power losses of the two-phase and the three-phase MMST
operating under the full HVDC line current with the same assumption of utilising
the standardised sub-module found in the MMC (from Fig and Fig[3.19). Com-
paring the losses of sample operating points, it can be indicated that the two-phase
MMST has lower power losses than the three-phase tap under the similar input and

output characteristics.
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Figure 3.20: Power loss percentage in two-phase and three-phase MMSTs
3.4.5 LC Blocking Branch

Firstly, the blocking capacitor is considered. The DC voltage on the blocking capac-
itor and the AC current through it in the three-phase MMST are similar to those
in the two-phase MMST at the sampling points, so the same blocking capacitor can
be applied. The AC loop current is 524A. The voltage ripple on the capacitor is
+19.7% which meets the +20% requirement. Secondly, the branch inductor can be
designed following the procedure for the two-phase case. The AC tap current of the
three-phase MMST is higher than that of two-phase, therefore the branch inductor

should be designed with more strands.

Following the loss estimation procedure of the inductors in the two-phase MMST,
the copper loss of the inductor in the three-phase tap at the operating frequency
of 300Hz is P,,=5.12kW, the core loss is Pf.=35.8kW. Due to 12 branch inductors
used in the three-phase tap, the power losses of the inductors are Pj,ss_ 7, =441.6kW,
which yields a percentage of

NL—three = 221%
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3.4.6 Three-phase MMST operation during light loading of
HVDC Line

For normal operation all series HVDC taps rely on the DC line to conduct current.
The case where the DC line is not operating at rated current is refereed to here as

light loading. Operation of the MMST under these conditions is considered here.

Due to the voltage and current rating of the sub-module, the tap power is restricted
by its maximum tap voltage and sub-module current. Based on the relationship of

the variables in the MMST shown in Fig the ways of restriction are:

e During light loading, the peak tap AC current limited by the maximum sub-
module current can be increased, and the tap AC voltage can be decreased to

achieve the same net AC power.

e When the DC current decreases, the DC bias voltage of the MMST needs to
increase to keep the same DC power, which decreases the available AC voltage

on the tap arm.

\

DC Voc = Poc =Voc * loe

A A A A
Vic F=Pac =Vac e

| l

A

+1,. Vo =Vo. +V,¢

AC tap

\

ISM

Figure 3.21: Relationship of the MMST variables

DC

On the one hand, the tap power is restricted by the sub-module rated current.
During light loading it is proposed that more AC current can be circulated through
the sub-module. It is assumed that all the other components are rated for higher
current at initial design. At the 10kV, 300Hz sampling point the parallel sub-module
strings are required, so the tap AC current is then given by . The peak tap
arm current and the peak tap AC current are shown in Fig

 2Ign — Ipc (3.41)
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Figure 3.22: Peak arm current and peak tap AC current during light loading

By increasing the tap AC current the tap AC voltage can be reduced to achieve the
same net AC power. As consequence of reducing the AC tap voltage there is more
available voltage for each tap arm, thus the DC tap voltage may be increased to
meet the DC power demand of the tap. Using this approach the peak tap voltage
is given by . However, the peak tap voltage is not able to be higher than the
voltage rating of the tap arm Vigp—rmaa, given by . Fig m shows the peak tap
voltage requirement during light loading for an example three-phase MMST. The
parameters used are listed in Table [3.4] in Section [3.4]

Ptap Ptap
~ ~ 2npp 2npp
Viep = Voo + Vao = 22 + V222 (3.42)
Ipc 2lsm—Ipc
V2
Ptap Ptap
2nph anh
IDC _ P S ‘/tapfma:v (343)
2Isp—Ipc

On the other hand the tap power is limited by the sub-module rated voltage. By

decreasing the DC current the DC voltage needs to be increased to maintain the
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Figure 3.23: Required tap voltage and maximum tap power during light loading

DC power demand of the tap. With the restriction of sub-module rated voltage, the
available tap AC voltage is reduced by the increase of DC voltage. The available AC
voltage is given by . However, the AC current can be higher to reach the AC
power demand of the tap if the tap current is still lower than the sub-module rated
current, which is given by .

Ptap
2npp

VAC—avail = ‘/tap—maz - Ji (344)
DC
DPtap
Inc =2+ 52 < 2[gu — Ipc (3.45)
V2

Fig shows the available tap voltage during light loading. It can be seen from
Fig[3.23|and Fig[3.24] that MMST is able to operate at full power without any increase
in available voltage even when the DC current is down to 30% of rated current.
When DC current is larger than the boundary 288.8A, the tap can operate at the
maximum sub-module voltage; when DC current is lower than 288.8A, the tap needs
to reduce the operating power in order to meet the requirement of maximum sub-

module current. It should be noted however that the DC bias voltage is produced by
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Figure 3.24: Available AC voltage and maximum tap power during light loading

the tap during this type of operation and there should be sufficient available voltage
in the HVDC converter station.

3.5 Case Study of Two-phase and Three-phase M M-
STs for Sweden South-West HVDC Project

Based on the presented analysis, a case study has been performed based on the
South-West Link Project in Sweden presently under construction. The parameters
for the case study and two example designs are listed in Table [3.5] 20MW two-phase
and three-phase MMSTs are designed based on +300kV, 1kA South West Link in
Sweden. For each type of the MMST two groups of parameters are also calculated

with the operating frequencies of 300Hz & 500Hz.

The tap AC voltages of the single phases in two-phase and three-phase MMSTSs are
selected as 10kV and 6.35kV respectively for more effective comparison under similar

input characteristics and output characteristics. The MMST transfers HVDC to
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Table 3.5: Case study parameters based on South-West Link

Parameter Value
Two-phase \ Three-phase
HVDC voltage (Viypce) +300kV
HVDC current (Ipc) 1kA
Tap Power (Pi,,) 20MW
Total DC Bias Voltage (Vbo—totat) 20kV
RMS AC tap voltage (Vac) 10kV 6.35kV
RMS load current (1) 1kA 1.05kA
Operating Frequency (fr) 300/500Hz
Blocking capacitor (Cy) 6.67uF
Number of blocking capacitors (npik—_total) 900 1800
Branch inductor (L) 42.7mH/15.5mH 42.4mH/15.2mH
Number of sub-modules (ngy) 80 84
Capacitor value in one SM (Cgyp) 3.07mF/1.84mF 2.73mF/1.64mF
Semiconductor power losses (Pyss) 288.7kW/355.5kW | 330.6kW /418.2kW
Inductor power losses (Ploss—1) 325.4kW/721.4kW | 441.6kW/1.09MW
Power loss percentage of tap power (7) 3.07%/5.38% 3.86%/7.52%

MVAC. The range of middle voltage AC is 1kV-35kV, and 11kV line-to-line voltage
is a typical voltage. Therefore, for the three-phase MMST the single-phase load
voltage is selected to be \1/—15 = 6.35kV. Under the 20MW load power the single-
phase load current is 1.05kA. In order to compare the two-phase and three-phase
cases effectively, the input characteristics and output characteristics of them are
designed to be nearly identical. So for the two-phase MMST, due to the difference of
phase number with the three-phase tap, either the load voltage or the load current
can only be selected to be identical with three-phase tap under the same output
power. Considering the analysis of the sub-module number and the comparison of the
power losses of sub-modules, the single-phase load current of the two-phase MMST
is selected to be close to that of the three-phase tap, which is 1kA. Then the single-
phase load voltage of the two-phase MMST, which is close to the single-phase tap
AC voltage V¢ due to the LC resonance near the operating frequency, is calculated
as 10kV. Under these two sample points the sub-module number is also similar. In
conclusion, these two sample points have the identical input characteristics, close

output characteristics and similar sub-module numbers.
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From Table 3.5l it can be seen that

e With the increase of the operating frequency, the branch inductor value can

be reduced, but the inductor losses and semiconductor losses are increased.

e The power losses of the two-phase MMST are lower than that of the three-phase

tap under the parameters listed in the table.

e The parameters of two-phase and three-phase MMSTs are nearly the same,
but the two-phase MMST has less LC blocking branches (only 6) than the
three-phase MMST (12).

In conclusion, the two-phase MMST has the advantages of lower power losses, less
blocking branches and obviously lower cost and volume than the three-phase tap at

the conditions given above. The visualized schematics of two-phase and three-phase
MMSTs with detailed parameters are shown in Fig and Fig respectively.

3.6 Summary

In this chapter a novel n-phase multi-modular series HVDC tap utilising the mod-
ular multilevel structure has been proposed. The detailed analysis and design of
the n-phase MMST have been carried out. Firstly, the operating principle and the
advantages of n-phase MMST have been introduced. N-phase can be realised by
adopting two types of tap branches according to the application. Secondly, the anal-
ysis has shown the required number of sub-modules, sub-module capacitor size and
power losses for both two-phase and three-phase MMSTs. The power losses and
capacitor size can be optimised by utilising parallel strings, however it leads to the
additional components for balancing the string currents. Thirdly, the LC blocking
branch couples HV to MV sides removing the need for an HV rated isolation trans-
former. The resonant branch inductor suppresses the AC voltage on the branch and
filters the AC current. The inductor losses are also studied. Finally, a comprehensive

comparison between two-phase and three-phase MMSTs has been carried out based
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on the case study of Sweden South-West HVDC Project. In conclusion, under the
conditions of nearly identical input and output characteristics, the two-phase MMST
has the advantages of less blocking branches, lower power losses and lower cost and

volume than the three-phase MMST.
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Figure 3.25: Visualized schematic of the two-phase MMST
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Chapter 4

Control Strategy of the N-phase
MMST

This chapter proposes a control strategy for the two-phase MMST which can be
extended into an n-phase topology. This control strategy can also be applied to
control any sub-module arm with single or multiple strings. The introduction of
the control strategy and the whole control diagram are presented in Section [4.1]
The inner current control loop, mean capacitor voltage control loop and outer DC
link voltage control loop contained in the presented control strategy are described in
Section [4.2], Section [4.3] and Section [4.4] respectively. According to the conclusion of
Chapter|3|a two-phase MMST has the advantages of reduced LC branches and power
losses when compared to a three-phase MMST, so the simulation of the two-phase
MMST has been carried out to validate the control strategy. The simulation results

and the loss analysis are presented in Section

4.1 Introduction

To realise the MMST operation under the desired conditions, closed loop control of

the MMST is implemented. The aims of the MMST control strategy are:

69
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1. To control the AC loop current of each phase.

2. To keep the mean capacitor voltage of the sub-modules across one HV tap arm

stable.
3. To keep the second-stage DC link capacitor voltage stable.

For the first aim, the AC loop currents of each phase in the MMST needs to be
controlled in order to regulate the energy transmission from the HVDC line to the
load. For the polyphase converter a universal control strategy is necessary for any
number of phases, for which a single-phase control is required. In addition, in a three-
phase MMST it is more suitable to implement the DQ transformation to control the
three-phase AC currents, but the mean capacitor voltage control of each tap arm
is challenging. Therefore, the loop currents of each phase needs to be regulated
individually in the n-phase MMST, and a regulator that can control the single-phase
loop current should be selected. For regulating an AC current the proportional-
integral (PI) regulator is not the first choice because the bandwidth of PI regulator
cannot guarantee high enough gain at the AC frequency, i.e. the tracking error
cannot be eliminated. Instead the use of a proportional resonant (PR) regulator [87]

is considered for the AC value control.

For the second aim, the sub-module capacitor voltage should be regulated with a
limited ripple so that an AC demand can be effectively tracked. With the rotation
method based on the sorting method explained in Section each capacitor voltage
in one tap arm can be balanced, so the second aim can be realised only by controlling
the mean capacitor voltage. A PI regulator is adopted for controlling the mean

capacitor voltage.

For the third aim, the voltage of the second-stage DC link capacitor needs to be
controlled in order that the load voltage of the MMST can be stabilised and the
second-stage output voltage can be modulated by the VSC. With this control the
load of the MMS'T can be regarded as a controllable voltage source. Since the second-
stage converter and the control design are not included in this work, a proper control

loop is presented but not implemented in the control strategy of the MMST.
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Each of the tap arms in one phase has an individual control system, controlling
the loop current and the mean capacitor voltage of each sub-module string. The
schematic diagram of the whole control strategy is shown in Fig 4.1} which the
inner loop current control, the mean capacitor voltage control and the outer DC link
voltage control are labelled in red, blue and pink, respectively. In Fig|4.1| vo_mean 1S

the mean capacitor voltage of sub-modules in one tap arm.

Mean capacitor voltage control
VC-mean

Mean Capacitor Vbc | Sub-module
Voltage Regulator | Arm Plant

| DC Link |;

V.
VLinkeref £ ) Voltage

—%  |Regulator

MMST| lac
Plant

Loop Current
Regulator

\

Viink DC Link
Plant

Figure 4.1: Schematic diagram of the control strategy

4.2 Inner Loop Current Control

The diagram of a two-phase MMST is shown in Fig 4.2l Here name the upper and
lower tap arms of Phase A, and the upper and lower tap arms of Phase B as au,
al, bu and bl, respectively. The topology of the n-phase MMST is the first stage of
the series tap. The load of the MMST is the second-stage converter which typically
includes a diode rectifier, a DC link capacitor, and a VSC, as illustrated in Fig [2.5]
Therefore, in the analysis the load of the MMST can be regarded as a voltage source.

The topology design of the second-stage series tap is not included in this work.
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As introduced before, the inner current loop utilises the PR regulator to control the
AC loop current. There are several methods of controlling an AC variable including
the PR control and the single-phase dq control , both of which is able to
control the AC loop current. In the initial analysis the PR control is selected to
cooperate with the verification of the topology feasibility since the PR control is
straight-forward with less mathematical works. The introduction of the PR regulator

and the loop design of the inner current control loop are presented as follows.
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Figure 4.2: Diagram of the two-phase MMST
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4.2.1 Introduction of the PR regulator

In the analysis the load is represented by a controllable AC voltage source. As the
load is regarded as a voltage source the power transmission from HVDC line to the
load is controlled by the AC load current, which is composed of the upper and lower
loop currents. For regulating the single-phase AC current the PR regulator is applied
for the two-phase MMST.

The PR regulator is widely applied in single-phase AC control systems. It is also
utilised for harmonic detection and elimination [87]. The PR regulator is capable
of following the AC reference at a certain frequency, eliminating the tracking error
and maintaining a good transient response due to the infinite gain at the specific

frequency [89).

In this work the major objective for a stationary PR regulator is to achieve zero
magnitude and phase errors for the AC loop currents. As illustrated in Appendix [D]
the PR regulator has an open loop transfer function of [90]

2k,.s

Grals) = bt 53

(4.1)

Gpr(s) gives the ideal PR regulator with an infinite gain at AC frequency wy, and
no gain and phase shift at other frequencies. Fig shows the frequency and phase

response of Gpgr(s) with a set of example parameters.

The ideal integral term provides an infinite gain but a restricted frequency response.
However, the LLC branch in the n-phase MMST cannot resonate at the exact funda-
mental frequency due to the inductive impedance design and the errors of capacitor

and inductor values. To solve this problem, the non-ideal PR regulator is imple-
mented and gives (4.1) [91].

2k, (wes + we?) N 2k,wes
s? 4+ 2wes + (we? + wo?) TP 2 4 2008 + Wl

GPR(S) = k?p + (42)

where we < wy is the cutoff frequency. The bode diagram of a non-ideal PR regulator
is shown in Fig with a set of example parameters. It is observed that the gain is
finite but still relatively high to keep accurate tracking. In addition, the bandwidth
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Figure 4.3: Bode diagram of the ideal PR regulator (k, = 1,k = 20,wy =
27-300rad/s)

can be set using the we value appropriately, which is suitable for the condition of
slight frequency variation. In practice, we values of 5-15rad/s have been found to

provide a good compromise [92].

In the initial design the ideal PR regulator in (4.1)) is applied to control the AC loop

current.

4.2.2 Dynamic Model of the Load Current Control

Each phase in the two-phase MMST is longitudinally symmetrical, so the dynamic
model can be simplified to a single loop, as shown in Fig[4.5] Here the resistance in
the branch inductor and the damping branch is represented by R. The AC current
flowing in the middle branch is doubled in that it is equal to the sum of the two
symmetric currents of the side branches. Thus the voltage drop on the middle
impedance is doubled, which is equivalent as doubled impedance with the same loop

current. So the overall impedance is three times the side impedance, given by
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Figure 4.5: Simplified model of the two-phase MMST

1

TF cquiv = 4.3
auio (5) 3Lys + 3R+ (43)

The load voltage can be expressed as [93]:
v (t) = Vi cos (wt + 6y) (4.4)

where V] is the peak value, w is the frequency, and 6, is the initial phase of load

voltage. The dynamic model is given by

di 1 .
vac = 3R -iac + 3Ly iﬁc +/E2Acdt+vlcos (wt + 6) (4.5)
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which describes a second-order linear system that is excited by a fixed AC output
vy (t). Thus, if vae is an AC variable with the same frequency w, i4¢ is also an AC

variable with the same frequency and a certain phase shift.

Based on these equations, the function for the steady-state operating condition is

diac / 1 )
3L dt = -3R- Vaic — Vi 4.6
~a + 3C; tac tac + Vac — Vi (4.6)

In (4.6]), i4¢ is the state variable, V¢ is the control input, and Vj is the disturbance
input. Vy¢ is generated from the sub-modules in the tap arm, which can output

from —ngp Ve to ngy-Ve. Then Vae can be expressed as
VAC = ngM-VC-m (t) (47)
where the modulation ratio m(t) is determined by

m =

S (u+V)) (4.8)

where u is defined as a new control input, which can be deduced as

diac 1. :
= 3L - tacdt + 3R - 4.9
U I~ +/3CfZAc + tac (4.9)

(4.9) describes a type 0, second-order, linear system. i4¢ can be controlled by varying

u.

4.2.3 Loop Design for the Loop Current Control

According to (4.7)) and (4.8) Vac is given by
Vac = U + Uy (4.10)

which actually expresses the AC component of tap arm voltage Vj,,. Based on the
topology principle described in Section a DC bias voltage is required on v, to
inject energy into the tap arms and keep zero net energy exchange in sub-module
capacitors, expressed as . Due to reverse DC current directions in upper and

lower arms, the DC bias voltages applied to them are equal but opposite, given by

Viap = U + U £ Vbe (4.11)
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The diagram of AC current control loop of a single phase of an MMST is shown in
Figld.6(a). Figlt.6(b) shows the simplified current control loop. m; is the modulation

index for one tap arm.

IAC-ref —» € u i
hee =4__ Gpr(S) =3Lfs+3R+i =
C;s

\/

A\

Figure 4.6: Schematic diagram of loop current regulator: (a) Diagram of PR current
regulator, (b) Simplified diagram of PR current regulator.

From Fig4.6(b) and (4.1)) the loop gain of current control is given by

S kP*IACSQ + 2kz?"*IAcS + kP*IAcw(JQ
8% + wp? 3Lss%?+ 3Rs + C%

[(s) =Gpr(s) TFequiv (s) = (4.12)

where k,_ and k are the proportional and resonant gains of the ideal PR

Tac r—Ilac

regulator, respectively. It is noted that the loop gain [(s) has four poles and three
zeros. Two zeros from PR regulator can be used to cancel two poles from the transfer

function, and an AC integrator makes the closed loop transfer function I(s)/(1+1(s))

as
R(s) = (8 _ L (4.13)
isaref (5)  Tpr(s+%) +1
if
Rp-—rac = %};
krfie = 1o (4.14)

w=———
v/ LgCs

where 7pg is the time constant of the resultant closed-loop system [93], R is set to

be 0.1€2. 7pgr should be small for a fast current-control response, but adequately
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large, for example, 10 times the switching frequency of the sub-modules, in order
to make the bandwidth of the closed-loop control system % considerably smaller.
In this work 7pr=1ms, which gives the parameters of the PR regulator as listed in

Table 4.1} In the simulation the parameters of the regulators were minor adjusted.

4.3 Mean Capacitor Voltage Control and the Con-
trol Study of Parallel Sub-module Strings

4.3.1 Loop Design of the Mean Capacitor Voltage Control

As for all the converters utilising modular multilevel structures, the energy in the
sub-module capacitors has to be maintained throughout the operation. Since the
tap arm voltage and current may both have positive and negative polarities in the
real application, the charging and discharging time is determined by the real-time
power flow direction, calculated from arm voltage multiplied by arm current. Based
on the sorting method described in Section [2.3] when the power is injected into the
tap arm, the sub-modules with the lowest capacitor voltages are turned on to charge.
On the contrary, the sub-modules with the highest capacitor voltages are turned on
to discharge [94]. The sub-module switches on or off only when the modulation index

changes in order to reduce the switching losses.

The control loop of the mean capacitor voltage is applied as well to cooperate with
the sub-module modulation and the capacitor voltage balancing. The dynamic model
for a single sub-module capacitor can be given in (4.15)). Simplifying vo? to be vV

where V¢ is the average capacitor voltage, the deduced equation is given in (4.16)).

d /1
msM o <§CSM : UCQ) = Appc (4.15)
o 2
(4.16)

Appc nsuCsaVeo
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The transfer function of the mean capacitor voltage control loop can be expressed

as

(Ve 2
TFy,. = = 417
Yo ppe nsuCsnVeo - s (4.17)

Therefore a proportional regulator Gy, (s) = k,_y, is utilised to maintain the mean
capacitor voltage of one tap arm as constant. The diagram of the mean capacitor
voltage control loop of a single tap arm is shown in Fig[4.7(a), where pac is a feed-
forward term, and vo_mean i the mean capacitor voltage of sub-modules in one tap
arm. Fig [4.7(b) shows the simplified mean capacitor voltage loop. The energy in
each tap arm is maintained by the variation of the DC bias voltage vpc. When the
load demands more AC power, the output AC power from the tap arm is increased
and the stored energy of the tap arm is decreased, which requires more DC power

insertion. Therefore, the DC bias voltage is increased, and vice versa.

Ve ret + Eve P
Ve.
C_ref»_{_ €vc_ G ApDC; 2 VC-mean _
»|— > VC(S) o V. C =
Nsm VeolosmS

Figure 4.7: Schematic diagram of the mean capacitor voltage control loop: (a) Dia-
gram of the proportional regulator, (b) Simplified diagram of the proportional reg-
ulator.

From Fig|4.7(b) the loop gain of the mean capacitor voltage control is expressed as

2k, v
l — 4 C
ve(s) nsmCsaVeo - 8

(4.18)

Then, the closed-loop transfer function, which is ly,(s)/(1 + ly.(s)), becomes

1

Brels) = 23T
C

(4.19)
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if
~ nsuCsmVeo

kp—Vc - (42())

27—\/0
where 7y, is the time constant of the mean capacitor voltage loop [93]. In this work
Ty, =2ms which gives the value of k,_y,, as listed in Table . In the simulation the

parameters of the regulators were minor adjusted.

A proportional regulator is enough for the mean capacitor voltage control in theory.
In practice, however, Gy, (s) would need an integral term to avoid error in the steady

state capacitor voltage. Therefore, Gy, (s) is given by

ki—ve

GVC(S) = k'p_vc + (4.21)

4.3.2 Control Study of Parallel Sub-module Strings

With the variation of the output voltage selection of the MMST, a single string
or parallel strings of sub-modules may be used for one tap arm to ensure the sub-
modules operating within the current rating, as discussed in Section For the
MMST with the single sub-module string in each tap arm, the inner current regu-
lator, outer DC link voltage regulator and the mean capacitor voltage regulator are
sufficient for the basic control. For the MMST with parallel sub-module strings, the
same voltage reference can be applied to the modulation of two strings and the ca-
pacitor voltages can be averaged together. Here the current reference of each string
is half of the loop current reference, the sampled loop current should also be halved.
However, the instantaneous voltage on each capacitor of two strings cannot be ex-
actly equal due to the fabrication errors, or the sub-modules are not turned on or off
synchronously due to the deadtime. These result in the unbalanced voltages of two
strings which may lead to the existence of circulating current ig_.i.., as shown in
Fig In order to solve this problem, an additional arm inductor L, is inserted in
series with each sub-module string to suppress the circulating current. A small arm
inductor should be enough since the voltage difference of two strings is not evident,

and the time difference of the deadtime is short. ig; and ige are the arm currents of
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String 1 and String 2, respectively. mg; and mgo are the modulation index of String
1 and String 2, respectively. The control diagrams for the parallel strings are shown
in Fig 4.9l where vo12_mean 18 the mean capacitor voltage of sub-modules in both the

parallel strings of one tap arm.

String 2 | SMu [ SMy SMy
Lal‘m

is2 4

Is-circ

String 1 SM; »—

Figure 4.8: Topology of parallel sub-module strings with balancing inductors L.y,

VC-ref +

Eve

PI

Vc12-mean

Figure 4.9: Schematic diagram of the control loops of parallel strings: (a) Mean
capacitor voltage control, (b) Loop current control.

4.4 QOuter DC Link Voltage Control

As a power source, the supplied power from the MMST should vary with the power
demand of the load. As shown in Fig 2.5 if the load needs more power, the DC
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link capacitor voltage vr;,. in the second-stage converter of the series tap would
decrease, and the MMST should generate more current to recharge the DC link
capacitor. Therefore, an outer DC link capacitor voltage loop is used to determine

the current reference of the inner current loop, as shown in Fig4.10

Viink-ref + e Pl iAC-ref
Sine

Figure 4.10: Schematic diagram of the load power regulator

Since the research on the second-stage converter of the series tap is not included in
this work, the validity of the DC link voltage control loop cannot be verified, and
the reference of the inner current loop is set directly according to the designed power

and voltage ratings.

4.5 Simulation of a Two-phase MMST

The steady-state simulation of a two-phase MMST with the inner loop current control
and the mean capacitor voltage control designed above has been carried out in the
PLECS software environment. The diagram of the simulation circuit is shown in
Fig 1.2l The parameters in the simulation are listed in Table [£.1] The simulation

results including the sub-module losses are presented.

In the simulation the parameters are identical with the designed parameters listed
in Table in Chapter [3] The HVDC grid is represented by a DC voltage source
and a DC current source. As described above the loads are replaced by two 180°
phase shifted voltage sources. The modulation technique is based on Sinusoidal
Pulse Width Modulation (SPWM) with the level shifted method [95]. The switching
frequency is 6kHz which can allow 10 sub-modules to switch twice in one fundamental
period. The parameters of the regulators are given as well. The simulation results

are shown as follows.
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Table 4.1: Parameters of the two-phase MMST in PLECS simulation

Parameter Value
HVDC Voltage (Viry po) £300kV
HVDC Current (Ip¢) 1000A
Tap Power (Pip) 20MW
Load Voltage (V}) 10kV
Load Current (I;) 1000A
Sub-module Capacitor Voltage 2000V
Operating Frequency (fy) 300Hz
Switching Frequency (fs) 6kHz
Branch Capacitor (Cs) 6.67uF
Branch Inductor Ly) 42.7mH
Branch Resistor (Ry) 0.1Q2
Arm Inductor (Lam) 0.5mH
kp_1,. of current control (PR) 200
ky_1,. of current control (PR) 500
w of current control (PR) 27 - 300
w, of current control (PR) 10
k,_v,.. of capacitor balancing control (PI) [ 2x10*
ki_v,. of capacitor balancing control (PI) | 2x10*

4.5.1 Simulation Results

Fig shows the waveforms of load voltages and currents of Phase A and Phase B
in the two-phase MMST. The load voltages of Phase A and Phase B are sinusoidal
with a 180° phase shift generated from two voltage sources, shown in Fig [1.11]a).
The RMS values of load voltages are 10kV, the fundamental frequency is 300Hz.
The load currents of two phases, shown in Fig (b), also have a 180° phase shift.
The RMS values of load currents are 1kA, and the THD% of each load current is
0.012% due to a large filtering inductor in LC blocking branches. In addition, the
load currents flow from the tap arms to the loads, so for each phase the load voltage
and current have a 180° phase shift. Fig indicates that the inner current loops

can operate normally.

Fig shows the load powers of Phase A and B, with the reference value varying
from 0 to -10MW linearly from 0Os to 0.1s. Fig indicates that the load power
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Figure 4.11: Waveforms of load voltages and currents of the two-phase MMST: (a)
Waveforms of v, & vy, (b) Waveforms of i, & .

of each phase can reach the -10MW reference value by the current control, and the
direction of the power flow is from the HVDC grid to the load. The load power of
each phase reaches the reference after 0.8s, which means that the load currents enter

into the steady state after 0.8s.
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Figure 4.12: Waveforms of load powers of Phase A p;, and Phase B py, in the two-
phase MMST

Fig[.13|shows the waveforms of the loop currents of each phase, the controlled values
of inner current loops. It can be seen in Fig.13(a) that the amplitude and phase of
two loop currents in Phase A i40_qu & 40— are nearly identical because the upper
and lower tap arms in Phase A generate the same AC currents to the load. This can
also be said for the loop currents of Phase B iac_py & iac_p in Fig|4.13|(b). The
RMS values of i ac_qu, tA0—al, tac—bu and igc_y are 500A, 500.9A, 500A and 501A,

respectively. The steady-state error is approximately 0.2%.

Fig |4.14] shows the waveforms of the currents flowing through the four tap arms.

The currents of the two upper tap arms ¢;qp—qu & %ap—su, €ach of which consists of
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Figure 4.13: Waveforms of loop currents in Phase A and Phase B of the two-phase
MMST: (a) Waveforms of i4c_au & iac—a, (b) Waveforms of iac_py & iac_pi-

the DC component (HVDC current Ip¢) and the AC component (loop current iac),
are shown in Fig [4.14(a). The AC components of i4p_qy and iq,—p, have a 180°
phase shift so there is few AC current flowing into the HVDC line. The currents
of two lower tap arms 4;4,—q & @4qp—pi, Shown in Fig M(b), also have the DC bias
currents but are negative because the HVDC current flows circularly leading to a

reverse direction of upper and lower tap arms.

2 ‘ ‘ ‘ ‘ 2 -
) — - —bl
5 0 ~ - 5 0 ~ P
= tap—au =
] | ]
_20 0.002 0.004 0.006 0.008 0.01 _20 0.002 0.004 0.006 0.008 0.01
Time (s) Time (s)

(a) (b)

Figure 4.14: Waveforms of tap arm currents in the two-phase MMST: (a) Waveforms
of tap—au & Gtap—pu, (b) Waveforms of iy4p—a; & tsap—pi-

The waveforms of the tap arm voltages are shown in Fig The two upper tap
arms Vigp—au & Vtap—py have a DC component (DC bias voltage Vpe=>5kV) and an
AC component, as shown in Fig [4.15(a). The AC components of vigp—qu & Vtap—pu
have a 180° phase shift, therefore there are few harmonics from the MMST to the
HVDC line. The voltages of the lower tap arms also have the DC bias voltages but
are negative due to the reverse direction of the DC current. Whether V¢ is positive
or not can be determined by in Appendix .
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Figure 4.15: Waveforms of tap arm voltages in the two-phase MMST: (a) Waveforms
of Viap—au & Vtap—pu, (b) Waveforms of vigy—ar & Viap_ui-

Comparing Fig and Fig .15 it can be found that the arm voltage has an
approximately 8° phase lead compared with the arm current in that the LC blocking

branch performs inductively at the fundamental frequency.

Fig shows the currents of parallel sub-module strings in the upper tap arm of
Phase A, %ap—au1 & ttap—au2, and the circulating current ig_cirequ- It is clear that
the currents in the parallel strings can be balanced with the same modulation signal
and that the circulating current can be suppressed to be almost zero by the arm

inductors.

2

a1

—! S—circaJ
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Figure 4.16: Waveforms of single tap arm currents in the two-phase MMST: (a)
Waveforms of i1qp—au1 & Gtap—au2, (b) Waveforms of ig_circqu-

Fig 4.17) Fig 4.18 Fig [4.19 and Fig 4.20| show the capacitor voltages of 10 sub-
modules in each of the overall 8 sub-module strings of the two-phase MMST. For

instance, in the upper tap arm of Phase A, 10 sub-module capacitor voltages of

String 1 in Fig[4.8| are represented by vcqu1, and vegwe means those of String 2. The
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sub-module sorting frequency per arm is equal to the switching frequency.

The switching frequency of every sub-module string is 6kHz, so for each sub-module
the switching frequency is 600Hz, which means it can switch on and off twice on
average in one fundamental period, i.e. balance on average once in a half period with
the balancing method described in Section 4.3, The capacitor voltage ripple is 240V,
+6% of the nominal capacitor voltage, which is slightly more than the designed +5%

voltage ripple. The ripple can be decreased by increasing the switching frequency,

but the switching losses will rise.
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Figure 4.17: Waveforms of capacitor voltages of the tap arm au: (a) vcau, (b) Vogus.
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Figure 4.18: Waveforms of capacitor voltages of the tap arm al: (a) vca1, (b) voaws.
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Figure 4.19: Waveforms of capacitor voltages of the tap arm bu: (a) vepur, (b) vVopus.
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Figure 4.20: Waveforms of capacitor voltages of the tap arm bl: (a) vow1, (b) vows.

The mean capacitor voltages of eight sub-module strings are shown in Fig [£.21] Tt
is obvious from the waveforms ranging from Fig to Fig that the capacitor
voltages of each string can be balanced and the mean voltage can be controlled to
be 2kV. The mean capacitor voltages enter into steady state after 0.2s, which shows

the mean capacitor voltage control is faster than the loop current control.

By increasing the switching frequency to 12kHz, the sub-modules are balancing at
12kHz, and the capacitor voltage ripple decreases to 140V, £3.5% of the nominal
capacitor voltage, as shown in Fig [4.22(a). However, the increase of the switching
frequency adds little to the performance of the converter since the THD% of the load
currents at 6kHz is already low enough (0.012%). Furthermore, the switching losses,

which are analysed below, are doubled at 12kHz compared with those at 6kHz. In
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conclusion, 6kHz switching frequency is sufficient for the MMST operation.
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Figure 4.22: Waveforms of capacitor voltages of sub-module string aul under differ-

ent switching frequencies: (a) Waveforms of veg,1 under 12kHz, (b) Waveforms of
Voau1 under 6kHz.

4.5.2 Loss Analysis of the Two-phase MMST

The power loss of the converter is an important design index indicating the efficiency
of the system directly. The power losses of the sub-modules in the two-phase MMST
have been analysed and simulated in PLECS software. The comparison of conduction
losses and switching losses in the simulation with the losses calculated in the Matlab

script has also been carried out.
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PLECS software allows the designer to input the curves of losses point by point
from the datasheet, ensuring the accuracy of the power loss calculation. The curve
data of losses, shown in Fig [£.23] is derived from the datasheet of MITSUBISHI
CM1200HG-66H HVIGBT modules shown in Fig by the interpolation method.
The temperatures labelled in the figure are the junction temperatures of IGBT mod-
ules from the datasheet. These curve data contain the conduction and switching
losses for the IGBT and the diode. When the current 4,, is negative, the diode turns
off or conducts, and curves of the reverse recovery losses and conduction losses of the
diode with the x-axis of negative current are shown in Fig [£.23|b) and Fig [4.23|c),
respectively. The negative diode forward voltage times the negative current turns to

the positive power losses.

The results of the conduction losses and switching losses with the variation of switch-
ing frequency f; are listed in Table[d.2] The losses are simulated under the condition
of 25°C junction temperature. It can be found that with the increase of the switching

frequency, the conduction losses change only slightly, whilst the switching losses rise

linearly, as shown in Fig |4.24]

Table 4.2: The power losses of the two-phase MMST

Switching Frequency fs | Conduction Losses p.ong | Switching Losses pgui
6kHz 189.1kW 103.4kW
12kHz 188.5kW 185.8kW
18kHz 188.8kW 312.0kW
24kHz 188.6kW 411.7kW
30kHz 188.9kW 547.6kW

From Table the conduction and switching losses at 6kHz switching frequency cal-
culated in the Matlab script is 188.4kW and 100.3kW respectively. Comparing with
these results, the conduction and switching losses of two-phase MMST in simulation
has 0.4% and 3% differences respectively, which indicates that the results from both
Matlab script and the PLECS simulation agree closely.
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Figure 4.23: Curves of switching losses and conduction losses in the PLECS sim-
ulation: (a) Curves of turn-on losses, (b) curves of turn-off losses, (¢) Curves of
conduction losses.

4.6 Summary

In this chapter the control strategies for the n-phase MMST has been presented. The
control loops have been designed and verified based on an example two-phase MMST.
The control strategy consists of the inner loop current control, the mean capacitor
voltage control and the outer DC link voltage control. In addition, for the topology
with the parallel strings in one tap arm, an additional arm inductor is adopted for
suppressing the circulating current. The simulation of the two-phase MMST with

the loop current control and mean capacitor voltage control has been carried out in
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Figure 4.24: Curve of switching losses of the two-phase MMST pg.i vs. switching
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PLECS Software. The results indicate that the load currents of two phases and the
mean capacitor voltage of each sub-module string can be controlled to follow the
references, and the MMST can generate 20MW to the load with all the components
operating within the ratings. The simulation results proves the feasibility of the
topology and the validity of the designed control strategy. The results also show the
correspondence of the loss analysis by both Matlab and PLECS.



Chapter 5

Experimental Design of the
Two-phase MMST

To verify the feasibility of the two-phase MMST topology and the validity of the
designed control strategy in previous chapters, an experimental platform has been
built. It comprises a 2kW rated MMST circuit which is tapped in a 7.5kW DC grid
emulator, the transducer boards, the control unit and two PCs. The diagram of
the experimental circuit is shown in Fig[5.1] The power circuit contains the MMST
circuit which operates in the emulated DC grid. It is scaled down from the two-phase
MMST design given in the real application as shown in Fig[3.25] The photograph
of the whole experimental platform is shown in Fig[5.2]

Fig gives the detailed rig photographs of the MMST circuit and the DC grid
emulator. The MMST circuit, as shown in Fig (a), is composed of 16 full-bridge
sub-modules, 6 LC blocking branches, and 2 resistive loads to verify the feasibility of
the MMST topology. The design procedure is described in Section [5.2l The DC grid
emulator, as shown in Fig[5.3|(b) and Fig[5.3|(c), consists of an AC power source, three
isolation transformers and rectifiers, a filtering DC capacitor, and a chopper circuit
controlling the DC bus current, which is introduced in Section [5.3] The MMST

circuit is tapped in series with the DC grid. The transducer boards and the control

93
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Figure 5.1: The circuit of the experimental platform

unit are described in Appendix [E] The transducer boards, presented in Section [E.T]
sample 18 voltage signals (including 16 sub-module capacitor voltages and 2 DC grid
voltages) and 3 current signals (2 load currents and 1 DC grid current) and transmit
data to the control unit. The control unit, as described in Section [E.2], consists of
two DSP boards, 4 FPGA boards and 2 PCs, controlling the MMST circuit and the
DC grid emulator individually.

5.1 Basic Parameters in the Experiments

The basic parameters of the experimental platform are listed in Table 5.1 It is
a +325V, 10A DC system with the 2kW rated two-phase MMST circuit tapping
inside. The MMST behaves like a sinusoidal current source. The load of the MMST
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Figure 5.2: The experimental platform of the two-phase MMST

is the second stage of the series tap which is a rectifier load. Using the fundamental
mode approximation (FMA) analysis, the MMST load appears as an equivalent
resistance ,. So in the experiments the loads of the MMST circuit are replaced

by the resistors.

Based on the existing experimental hardware in the PEMC lab, the common number
of sub-modules in one arm is four to give a sensible number of the modulation levels
to demonstrate multi-level operation and allow simple realisation in the rig. Since
each sub-module arm is controlled separately, each arm is operating individually. In
addition, assuming all the capacitor voltages are balanced, the inserted sub-module
number and the duty cycle are determined by the voltage reference of each arm,
which is composed of an AC component and a DC component. Therefore, the AC
components of voltage reference for the two arms on one transmission line cannot
always counteract exactly, which results in a voltage ripple reflecting to the DC
voltage of the chopper circuit, as analysed later in Section Thus the lower the
sub-module voltage is, the lower the DC voltage ripple is. Considering the sampling

precision, the modulation level of the MMST is selected as 60V.
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Figure 5.3: The detailed experimental platform. (a) The MMST circuit, (b) The
transformer rig, (¢) The chopper circuit.

The branch capacitor and inductor of the MMST are selected as 560uF and 0.5mH,
respectively. Firstly, for the capacitor voltage rating, the blocking capacitor needs to
sustain the 325V DC grid voltage and a relatively small resonant voltage, then the
voltage rating of the blocking capacitor is selected as 550V. Secondly, for the values of
the branch capacitors and inductors, since the branch impedance is inductive at the
fundamental frequency 400Hz for filtering the loop current, a suitable capacitor and
inductor value can be obtained based on the resonant frequency and the availability
on the market. The resonant frequency of the LC branch is 300Hz. In the rig the
AC voltage ripple on the branch capacitor is approximately 7V (2%).
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Table 5.1: Parameters of the experiments

Parameter Value
AC grid voltage (vacgria) 240V (three-phase)
DC Grid Voltage (UHVDC) +325V
DC Current (ipc) 10A
System Power (Pyystem ) 7.5kW
MMST Power 2kW
MMST Arm AC Voltage (vac) 100V
MMST Arm DC Voltage (vpc) 50V
MMST Loop Current (iac) 5A
Number of Sub-modules in the MMST (nga) 4 (16 in all)
SM Capacitor in MMST (Cgy) 1.5mF
MMST Modulation Level (V) 60(V)
MMST Operating Frequency 400Hz
Switching Frequency of MMST 12kHz
Load Resistor of MMST (Rjoaq) 1092
MMST Branch Capacitor (Cy) 560uF
MMST Branch Inductor (L) 0.5mH
MMST Branch Resistor (R) 0.1
DC Bus Filter Capacitor (Cgiger) 3mF
DC Bus Filter Resistor (Rgiger) 0.24Q
Switching Frequency of Chopper Circuit (foc) 18kHz
Load Resistor of Chopper Circuit (Rec) 22Q
Inductor of Chopper Circuit (Loc) 7.5mH

The switching frequency of the MMST is set to 12kHz. The higher the switching
frequency is, the less the observed harmonic distortion will be, and the higher the
output power quality is. However, the tested maximum interrupt time running in
the DSP is 7.8 x 10 °s-so the switching period should be longer than one interrupt
time. In addition, the switching frequency is selected to be the integral multiple of
the fundamental frequency for easier generation of the voltage reference in the DSP

code. The final switching frequency is selected to be 12kHz.
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5.1.1 Difference of the Parameters between the Experimen-

tal and Theoretical Design

The aim of the experiment is to verify the feasibility of the topology design and the
control strategy. So the parameters of the two-phase MMST in the experiments,
listed in Table [5.1], are scaled down from the parameters designed for real applica-
tion, listed in Table [3.5, but not with the same ratio due to the requirement of the

experimental accuracy.

The comparison of the experimental circuit and the theoretical topology are as fol-

lows.

1. The sub-module number in each tap arm of the experimental MMST is 4. In
a real application the number would be 20 with two parallel strings. The sub-
module number is determined by the maximum voltage on the sub-module arm
and the capacitor voltage. Varying these two voltages affects the output power
quality of the converter, but lightly influences the fundamental operation. In
addition, the parallel sub-module strings in the theoretical design of the MMST
act as one tap arm due to the synchronous modulation by the control, as seen
in Fig [4.16] Therefore, the tap arm of the experimental MMST which has
a single string with four sub-modules is able to represent the tap arm of the

MMST topology in the theoretical design.

2. In the experiments the regular sampled PWM method is adopted, while the
theoretical simulation uses the naturally sampled PWM method. There are
mainly three methods to determine the duty cycle of each switching period,
including the naturally sampled PWM, the regular sampled PWM and the
direct PWM. In the regular sampled PWM the sampling can be symmetrical or
asymmetrical [98]. In the experiments the naturally sampled PWM is difficult
to be implemented since the sampling frequency is related to the DSP interrupt
frequency which is hard to reach the infinitive naturally sampled frequency. So
in the experiments the asymmetrical regular sampled PWM method is applied

to keep the modulating accuracy as high as possible.
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3. The fundamental frequency in the experiments is 400Hz, while in the theoreti-
cal analysis it’s 300Hz. Firstly, the variation of the experimental fundamental
frequency does not influence the verification of the theoretical design. The
frequency range in the theoretical design also includes 400Hz. In addition, as
discussed later, the emulated DC grid voltage has a 300Hz ripple, which can
result in a 300Hz AC current disturbance on the side blocking branches of the
MMST and may affect the control system. Therefore, in the experiments the
fundamental frequency is selected differently with 300Hz in order to distinguish

the disturbance and analyse its influence to the MMST.

4. The power rating of the experimental MMST is selected as 2kW, 30% of the DC
grid power. In a real application the ratio would be 3.3%. The load voltage
of the experimental MMST is 100V, 15% of the DC grid voltage. In a real
application the ratio would be 1.6%. The sub-module capacitor voltage of the
experimental MMST is 60V, 60% of the load voltage. In a real application the
ratio would be 20%.

Based on the comparison above, the simulation and experimental results of the ex-
perimental two-phase MMST is qualified to justify the feasibility of the n-phase
MMST and the validity of the control strategy. The detailed circuit design of the

platform is introduced in the following sections.

5.2 Design of the H-bridge Sub-module

The H-bridge sub-module consists of a full-bridge IGBT power module, a gate drive
board, an interface board and the heat sink, as shown in Fig[5.4 The IGBT power
module is soldered onto the interface board and attached to the heat sink. The

design of the sub-module is detailed as follows.
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Figure 5.4: The assembled sub-module

5.2.1 IGBT Power Module

In one sub-module there are 4 IGBTs connected in a full-bridge. It is less complex
and more cost saving to design the sub-module with one full-bridge IGBT power

module rather than two half-bridge modules or four single IGBTs.

From the parameters listed in Table the nominal voltage stresses of the IGBTS,
which are equal to the sub-module capacitor voltage, are 60V. The peak current
flowing through each IGBT is I1¢7r—peak = Ipc+vV2I4c = 17.1A. The current safety

margin is set as 2, then the current rating is Irgpr—rated = 2 X I1¢BT—peak = 34.2A.

Thus INFINEON F4-50R06W1E3 IGBT H-bridge Module, 600V 50A, is selected.

5.2.2 IGBT Gate Drive

The IGBT drive signal requires an isolated, +15V signal with added deadtime, which
needs be generated from the gate drive board. The circuit schematic of the IGBT
gate drive board is shown in Fig [5.5] The drive signal is received from the optical
receiver and then transmitted into the RCD circuit. With the operation of Schmitt
trigger, the deadtime of the drive signal can be created by delaying the rising edge
of the RCD circuit. Then with the optocoupler and the isolated 15V power supply,
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the drive signal is transferred to an isolated, £15V signal which is capable of driving
the IGBT. The tested output waveforms of one gate drive board are shown in Fig[5.6]
The deadtime is approximately 1us.

DC-DC
Converter+15v
v V] ov
F 15V
—TL 5V
R | IGBT
A Ny
- 1c.* #3 Rs_ 1
R%Egic\?er | mD E i ZenerS
S T Diod Ree
Deadtime Optocoupler lodeyy

Figure 5.5: Schematic diagram of the gate drive for one IGBT

o.00v/ 2 500V 3 4 46,485 20,005/ Stop a00y/, 2 600V 3 4 27.405 20005/ Stop

(a) (b)

Figure 5.6: Tested output waveforms of one gate drive board: (a) Drive signal of S1
and S2, (b) Drive signal of S3 and S4.

5.2.3 IGBT Thermal Design

The heatsink is utilised to keep the IGBT junction temperature in the safe range
and protect the IGBTs. To determine the heat-dissipating method and the heatsink
parameter, the average power loss of the IGBT power modules is simulated in PLECS

software using the same method described in Section The curves for the
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energy losses of the selected F4-50R06W1E3 IGBT module [99] are imported and
the simulated average power loss of one IGBT module is Pss_one = 12W. Set a

safety margin of 1.2, the power loss is recalculated as Pjogs_ones = 14.4W.

The thermal resistance of the heat sink can be calculated from the power loss of the
IGBT module, the maximum IGBT junction temperature and the thermal resistance
of IGBT module. From the datasheet the thermal resistances of the IGBT and diode
are listed in Table [99]. The average thermal resistance of the IGBT module is

06408 0.7+0.7 ]
R gy = =+ ——5—— = L4°C/W

Table 5.2: Thermal resistances of the IGBT module

Parts | Junction to case R;,;_¢ | Case to heat sink R,,c_g
IGBT 0.6°C/W 0.7°C/W
Diode 0.8°C/W 0.7°C/W

The maximum junction temperature is 7; = 80°C, the ambient temperature is Tg;, =
25°C. Then the thermal resistance of the heat sink is

T‘j - Tair
‘PZOSS—OTZE*

Thus a 1.75°C/W heat sink with air cooling is selected.

Rip ns = — Ry, jop =24°C/W

5.2.4 Sub-module Capacitor

The sub-module capacitor is utilised to store the energy from the DC grid emulator
and output to the AC load. Hence the lower the ripple of the capacitor voltage is,
the higher the output AC quality is.

The nominal voltage of the sub-module capacitor is 60V. The voltage ripple is £5%
(Section . The instantaneous voltage and current of one tap arm are given by

Vtap = V2V, - sin (wt) — Vpe
itap = \/§IAC - sin (wt) + ]DC
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The instantaneous energy of one tap arm is ey, = f Vtap - ttapdt. Then the energy
change ripple in one period AE,,, can be obtained. The energy fluctuation reflects

to the voltage change on SM capacitors, which is

1 1
5715]\4 . CSM . [(1 — 5%)V0]2 + AEtap = §n5M . OSM . [(1 + 5%)‘/0}2 (51)

Then Clyy, is calculated as 0.85mF. The electrolytic capacitor, 350V 1.5mkF, is se-
lected.

5.3 Design of the DC Grid Emulator

To verify the feasibility of the two-phase MMST topology, an emulated DC grid with
the constant voltage supply and current flow is necessary for the normal operation

of the MMST. The diagram of the DC grid emulator is shown in Fig 5.7

AC Grid Chopper Circuit
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Transformer
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c ¥ | B

Rectifier Riier  IDC

Figure 5.7: Schematic diagram of the DC grid emulator

Since the power of each selected isolation transformer is 2.5kVA, the maximum DC

grid power is 7.5kW. The maximum DC bus voltage can be 2\/§VAcgm-d:679V as
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the grid voltage in the lab is Vacgrq=240V. In the lab experiments it’s unrealistic to
keep the the MMST power at 1%-10% of the power of the DC grid emulator due to
the difficulty of guaranteeing high sampling accuracy, but the ratings of the DC grid
emulator are better to be higher in order to make the rig closer to the real system.
As a result a higher demand of the DC grid ratings is required. The selected DC
grid voltage and power are 650V and 6.5kW, respectively.

In this circuit the power from the AC grid flows through three isolation transformers
and is rectified by three rectifiers to create a DC bus. The three-phase 100Hz volt-
age pulses from the each rectifier are overlaid to a DC voltage with only 6" order
harmonic distortion (300Hz) resulting from the series connection of three rectifiers.
With the proper design of the filter capacitors the DC bus voltage can be smooth
enough for the DC voltage supply. The filter resistors in series with the DC line
simulate the cable impedance of the HVDC transmission line and avoid the inrush

current during the start-up process of the rig.

The chopper circuit, which is actually a series active load, is applied at the load side
of the DC grid to keep the DC current constant. It is composed of 2 inductors, four
22(2 load resistors and four IGBTs. To control the DC grid current, the resistance
value of the load connected into the DC grid needs to vary with the DC voltage
on the chopper circuit to maintain a certain ratio, i.e. the DC current value. The

inductors are adopted to filter the DC current.

The parameter design of the DC grid is described below.

5.3.1 Filter Capacitor on the DC Bus

The filter capacitor is applied to filter the 6" order harmonic from the series rectifiers
and maintain the DC bus voltage at a constant. It consists of two capacitors in series

for creating a bipolar DC bus.

The maximum operating voltage of the filter capacitor is Vg pe = 650V, the voltage

ripple on the DC bus is set as £1%. Based on the principle that the net energy



5.3. DESIGN OF THE DC GRID EMULATOR 105

exchange of the filter capacitor equals to zero in one fundamental period, the energy
stored in the capacitor equals to the energy dissipated to the load in one ripple

period. Then the equation of filter capacitor calculation is given by

%cf 0+ 1%) Vi b mas]? — %cf (= 1%)Viry 0ol = Payegon - Floo (5.2)
Therefore Cp=1.28mF. The maximum voltage of one capacitor is 325V. Thus 6 x500V
1mF electrolytic capacitors are selected. They are configured with three capacitors
in parallel and in series with the other three parallel capacitors, so the equivalent

capacitor value is 1.5mF.

5.3.2 1IGBT Power Module in the Chopper Circuit

One IGBT and one load resistor connected in parallel make up an active load. The
resistor is inserted into the DC grid as the load if the IGBT is turned off, otherwise
the resistor is short-circuit by the IGBT.

Firstly, in the operating situation that only one load resistor is needed, the parallel
IGBT is switching under the 650V DC bus voltage, so the voltage stress of the IGBT
is 650V. Secondly, an inrush current may occur during the start-up of the rig due
to the chopper circuit inductor, so the current rating is selected to be several times
of the 10A steady-state current. The SEMIKRON SKM75GB176D IGBT Module
1.7kV, 80A is selected.

5.3.3 Chopper Circuit Inductor

To improve the quality of the DC grid current, two inductors are connected in series
with the load resistors to filter the DC grid current and suppress the current ripple.
A rotation method of the load resistors similar with the sorting method of the MMC
sub-modules (as explained in Section is implemented in order to share the DC
grid power and avoid the power dissipation on the certain resistors. With the rotation

method, only one resistor is taken in or out in one switching period, which means the
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voltage ripple on the inductor is 220V due to 22€) resistor change and the averaged
10A DC current. Set the DC current ripple as 5% since the lower the DC current
ripple is, the closer the DC grid emulator is to the real HVDC system. The DC
current ripple is largest when the switching duty cycle is 0.5. Thus the inductor

value is given by

I .
220 = chcLE’l% (5.3)
0.5 -1
cc

Then Loe=6.1mH. Thus the 2.5mH 30A inductor is selected. Three inductors are

connected in series to serve as one Lcc.

5.4 Analysis and Solution of the Harmonics in the
Rig

According to Section [5.1) most of the basic parameters of the experimental MMST
have higher ratios than those in the real application, which affects the normal oper-
ation and the quality of the output waveforms in the experiments, mainly increasing
the harmonics inside the system. For the condition of an MMST operating in a real
HVDC transmission line, the cable would have the effects of damping and filtering
the harmonics considering it has an LCR model [100]. Therefore, the MMST can be
regarded as being connected in the infinite HVDC grid. However, in the experiment
the wires are not able to suppress the harmonics in the rig, so the harmonics in the

rig need to be focused on.

5.4.1 Harmonics from the MMST to the DC Grid Emulator

Each tap arm is operating individually and the corresponding loop current i,¢ is
modulated and controlled separately. In addition, assuming all the capacitor voltages
are balanced, the inserted sub-module number and the duty cycle are determined by
the voltage reference of each arm, which is composed of an AC component and a DC

component. Therefore, the AC components of modulated tap arm voltages on one
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DC line cannot always counteract exactly even in the steady-state operation. As the
DC voltage of DC Grid 1 Vyypce is constant, the voltage ripple from four tap arms
is reflected to the DC voltage on the chopper circuit, as shown in Fig (5.8 The DC
voltage ripple is large enough to disturb the AC currents of the right side branch,

which leads to a large current distortion on each loop current, as shown in Fig[5.12
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Figure 5.8: Waveform of the DC voltage on the chopper circuit

In the real application, the voltage ripple on the right side of the MMST could
be no more than 4Vg, only 1.3% compared with £300kV HVDC transmission line,
which can be attenuated by the cable impedance. However, in the experimental rig,
the ripple can be 240V, 54% compared with 445V average voltage of the chopper
circuit. The ripple on the chopper circuit even exceeds the filtering capability of the
cable, which is normally 10% of HVDC voltage rating. The large voltage ripple on
the chopper circuit affects the AC currents of the right branch too severely to be

controlled.

5.4.2 Harmonics from the DC Grid Emulator to the MMST
There are two kinds of harmonics: 300Hz and 800Hz harmonics flowing from the DC
Grid 1 to the MMST, as shown in Fig[5.9]

300Hz Harmonic

After rectifying three-phase AC voltage from the rectifiers, the DC voltage on the DC
bus has 6" pulses in one fundamental period (50Hz), which the frequency is 300Hz.
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Figure 5.9: Harmonics in the experimental rig

Furthermore, the branch impedance is nearly zero at 300Hz due to the resonance of
the branch inductor and capacitor. Therefore, the left branch forms part of the load
of the DC bus circuit, of which the impedance is relatively low. Then the 300Hz
pulse on the DC bus can generate a 300Hz current on the left side branch. It will
influence the loop currents of the left branch which are the controlled values. The
reason why the middle and right branches only have a small 300Hz harmonics is that
the impedance of these two loops at 300Hz in Fig[5.9| are higher than the left branch

loop due to the sub-module capacitance.
800Hz harmonic
Assuming the unity power factor of the MMST system, the voltage and current of

the sub-module arm awu are given by (The direction is power outputting direction)

Vtap—au = VDC’ + VAC - sin (Wt) (54)

itap—au - _IDC + jAC - sin (wt)
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Then the instantaneous power of the tap arm aw is given by

Ptap—au = Vtap—au ° itap—au
Vac - Lac
2
+ (VDC Tac — Vac - IDC> - sin (wt)

= —Vpc - Ipc +

~Vac - Iac

5 - cos (2wt) (5.5)

Since there is no net energy exchange in the tap arm aw in one fundamental period,

the average DC and AC power is equal, expressed as

Vac - Lac

Vbe - Ipc = 5

So the instantaneous power is simplified to be

ptapfau - (VDC . jAC — VAC . [DC) - sin (wt)
Vac - 1

The instantaneous energy stored in the sub-module capacitors is given by

1
Ctap—au = /ptap—audt + §nSMCSMVQC—mean

1

2
= §nSMOSMV C—mean

Ve - Lac — Vac - Inc
w

- cos(wt)

—i—% - sin(2wt) (5.7)
where Vo _mean 1S the averaged capacitor voltage over one fundamental period. The
energy stored in sub-module capacitors is related to the capacitor voltage, so ac-
cording to , the sub-module capacitor voltage should contain the nominal DC
voltage, a 400Hz ripple and a 800Hz ripple. The 800Hz current harmonics on the

blocking branches are excited by the 800Hz voltage ripple of the sub-modules [101].

The 300Hz harmonic and 800Hz harmonic can be seen in the waveforms of 740_4u

&iAC—al in Flg 510, iAC—mu & iAC—ml in Flg 5.11 and iAC—bu & iAC—bl in Flg 0.12|
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The 300Hz and 800Hz harmonics in the DC current of DC Grid 1 is the sum of the

300Hz and 800Hz harmonics in three blocking branches, respectively, as shown in

Figp.13|

- ] 10 -

< 10 - ?AC—au < .?AC—au
‘\E/ *IAC—al § .IAC—aI
e 0 ‘ \/ = ‘

= [

5 AV

-10 : : | | = 0
0 0.005 0.01 0.015 0.02 0 04 08 12 16 2
time(s) Frequency (kHz)

(a) (b)

Figure 5.10: Simulation results and the associated spectra of iac_qu & tac—a ()
Waveforms, (b) The DFT analysis.
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Figure 5.11: Simulation results and the associated spectra of iac_my & Tac—mi: (a)
Waveforms, (b) The DET analysis.

16

While discussing deeper on the real HVDC system, the three-phase LCC is possible to
be adopted in the terminals and substations of the HVDC transmission line to sustain
the DC voltage. If the MMST is close to the terminals or the substations, there is
still the possibility of the existence of harmonics in the branch loops. Therefore a

solution of the operation in this case is also proposed and verified in the experiments
of the MMST.
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Figure 5.12: Simulation results and the associated spectra of iac_py & iac_p: (a)
Waveforms, (b) The DFT analysis.
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Figure 5.13: Simulation results and the associated spectra of ipcq: (a) The waveform,
(b) The DFT analysis.

5.4.3 Solution of the Harmonics

Due to the existence of a DC current disturbance on the right branch generated by
the DC voltage ripple on the chopper circuit, as well as the harmonics flowing through
the left and right branches from the DC grid, four loop currents have bad qualities
to be sampled and controlled. In order to eliminate the effect of the harmonics, the
loop currents are calibrated by subtracting the harmonic components. The branch

AC currents are recalculated as follows.

Take the calculation of right side branch currents as an example, the current har-
monics are expressed as

LAC—bu — LAC—bl
2

ihar—b =

(5.8)
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The calibrated branch AC currents are

. . . _ tAC—buttACc—bl __ i

LAC—buw = tAC—bu — Char—b = 2 ) (5 9)
. . . _ tAC—butlAC—bl __ i .
LAC—bl = LAC—bl T lhar—p = =5~ = &

Then the branch AC currents can be simplified to be half of the load current. The
AC currents of the left side branch can be calibrated in this method as well. Then
the sampling of the MMST can also be simplified. Four AC loop currents and four

tap arm currents can be recalculated as
( .

; — g — Ua
LAC—au = YAC—al = 9

LAC—bu = TAC—bl = 5

tap—au = Ua + Ipc
o 2 (5.10)

g

itap—al - 9 = [DC’
. %
Ytap—bu = % + IDC’

, i
| ttap—bl = 2 —Ipc

From , the currents that need to be sampled and controlled can be obtained
from 4;,, 755 and Ipc. The control of the load currents doesn’t influence the steady-
state operation of the MMST. For instance, if the loop currents i 40—, & 1a0_o need
to be controlled to 5A, the 10A load current 7;, will return the equivalent values of
5A. In addition, if i40_4, and isc_u are required to be different values, such as

7A and 3A respectively, the calculation of i4c_4, and i4c_4 can be adjusted to be

LAC—au = 1glia .. . . . . .
. The main influence of this calibration is on the transient state.

LAC—al = Ella
For instance, if the loop current i4c_g, increases 1A, the feedback from i4;, is only

0.5A. The control design for the transient state needs to be adjusted.

5.5 Summary

This chapter has considered the overall design of the experimental platform used

for verifying the feasibility of the two-phase MMST topology and the validity of the
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designed control strategy, including the sub-module design, the emulated DC grid
design, the transducer design and the design of other main components. The specifi-
cations, procedures and some drawbacks of these design are analysed. Furthermore,
the comparison between the experimental design and theoretical design has been
considered. In the case of the existence of the 300Hz harmonic from the emulated
DC grid and the 800Hz harmonic from the MMST itself in the experimental rig ,
the solution, which is to sample the load currents instead of the loop currents, are

analysed.

The start-up of the platform, the experimental results of MMST circuit, the analysis
of the results and the comparison between the experimental and simulation results

will be presented in the next chapter.



Chapter 6

Experimental Results of the

Two-phase MMST

The experiments for the two-phase MMST have been carried out to verify the fea-
sibility of the n-phase MMST and the validity of the designed control strategy. A
7.5kW experimental rig, consisting of a 7.5kW emulated DC grid and a 2kW two-
phase MMST, has been built and introduced in Chapter

In this chapter the start-up, transient-state and the steady-state operation of the ex-
perimental rig has been analysed, and a comparison between the experimental results
and the corresponding simulation results is demonstrated. The start-up mechanism
of the rig, including the anti-windup method and the increasing reference method,
is introduced in Section The comparison between the experimental results and
simulation results of the two-phase MMST under open-loop operation is shown in
Section [6.3] The comparison between the experimental and simulation results of the
two-phase MMST under closed-loop operation and the transient-state experimental

results are given in Section [6.4. The circuit diagram of the experimental platform is
shown in Fig[5.1]

114
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6.1 Start-up of the Experimental Rig

Before the experimental rig operates under the full power rating in steady-state
conditions, the transient-state case, which is the start-up process, needs to be studied
in order to avoid the overshoot and protect the components in the rig. The start-up

mechanism of the DC grid and the MMST is explained as follows.

6.1.1 Start-up of the DC Grid Emulator

Based on the design of the chopper circuit in the DC grid emulator described in
Section [5.3] assuming the switching frequency of the chopper circuit is infinite, the
number of the inserted load resistors ng,, is proportional to the voltage of the

chopper circuit Vonopper, €xpressed as

o VChopper
NRoe =

6.1
Ree - Ipe (6.1)

However, the DC current has the steady-state error when the DC grid is under open-
loop operation. Thus, a DC current control loop is integrated into the modulation
of the chopper circuit to correct the Ipe value in and eliminate the steady-
state error. The PI regulator of DC current can eliminate the steady-state error,
but during start-up the value of the integral term may vary rapidly due to the large
transient error of the DC current. Therefore, an anti-windup scheme is applied to

prevent integrator wind-up in the PI regulator when it is saturated, as shown in

Fig [6.1]

> kp
IDCref + €ldc + kp p IDC T ‘Yo y -~
S + Yol i
- - 0
ipc —
k ( Ne
c M+

Figure 6.1: Schematic diagram of the PI regulator of the DC current
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According to Fig a saturation block is added at the output of the PI regulator
and the difference between the PI output and the output of the saturation block

is fed back into the integral term. The output of the saturation block y is given

by .

Yo ypr>Yo
y=9gyrr —Yo<uypr <Yy (6.2)
Yo yrr < Y

When —Y; < yp; < Yg, vy = ypr and the PI regulator operates normally. When y
exceeds tY), the difference value of y and Y, multiplied by the coefficient k. is fed
back to the value of the integral term. With this anti-windup scheme the output
from the PI regulator is limited to £Y; and the large overshoot of the DC current

during start-up can be prevented.

6.1.2 Start-up of the MMST

It is essential that the sub-module capacitor voltages and branch capacitor voltages
of the MMST are charged to a certain value in the start-up process, otherwise there
will be a surge current due to the high equivalent capacitance of the sub-module

structure [102] and the blocking branches.

There are several pre-charging techniques for the sub-modules on the tap arms. One
method is to insert a resistor between the DC grid and the MMST to suppress the
inrush current, which is adopted by using Rgier in the experiments [103]. Another
method is to precharge the sub-module capacitors initially with no output power
with the propor control [24]. The sub-module capacitor is able to be precharged
only with the control methods [1024|104].

In the experiments a simple and effective precharging method, the increasing ref-
erence method, is applied. All the references, including the sub-module capacitor
voltage reference, the DC grid current reference and the MMST load current refer-

ence, are gradually increased at the same rate and proportion of the DC grid voltage
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variation. This means that the rig operates from low ratings to high ratings during
the start-up process and the capacitors can be gradually charged from the DC grid
energy. The increasing reference method avoids the need for complicated control for
capacitor charging, removes the step change in the transient state which may lead

to the inrush current, and improves the system reliability.

6.1.3 Simulation Results of the Start-up of the Experimental
Rig

The simulation of the start-up of the experimental rig with the anti-windup method
of the DC grid emulator and the increasing reference method of the MMST has been

carried out. The simulation results are shown below.

Fig shows the waveforms of the DC voltage vpe and current ipe of the DC grid
emulator. The instantaneous DC voltage, shown in Fig [6.2(a), increases from 0V
to 650V within 0.2s linearly, and all the references follow the variation of the DC
voltage, i.e. change from 0 to the steady-state values within 0.2s linearly. Fig[6.2(b)
indicates that the instantaneous current of the DC grid, of which the reference varies
from OA to 10A within 0.2s linearly, can be controlled to 10A and has no inrush cur-

rent with the PI regulator and the anti-windup method.

—~600 —~10
% —Vbainst < :
8400 5 i DClnst|
S 200 3
Y 05 _ 1 15 2 D 05 1 15 2
Time (s) Time(s)

(a) (b)

Figure 6.2: Waveforms of start-up process of the DC grid emulator: (a) Waveform
of vpe, (b) Waveform of ipc.

Fig[6.3|and Fig[6.4] demonstrates the sub-module capacitor voltages of four tap arms

in the transient state. The voltage reference increases from 0V to 60V within 0.2s
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linearly. With the mean capacitor voltage control loop implemented, the capacitor
voltages of the tap arm au vy, in Fig[6.3(a), arm al vey in Fig b), arm bu
Vowe in Figl6.4(a) and arm bl vey in Fig 6.4(b) increase gradually and a maximum
12V overshoot (20%) is observed on each capacitor voltage even when the DC grid

voltage rises sharply.

80 80
2 s
% 0 ~—Veau-1 % 20 ~—Vea-1
+— VvV +— VvV
K] Cau-2 o) Cal-2
> 20, *VCau_E > 20’ *vcal—3
*VCau—4 *VCaI—4
0 : 0] :
0 1 15 2 0 05 1 15 2
Time () Time(s)

(a) (b)

Figure 6.3: Waveforms of sub-module capacitor voltages in Phase A of the MMST
during the start-up process: (a) Waveform of vgga,, (b) Waveform of vy
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+— —V + —V
o) Cbu-2 Ie) Chl-2
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0 ‘ ‘ ‘ 0 ‘ ‘ ‘
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Time () Time(s)
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Figure 6.4: Waveforms of sub-module capacitor voltages in Phase B of the MMST
during the start-up process: (a) Waveform of vcy,, (b) Waveform of vey,.

The voltages of branch capacitors in the 6 LC blocking branches are shown in Fig|6.5
The upper and lower blocking capacitors in the left branches, named as vepock—aw and
Vonlock—al TeSpectively, have the average voltages of % = 325V. The upper and

lower blocking capacitors in the middle branches, named as vepock—mu aNd Vopiock—mi
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respectively, have the average voltages of M = 275V. The upper and lower
blocking capacitors in the right branches, named as vepock—p aNd Vopock—p TESPEC-
tively, have the average voltages of w = 225V. The waveforms of top,
middle and bottom curves are vopock—au & Vcbiock—al; VCblock—mu & VCbiock—mi and
Veblock—bu & Voviock—bl, Tespectively. The AC voltages of the capacitors on the middle
branch are twice that of the left and right branches as the AC currents are doubled.
From Fig [6.5] it is clear that the branch capacitors are charged gradually with the
increase of the DC grid voltage, and the overshoot of the capacitor voltages are too

small to influence the normal operation of the MMST.

_V "
300 Cblock-aut
v i
\>./ VCblock al
%200 ~ "Cblock-mui
% 7VCblock—mI
> 100 ~ Veblock-bul
/ VCblock—bl
O' i i i
0 0.5 1 15 2

Time(s)

Figure 6.5: Waveforms of the capacitor voltages of blocking branches of the MMST
during the start-up process (Top curves: vcwock—au & Vobiock—ar; middle curves:
Veblock—mu & Vcblock—mi; DOttOm curves: Vewiock—su & Vebiock—bi)-

In conclusion, the start-up of the rig, with the implementation of anti-windup method
of the DC grid emulator and the increasing reference method of the MMST, can
charge the capacitors in the MMST with relatively low overshoot voltages, avoid
the inrush DC grid current and ensure the normal operation of the rig during the
transient state. The experimental rig can enter into steady-state operation after 1.5s.
The results of the DC grid emulator and the two-phase MMST in the steady-state

operation are shown as follows.
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6.2 Experimental Results of the DC Grid Emula-
tor and the Comparison with Simulation Re-

sults

The emulated DC grid is to provide an operating situation to the MMST in the
lab experiments. The steady-state operation of the DC grid with the anti-windup
method has been described in Section [6.1] The experimental and simulation results
of the DC grid in the steady-state operation, with the MMST operating in the closed-
loop condition at the same time, are shown in Fig[6.6) and Fig

700 ‘ ‘ = 700
— ~ "DClnst )
% —VbcMmean %
3 B0 MmN T 8650
=) =)
S >
600G, 0.05 015 0.2 600, 0.05 015 0.2

0.1
time(s)
(a) (b)

Figure 6.6: Closed-loop experimental and simulation results of the emulated
DC grid voltage vgype: (a) Experimental results of vgype, (b) Simulation results

of vyvpe.
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Figure 6.7: Closed-loop experimental and simulation results of the emulated
DC grid current ipc: (a) Experimental results of ip¢, (b) Simulation results of ipc.

It can be seen from Fig that the DC voltage reaches the required value of 650V
both in the experiments and the simulation. From Fig it’s clear that the DC
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current is controlled to 10A by the PI regulator introduced in Fig[6.1] In addition,

the ripple on the DC voltage and current in the experiments are less than those in

the simulation due to the damping and the equivalent resistance in the experimental
rig.

The experiments for verifying the dynamic response of DC current control are also
carried out. The experimental results with the DC current reference changing from

8A to 10A at 0.2s are shown in Fig[6.8] The DC grid enters into the steady state
within 0.3s.
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Figure 6.8: Waveforms of the DC current

6.3 Experimental Results of the Two-phase MMST
under Open-loop Operation and the Compar-

ison with Simulation Results

To verify the feasibility of the n-phase MMST, the experiments of the two-phase
MMST with the parameters listed in Table [5.1] under open-loop operation have been
carried out, and the comparison with the simulation results has been analysed as

follows.
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6.3.1 Open-loop Results of the Load Currents

The experimental and simulation results of the load currents i;, & i;, under open-loop

operation, and the corresponding DFT analyses, are shown in Fig[6.9] and Fig [6.10]

respectively.

It can be found from Fig[6.9 and Fig that

e The frequencies of the load currents are 400Hz and the phase difference of

ila & ilb is 180°.

e The load currents almost follow the references but a tracking error exists due to
the open-loop operation. The DFT analyses of the load currents show that the
RMS values of i;, & i, are 10.04A and 10.36A because higher voltages of the
sub-module capacitors lead to higher load voltages although the MMST input
power in partly consumed by the losses in the rig. As the loads are resistors

the load voltages are not sampled.

e The total harmonic distortion (THD) of 4;, & iy, are both 3.3%, which indicates

a good output power quality of the modular multilevel structure.

e The simulation results in Fig are quite similar with the experimental
results, which proves the validity of both of them.
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Figure 6.9: Open-loop experimental results and the associated spectra of the
load currents i, & iy: (a) Waveforms, (b) The DFT analysis.
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Figure 6.10: Open-loop simulation results and the associated spectra of the load
currents i, & ip: (a) Waveforms, (b) The DFT analysis.
6.3.2 Open-loop Results of the Sub-module Capacitor Volt-

ages

The experimental and simulation results of capacitor voltages and the mean voltages
of the tap arms awu, al, bu and bl in the open-loop situation are shown in Fig|6.11],
Fig|6.12 Fig and Fig|6.14] respectively.
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%, *VCauz % *VCauz
E’ 40 —Veaus S 40 —Veaws
5 Y 9 Y
> 20 Caud > 20 Caud
_VCauMean *VCauMean
O0 002 004 0.06 0.08 0.1 0O 002 004 006 008 0.1
time(s) time(s)
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Figure 6.11: Open-loop experimental and simulation results of capacitor volt-
ages Uoqy Of the tap arm au: (a) Experimental results, (b) Simulation results.

From Fig to Fig it can be seen that

e The capacitor voltages of each arm can be naturally balanced only with the
rotation method described in Section and no specific control loops are
required for balancing. The mean capacitor voltages of the tap arms au, al,

bu and bl are 67.4V, 68.0V, 67.3V and 67.9V respectively. It is clear that there
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Figure 6.12: Open-loop experimental and simulation results of capacitor volt-
ages voq of the tap arm al: (a) Experimental results, (b) Simulation results.
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Figure 6.13: Open-loop experimental and simulation results of capacitor volt-
ages Uopy Of the tap arm bu: (a) Experimental results, (b) Simulation results.

are errors when compared with the reference value of 60V. The mean voltages

of four tap arms in the simulation are close to those in the experiments.

e The 400Hz ripple on the capacitor voltages results from the fundamental AC
current which charges and discharges the capacitors. The average voltage ripple
of all the capacitors is 8V, £6% of the mean capacitor voltage, which is similar
to the 6V ripple (£4.5%) found in the simulation. The ripple in the experiments
and the simulation is larger than the £5% ripple in theory in that the switching
frequency of the MMST is not high enough to guarantee a high balancing speed

when the modulation wave is near the peak values.
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Figure 6.14: Open-loop experimental and simulation results of capacitor volt-
ages vop of the tap arm bl: (a) Experimental results, (b) Simulation results.

6.3.3 Open-loop Results of the Tap Arm Voltages and Cur-

rents

Open-loop Results of Upper Tap Arm Voltages

The experimental and simulation results of the voltages vigp—qu & Viap—pu Of tap

arms au and bu under open-loop operation are shown in Fig and Fig

respectively.
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Figure 6.15: Open-loop experimental results and the associated spectra of the

voltages Vigp—au & UVpap—py Of tap arms aw and bu: (a) Waveforms, (b) The DFT
analysis.

From Fig and Fig it can be found that

e The tap arm voltages Vigp—qu & Vigp—py consist of DC components and AC

components. The DC bias voltages of viap—qu & Vigp—pu are 54.9V and 56.9V
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Figure 6.16: Open-loop simulation results and the associated spectra of the
voltages Vigp—au & Vigp—pu Of tap arms aw and bu: (a) Waveforms, (b) The DFT

analysis.

respectively, which are higher than the reference value of 50V. The RMS AC
voltages of Vigp—qu & Vigp—py are 108.3V and 109.6V respectively, which are
higher than the reference value of 100V. This is because the capacitor voltages

are higher than the reference value under open-loop operation.

The tap voltage waveforms from the experiments have several spikes in one
fundamental period, which may occur only at the start of the switching pe-
riod. This is because, for instance, the number of the inserted sub-modules
is unchanged at 3, then there may be no sub-module switching on or off, or
may be one sub-module switching on and one sub-module switching off based
on the rotation method. Therefore in the second circumstance the sub-module
number drops to 2 and jumps back to 3 very shortly because of the dead time
of the IGBTs. The dead time for the rig is 1us, so the one sub-module is
switched off at 1us before the start of the switching period and the other one
is switched on at 1us after. Therefore the spike is approximately 2us. In the
simulation the spike won’t appear due to the zero dead time required for ideal

switches.

Open-loop Results of Lower Tap Arm Voltages

The experimental and simulation results of the voltages vi4p—qi & Vigp—pi of the tap

arms al and bl under open-loop operation are shown in Fig and Fig re-

spectively.
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Figure 6.17: Open-loop experimental results and the associated spectra of the

voltages Uiap—a & Vigp—m Of tap arms al and bl: (a) Waveforms, (b) The DFT
analysis.
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Figure 6.18: Open-loop simulation results and the associated spectra of the

voltages Uiap—ai & Vigp—m Of tap arms al and bl: (a) Waveforms, (b) The DFT
analysis.

From Fig and Fig it can be seen that the tap arm voltages vigp—a & Viap—ui
also consist of the DC components and AC components. The DC bias voltages
of Vigp—ai & Viap—w are 55.0V and 55.2V respectively. The RMS AC voltages of
Vtap—au & Vpap—py are 112.4V and 112.0V respectively. The AC and DC components
of Viap—al & Viap—pi are higher than the reference values since the sub-module capacitor
voltages are higher than the reference value. The simulation results in Fig [6.16] and
Fig[6.18 are very similar to the experimental results shown in Fig[6.15] and Fig[6.17

which indicates that the simulation results are correct and the experimental rig is

operating normally.
Open-loop Results of Upper Tap Arm Currents

The experimental and simulation results of the currents iy4p—qu & %tqp—py Of tap arms
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au and bu under open-loop operation are shown in Fig and Fig respectively.

It can be concluded from Fig and Fig that the tap arm currents t;4p—qs
& dtgp—pu both consist of the DC components and the AC components. The DC
components are the 10A DC grid current. The AC components include the funda-
mental loop currents (which have a 180° phase shift with each other and the RMS
values are approximately 5A) and the 800Hz harmonics. Based on the harmonic
analysis of the experimental rig in Section [5.4] there are nearly no 300Hz harmon-
ics in tap—qu & Ttap—pu, and the 800Hz harmonics can be observed. In addition,
comparing Fig and Fig [6.20] the waveforms and the component magnitudes of
Utap—au & Ttap—by 1 the experiments and the simulation are very close, proving that
both of the results are correct. The waveforms for is4p—q; & %1qp—n Of the tap arms

al and bl are not given but show similar results.
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Figure 6.19: Open-loop experimental results and the associated spectra of the

currents igp—qu & Grap—py Of tap arms auw and bu: (a) Waveforms, (b) The DFT
analysis.

6.4 Experimental Results of the Two-phase MMST
under Closed-loop Operation and the Com-

parison with Simulation Results

To verify the validity of the control strategy of the n-phase MMST introduced in
Chapter [ the experiments of the two-phase MMST under closed-loop operation
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Figure 6.20: Open-loop simulation results and the associated spectra of the

currents 4ap—au & %tap—tw Of tap arms au and bu: (a) Waveforms, (b) The DFT
analysis.

with the modified sampling method from Section [5.4 have been carried out. And the

comparison with the simulation results has been analysed.

6.4.1 Closed-loop Results of the Load Currents

The experimental and simulation results of the load currents i;, & 4;, under closed-

loop operation are shown in Fig|6.21| and Fig [6.22] respectively.
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Figure 6.21: Closed-loop experimental results and the associated spectra of the
load currents i, & iy: (a) Waveforms, (b) The DFT analysis.

It can be found from Fig and Fig that

e Comparing between Fig and Fig [6.21] the instantaneous load currents
tarnst & st of the MMST follow the references ijqrer & iprey perfectly

under closed-loop operation and that the steady-state errors are eliminated.
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Figure 6.22: Closed-loop simulation results and the associated spectra of the
load currents 4, & ip: (a) Waveforms, (b) The DFT analysis.

The frequencies of the load currents are 400Hz and the phase difference between

ila & ilb is 180°.

e From the DFT analyses of the load currents in Fig [6.21|b), the RMS values
of i;, & 15 are both 10A. The THD of 4, & iy are 3.7% and 4.0% respec-
tively, lower than the open-loop output quality due to lower magnitudes of the

fundamental waves.

e The load current waveforms and the DFT results indicate that the inner current

control loops are operating correctly.

e The experimental results in Fig and the simulation results in Fig|6.22] are

nearly identical, which proves the validity of these results.

The experiments for verifying the dynamic response of the loop current control are
also carried out. In the experiments the time constant of the PR regulator 7pg is
set to be bms which gives the coefficients of the PR regulator as k,_5,,=0.3 and
ky—1,.=30 based on the analysis in Section and the experimental parameters
listed in Table Bl

Fig[6.23] shows the waveforms of the load currents with the current reference varying
from 4A to H5A at 0.04s. The settling time of the transient response for the second-
order system is approximately 43ms with a 2% criterion. Therefore the time constant
of the inner current control loop from the experimental results is 7pr = %le.Sms,

which is twice of the designed 7pr. The time constant in the experiments is accept-
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able due to a possible higher branch resistance in the rig.
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Figure 6.23: Waveforms of the load currents in the transient state

6.4.2 Closed-loop Results of the Sub-module Capacitor Volt-
ages

The experimental and simulation results of the capacitor voltages and mean voltages

of the tap arms aw, al, bu and bl under closed-loop operation are shown in Fig|6.24
Fig[6.25] Fig and Fig[6.27] respectively.
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Figure 6.24: Closed-loop experimental and simulation results of capacitor
voltages voq, of the tap arm aw: (a) Experimental results, (b) Simulation results.

From Fig[6.241-Fig [6.27] it can be seen that
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Figure 6.25: Closed-loop experimental and simulation results of capacitor
voltages vog of the tap arm al: (a) Experimental results, (b) Simulation results.
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Figure 6.26: Closed-loop experimental and simulation results of capacitor
voltages vop, of the tap arm bu: (a) Experimental results, (b) Simulation results.

e The capacitor voltages of each tap arm can be balanced with the rotation
method. The mean capacitor voltage of each tap arm can be controlled to the

reference value of 60V.

e The average voltage ripple on each capacitor in the experiments is 7V, 11% of
the mean capacitor voltage, which is close to that observed under open-loop
operation. The percentage is larger than the designed 5% ripple, the reason

of which is the same as that under open-loop operation.

The dynamic experiments of the mean capacitor voltage loop are also carried out.
The time constant of the PI regulator 7y, is set to be 10ms which means the mean

capacitor voltage loop responses slower than the current loop. Then the parameters
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Figure 6.27: Closed-loop experimental and simulation results of capacitor
voltages vop of the tap arm bl: (a) Experimental results, (b) Simulation results.

of the PI regulator is k,_y.=18 and k;_y,=20 based on the analysis in Section
and the experimental parameters listed in Table [5.1]

Fig [6.28 shows the waveforms of the capacitor voltages with the voltage reference
varying from 60V to 70V at 0.05s. The response of the mean capacitor voltage
control loop (first-order system) takes approximately 52ms to reach the 98% of the
reference value. This indicates that the the time constant of the mean capacitor

voltage regulator is 7y, = %zli%ms, which is close to the designed time constant.
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Figure 6.28: Waveforms of the sub-module capacitor voltages
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6.4.3 Closed-loop Results of the Tap Arm Voltages and Cur-

rents

Closed-loop Results of Upper Tap Arm Voltages

The experimental and simulation results of the voltages vigp—au & Vigp—py Of the tap

arms aw and bu under closed-loop operation are shown in Fig and Fig
respectively.

30 ‘ ‘ ‘ ‘ ‘
S 200 *Vtap—au— 31507 .Vtap—au
% 100G 7Vtap—bu § 100 .Vtap—bu
= 0 =
(@] 50, o
> -100 i g J

0 2 4 6 0 04 08 12 16 2

time(s) %103 Frequency(kHz)

(a) (b)

Figure 6.29: Closed-loop experimental results and the associated spectra of the

voltages Vtgp—au & Vigp—pu Of tap arms aw and bu: (a) Waveforms, (b) The DFT
analysis.
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Figure 6.30: Closed-loop simulation results and the associated spectra of the

voltages Vtgp—au & Vtap—py Of tap arms aw and bu: (a) Waveforms, (b) The DFT
analysis.

From Fig and Fig it can be found that

e The tap arm voltages vVigp—qu & Viap—pu consist of the DC components and AC

components. The DC bias voltages of vi4p—qu & Vigp—pu are 54.1V and 55.9V
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respectively, which are higher than the reference value of 50V. The RMS AC
voltages of Vgp—qu & Vtgp—py are 103.4V and 105.2V respectively, which are
higher than the reference value of 100V. The errors between the measured
values and the reference values occur because the DC power inserted into each
tap arm is equal to the load power plus the power losses of sub-modules and
the LC branches, and the AC load power is controlled to be the reference value
by the inner current loops. The power losses lead to a higher DC input power
of the tap arm, which results in higher DC and AC tap voltages. The errors
between the voltage components of two tap arms come from the uncontrolled

power balance of the two arms.

e The tap voltage waveforms from the experiments have several spikes in one
fundamental period, which, as analysed in Section [6.3] results from the rotation

method and the dead time.
Closed-loop Results of Lower Tap Arm Voltages

The experimental and simulation results of the voltages vi4p—ai & Vigp—pi of the tap

arms al and bl under closed-loop operation are shown in Fig [6.31] and Fig [6.32

respectively.
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Figure 6.31: Closed-loop experimental results and the associated spectra of

the voltages vigp—ar & Vtgp—p Of tap arms al and bl: (a) Waveforms, (b) The DEFT
analysis.

From Fig[6.31]and Fig[6.32]it can be seen that the DC bias voltages of viap—ar & Viap—i
are 55.8V and 56.5V respectively. The RMS AC voltages of Vigp—qu & Vigp—py are
107.8V and 109.8V respectively. The simulation results in Fig |6.30] and Fig [6.32
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Figure 6.32: Closed-loop simulation results and the associated spectra of the

voltages Uap—ai & Vigp—m Of tap arms al and bl: (a) Waveforms, (b) The DFT
analysis.

are nearly identical with the experimental results in Fig and Fig which
indicates that the simulation results are correct and the experimental rig operates

as expected.

Based on the data in Fig [6.29 and Fig [6.31], the efficiency of the two-phase MMST
under closed-loop operation of the experiments can be estimated as

= 90%
Inc - (Voe—au + Voo—a + Voo—ou + Vbo—ul) ’

Nclosed =

The efficiency can be improved by decreasing the switching frequency but the output
characteristics would be worse. In the simulation of the two-phase MMST, the power
loss of one IGBT module is Piss—one=12W, as mentioned in Section [5.2] If only
counting the power losses of the IGBTs and ignoring the resistive losses in the rig,
the efficiency can be estimated to be

B

= 91.3%
Pl + 2nph *Nsm e Plossfone ’

Nsimu =
which is close to the estimated efficiency in the experiments.
Closed-loop Results of Upper Tap Arm Currents

The experimental and simulation results of the currents %ip—qu & Z1gp—py Of tap
arms au and bu under closed-loop operation are shown in Fig [6.33] and Fig
respectively.

From Fig[6.33] and Fig it can be concluded that
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Figure 6.33: Closed-loop experimental results and the associated spectra of the

currents 4ap—au & %tap—tw Of tap arms au and bu: (a) Waveforms, (b) The DFT
analysis.
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Figure 6.34: Closed-loop simulation results and the associated spectra of the

currents fap—qu & Ggap—y Of tap arms aw and bu: (a) Waveforms, (b) The DFT
analysis.

e Both of the tap arm currents i;4p—qy & %tap—ty consist of the DC components
and AC components. The DC components are the 10A DC grid current. The

AC components here include fundamental loop currents, 800Hz harmonics and

other higher order harmonics.

e Comparing Fig [6.33] and Fig [6.34] the waveforms of iy4p—qu & itap—pu in the
experiments and the simulation looks different but the difference in magnitudes

for the components from the DFT analysis are almost identical.



6.5. SUMMARY 138

6.5 Summary

In this chapter the start-up, transient-state and the steady-state operation of the
experimental rig have been analysed and the experimental and simulation results
have been presented. Firstly, during the start-up the anti-windup method of the DC
grid emulator and the increasing reference method of the two-phase MMST have
been implemented and the overshoot of the DC current and the capacitor voltages
are relatively small. Secondly, in the steady state the experimental results of the DC
grid emulator and the MMST under open-loop and closed-loop operation have been
shown, and the comparison with the simulation results have been provided. The re-
sults show that the experimental MMST operates well, and that the controlled values
follow the given references. Thirdly, in the transient state the dynamic response of
the control loops can match the theoretical design. According to the results and the
comparison, the feasibility of the experimental two-phase MMST has been verified
both by the simulation and the experiments, and the validity of the control strategies
has been proved by the comparison between the transient experimental results. In
conclusion, with the simulation and experimental results of the two-phase MMST,
the feasibility of the n-phase MMST and the validity of the control strategies have

been verified.



Chapter 7

Conclusion

7.1 Conclusion

The thesis proposes a novel n-phase multi-modular series HVDC tap and a corre-
sponding control strategy. The theoretical analysis, simulation and experimental

verification of the n-phase MMST has been provided.

HVDC transmission has advantages for long-distance bulk-power transmission, which
is beneficial to optimise the allocation of natural resources and decrease the consump-
tion of the energy transportation. Connecting the small remote communities to the

HVDC transmission line using an HVDC tap would be beneficial.

Until now various HVDC taps have been proposed, among which the series taps are
advantageous in the application of acquiring small amount of power. Considering
the development tendencies of power electronics converters in parallel taps, the 34
generation of series taps with a modular multilevel structure, such as a series MMC,
could solve the problems of large harmonics injection into the HVDC network and
difficult synchronous operation of series semiconductor devices in conventional series
taps. However, the HV rated transformer is still necessary for isolation. An n-phase
MMST is proposed to remove the need for the transformer and fully utilise the
capability of full-bridge sub-module arms.

139
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As described in Chapter [3, the n-phase MMST topology replaces the high-voltage
isolation transformer with LC blocking branches, reducing the design difficulty of
the high-voltage decoupling components in conventional series taps. Furthermore,
it utilises the AC output capability of full-bridge sub-modules to generate the AC
voltage to the load. With the DC bias voltage added on the arm voltage, the injected
DC power is equal to the outflowing AC power and the net energy exchange is zero.
The topology can be designed mainly by the power, voltage and current ratings, the
number of phases and the current-carrying capability of the sub-modules. A 20MW,
10kV two-phase MMST operating at 300Hz basically needs 80 sub-modules with a
2kV, 3.07mF capacitor inside each one, 6 42.7mH branch inductors and 900 2kV,
1mF blocking capacitors. The semiconductor power loss of this MMST is 288.7kW
under 6kHz switching frequency. The inductor power losses of the two-phase MMST
is 325.4kW under 300Hz operating frequency. The power losses of the semiconductor
devices and the inductors yields a percentage of 3.07% comparing to the power rating

of the two-phase MMST.

The control strategy of an n-phase MMST has been proposed and verified in a PLECS
simulation. As introduced in Chapter [ with the inner loop current control, mean
capacitor voltage control and outer DC link voltage control, the two-phase MMST
can operate effectively in the idealised HVDC system. The controlled values follow

the references and the steady-state errors can be eliminated.

The topology and control design for the MMST with the ideal AC loads in the ideal
HVDC system have been analysed. Nonetheless in the real application the harmonics
at the frequencies similar with the MMST’s fundamental frequency would possibly
appear, overlaying on the sampled controlled values and then disturbing the control
loops. However, the harmonics lightly influences the output power quality and the
could probably be filtered by the cable. In addition, in MMC the sub-module arm
currents are mainly sampled for the 2°¢ harmonic suppression. Therefore, mainly
focusing on the output characteristics of the MMST and ignoring the influence of
harmonics, a new sampling variable avoiding the harmonic disturbance in the control

loops is proposed. The load currents and the DC line current are sampled and the
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arm and loop currents are calculated from these values. These new sampling variables

have no difference with the typical sampling variables in the steady-state operation.

The experiments for further proving the feasibility of the n-phase MMST and validity
of the proposed control strategy have been carried out. The experimental rig of
the two-phase MMST with the scaled-down parameters has been built in the lab.
The detailed design procedure for the rig has been given. The experiments of the
two-phase MMST under open- and closed-loop operation have been carried out. The
experimental results and the simulation results with the same circuit and parameters
have been compared. In the closed-loop experiments the load current per phase can
follow the reference at 10A, the mean capacitor voltage of each tap arm can follow
the reference at 60V and the capacitor voltages can be balanced. The simulation
results closely match with the experimental results, verifying the correctness of both

results.

In conclusion, an n-phase MMST which realises the utilisation of the modular mul-
tilevel structure in the series tap, removes the need for an HV rated isolation trans-
former, injects few harmonics into the HVDC network and avoids the adoption of
series-connected semiconductor devices is proposed. The corresponding control strat-
egy is introduced. The feasibility of an n-phase MMST and the applicability of the
presented control strategy for an n-phase MMST are verified through simulation

studies and experiments.

7.2 Future Works

In the future the research of the n-phase MMST can focus on the following points.

1. Optimise the topology design of the n-phase MMST. For instance, the inductors
in the blocking branches may be moved to the load branch in each phase, in
series with the load. Then the branch inductors can be removed and the value
of the load branch inductor may be identical with the original branch inductor,

reducing the inductor number from 4 to 1. The feasibility of the new topology
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needs to be verified. Also there are various other topologies of the MMST that

can be researched and proposed.

2. Carry out the dq current control loop and the corresponding control loops
specifically for the three-phase MMST. The three-phase systems are most
widely accepted in the power networks, which may lead to an extensive ap-
plication of the three-phase MMST. Therefore an optimised control strategy
simplifying 6 individual loops for 6 tap arms to 2 control loops for upper three

arms and lower three arms could be beneficial.

3. Combine the MMSTs with the odd and even number of phases based on the
new sampling variables. The main reason for separating the MMST topology
by the odd and even number of phases is the difficulty to acquire the currents
of each loop individually from the combined branch. But the loop currents
are not necessary if adopting the new sampling variables. Therefore combining
the MMST topologies of odd and even numbers of phases are feasible. The

potential for this combination needs to be verified.

4. Solve the harmonic problems in the MMST. The fundamental harmonic in each
branch of the two-phase MMST can be obtained from the upper and lower loop
currents of each phase. The algorithm of suppressing the harmonics may be
developed and the comparison between the control effects of this method and

the new sampling variables can be achieved.

5. Develop the second-stage circuit for the n-phase MMST. For example, the
concept of using a CHB converter in the DC/AC part of the second stage may

present many advantages.

6. Compare the modular multilevel based parallel tap and the MMST with the

investment and losses.



Appendix A

Net Energy Analysis of N-phase
Series Tap

Technically the sub-modules in n-phase series tap cannot store or release energy con-
tinuously in order to keep the capacitor voltage constant. The net energy exchange
of sub-modules is the integral of power in one period. And the power equals to
the product of the voltage and current of the sub-modules, which is given in (3.1
and (3.3). The detailed derivation is given by

Ptap—i = Vtap—i * itap—i
~ ) 2T . A ) 2
= Vpe + Vac—i - sin(wt + — 1) | - | Ipc + Lac—i - sin(wt + — - i+ 0)
Noph Niph
Viac—i - Tac—; - cost
2

A 2
+VDC'IAC—1' - sin (wt+—7T l+9>
Nph

= Vpe - Ipc +

A 2
+Ipc - Vac—i- sin(wt + Rl Z)
Nph

A . 4
_VAC—i : ]AC—i : COS(th + —7T -1+ Q) (Al)
Npn

where n,, is thedesired number of phases in the tap, ¢ is the specific phase number,

6 is the phase difference of source voltage and current. ¢;,,—; is the tap AC current
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of phase i, Ipc is the DC current of HVDC line, v4,,_; is tap AC voltage, and Vpe
is the DC bias voltage that the sub-modules should generate.

If energy change etqp—; = f Diap—idt in one fundamental period is zero, the DC com-

ponent of py,,—; needs to be 0. So

Viac—i - Lac_i - cost)
Voo = — A2
oo Jac. (A2)

If the tap is operating at unity power factor, # = 0, then

/ - I —i
Voo = — vAc—i - Lac—i (A.3)

2Ipc
Based on ({A.3)), the DC bias voltage can be calculated and put into control system.



Appendix B

Characteristics of the IGBT
Module Used in the Theoretical
Analysis

Figure [B.1] shows the conduction and switching characteristics of the MITSUBISHI
CM1200HG-66H HVIGBT module [105]. Values of IGBTS' voltage drop values are
based on the Vg = 15V, T; = 25°C' curve, and the diodes’ values are based on the
T; = 25°C curve.

The conduction loss of one IGBT p;apr—_one from Figure (a), The conduction loss
of one diode pgioge_one from Figure (b) and the switching loss energy e, efy
and e,.. from Figure (C) are the curves in the figure which need to transfer to the

formulas utilising the curve fitting method. The results of the curve fitting are given

145



APPENDIX B. CHARACTERISTICS OF THE IGBT MODULE USED IN THE

2400 . 2400 T 3 T T T
Ti=135°C / Ve = 1650V, VGE = +15V o0
R = 1.6Q, T = 125°C
2000 VGE = 20V / 2000 [t 2.5 Inductive load
[AEEEE / =
=< VGE = 15V _ [
e | I = 2
1600 1 N
& Ve = 12V / £ 160 g 2 Eot
4 77 & 5] 4
= VGE = 10V I ] /
/ o 7 w
O 1200 7 I > 1200 Z 15 A
g VGE = 8V o / g
5 A i z
o 1//4 E 5 7
- 800 S 800 ° 1
Q f w s —1 Erec
8] = L—
2] / 14
400 400 05— a
S — Tj=25°C
o P ---Ti=125C .
0 1 2 3 4 5 6 0 ] > 3 7 5 r 0 400 800 1200 1600 2000 2400
COLLECTOR-EMITTER VOLTAGE (V) EMITTER-COLLEGTOR VOLTAGE (V) COLLECTOR CURRENT (A)
(a) (b) (c)

Figure B.1: IGBT & Diode Characteristics from the Datasheet: (a) IGBT output
characteristics, (b) Diode forward characteristics, (¢) Switching energy characteris-
tics.

in (B.1]).

(

PIGBT—one(io) = |io| - (0.0003759 |ig| + 0.06981+/[io| + 0.744)
Piode—one(i0) = lio] - (0.0002018 |ig| + 0.06075+/Ji| + 0.3572)

eon(io, vigpr) = (1.1875 [ig| + 0.1875) - “GBL B.1)

eos(io, vignr) = (0.2505i0” — lio|* + 1.93 |ig| + 0.2505) - “cBr

| €rec(io, vigar) = (—0.2263i|* + 0.9129 [io| + 0.1337) - “GEr




Appendix C

The Damping in LC Blocking
Branch

C.1 Theoretical Analysis of LR Damping Branch

The design of the LC blocking branch requires to be adequately damped, preventing
transients and disturbances in the sub-module strings, attaining the desired attenua-
tion as well. [85] Figure shows three commonly used damping methods, including
LR parallel damping (Figure [C.1j(a)), CR parallel damping (Figure [C.1[b)) and LR
series damping (Figure [C.1](c)). The LC parallel damping is put into detailed anal-

ysis.

In this circuit, the transfer function between the load voltage V; and the tap arm volt-
age Vi is difficult to figure out, so the analysis is mainly focused on the impedance

of the LC branch with damping. The impedance in frequency-domain is given by

1
A = — jw L jwl R
0 ijerJw AlGwLy 4 Ry)

B LfQ'Rf'WQ
R+ (L + Ly)? - w?

1 Ly R w+ L Ly-w®+ L L - w?
wCy Ry® + (Ly+ Ly)* - w?

+i(=
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Figure C.1: Three approachs for damping the LC filter: (a) LR parallel damping,
(b) CR parallel damping, (¢) LR series damping.

For the convenience of the analysis, assume
( L Q‘R 2
_ foRpw

R +(Ly+Lp)*w?

Im(Zy) =274

Re (Zy)

= Requiv

equiv

1
+ wC'y

Zhgus =2 1 (C.2)

equiv equiv

ZLf = wa
ZLb = wLb
So
4 ZLf2~Rf

Requiv =~ 2
equivy Rf2+(ZLf+ZLb)2
. ZLf'Rf2+ZLf2'ZLb+ZLf'ZLb2

ZL v 2
L equiv Rf2+(ZLf +ZLb)
After simplification

2 2
ZL 2 2 ZL 2
(Rf - 2Requ) + (ZLb + ZLf) = (zRequ>

(C.3)

Z A

2 2
2
R 2 + ZL _ ZLf'<2ZLequi'u_ZLf) — ZLf.(zzLequiv_ZLf> ZLequi'u'ZLf — f
f b 2(ZL,—ZL 27, — 71, Zr,—2Z5, .
f f f equiv

equiv ) equiv )

(C.4)
The reason of simplifying to (C.4) is that the relationship among Ry, Z1, and Requiv,
Zr needs to be found, and the solutions of the equation, which are Ry and 7y,

equiv

4(ZLf _ZLequi’u )2
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need to be obtained. If Ry and Z;, are treated as unknown quantities, Z, . Requiv,
Zequiv are treated as known quantities, these equations can be drawn to two circles
in one coordinate system, in which x-axis is R and y-axis is Zy,. So the coordinates
of their intersections are the solutions of . This method can give some guidance
of the relationship among all the components in the LC damping branch, as well as
some significance of Ry and Z;, value selection. Figure shows the graph of Ry

and Zp, equations.

AZ,

Figure C.2: Graph of Ry and Z;,

In Figure [C.2] point C' is the intersection of O, circle and y-axis. The position of C
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needs to be figured out first.

p

COy= 4
‘o 2(ZL.f_(ZLequiv) |
Zr,.\2Z5 . . —Z5,
OO — f equiv f C5
? < 2<ZLf_ZLequiv) > ( )
Zr ~<2ZL - ) A
DO, = L S T R A IR T i E—
\ 2 < 2(Z[’f 7ZLequiv ) ) Lf 2<ZLf 7ZLequiv)

. B, C"and D are the same points. One of the intersections of

{ COy = DO,
So

COQ > 002
two circles is B(0, —Zy,). The modified graph is shown in Figure .

There are two intersections of two circles, A and B. It is obvious that the coordinate
of intersection B cannot be used as the values of Ry and Z,. So point A is the only
one that is useful for Ry & L; value selection. Generally there are some guidance for

value selection of Ry and Zp,:

e Given the cost and power, the value of Zr, is better to be lower than Z7,,, but

above zero.
® Requiv is better to be low, in order to reduce the power loss of the LC branch.

It can be seen that the abscissa of O, is increasing when Rqy, reduces. But when
R.quv reduces, the ordinate of point A is increasing. Then if Z;, is kept to be low, a
bigger circle O) is needed to decrease the ordinate of point A, which means a larger

radius of circle Oy is needed. Because point B has been set, the ordinate of Os,
ZLf'<2ZLeqM,¢—ZLf)
2(Z1,-2Z1

) needs to be higher in order to increase the radius of circle Os.
equiv

Since the operating frequency is higher than the LC resonant frequency, 7z, is larger

than ﬁ at the operating frequency. Therefore, there is a difference between Zp,,
1 .

and E And if ZL

A is in fourth quadrant. The ordinate of point A is minus, which is not a suitable

is larger than Zp ., the ordinate of Oy is minus and point

equiv

value for Zr,. So
ﬁ@ff<ZL <ZLf@ff

0< Z' by < (70, = 5 ) O

equiv

(C.6)
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R¢

Figure C.3: Modified graph of Ry and Z,

Zr .-(22 =7
If 2L (22t equin=21y) needs to be high, 77,
Q(ZLf_ZLequiv)

than Z7,. After some geometrical analysis of (C.4), some guidance can be concluded

can be selected to be near Zy, ., but lower

equiv

if seen conversely:

e In a reasonable range, no matter what L, & Ry values are, the equivalent

impedance of the LC branch with damping (7', won’t be larger than the

equiv )

impedance of LC branch without damping((Z Ly — %@) Qfy).

e In order to reduce the equivalent resistance of the LC branch with damping
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(to reduce the power loss on the equivalent resistance), the reactance of Ry
should be much larger than that of L;. The value of Ry can be determined by

the maximum power losses of the MMST.

e The equivalent resistance of the LC branch with damping (Requiy) is mainly

influenced by R;. The larger the R; value is, the smaller the R.g,;, value is.

e The equivalent inductance of the LC branch with damping is determined by
Ry & Ly. The reactance of Ry is relatively large compared with Z7,. So
once Ry is set, the value of L is not the vital one to influence the impedance

characteristics.

C.2 Example of LR Damping Design for South
West Link

Based on the analysis above, the selection of Ry & L; values can follow the steps of:
1. Reguiv can be determined by the desired maximum power losses.
2. A recommended value of 2y can be obtained by the method above.
3. A reasonable L, can be given based on the feasibility in a real application.
4. The equivalent impedance of the LC branch with damping can be obtained.

The specific procedure of the LR damping design for a two-phase MMST in South
West Link is as follows.

The power losses on the LC blocking branches: <1% of the tap power

Ptap
2npp

Vtap
There are 6 LC branches in the two-phase MMST with the double AC current flowing
through the middle branch. Thus the power losses on the middle branch is doubled.

1% : -Ptap
(4 4+ 2x2) - I40°

= 500A

Iy =

=0.1Q

equiv —
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So Ry is set to be 64.8k2, L; is set to be 0.5mH. Then
Ry, = 0.10040

Z'y = 1.4076

equiv

2o = Requiv + $Lequiv = 0.1004 + 51.1076

The LC branch with damping can be seen as a 0.1004() resistor and a 0.59mH

inductor in series. The maximum voltage drop on LC branch:

Vie = |Zo| - Lac = 786V

Vie 786
Vieh = —— =
LT s T 1414 x 108

=5.6%

The parameters are:

Cf = 6.67uF
Ly = 42.7mH
R; = 64.8kQ2
Ly = 0.5mH

C.3 Comparison between LC Branch without and

with Damping

Figure and Figure shows the bode diagrams of the impedance of the LC
branches without and with damping, respectively. It can be seen that the impedance
characteristics of the LC branch improves evidently after adding the LR damping
branch. The LC branch has reasonable impedance at the operating frequency, which
is useful for the loop current control; and relatively high impedance at higher fre-

quencies, which can filter the high frequency harmonics.
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Bode Diagram
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Figure C.4: Bode diagram of the LC branch without damping

C.4 Design Procedure of LC Branch with LR Damp-
ing
1. Determine the number of the blocking capacitors according to the HVDC line

voltage and the nominal voltage of each capacitor.

2. Determine the inductor value of the LC branch according to the required equiv-
alent impedance at operating frequency and ideal voltage drop on the LC

branch.

3. Determine the damping resistor value based on the required maximum power

losses on the LC branches.

4. Select a reasonable damping inductor value and calculate the damping resistor

value.
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Bode Diagram
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Figure C.5: Bode diagram of the LLC branch with RL parallel damping



Appendix D

The Derivation of Equivalent
Stationary Controller for PR
Regulator

In a single-phase system, the synchronous dq transformation cannot be adopted di-
rectly. To date, one of the closest equivalent method is to multiply the reference
signal e(t), in turn, by sine and cosine functions, which are synchronised with the
reference signal, as shown in Fig [89]. This achieves the same effect of trans-
forming the component at the chosen frequency to DC, leaving all other components

as AC quantities.

For example, take a reference signal at the fundamental frequency, as expressed

in (D-1) [92)

e(t) = Egcos(wt + 6p) (D.1)
where w and 6, are the fundamental angular frequency and phase shift, respectively.

Multiplying this by cos(wot) and sin(wgt) gives (D.2]) and (D.3)), respectively.

ec(t) = %[COS(QO) + cos(2wt + 6y)] (D.2)
es(t) = %[m(-@o) 4 sin(2wyt + 6p)] (D.3)
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e(t)

vV
+ +
<
=

Figure D.1: Single-phase equivalent diagram of the stationary PR regulator and the
synchronous PI regulator

It can be seen that the reference signal now appears as DC quantities % cos(fy) and
% sin(—#0p), with the values of amplitude and phase shift. But the complication with
this equivalent single-phase transformation is that it contributes the harmonic terms

at higher frequency terms like cos(2wt 4 6y) and sin(2wqt + 6p).

This is different with three-phase synchronous dq transformation, where an undis-
torted input at a certain frequency contributes only towards the DC term. The
main restriction of most stationary frame linear regulators is that they are not able
to eliminate steady-state error. The three-phase synchronous dq regulator can solve
this problem by eliminating the steady-state error of DC terms in synchronous frame
and transferring them back to AC quantities in the stationary frame. For this kind
of conventional linear regulators, the integral term gives infinite gain at DC terms
and therefore achieves zero steady-state error. The proportional term is mainly re-
sponsible for the transient response speed, so it is independent with the frequency
variation and whether it is implemented into or out of the frequency transformation
is of no consequence. Therefore the proportional and integral term can be analysed
separately. The integral term in low-pass filter Gpc(s) forces the errors of DC am-
Eo

plitude 5 in ec(t) and eg(t) to zero, because of its infinite gain. Then it is more

like a frequency oscillator [106].

The single-phase synchronous frame controller of Fig can be given in the time-
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domain by
v(t) = {le(t) - cos (wt)] * gpc (t)} - cos (wt)
+{[e (t) - sin (wt)] * gpc (t)} - sin (wt) (D.4)

where * signifies a convolution product. Based on Fig[D.I] the primary aim is to get
the transfer function of Gac (s) without the transformation process for stationary

to synchronous frame. So in Laplace domain the system is given by
V(s) = Gac (s)- E(s) (D.5)

To simplify the mathematical derivation, two functions, fo(t) and fs(t), are defined

as

{fo (1) = [e () - cos (wi)] * gpo (¢) D)
fs (t) = [e(t) - sin (wt)] * gpe (1)
Transform to Laplace domain
Fe (s) =lle(t)-cos(wt)] - Gpe (s)
= £Go0 () [B (s + jw) + B (5 — ju)] (D.7)
Fs(s) =l[e(t) - sin (wt)] - Gpe (s)
= 2Coc () [B (s + jw) — B (5 — ju)] (D.8)
Then transform r¢ (t) and rg (t) into Laplace transform
Ro(s)  =1[fc(t)- cos (wt)
= % [Fo (s + jw) + Fo (s — jw)]
= 1Goo (s+ ) [ (s + 2jw) + B (5)]
+ iGDC (s —jw) - [E(s) + E (s — 2jw)] (D.9)
Rs (s) =1[fs(t) - sin (wt)]

- % [Fs (s + jw) — Fs (s — jw)]
_ i{—GDC(s + jw) - [E(s + 2jw) — E(s)]}

+ i{am@ — jw) - [E(s) = E(s — 2j)]} (D.10)
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Thus the output signal in Laplace domain is given by

Vi(s)  =2[Rc(s)+ Rs(s)]
= [Gpc (s + jw) + Gpe (s — jw)] - E (s) (D.11)
Hence
Gac (s) = ;EZ)) = Gpe (s + jw) + Gpe (s — jw) (D.12)

(D.12)) shows the frequency response of AC controller G 4¢ (s) for any given DC con-
troller Gpe (s). This analysis also illustrates that the equivalent diagram can cancel

the double-frequency components generated in the first-stage frequency oscillator.

Considering a conventional integrator Gpc(s) = k,+ %, the equivalent AC regulator

would have an open loop transfer function of

Gacls) =hy + (D.13)
The ideal integral term provides infinite gain but a restricted frequency response.
However in the real application the may have a small frequency difference due to the
errors of the components. To solve this problem, the non-ideal integrator Gpc(s) =

ky + 90 (o < wy is the cutoff frequency) is implemented and gives (D.14)) [91].

s+wco

2k, (wes + we?) 2k, wes
Gac(s) =k, + ~k, + D.14
ac(s) P82+ 2wes + (we? + w?) P82 4 2uwes + w? ( )
The bandwidth of the non-ideal PR regulator can be set with we value appropriately,
which is suitable for the condition of slight frequency variation. In practice, we values

of 5-15rad/s have been found to provide a good compromise [92].

It is noted that there is another AC regulator presented in[107] that gives

2k,w

Cacls) =kt oy

(D.15)

This regulator can also give infinite gain at the frequency wg and hence achieves zero
steady-state error. But the absence of a zero at s = 0 results in a slower transient
performance [89], and a 180° phase shift of this AC regulator leads to a poorer phase
margin [90].



Appendix E

Transducer boards and the

Control Unit in the Experiments

The transducer boards and the control unit used in the experimental rig are intro-

duced here. The design procedure and the parameter selection are presented.

E.1 Transducer Boards

The transducer boards are utilised for sampling the instantaneous values of the
variables in the experimental platform and transmitting them to the control unit.
LV 25-P and LA 55-P are used for voltage and current measurements, respectively,
as shown in Fig [E.1] In total there are 18 voltage signals including 16 sub-module
capacitor voltages and 2 DC grid voltages, and 3 current signals including the DC
grid current and 2 load currents of the MMST.

E.1.1 Current Transducer

The current transducer is used to sense the DC grid current and 2 load currents of

the MMST. The reason why the load currents i, are sampled and controlled rather

160
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Figure E.1: The transducer boards

than the upper and lower loop currents i4¢ is discussed in Section[5.4 A closed-loop
Hall Effect current transducer, LA 55-P, is selected due to its excellent accuracy,
good linearity and high bandwidth [108]. The inner circuit of the LA 55-P current
transducer is shown in Fig[E.2l The conversion ratio inside LA 55P npa55p is 1:1000,
then the measuring resistance Ry and the number of turns on the transducer need

to be calculated.

isample t
+ 0+15V
<] ‘ Is Rwm
T @ M _ O —=—oov
T_ o-15V

Figure E.2: The inner circuit of LA 55-P current transducer

The maximum current that needs to be measured is the load current with the peak
value of 14.1A. Taking the load current 7; as an example, the current measuring
range is 28.3A with a double current safety margin. Therefore, in order to make

almost full use of the current measuring range of LA 55P, which is £70A, 2 turns of
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primary wiring are needed.

The secondary measuring resistance is to transfer the output current signal from the
current transducer to the voltage signal that the FPGA board A2Ds can sample.
The voltage sampling range of the FPGA is +5V. Then the measuring resistance
Ry is calculated as

201 —peak - 2 - npassp - Rm < 5V (E.1)

Then Ry < 88.4€Q. So the 752 measuring resistance is selected. The transducer

design for DC grid current is similar with the design for load currents.

E.1.2 Voltage Transducer

The voltage transducers sample 16 sub-module capacitor voltages and 2 voltages at
the two sides of the MMST on the DC grid. The Hall Effect voltage transducer LV
25-P is selected. Its inner circuit is shown in Fig[E.3] The measured voltage signal is
converted to a current signal by an external resistor R;, and the measuring resistance
Ry is also added to convert the output current signal to the voltage signal at the

FPGA board. The conversion ratio nyyos5p is 2500:1000. R; and Ry are calculated

as follows.
R1
Vsample —l:l—}
oV — +
: 0 +15V

o o] Lim R

2 @ —o——( )0 oV
— o -15V
T

Figure E.3: The inner circuit of LV 25-P voltage transducer

Take the sampling of the sub-module capacitor voltage for example, the nominal
voltage of Vi is 60V. With a double voltage safety margin the voltage sampling

range is 120V. R; acts as a current limiting resistor which prevents the primary
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current exceeding +14mA [109]. Thus the minimum value of Ry is 5oy = 8.5kQ2. A

10k2 MPC series resistor which has a wide operating temperature range is selected.

Using the same calculation method for the measuring resistance Ry; on the current
transducer circuit, the range of Ry in the voltage transducer circuit can be expressed
as

2Ve

—— -nryasp - Ru <5V (E.2)
Ry

Then Ry < 167€2. In this work a 137€2 measuring resistor is selected. The transducer
design for DC grid voltages is similar to the design for the sub-module capacitor

voltages, and is not shown here.

E.2 Control Unit

The control unit consists of 2 TI C6713 development starter kit (DSK) boards, 4
FPGA boards (designed by the PEMC Group, UoN), 2 host post interface daugh-
tercards (HPI) and 2PCs to command the normal operation of the MMST circuit
and the DC grid emulator separately. The reason of using two DSPs is that due to
the different interrupt time of the two systems, two control algorithms need to be
executed within the interrupt time. In order to ensure that both can be executed
in a single sampling period, they are run on different DSKs. In conclusion, the DC
grid emulator occupies 1 DSK for code executing, 1 FPGA for sampling and PWM
generation, and 1 PC for user interaction; the MMST employs 1 DSK, 3 FPGAs
and the other PC. The photograph of the assembled MMST control unit is shown in

Fig[E4]

The DSP on the DSK is a TMS320C6713 with 225MHz clock rates. This DSP
can execute up to 1350 million instructions per second and is suitable for complex

algorithms. The DSK is also the interface of the FPGAs and the HPI.

The FPGA board was originally developed by the PEMC Group in the University
of Nottingham, and it has been proved a very flexible and versatile board in many

other applications [110]. The FPGA chip is a ProASIC3 device with up to one
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Outputs

Drive Board
FPGA Board 1
FPGA Board 2
FPGA Board 3

DSP Board

Host Post
Interface

Figure E.4: The control unit of the experimental MMST

million system gates. In addition, this board contains 10 conditioning circuits and
A2D converters for signal sampling, 10 hardware protection circuits for over-current
and over-voltage protection, 10 optical transmitters for the PWM signal output, and
some connectors and buffers for the communication with the DSK or some other

devices.

The HPI daughtercard can facilitate a bidirectional data transfer between the host
PC and the DSP without interrupting the central processor operation. In addi-

tion, this daughtercard provides an alternative way to download the code to the

DSP [L11).
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