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Abstract

Over 50 countries and regions worldwide have communicated their commitments to net-zero by the
middle of this century. Transportation is responsible for 27% carbon emissions in the UK in 2019.
Railway is recognised as one of the most energy efficient means for travel as well as for freight transport.
However, only 38% of the current railway route is electrified in the UK. Diesel-based internal combustion
engine trains will be phased out in the next decades. Long term plans are necessary for the success
in meeting the 2050 goal. This includes not only electrifying the non-electrified railway network, but
upgrading the existing infrastructure to increase power supply capacity.

The traditional feeder stations in traction power supply systems (TPSS) are based on different
transformers to convert power from the three phase utility grid power to a single phase traction AC
overhead line. Power quality issues such as voltage imbalance and current harmonics exist in the
legacy system, and the neutral sections between each supply phase hinder the evolution of the traction
power network to a fully connected smart network. Furthermore, this type of station does not provide
convenient interfaces for renewable source integration.

The electronic converter based static frequency converter (SFC) has been introduced into the feeder
station construction. This SFC solution can solve most of the power quality issues through its flexible
operation scheme, and RES can be integrated into the SFC based feeder station by altering the converter
topology. The modular multilevel converter (MMC) is viewed as a promising topology for high power
conversion applications. However, the cost of this solution is high at the moment when using SFC to
replace the station transformer.

In this thesis, a MMC is chosen as the primary topology and novel control strategies are developed
to improve its performance. Firstly, the traditional cascaded linear control approach is summarised and
modified to improve the DC power delivery performance. Then model based MMC modelling and its
detailed internal dynamics are analysed for long horizon predictive controller design, which provides
superior transient response speed over conventional approaches.

Regarding railway TPSS, a compensation method for voltage imbalance issue in the V/v transformer
substation is investigated. A simulation platform for AT-based TPSS is then developed to support mobile
traction load analysis under different supply control schemes.

To mitigate the power quality issue with reduced investment, a partial compensation strategy based
MMC cophase scheme is investigated. The proposed design and control method reduces electronic
converter capacity, which provides a hybrid approach for substation design with lower SFC investment.
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To improve the SFC operational performance, a long horizon model predictive controller is designed
for back to back MMC based feeder station, which has optimal performance under the most demanding
load condition.

To integrate the renewable energy generation, wind generation power is coupled at the DC-link of
the back to back MMC substation. A modified MMC control is designed for DC link voltage stability
despite drastic generation/load change.

To improve substation reliability and energy efficiency, batteries are interfaced to each submodule in
the MMC arms. This topology provides greater connection flexibility and operational reliability. The
internal energy for charging and discharging is controlled by MPC under the hierarchical scheme. The
ESS can be charged by utility grid or a train’s regenerative power, and can be discharged for supporting
traction load in grid fault condition.

To fully utilise the freedom of SFC substation control, a power sharing strategy is proposed in the
two SFC stations scenario where two SFCs are collaboratively supplying an AT-network from both ends.
A frequency droop method is designed to assign the optimal power to each SFC. The proposed method
achieves balance in capacity enhancement and transmission loss reduction.

In summary, this thesis presents a comprehensive study on the modelling and control of MMC based
SFC applications for future railway power suppl. The proposed work has the potential of reduction SFC
overall cost by smaller capacity converter and smaller size capacitors. Renewable sources integration
approaches may assist with transforming current TPSS to an eco-friendly and smarter system in the

future.
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Chapter 1

Introduction

1.1 Overview of railway electri cation

1.1.1 AC electri ed railway systems

In the AC powered railway system, the high voltage power source provided by the utility grid is reduced
to a suitable level and is fed to the railway conductors. The frequency standards in AC electric railway
are16§ Hz (Central Europe), 25 Hz (North America), 50 Hz and 60 Hz. The low frequency solutions
are designed in the early 20th century. Countries which developed electri cation after technology
advancement adopted the 50 Hz for single phase railway system. 25kV was chosen to reduce the
transmission losses with longer distance between stations.

AC feeder transformer (7.5 MW to 60 MW) is essential in the conventional substations. Generally
the transformer connects between three phase AC grid (usually from 110 kV to 4Q) kg single
phase overhead line system.

Figure 1.1 shows two typical railway network con gurations: the boost transformer with return
conductor and autotransformer connection. A boost transformer collects the current from the rail and
return it to the conductor. It is used to eliminate the stray current and the disturbance by forcing the
current owing to the “return conductor' as shown in Figure 1.1a. The autotransformer is used to balance
the voltage between the contact line and the earth and then distribute the return current between these
two phases. It provides two phases with 180 degree phase shift with the midpoint connected to the
ground.

Figure 1.2 shows the typical electric multiple unit (EMU) traction drive system. A back-to-back
conversion system is used to drive multiple traction motors. In the braking period, the kinetic energy of
the train are sent back to the contact line. Thanks to the single phase full bridge line converter technology,
the new high speed train can operate at near unity power factor.
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(a) Boost transformer with return conductor

(b) Autotransformer supply

Fig. 1.1 Typical AC railway network con gurations

Fig. 1.2 Traction drive system



1.2 Power converter application in high-speed rail power supply 3

1.1.2 Railway electri cation in the UK

Three types of arrangements are used in Britain's power supply: 25 kV AC overhead line equipment,
1.5kV DC overhead line equipment and 650/750V DC third rail sys@mlhe overhead line standard
is 25kV 50 Hz AC chosen by British Rail in the mid 20th century [3, 4].

The UK government has targeted to remove all diesel trains by 2040 and to meet net-zero carbon
emission target by 205®]. This requires the upgrading of 1/3 of the current trains and infrastructure
[6]. However, without an immediate rolling program for electri cation over the next decades, it will
be extremely challenging to meet these targéjtslph 2021, an open letter was signed by a collective
of railway and freight associations to call on the UK government to implement a program of railway
electri cation [8].

Electri ed railway transportation is an effective way to reduce carbon emission for the UK trans-
portation system. To meet the increasing demands on railway system, high performance trains are
needed which create a need for network capacity enhance8jemb report published by Transport
Committee in March 2021 also stated that “electri cation is the only immediately viable decarbonization
option for most of the network' [10].

According to the data published in 2020, the total route length of the UK's railway system is
15,904 km and 6,049 km of the mainline railway route is now electri ed which accounts for 38% of all
routes P]. To achieve full electri cation by 2050,][1] stated that 13,000 single-track km needed to be
electri ed and this is about 450 single track kilometre (STK) per year from now on.

Although onboard energy storage technology such as chemical batteries and hydrogen are feasible
solutions to abandon the use of petroleum, this type of solutions will consume too much space in the
interior space or add extra weight to the vehicle. Further, the technology maturity has not yet reached
the commercialisation level. Currently, the electri cation using overhead line offers the highest energy
ef ciency solution among other methods [9].

1.2 Power converter application in high-speed rail power supply

So far, the power electronic technologies have become mature for high voltage and high power appli-
cations with the advancement of high power semiconductor switches. Full power electronic converter
based railway traction feeder station has been researched andisEukse power electronic converter
based substations are also named as "static frequency converter (SFC)" in the community and which are
back to back conversion systems.

The power quality issues brought by transformers can be solved in the full converter based substation.
Moreover, the SFC station enables effective feeding of regenerative power back to the grid or other
on-board or line-side stationary storage devices. Because the SFC does not require the support of the
high capacity high voltage utility gridilp], Network Rail estimates that "SFC technology could reduce
the cost of a new feeder station by 60%)].[ Converter-based substations make the connection to a
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weaker utility grid possible, and no neutral zones are needed so that the traction can be supplied by
multiple substations from both ends and the catenary can be lighter [13].

1.2.1 Converter topology

Conventional two level converter topology is usually not used for railway substation purposes due to
its capacity limitation and bulky Iter implementation. Diode clamped multilevel converter, cascaded
H-bridge and modular multilevel converter are often founds in real applications.

Diode clamped multilevel converter One topology used in practice is the diode clamped multilevel
converters and the three level topology has been widely used. Two 3ph 3-level bridges were employed
on the grid side and four 1ph 3-level bridges cascaded for traction side sdgply15] designed a ve

level DCMC back to back converter in a scaled down experiment for solid state transformer substation
concept validation.

Cascaded H-bridges converter One solution is to use multiple full bridge converters in parallel con-
nected to one DC-link and the AC side is coupled by multi-winding transformers. In Japan Shinkansen
electronic frequency converter solution, this topology is used based on the cascaded H-bridge topology.
[16] presented IEGT (4.5kV 2.1 kA) based Electronic Frequency Converter (EFC) system to replace
rotary frequency changer in Shinkansen railyard. Two units are paralleled at one station for total
60 MWVA capacity.

Modular multilevel converter The modular multilevel converter topology has been intensively re-
searched in recent years and has shown its advantages in high voltage direct current (HVDC) transmission
system and high power conversion applicatiohis-R0]. A SFC product based on self-commutated
modular multilevel converters with power level between 12 MVA to 120 MVA was reportellin This
topology is selected as the converter topology in this study.

1.2.2 SFC applications in railway networks
Currently, SFC based railway applications have been built in different countries worldwide with SFC

supplied from some major international companies.

United States Early applications of SFCs can be referred to late 20 centuries. A SFC system was
installed in Philadelphia operated by Southeastern Pennsylvania Transportation Augt®rifyhlyristor
type SFC was used to convert 60 Hz to 25 Hz used back at that time.

Japan InJapan, SFC has been installed in Tsunashima, Nishisagami, and Numazu for energy saving
and less maintenance [23].
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Queensland rail network In Australia, the SFC application was investigated the SFC application
in Queenslandl]. The whole life assessment is considered in new and upgrade projects. Wulkuraka
is one of the new SFC feeder station of Queensland Railway with the capacity of 20 MVA reported in
2015 R4]. Results showed that the SFC technology can reduce operation and maintenance cost while
increasing system ef ciency and reliability [24].

The largest Australia's heavy haul railway operator, Aurizon, commissioned the world rst 50 Hz to
50 Hz SFC installationZ5]. These potential bene ts by introducing SFCs such as harmonic ltering,
load balancing, ef ciency, connection cost reduction are analysed through comparison with RPC, HYDC
and ESS technologie29]. However, the SFC does not offer temporary overload capacity, leading to
implicated protection issue.

Central Europe Switzerland and Germany ha@% Hz railway lines, so the rotating machine method
has been used to convert frequency. SFC has been applied to replace rotary converters [26].

UK The rst application of SFC in the UK is in the project of the "East Coast Power Supply Upgrade'.
The two SFCs installed at Hambleton and Marshall Meadows are both having 132 kV connections and
are expected to reduce cost by 602%][ Recently, a SFC feeder station was commissioned at Doncaster
(UK) which enabled connection with 33kV grid.

1.3 Motivation and thesis structure

1.3.1 Motivation of the work

The motivation of this thesis is to investigate technical solutions to answer some questions about the
future development of electri cation power supply infrastructures.

The MMC topology has been favoured in HVDC power transmission and other high power DC/AC
applications. This thesis selects this topology and plans to improve the conventional control scheme for
the high speed railway applications.

SFC offers high quality and exible power supply, but its main drawBaskigher cost28]. It is
bene cial to incorporate legacy transformer system with power electronic converter to avoid full size
power converter station.

In the future, more renewable sources are likely to be introduced into the SFC supplied railway
network and new operation modes are yet to be developed. The introduction of renewable sources
imposes demand of connection interface. Furthermore, specialised control objectives have to be
considered for traction network power supply.

1SFC is more expensive compared to transformers, but the system cost might be lower because of the exibility in the grid
connection.
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The current SFC stations connected in the same network are operated in synchronised mode without
active control. There are controllable freedoms in fully SFC supplied network system which needs
further discussions.

To address the above-mentioned four aspects, related research objectives are designed in the thesis
as listed below.

1. Investigate the modular multilevel converter modelling and control aspects for high power traction
network power supply application. Conduct detailed analysis of MMC internal dynamics for
modelling and control. Build the simulation model of an MMC based SFC railway substation and
its control system for various applications. Improve control performance of the MMC based SFC
station by using modifying conventional control structure and adopting new control methods.

2. Investigate a hybrid supply structure to reduce the required capacity of the power electronic
converter so that the infrastructure cost can be kept down. The solution should guarantee the good
power quality feature reside in full power converter based stations.

3. Analyse the integration of renewable energy into the feeder station for green generation and energy
storage using the modular multilevel converter topology. Design the control schemes to satisfy
the requirements found in traction AC power supply application.

4. Study on a more exible power supply scheme for SFC supplied traction network. Explore the
usage of additional exibility which does not exist in the traditional supply system to improve
energy ef ciency and power supply capacity.

1.3.2 Thesis structure

Figure 1.3 summarises the topic of each chapter.

Chapter 1 introduces the basic AC electri ed railway system standard, application of electronic
converter based SFC as well as the research objectives.

Chapter 2 to Chapter 5 present the research result of the thesis, the fundamental modelling and
control scheme of an MMC based converter are explained in Chapter A.

Chapter 2 proposes a partial compensation strategy based MMC cophase converter connection for
power quality improvement with the potential bene t of removing the neutral section at the substation
exit. The proposed solution reduces the SFC capacity.

Chapter 3 develops a long horizon MPC for back to back MMC based feeder station. The long
horizon and arm energy modelling approach improves system performance. The MPC is compared with
linear controller and deadbeat controller.

Chapter 4 investigates the renewable generation connected through DC-link. A modi ed MMC
control is proposed to mitigate the in uence of single phase traction load and intermittent renewable
generation. DC-link voltage error is reduced with the proposed controller.

Chapter 5 modi es the MPC investigated in Chapter 4 to accommodate exible ESS integration.
With ESS integrated to submodules, the power at MMC input and output are decoupled. ESS integrated



1.3 Motivation and thesis structure

Fig. 1.3 Thesis structure illustration
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MMC substation can support traction network when the grid capacity is compromised and can absorb
regenerative power. The proposed control scheme realises fast dynamics in different operation modes.

Chapter 2 & 4 adopt the linear control approach while Chapter 3 & 5 use the model based predictive
controller. Both of these approaches are simulated for grid connection traction network power supply
and renewable source integration. By using these developed systems, a faster response of SFC operation
is achievable.

Chapter 6 proposes an initial exploration of SFC parallel feeding scheme. This chapter focuses more
on the network power supply—-the two SFC feeder station schemes with power sharing function. The
optimal power sharing strategy is designed according to train position and power consumption. A simple
droop controller is implemented for power sharing realisation. The result is simulated based on a single
track AT connection network with up to three moving traction loads.

Chapter 7 concludes the research results and shortcomings in these chapters. Finally, expectations
for future research are presented.



Chapter 2

Modular multilevel converter for cophase
scheme

2.1 Overview of cophase technology for power conditioning

Three electri ed railway traction power supply solutions are widely used, namely the 16 2/3 Hz 15 kV
AC system, 50 Hz 25 kV AC system and 3 kV DC system. Among them, 25 kV 50 Hz AC traction
power supply is most popular and in such a system, the feeder station converts three phase power supply
(often at 110 kV) from the distribution network to single phase power supply (often at 25 kV) feeding

to the railway overhead line (Fig. 2.1(a)). To step down the voltages, V/v (V/x) transformers with
autotransformer connection are widely used in high speed railway syst&ng hese transformers
generate two single phase voltage sources for two traction supply arms, which however inevitably
introduces power unbalance and low power factor current into the grid, causing power quality issues.
Furthermore, these transformers lack the ability to suppress harmonic currents produced by variable
traction loads.

To address these issues from the power source perspective, improved transformers with a special
connection typology have been developed and installed to reduce the negative sequence issue, such as
the Scott transformer and Wood-bridge transformer, which can eliminate the negative sequence current
provided that both sides are equally load&d][ However, non-balance transformers like I/i, V/v and
YNd11 cannot eliminate negative sequence current even the loads at two sides are perfectly balanced,
unless certain reactive current is added externally [31].

Another approach to improve the traction power quality is to use additional devices to compensate
reactive power, negative sequence current and harmonics. Various types of compensators for railway
applications are intensively research8@435]. These devices can be either installed at the grid side of
the feeder stations or at the traction power supply side.

Since the last decade, many power electronics based compensators are used directly on the traction
power network side for power quality conditioning. These converters in various forms include railway
power regulator, active power quality compensator (APQC), railway power conditioner (RPC), power
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Fig. 2.1 Railway traction power supply structures and active power quality controller con gurations

quality conditioner (PQC), power ow controller (PFC), etc. Their topology falls into two categories:
power quality conditioning between two supply arms (Fig. 2.1(b)) or combining two arms into one as a
cophase system (Fig. 2.1(c)). Both topology designs can balance the grid side current, but the cophase
system has the advantage of reducing or even eliminating the neutral sections [36].

In the existing solutions, large LC impedance matching Iters and transformers are needed for
connection between converters and transformers34h f special design is investigated to reduce
the DC-link voltage via coupling impedance design that the reactive power is absorbed by the passive

Iter, however this is only applicable in certain current load conditions. Chen et al. use magnetic
static var compensator (MSVC) to dynamically change impedance in response to the locomotive load
variations B5]. Although the passive impedance can reduce the conditioner's voltage rating, the MSVC
cannot follow rapid load change perfectly. Power electronics based compensators still have to provide
some reactive power.

Cophase conditioners proposed in the literature are operated with a xed compensation strategy or
under the minimum active power capacity criteria. However, these approaches cannot fully minimise the
loss when the traction load is lower than the nominal capacity of the conditioning system. Additionally,
existing proposals use a bang-bang (hysteresis) controller for compensation current tracking control
which may not be an acceptable option. Because the switching frequency is not directly constrained, and
a high switching frequency is required to achieve good performance, the bang-bang control is hardly
suitable for real applications nor for the multilevel converters.

This chapter investigates the V/v transformer-based cophase supply scheme, and employs a single-
phase 25-level half-bridge modular multilevel converter (MMC) back-to-back topology to enable direct
connection to the traction network without a transformer or additional passive Iters. Compensation
current reference is calculated in real-time to satisfy different load variations. The converter is controlled
by proportional resonant (PR) controllers for current tracking, and carrier wave phase shifted pulse
width modulation (CPS-PWM) is adopted to control the states of switches.
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Fig. 2.2 V/Iv transformer and V/x transformer feeder station

2.2 Design of partial compensation cophase power conditioning for V/v
transformer

2.2.1 VI transformer feeder station and the inherent power quality issues

The wiring diagrams of V/v and V/x transformer are illustrated in Fig. 2.2. There are two single phase
transformers connecting pha&8 and phas€B and these types of transformers are widely used in
current railway systems. V/x transformer is similar to V/v wiring type and can cancel the autotransformer
(AT) within the feeder station. To make the following analysis easier to follgy{a virtual current at
the transformer secondary side) is used. The relation of the currents at both sides of the transformer are
expressed in Equ. (2.1).

8

3 laa= Nla

lecc = Nlc (2.1)

“lppb=(laat lec) = Nlg

To facilitate the analysidag lpp; Icc are used to represent the three phase current condition at the
grid side. The phasor diagram of V/v transformer with three different load conditions are illustrated
in Fig. 2.3: (a) single-side load, (b) both sides have equal load, and (c) one side is half loaded than the
other side. Ity andlr are the traction load current RMS values on the left supply arm and on the
right supply arm respectively. Due to different voltage phases of the two supply arm, a neutral section
is necessary inside each feeder station. The existence of the neutral section blocks the energy sharing
between two supply arms and introduces a no power zone where the train has to rely on inertia and
on-board energy source without external supply.

Another issue is the inevitable negative sequence current, no matter how balanced the traction loads
are in each supply arm. As shown in Fig. 2.3, the three phase current unbalance is most severe when only
one side is loaded (Fig. 2.3(d}a= lpp = I1r; lcc = 0) and is lightest when both sides are equally loaded
(Fig. 2.3(C):1aa= lcc= I lob = 3l7r). The grid side negative sequence components are calculated by

lvectors A, B and C represent the phase angles of the ideal three phase grid voltage phasersc.



12 Modular multilevel converter for cophase scheme

Fig. 2.3 Phasor diagrartsf V/v transformer with different load conditions

Table 2.1 Power quality of V/v transformer station

Load condition Fig. 2.3(a) Fig.2.3(b) Fig.2.3(c)
Current unbalance factor 100% 77.2% 63.4%
Power factor pf 0.979 0.979 0.979

pfg 0.667 0.667 0.95

pfc NA 0.874 0.667

1 Assumption: traction load power factorpf 0:95

transforming the three unbalance current phasors into three sets of symmetric phasors by Equ. (2.2).

2 3 2 32 3
10 1 1 1 g
8 §=§91 a2 abfb; a e (2.2)
|+ 1 a a? g
The current unbalance factor is de ned in Equ. (2.3):
I

Negative sequence current will induce an unbalanced voltage in the grid and the de nition of voltage
unbalance rati@y is similar tog and can be estimated by Equ. (2.4):

P31 U,
egg= —— 100%;

S (2.4)

whereU, is the RMS value of the grid line to line voltage afdis the grid short-circuit capacity.

Besides the negative sequence issue, the reactive power problem is also evident in that currents are
not in phase with three phase grid voltage. Table 2.1 lists the current unbalance factor and power factors
in different load conditions of the V/v transformer power supply.

The aforementioned issues all occur at the fundamental frequency (50 Hz), and there exists higher
order harmonics mainly generated by converters in the train. These harmonics can be coupled into the
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Fig. 2.4 VIv transformer with MMC-based cophase connection

power grid through transformers which cause extra losses and become a destabilising factor. In the
next two sections, an MMC based cophase supply scheme is presented to solve those problems and the
neutral zone inside the station can be cancelled.

2.2.2 Compensation strategy design for cophase power supply system
Topology and full compensation

A back-to-back converter is connected between phhsadch to form a cophase supply scheme in

Fig. 2.4. The positive direction of current value is de ned by the arrows' directioh, andly, represent

the current RMS values of the converter input current, converter output current and traction load current
respectively. We assume the transformer is ideal so that Equ. (2.1) holds true.

Full compensation is de ned as the negative sequence current is zero and the grid side power
factors are kept to unity. Therefore, the three phase currents are all in-phase with the corresponding
supply voltages and have the same magnitude. The phasor diagram is shown in Fig. 2.5.1Gurrent
lo andl; are decomposed into orthogonal components that are in phase/perpendicular to the corre-
sponding supply voltage phasor, and the magnitude of these orthogonal components are represented by
laap laag lip; ligs lop: log respectively as shown in Fig. 2.5 and Fig. 2.6. Based on the energy conservation
law, real power ow into and out of the converter should be equal (Equ. (2.5)) if losses are ignored.

lp=1lop )  Imcosfr laap= lccCOSf v
) lee= Irrcosf v (2.5)
“” cog(p=6)

The remaining phasors can be intuitively derived by geometric methods and the magnitude of each
phasor is expressed in Equ. (2.6).
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Fig. 2.5 Full compensation phasor diagram

8 p_
E'aa: lob = lec = Irrcosf = 3

lop = Itrcosf =2 (2.6)
' |oq= ITr S'nfTr cosf Tr=2p§

These expressions show that to achieve full compensation operation, the converter has to provide
half of the active power and a certain portion of the reactive power. The required capacity of the whole
conditioner can be evaluated by the apparent power rai)(of the converter to the load as shown in
Equ.(2.7). Assume the traction load power factor varies from 0.85 to 1, then the required capacity of
the cophase conditioner should be 57.74% of the maximum traction load power for full compensation.

Keivn= Sconditioner _ max(lo; ;) Uab:(cb)
size =

STratttjogLoad - ITr Uab 1

4 2coq2f) p§sin(2fTr)A
6

@2.7)
= max@

In order to reduce the construction cost of the cophase power conditigaeneeds to be minimised.
But there is no freedom to redukg,e because of the strict symmetric three phase current restriction in
full compensation. However, the grid has the ability to withstand certain unbalanced current, so it is
possible to relax the constraint to reduce system capacity.

Partial compensation strategy Design

Figure 2.6 shows the partial compensation strategy where each phase current is not necessarily in-phase
with the supply voltagej A ;j &;j c are grid side current phase angles lagging to grid side voltagg

andqcp are phase angles of the actual transformer's secondary side voltages which mag@oabe

90 in the real system.

2In Fig. 2.6,1aaandlc are actual leading to the voltages, therefore negative sign exists.
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Fig. 2.6 Partial compensation phasor diagram

The rst two equations in Equ. (2.5) still hold true and are expanded in Equ. (2.8):

Itrcos(f 1)  1aaCOS(Cant | A)
=1ccC08(120  Gep o)

(2.8)

As shown in Fig. 2.4, three phase currents obey Kirchhoff's law which leads to Equ. (2.9):
laat lpp+ lec= O: (2.9)

Partial compensation relies on the grid cddbout the limit of permissible voltage unbalance and
regulation for distribution network operators is often set at 2%. Phlagdr, andl.c contain six
undetermined values (magnitude and phase angle of each phasor). We can decomp@s®e)kqa.
two constraints as shown in Equ. (2.10) and convert these equations into Equ. (2.11):

Proj, (laa) + Proja (Iec) = Proj, (1on) .

. . . ; (2.10)
projy (laa) + Proj, (lec) = Proj, (lob)

whereproj, projects the phasor t@ axis which is aligned with phase A, aptoj,, projects the phasor

to b axis which is 90 behind A axis.

1aaCOS(j A) 1ccSIN(30  jc) = lppcoS(60 | B)
laaSiN(j A)+ lccCOS(30  j ¢) = IppsSin(60 | B)

(2.11)

In addition to voltage unbalance limit, power factor has to be corrected above 0.9, implying
J ae:0) 2 ( 25:8 ;25:8 ). So three constraints are imposed on the phase anglgsc), leading to six
constraints in total with Eqy2.8) and Equ(2.11)to explicitly formulate the desired current phasors
laa(obce - Finally, the RMS values of the transformer secondary side current are expressed (. EZ).

3According to National Grid report *“GC0088-Voltage Unbalance'
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So far, each current phasor in the system can be derived using vector addition and subtraction operations
illustrated in Fig. 2.6. We have thus shown that the desired compensation result can be achieved by
setting a suitable set of three phase current phase angles.

la= . . .2|TrC05.(f Tr) COS_(30 _ ] B".'J. c) _ . .
2coq0ap+ j A)COS(30 jp+jc)+sin(dew ja+tje+ic) COS(30 +Qw+ja jB*jC)
_ Irrcos(f 1r) €s(30 + B)(cos(30 ja je*+ic) sinfa js jc)
2coqQap* j A)COS(30 jp+jc)*+sin(deb ja+tis+jc) €OS(30 +Qep+ja jB*]C)
2l cos(frr)cos(30  ja+]B)

lee = - - - : - - - - - -
" 2coGap+ j A)COS(30 je+jc)+Sin(Uey ja+tistic) coS(30 +QGmtjia Bt (C% 12)

The essence of partial compensation is to reduce the system costs, and two types of costs can be
reduced: reducing construction cost by reducing the capacity of the cophase system, and reducing
resistive losses to save the operational costs. These two objectives can be achieved using the partial
compensation optimisation procedure in Algorithm 1, and in our case study we consider a traction
power supply system with the following de ned parameters: current phase anglg limit= 25,
grid short-circuit capacitys, = 500 MVA, traction load power factquf;, 2 [0:85; 1], minimum traction
load active powePnyin = 1 MVA, maximum traction load active powét,ax= 30 MVA and voltage
unbalance limiey,,, = 1:9%.

As illustrated in Algorithm 1, the rst step is to minimise the current capacity under the maximum
load condition with different load power factors. The optimal result of the rst step is then fed to the
second step to search for the optimal angles for the three phase currents to minimise the resistive energy
losses. To obtain the optimal solutions, this chapter adopts an exhaustive search approach, where the
search space for the power factor and the power capacity are segmented into small meshes with the mesh
scale ofl:25 10 2 for the power factor and 1 MW for the power. The accuracy for the resultant phase
angle of the three phase currefita;j s;j c]is setto 01 .

Through exhaustive search, Algorithm 1 optimises the converter size, resulting m 47133 A
with the maximum capacit§2:96 MVA andkgj,e = 0:367. The maximum capacity is required when
the load has the highest active power and the lowest power factor. In this case study, when the partial
compensation scheme is appli&gzcis reduced by 27.9%BMVA) compared with the full compensation
scheme. Figure 2.7 shows the compensation ratios of apparent power and active power using full and
partial compensation strategies.

The phase angles under different traction load conditions are illustrated in the three contour plots
(Fig. 2.8). The target phase angles of three phase current vary according to different traction load
characteristics and there is no single optimal combination that suits all conditions. In several cophase
conditioner studies3g, 37], researchers only minimise the converter active power capacity under
different loads, and this approach is equivalent to minimising the current magnitude of the conditioner.
Here in our studies, we assume total operational losses is mainly resistive Bggg$?). Figure 2.9
illustrates the minimal resistive losses using our proposed optimisation scheme when the total currents

lob
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Algorithm 1 Partial compensation optimisation procedure

Initialisation:
Current phase angle limjitjimit;
Maximum voltage unbalance facteg, ;
Grid short-circuit capacity;
Active power boundary of traction lod@kn; Pmax;
Power factor boundary of traction load,pf; pf,ax
Optimisation output:
Maximum RMS value of the conditiondkax;
Optimised phase angl@sa;j s;j c] for given traction active powd?r, and power factor gf.

Step 1:
function CAPACITY REDUCTION(Pmax; Pfmin Pfmax)
|max ¥

for pf= pfiyin to pfax do
minimise  Imax= max(li;lo)

JalBilcC
subjectto  maj aj;jj Bjsli ci) 1 limits
I1r = PmaxUap=pf;
- €U < Uyt -
|max IIT‘IB.X

end if
end for
return lpax

end function

Step 2:
function STRATEGY SEARCH(Pmin; Pmaxi Pfmin: Pfmax Imax)
for Prr = BPyin t0 Pnaxdo
for pf = pfyiy t0 Pfhax dO
minimise 12+ 12

IalBilc

subjectto  magjj aj;ii sisli ci) 1 timit;
Itr = Pre=Uan=pf;
€U < Uyt

max(li;lo)  Imax
Save strategy vect¢Pri;f 1rij aij Bij c]
end for
end for
return strategy matrifPr;f ;j a:i gi cl
end function
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Fig. 2.7 Compensation percentage comparison: full compensation v.s. partial compensation

Fig. 2.8 Compensation strategy for different load conditions

I§+ Ii2 of both sides of the converter are minimised. In Fig. 2.9, z-axis values are normalised and the
orange bars are the additional losses if the magnitude of output current is minimised (compared to our
approach “blue bars"). Figure 2.9 shows that the resistive losses are reduced signi cantly (18.7%) at
unity power factor load which is a typical characteristic for high-speed train traction drive systems.

Using the phase angles of three phase current as the control objectives, the cophase controller can
dynamically compensate the unbalanced current arising from the traction load such that the negative
sequence component and the grid side power factor are corrected to the desired limits with the least
resistive loss.

2.2.3 Modelling and control of the MMC-based power conditioner

In this section, a four phase MMC back-to-back converter is used to implement the proposed cophase
supply scheme. The converter topology is shown in Fig. 2.10(a) where plaaskephas® operate as a
recti er, and phase e and phase f operate as an inverter.

Single phase model and modulation

Each branch of the MMC phases is composed of many half-bridge mod&Nés (: SMy) with oating
capacitors connected in series with an arm indudtgy)( Two identical branches form one phase
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Fig. 2.9 Resistive loss comparison (normalised loss value)

Fig. 2.10 MMC topology and single phase equivalent circuit
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which can be simpli ed by an average model. In Fig. 2.10(b), modules in upper and lower branches are
represented by controlled voltage souragandu; while us is the external voltage source. Assume the
capacitor voltage is regulated to support stabilidilgg according to the Kirchhoff's law, the circuit
equations of upper and lower branches are:

di di U
Us Ls dts Rsis+ Ryriy+ Lbrau"‘ Uu ;C. (2.13)
di . . di U
Us Ls dts Rsis Rl I—brdtl u = 7dc; (2.14)
then add and subtract (2.13) and (2.14) yielding (2.15) and (2.16).
dig
= +
Us = Rsig LSdt | o
N Rbr Iy d e U W (2.15)
8 IR
igif 1dif Udif
%_ |u+|| b d |u+|| Uy + U (2.16)
181 48y 8
icom icom Ucom

Expressed in EqY2.15)and(2.16), the terminal voltage can be controlled by the differential-mode
voltage between the upper and lower brandgs= (U,  u,)=2, and the DC-link voltage is maintained
by the common-mode voltagg.m = ( u; + uy)=2. Similarly, differential-mode curreng; = (i}, iy)=2
determines the output terminal curregt(is+ iy = i;) and common-mode currengm= (i} + iy)=2
represents the energy transfer between branches. Therefore, the terminal voltage and current are
determined by the differential-mode values of two branches in each phase while the internal states are
controlled by the common-mode values.

The carrier wave phase-shifte2p=N) PWM method has been used for MMC modulation. Although
the nearest level modulation (NLM) enjoys lower switching losses, the proposed 25-level converter does
not have enough modules for direct NLM. All branches share the same phase shifted carrier waves.
These carrier waves are compared with the voltage reference to generate switching pulses to drive each
half-bridge.

Current control and capacitor balancing

The recti er side of the MMC draws current with the designed phase angle while stabilising the
average DC-link voltage. While the other two phases (pheggmject current into the load for direct
compensation. We assume that real-time phasor measurement of voltage and current at transformer
secondary terminals are available with one unit sample time delay. The desired compensation current
can be derived by the subtraction of current referafi¢éderived by Equ(2.12) and real measurement

iTr. Figure 2.11 illustrates the procedure of reference current calculaticb{l‘iffandi[,ef.



2.2 Design of partial compensation cophase power conditioning for V/v transformer 21

Fig. 2.11 Reference current design scheme

In most recent literaturedB, 37], bang-bang control has been used for current tracking, but good
tracking performance requires very narrow hysteresis width which results in unpredictable and high
switching frequency. However, in reality, high power switches cannot accept very high switching
frequency.

Alternatively we can either transform the single phase current into rotating dq frame with respect to
the transformer terminal voltage and adopt two PI (proportional-integral) controllers, or directly use PR
(proportional-resonant) controllers to track sinusoidal reference components. Based on internal model
principle, a PR controller is the combination of a proportional gain, a fundamental resonant term and
harmonic compensator terms [39].

o s

s
Crr(9) = Kpt+t Kns—>5+ a

Kihs———— 2.17
82+W1 h=3;5;::: rh52+(wlh)2 ( )

The principal frequency components in the reference signal can be controlled by speci cally designed
resonant terms and the residual component is controlled by the proportional term. In this case, the
fundamental component and the third order harmonic have the largest portions, a PR controller is
designed as given in Equ. (2.18):

Cer(2) = Kp
+ Ku ZEI_ (1 cos(wiTs) 2+ cos(w1Tsc) 1_

Wi Tsc 72 2coqwTs)z+ 1 ' (2.18)
+ Ka 21 (1 cos(wsTs) Z2+ cos(WaTs) 1

W2 Tsc 72 2coqwsTsg)z+ 1

where the " rst zero hold' method is adopted for discretisationz 100p; wz = 3000 andTgis the
controller sampling time.
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Fig. 2.12 Capacitor voltage balance control and current control

The capacitor voltage in each submodule cannot be guaranteed if we solely modulate the MMC for
current tracking. A simple voltage balance scheme based on the proportional control is introduced by
adding a small portion signal into the original voltage reference. Capacitors with a lower voltage than
average will turn on for a longer time during charging period while capacitors with higher voltage than
average will turn on for longer time in the discharging period. The charging and discharging status is
decided by the direction of the branch current.

Control diagrams of the current control and the voltage balancing are illustrated in Fig. 2.12, and
each sub-module has an individual control signal added to the voltage reference for each branch. The
composite references are compared with phase shifted carrier waves to generate PWM signals for
switches in phase. The control schemes for the other phases are similar, but the differential-mode
voltage reference has to be reversed in phases b

2.3 Simulation and discussion

2.3.1 System control scheme and simulation setup

A 25-level single phase back-to-back MMC is simulated for cophase conditioning; the system and
simulation parametetsre listed in Table 2.2. A control diagram of the whole system is presented in

Fig. 2.13. Real-time phasor measurements of voltage/current at transformer/converter ports are assumed
to be fully available. The compensation parameters are derived by linear interpolation of the strategy
matrix based on instantaneous active and reactive traction power and the parameters are updated at

4The grid impedance is selected according to conventional AC power grid. 500 MVA short-circuit capacity is chosen for a
more stringent scenario. In the real application, the traction load should be connected to a stronger power grid which requires
smaller amount of the compensation current.
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Fig. 2.13 Cophase system and control scheme diagram

100 Hz frequency. Then a series of MMC control actions are implemented accordingly. Two sets of
simulations are designed to test the performance of the proposed cophase operation scheme for 20 MW
static load and dynamic load varying from 0 MW to 30 MW.

2.3.2 Cophase supply for static load

We rst discuss the performance of static load compensation where a controlled current source is used
to simulate a 20 MW (pf=0.95) static load. The load power and grid voltage unbalance are illustrated in
Fig. 2.14; the power conditioner starts to compensate at 0.4 s. It is shown that the voltage unbalance ratio
drops from 4.5% to 2% in 60 ms and nally settles to 1.95%. Three phase grid voltages and currents are
presented in Fig. 2.15. It is noticeable that the voltage amplitudes (green lines) have larger differences
before the compensation is implemented, but they are restored to approximately equal amplitude at
0.45 s. The grid side curreht is almost zero before compensation (see Fig. 2.3(a)) and the three phase
currents remain unbalanced to some degree in the partial compensation strategy. As shown in Fig. 2.16
which plots the power factor at the grid side, it is clear that the three phase power factors are corrected
above 0.9 with the proposed compensation.

Modern electri ed railway rolling stock is powered by "AC-DC' or "AC-DC-AC' conversion systems
through traction drives where the converters inject harmonic currents into the power supply g@tem [
To investigate harmonic issues, recti ers are modelled as several 3-level single phase NPC (neutral-point
clamped) converters with xed load at DC side. These converters are connected to the railway power
supply system through a step-down transformer. Single phase recti ers will naturally generate harmonic
components which are used to represent the harmonics issue.

In the proposed control strategy, third order harmonics (150 Hz) can be directly suppressed using
the current reference signal design procedure. The MMC conditioner cancels most of the 3rd order
harmonics and suppresses a few high order harmonics as well. As illustrated in Fig. 2.18(a), the grid
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Table 2.2 Simulation system parameters

Parameter Symbol Value
Supply system parameter
grid voltage Vph2ph 110 kV
short-circuit capacity S 500 MVA
X/R ratio 7
transformer ratio N 110 kV/27.5 kV
MMC parameter
DC-link voltage Vdc 48 kV
submodule number  ngyp 24
submodule voltage  Vsup 2 kv
submodule capacitor Cgyp 2mF
branch inductor Lir 30 mH
switching frequency  fsy 500 Hz
Simulation parameter
solver type ode23t
simulation step Ts 5ms
control sampling time T 100ms

Fig. 2.14 \oltage unbalance factor under static load

Fig. 2.15 Grid voltage and current under static load
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Fig. 2.16 Grid side power factor correction under static load

() (b)

(©) (d)

Fig. 2.17 MMC internal status: capacitor voltage and circulating current
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(@)la onecycleat0.2s (b)1a one cycle at 0.8 s

Fig. 2.18 FFT analysis of grid curreht before and after compensation (static recti er load)

currentlp contains 4.38% of 3rd order harmonics and some small 9th and 11th order harmonics before
compensation. After the compensation starts, the 3rd order harmonic becomes negligible, and the
remaining odd harmonics are all suppressed below 2.06%. The MMC internal states including sub-
module capacitor voltages and circulating curreigs in phasea and phase are shown in Fig. 2.17.

Due to the topology symmetry, phas@nd phasé exhibit the same behaviour. The capacitor voltages

in each submodule are balanced and the circulating currents have little oscillating components at steady
state.

2.3.3 Cophase compensation for variable loads

In practice, the load can vary drastically rather than being constant. For simplicity, the load is simulated
by a controlled current source which delivers different active and reactive power at different time instant.
Figure 2.19(a) illustrates the designed dynamic load pro le: the active power increases from 0 MW
to 30 MW during 0.1 s to 6s, and decreases afterwards. The red line shows the designed pro le of
varying power factor.

The green line in Fig. 2.19(b) shows the voltage unbalance ratio. Although the load keeps changing,
the voltage unbalance factor can be fully controlled below 2%. When the traction active power is below
15 MW, the proposed cophase system controls power factor while simultaneously meeting the voltage
unbalance requirement. When the traction active power is above 15 MW, the voltage unbalance ratio is
restricted to 1.9% deliberately. But the actaalsettles at 1.9942% in the test due to some modelling
error and delays.

Traction loads can change rapidly in cases where multiple trains start or accelerate simultaneously.
Figure 2.20 shows the grid voltage unbalance curve under a step load change where a 30 MW (pf=0.85)
load is connected into the system at 0.2 s. This has lead to an overshoot of 3.09% and a total duration of
67 ms of violating the grid code limit (2%). Because of the delay in load detection and compensation
response, there is a oscillation during the rst 50 ms after the step change. Finally, voltage unbalance
ratio is controlled within 2% after three grid cycles.
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Fig. 2.19 Compensation for varying current source load

Fig. 2.20 Voltage unbalance under load step change
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2.4 Summary

This chapter proposes a cophase supply conditioner using a 25-level modular multilevel single phase
back-to-back converter for power ow control. The conditioner is directly connected to the ports of
Vv transformer for compensation of reactive power, unbalanced current and for low order harmonics
suppression. Phasor diagrams of the cophase system are analysed to derive the reference current for
partial compensation which can be achieved by choosing suitable phase angles of the three phase
grid-side currents.

With the aim of minimising the converter capacity and operation losses, a two step strategy is
designed. A case study shows that around 27.9% (5 MW) of capacity can be reduced by the partial
compensation scheme for 30 MW traction load. And the conditioner operates with the least resistive
losses under dynamic traction load. While variable impedance unit like MSVC can be used to further
reduce converters capacity, yet this compensation strategy design is still applicable to the whole
conditioning system design.

The optimised grid side current phase angles are chosen as the control strategy for real time reference
current calculation and PR controllers are adopted for current tracking rather than bang bang control
used in the previous works. The current signals have very little harmonics content with 500 Hz switching
frequency modulated by CPS-PWM.

Simulation results con rm that, the proposed cophase conditioner can regulate voltage unbalance
within 40 ms even in the worst scenario (load step change from zero to maximum). When the load
varies continuously without large step changes, the negative sequence component can be perfectly
controlled. Third order and other low order harmonics induced by traction line converters can be
effectively suppressed by MMC conditioner with the proposed control scheme.

These conclusions are only valid when the analytical model parameter perfectly matches the real
infrastructure. The linear model analysis result is designed based on in nite grid capacity and ideal
transformer model. However, in real applications, there exists non-negligible leakage inductance in the
transformer and the grid capacity is nite. These can be tackled by upgrading the control strategy in
this cophase compensation system to accommodate more realistic conditions. For example, to eliminate
the error by increasing the compensation ratio if steady state error occurs. In the simulation result, it
can be seen that small error exists in steady state which is caused by grid nite capacity, the designed
compensation strategy is set to 1.9% in linear analysis to get the 2% result in the simulation.



Chapter 3

Model predictive control for modular
multilevel converters

3.1 Overview of MPC method for multilevel back to back converter
control

A modular multilevel converter is a multi-variable control system with several constraints which is
analysed in chapter A. If the traditional single input and single output controller is deployed for MMC, a
complex cascaded control scheme is required. The model predictive control (MPC) is developed to deal
with multi-input and multi-output (MIMO) cases with constraints. MPC adopts the receding horizon
concept which can be traced back to 50 year &dp42]. After decades of development, MPC has
become an advanced control technology that has made substantially used in a range of industrial sectors
[43].

In MPC control, the standard state space model formulation is often used to implement the receding
horizon optimisation. The basics concept and the applications of MPC in power electronics converters
are brie y reviewed in this section.

3.1.1 MPC for AC/DC power electronic converters

The increasing processor computing power enables the successful MPC applications in the eld of
power electronics control. The applications of MPC to power electronics converter and drive systems
started to emerge since 20081]. In these applications, the MPC are mostly formulated in the discrete
time domain with a small sampling interval. Usually the discrete time state space model is used to
describe the nonlinear dynamics of the conversion system via (3.1)

X(k+ 1) = f(x(k);u(k)); k2f0;1,2;:::9; (3.1)

wherex(k) is the state value at timie andu(k) is the control input.
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Constraints to the state variables and control inputs can be con gured such as:

x2X R"
;o k210,1,2;::.0; (3.2)
u2U R"
whereX;U are polytopesn; m are the dimension of the staték) and inputu(k) at each sampling
step. The constraints are mostly current and voltage limits which are set to avoid over current and over
modulation issue. Then at each time instardn optimisation problem with nite length horizon is

formulated as:

k+N 1
o)

J(x(k);u (K) = ng L(x(D;u(D))+ F (x(k+ N)) ; (3.3)

whereL( ; ) andF( ) are weighting functions to evaluate the system dynamics such as current/ ux
tracking, voltage regulation, switching efforts, etc. for the entire horizon lerddih Although, the
optimised control variabla (k) contains all control inputs for horizdm(a vector oth  m elements),

only the rst melements is adopted. Then at the next sampling time, the same procedure repeats, so that
a typical MPC is performed in this open loop optimisation with feedback update framework.

Several typical MPC approaches in power electronics converter control are brie y introduced in the
following paragraphs.

Generally speaking, we can classify different controllers into two categories: the continuous control
set (CCS) and the nite control set (FCS). In a CCS-MPC formulation, continuous control input is used,
so a modulator is required to convert the real number signals into binary control commands for electronic
switches. Unlike CCS-MPC, in FCS-MPC method, the discrete nature of the converter switches are
directly modelled and the modulator is avoided in this case, and the optimal control input can be directly
fed into each switch drive.

CCS-MPC

In the CCS-MPC formulation, the optimisation problem is to solve the optimal duty cycle or voltage
reference for the PWM modulator. This approach approximates each converter leg to an averaged model.
Given a converter hasgeg of legs, the dimension afish neg. So a long horizon MPC has less
computational burden compared to FCS-MPC. In addition, because the conventional modulator is used,
the harmonics content can be designed and xed switching frequency can be guardoiekid\vever,
because the CCS-MPC is modelled based on averaged behaviour of each converter, model linearisation
is required for different operation points.

FCS-MPC

In the FCS-MPC formulation, the optimisation problem is to select the optimal combination of all
possible switching states for the converter. This approach has the potential to surpass the SVM
and carrier wave PMW via its optimisation procedu4&]] However, FCS-MPC suffers from high
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computational burden. If each converter leg has a number of switching statéth neg legs, the
possible switching states for horizon lengtis ng”'eg " The complexity increases exponentially which
cannot be bounded by a polynomial like CCS-MPC.

Due to this exponentially increased number of states, most applications only use one prediction
horizon MPC to reduce the computational burden. However, long horizon could bring better performance.
Geyer et al. demonstrated i4g] that long horizon MPC approach is less sensitive to noise and contains
less current distortion in steady state without negative impact on transient states settling time. To
alleviate the high computational complexity, sphere decodi8yif effective in reducing computational
burden by 4 orders of magnitude [48, 47].

The solution for the multi-step long horizon problem can be also accelerated by neural networks
which can be trained to imitate FCS-MPC algorithm. Nova§] [developed a surrogate model via
ANN for fast optimisation so that the computational burden can stop increasing with the extension
of prediction horizon. The merit of this approach is that the size of ANN is not correlated with the
complexity of the original FCS-MPC and the same performance are approximately maintained with less
online calculation effort [51].

Some special MPC formulation strategies can also achieve extended horizon with less complexity
such as "Moving Blocking', "Extrapolation’ and "Event based methbd].[ The moving block strategy
combines short and long sampling interval to achieve longer prediction horizon with less calciddlion [
The extrapolation strategy [54] used few time steps for switching optimisation along with extrapolated
trajectories from the nal control slope to achieve longer horizon prediction. The event based method
[55] used an of ine optimised pulse pattern as starting point and then modi es the pre-calculated
switching to compensate the tracking error in real time.

Modulated MPC

Another issue related to the FCS-MPC is the variable switching frequency. One of the solution is to
modify the original FCS-MPC to Modulated MPG{]. In this variant, the modulation scheme is
included in the cost function design where the switching state and the switching on time duration are
considered. This method has been applied to several power converter topologies to guarantee a xed
frequency p7-59]. The Modulated MPC can be viewed as an online optimised space vector modulation
approach. This approach improves the computation speed, xes the current frequency and reduces the
high ripple in control variables [60].

Explicit MPC

Another solution to reduce computational burden is to use of ine optimisation results. Bemporad et al.
[61] presented an algorithm to explicitly determine the feedback control law of a quadratic linear time
invariant system, so that the online computation of the nite horizon problem reduces to evaluation of
an explicitly de ned piece-wise linear function. This initial explicit MPC approach is not applicable
to multilevel converters due to its high dimensional problem. Jeong &dlpfesented a region-less
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explicit MPC to reduce the memory requirements with the cost of online comput&shnJeong
demonstrated the algorithm on Cyclone V FPGA for MMC control with 96% reduction in memory
requirement compared to other region based method [62].

3.1.2 MPC for MMC

MPC for MMC control has gradually gained attention in the last dec@deggp]. This approach brings

faster response performance and compensates delay which is dif cult to achieve using the PID scheme.
Moreover, p6] pointed out that the MPC is suitable for small inductance and small capacitance value in
the MMC system. Although the nonlinear MPC modelling for MMC control achieves better steady state
result but has drawback of high computational demand due to the nonlinear optimisation prégjlem [

So only linear MPC are discussed in this chapter.

MPC modelling for MMC

FCS-MPC In the MMC control problem, the original FCS-MPC which explicitly evaluates all
combination of switching states is practical only for small number of submodules pe6@knit|is not
suitable for MMC with large number of voltage leveBd]. So researchers modi ed this idea to use

the number of total inserted submodules in each arm as the control input to reduce the computational
cost while maintain the discrete voltage level characteristic of MMC. Even we only consider the number
of voltage level as control input, there is sill + 1)® possible combinations in the three phase MMC
inverter. This “voltage level based MPC' can be simpli ed if the total number of inserted submodules
can be constrained withiN - 1 or N 2 [68]. Also, some algorithms are developed to reduce the
complexity, e.g. Gao proposed a box constrained QP solver to greatly reduce the switching combinations
needs to be evaluated [69].

Deadbeat controller Some researchers use the deadbeat com@pldea which can be viewed as a
simpli ed version of model predictive control whose horizon equals to one with no constraints. Due to
its exceptional simplicity, the optimal voltage control command can be calculated directly in one-step
expression which makes it one of the fastest predictive contrdligr A typical application of this
control method for MPC is shown ir7§], where the deadbeat controller is formulated to obtain the two
optimal modulation references for each arm with very low computational burden. Another advantage
of this method is that weighting factor tuning is avoided, but on the other hand it does not support
constraints nor the multi-objective control purposes.

Mei et al. [73] improved the original deadbeat controller by combining two deadbeat controllers
with different sampling interval length and compared multiple step performance by extrapolation over
multiple steps. The author concluded that this multi-step MPC improves the current tracking and stability
margin.
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Modulated MPC  Similarly, the modulated MPC concept is also investigated in the MMC domain.
Most of the modulation MPC methods for MMC control are designed based on deadbeat controller plus
a special optimised modulation scheme.

Yin et al. [74] proposed a grouping method based modulation method for voltage level selection
after the employing the deadbeat controller. The improved modulation method can enhance the current
control performance with large number of submodules.

Gong et al. 5] used this modulated MPC to overcome the drawbacks brought by FCS-MPC. The
original SVM modulation is not suitable for MMC modulation, Ramirez et al. designed a special SVM
for MMC by searching the nearest voltage vectors among numerous available candidatéaln [
submodule uni ed PWM method is used for modulated MPC implementation.

CCS-MPC Some researchers focus on realising long horizon MPC rather than one-step prediction for
MMC control. In this case, the CCS-MPC approach is often selected for this purpose. For exédiple, [
modelled the dynamic behaviour of a three phase MMC and designed a CCS-MPC with controlled states
for load current, DC-link current and sum of the inserted capacitors in each arm. The MPC model is
usually linearized for control implementation around an operational point with Euler exact discretization
method.

The open-loop veri cation in§4] showed that the linearized model tends to be inaccurate when
the prediction length is more than 5 ms. To improve the error caused by lineariz&6pRughs and
Biela added the time varying reference for internal arm voltage prediction and compared it with accurate
nonlinear model. Although the nonlinear model has better steady state performance but the nonlinear
MPC cannot be solved in real-time.

Poblete et al{6] further reduced the high computational complexity by taking advantage of the
phase shifted PWM carrier wave pattern. A predictive controller is built to obtain independent reference
signal for each carrier in a sequential manner for PS-PWM modulafiéintherefore each optimisation
problem has longer time to get solved.

Cost function design

The cost function used in MPC for MMC has multiple usually comprises several terms. These terms are
designed for current tracking, energy tracking and other control purposes. The current related cost can
be AC current tracking, DC current tracking, arm current tracking and current change penalty. Current
reference design for either balanced grid or unbalanced grid is the same to other control scheme (e.g. PI,
hysteresis), and the ideal circulating current reference can be acqriidzhsed on the output current

value. The energy related cost can be formulated in voltage or energy expression. Other cost terms can
be soft constraint cost, control effort cost, etc. Although the MPC can easily deal with MIMO problems,
there is still trade off when selecting weighting factors in the cost function degigmpder different
operation conditions.
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Energy balancing control

Among the many studies, some researchers still use external control loop for energy balance control
[71,69 67,72, 74, 76], where the essential circulating current required to maintain the capacitor voltages
is calculated in separate controller8]. Some proposed control schemes resort to energy balance to
modulation stagery]. If the balancing control can be integrated inside the MPC, the separate controllers
are eliminated. Some typical approaches for achieving energy balance within cost functions are brie y
introduced as follows.

Arough approach is to control the overall MMC energy. Darivianakis e64d].devised the reference
AC current and DC voltage for current tracking and sum of capacitor voltage tracking. However, this
approach does not achieve the minimum circulating current. If the xed DC voltage reference is used
for energy balance, the capacitors in each arm do not have steady performance but an irregular bounded
performance.

There are different energy dynamics patterns in common mode and differential mode. Zhang et
al. [68] used the sum and difference of upper/lower arm energy in the cost function design. The reference
of energy difference is set to zero while the sum of the energy is set to nominal xed value according
to the DC-link voltage. The circulating current penalty terms must have a relatively greater weighting
factor for good steady state performance.

To achieve better energy balancing result, it is desirable to model this dynamics with higher accuracy.
Fuchs et al. T9] proposed a novel method to model the nonlinear dynamics of the internal energy
through grid voltage information. This approach further reduces the prediction error and achieve the
arm energy balance by special designed dynamic reference.

To avoid complex energy modelling approach, Gao ef7al. presented an alternative way to regulate
arm energy by taking instantaneous power term into the cost function. In such a way, the system can
stably operate at a wide frequency range.

3.1.3 MPC for B2B converters

Most of the aforementioned MPC algorithms designed for the power electronic converter are for current
tracking of one single converter. In the back to back system, two converters are interfaced through a DC
link, therefore special attention is needed to stablise the DC voltage.

Four most commonly used B2B control architectures are brie y introduced. Most of the projects are
based on two or three level converters, but these approaches are applicable to MMC B2B system as well.

Conventional Pl approach The traditional approach is using outer voltage controller design where a
DC link voltage controller is cascaded with the inner MPC contro&f.[ This conventional approach
usually requires a large DC-link capacitor as an energy buffer to slow down the rate of change of the DC
voltage. So that the outer loop voltage controller has a smaller bandwidth than the inner controller. This
control method is used in Chapter 5.
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Centralised control The best approach is to model the whole B2B system in detail irrespective of the
problem complexity. This approach is called centralised/uni ed control. Cabero 8Chproposed a

uni ed modelling approach for the complete converter system. The energy for charging and discharging
the DC-link capacitor are modelled so that the detailed dynamic in both converters and DC-link is
predictable. The proposed uni ed method has negligible transient changes of DC voltage under step
changes and a reduced size capacitor becomes acceptable.

Quasi-centralised approach However, the centralised control get the complexity multiplied which is

not easy to implement in two level converters let alone the multilevel converters. ZBHmy¢posed

the quasi-centralised control strategy for B2B system. The quasi-centralised MPC uses a dynamic DC
voltage referencé3.4)to estimate the required power to be exchanged at the DC8ijk Then the

current references for both sides are obtained accordingly. Note that because the voltage reference is
always gradually approaching the nominal value, the voltage overshoot issue which is common in PI
controller is not observed in this QC-MPC controller.

1
VE'= Va0 + 5 (Vaex Vae(K)) ; (3.4)
S

whereNs is the number of control steps to reach the nominal DC voltage “aie Though the
QC-MPC reduces the overshoot and undersh@3, hentioned that it is more sensitive to system
parameter deviation. The PI controller is more robust by compariSdhirjodi ed this QC-MPC by
adjusting the switching point variable, so the implementation time of control inputs are optimised. This
approach gains an extra degree of freedom which can be used to minimise the negative effect of low
DC-link capacitance design.

Sequential predictive control Grimm and Zhang proposed another solution to improve the ef ciency
issue of centralised contrad$, 86]. The optimal solution is solved in sequential procedure that the
system is split into two linear models and one nonlinear model. Firstly two converters are modelled as
linear system and solved for two sets of the best solutions. Then the combination of these solutions are
examined in the nonlinear model (for the dynamic of DC-link) by exhaustive search. In this way, long
horizon MPC can be achieved within acceptable computation time [85].

3.2 Modelling of MMC substation for MPC design

One of the main purposes to use MPC approach for MMC control is to simplify the complex cascaded
linear controller loops. The traditional MMC control scheme has nested control loops so that multiple

control objectives can be achieved. However, even the MPC is adopted, there is still a trade off in the
cost function design. To alleviate this issue, the modelling approach introducéd is fdopted and

modi ed for the B2B traction power supply system.
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Fig. 3.1 MMC three-phase AC side equivalent circuit model

In this approach the optimal energy reference is precisely designed so that there is no contradiction
between energy balance and current tracking in the steady state.

MMC has intrinsic MIMO characteristics. In MMC, the stored energy in each arm is in uenced by
DC side and AC side and the DC-link introduces coupling effect between phases. The model predictive
control used in this chapter is designed to utilise the MIMO feature where not only the internal currents
are modelled but the capacitor energy in each arm is also considered to achieve a better transient
performance in the back to back MMC substation system.

Additionally, the MPC is formulated as a constrained linear quadratic optimisation problem, the
maximum available voltage, current limits and energy limits are taken into account. So the over
current and over modulation phenomenon observed in Pl controllers can be reduced from the controller
perspective.

A CCS-MPC is adopted for MMC control to guarantee a good steady state performance, so a
traditional modulation module is indispensable. Furthermore, long horigpn @) is used to effectively
control the submodule energy especially in traction load change condition.

3.2.1 MMC AC side equivalent circuit modelling
Three phase AC connection for grid connection

Assume the power grid interface is a star connection three phase system, which has phase to ground
voltage valuesiga, Ugh, Uge. The MMC is analysed using the averaged differential mode equ@li@).
Equation (3.5) describes the circuit model illustrated in Figure 3.1.
_ d.
Uga=+ Udifat O:5Ryr+ Rya igat 0:5Lpr+ Lga a'ga
_ d.
Ugh =+ Udip+ O:5Rpr+ Rgp igh+ 0:5Lpr+ Lgc glob (3.5)

_ d.
Uge =+ Udifc+ O:5Ror+ Rye lget 0:5Lpr+ Lge lge

Then a state space mod@8l6) can be derived using three phase grid curfgat ig, g™ as state
variables.
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Fig. 3.2 MMC single-phase AC side equivalent circuit model

2. 3 2 0:5Ry+ Rya 0 0 32_ 3
d |ga 0:5Lbr+ Lga 05Rb . Rg |ga
a 2igbg = g 0 oL Lo 0 é 2igbg
ige 0 0 IRt Ree g,
: +
2 P 3; (3.6)
OB+ Lgn 0 0 Uga Udif;a
+ g 0 0:75|_;+ Ty 0 Z g Ugb Udif;bg
0 0 m Ugc  Udif;c

where the difference between differential voltage and grid volfage. Uga), (Uditp  Ugb), (Udif:c
Ugc) are treated as control variables.
In a balanced grid connection without fault, we can assume the grid connection impedance is the

same across each phases,Rg= Ryja= Rgh = RgcandlLg = Lga= Lgp = Lgc, then the three phase AC
side current SS model can be simpli ed as (3.7):

2 3 2 3 2 3
Iga lga Udif,a Uga
dg.’ .
[ i Ugif:c U
gc gc dif;c gc 5 3 (3.7)
1 0 O 1 0 O
A= 2Rt ReG o 1 olig=—1t 80 1 o
0:5Lpr + Lg o 1 "9 0:5Lpe + Ly o o0 1

Single phase AC conversion for traction network power supply

To model the single-phase side equivalent circuits, the traction network voltage is split into two opposite
signed voltage sources, the network connection impedance (passive lter and transformer) is simpli ed
asR;, L;. Similar to the previous three phase side modelling approach, the circuit eq(@8doan be

derived from the equivalent model shown in Figure 3.2. The single phase side AC current state space
model is given in (3.9).

. d.
0:5u¢ = + Ugit:et ( 0:5Ryr + Ry) ite+ ( 0:5Lpr + Lt) —ite
g‘ : (3.8)
0:5u; = + Ugit:t + ( 0:5Rpr + Ry) it + ( 0:5Lp + Ly) ait;f
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Fig. 3.3 MMC three phase DC side equivalent circuit model

"_ # "_ # " #
E lte - A Ite + B Udgit.e 05U
dt iy it _ Ugifs + 05U .
# # (3.9)
At_O:5Rbr+Rt 1 0 . B, = 1 1 0
© 05Ly+Lt 0 1 & OS5+l 0 1°

3.2.2 MMC DC side equivalent circuit modelling
MMC1 DC side model

The equivalent DC side circuit model is shown in Figure 3.3 which is derived via MMC averaged
common mode analysislgyc is the measured DC voltage at MMC phase leg Wqads the DC-link
nominal voltageRyc andLyc are the DC-link impedance. We can write out the circuit equation of the
DC voltage of MMC1 from arm current perspective as (3.10).

. d.

Udc = 2Ucoma+ 2Roricomat 2|—bra|com;a
. d.

Udc = 2Ucomb + 2Roricompb + 2I—bra'com;b : (3.10)
. d.

Ude = 2Ucome + 2Roricome 2|—bra|com;c

And from the view of DC-link, circuit equation can be written as (3.11):

_ d.
Uge = VdC 2RdCIdC 2dea|dc (311)

ldc = lcoma™ lcomb T lcomc

Combining equation§3.10)and(3.11), we can derive the SS model for the three phase MMC1 DC
side current dynamics 48.12) The voltage differences between the common mode voltages and half
of the DC-link voltage are de ned as the control inputs to this subsystem. It is clear to see that because
of the DC-link impedance, the current dynamics and control effect in each phase are coupled.
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Fig. 3.4 MMC single phase dc side equivalent circuit model

2 3 2 3 2 3
d lcoma lcoma Ucoma 0:5Vic
glcombg Acoml?lcom;bg + Bcomlg Ucomb O: 5\/ng (3.12)
icome icome Ucome  0:5Vic
1 2|—erbr+ LbrRdc+ 2LdgcRor LorRac  LacRor LorRac  LdcRor
Acom1= mg LorRac  LdcRor LbrRor + LorRac + 2LacRor LorRac  LacRor
LorRac  LacRor LbrSRdc LacRor LorRor + LorRac + 2LacRor
1 Lor+ 2Lgc Lac Ldc
Beom1= m Lac Lpr+ 2Lgc Ldc g :
Ldc Ldc Lor+ 2Lgc

MMC2 DC side model

Similarly, the single phase DC side current model can be derived in the same way shown in (3.13):

" # " # " #
0:5v,
% come = Acom2 I.Come + Beom2 Heome . o : (3.13)
icomt lcomf Ucomf 0:5Vice
" # " #
Ror 1 0 1 1 O
= . B - :
Acom2 Lbr 0 1 y BDcom2 Lbr 0 1

Here, the DC-link impedance can be omitted if we concentrate the impedance to the MMC1 model.

3.2.3 MMC arm energy modelling

During the MMC operation, energy stored in each arm continuously ows between the AC and DC sides.
The instantaneous power of each arm energy exchange is calculgigo=agyUxy, andpyg = ixUx
wherex represents each phage, c, e, f andpy., andpy represent the instantaneous power in MMC
upper arm and lower arm respectively.
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Rewrite the arm current in differential and common mode components. The rst order differential
equation of arm energy can be expressed as (3.14):
d . . .
&eXu = P = Ixubxu = (lcomx  ldifix)  (Ucomx  Udifix)
q ;. X=abcef: (3.14)
s ixUx = (icomx * Idifx)  (Ucomx+ Udif:x)

Clearly, in(3.14)the energy terms,y, eq will be updated by the product of state variables and control
variables in the previous modd{3.21) (3.22)which results in a nonlinear model. Ideally, in the steady
state, the common mode voltage and differential voltage can be exactly expressed (see 3.3.1), therefore,
we can approximate the energy dynamics by replacing the voltage control inputs with designed voltage
reference. In this way, the state space model of arm energy in two MMC converters are simpli ed as
(3.15) and (3.16).

ah > h -
dt € Gu €u € €y € = Aa1 iga igb igc Icoma icomb lfcomc (3.15)
, 3
Ucoma Ugit;a 0 0 Ucoma  Ydif:a 0
ucoLzudnb 0 0 Ucomb  Udif;ba
0 M 0 0 Ucome  Udific7 .
Ucoma+ Ydif;a 0 0 Ucoma™* UYait.a 0 0
oo Yt 0 0 Ueomb * Udit:pa 0
0 M 0 0 Ucome * Uaif;c
gh s h >
at €u €u €l € = Ae2 ite itf icome licomf (3.18)
2
“come Yaitze 0 Ucome  Ugife 0
E : M 0 Ucomi  Ugif:f
come Ydit,e ? Ucome * Ugit.e 0
M 0 Ucomf * Uit

3.2.4 System model for predictive control

In summary, the MMC arm current and arm energy are selected as system state variables. The differential
mode voltage and common mode voltage generated in each phase are the manipulated varigbples.
andug, up are the state variable and control input of MMC1 and MMC2 respectively.
h IS
X1 = liga Igb ige Icomas icombs Icome €au €ou; €cu; €als €l €I (3.17)
h s
X2= e} itf; icome fcomf; €eu €u; €l € (3.18)
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h is
- . : . Ve - Ve - Vg -
U= Ugita Uga Udifia Ugb; Udific Uger Ucoma 5% Ucomb 5% Ucome —5° - (3.19)
h is
— Ut . Ut . Vdc - \ .
Uz2= Udie =, Uditft 3 Ucome 55 Ucomf -5 (3.20)
Two state space models for three phase and single phase converters are g{30d)&md(3.22)
repectively. The dimension of each element is shown in the subscripts.

d
dtxl(lz )= A1(12 12X (12 1)+ Bia2 g)Uis 1);
3
Ag(s 3 Oz 06 o Byz 3 03 3 (3.21)
A2 12 = =9 03 3 Acomis 3) £ Bi12 ¢) = = § O3 3 Beomyz 3 5:
Ac1(6 6) (Ueomn Ugir1)  Ote 6 O o)
qree v = = Ay gXs 1)+ Bog gUza 1;
3
Ac 2 022 0 4 Bt(2 2 02 o (3.22)
Axs =402 1) Acoma2 2 £; Bog 4) = 90(2 2 Beomz2 2 5
Ac2(s 2) (Ueomz Ugir2)  Oa 4) 04 4

3.3 Model predictive controller design

Given the SS model, three essential parts of the MPC design: reference, constraint and cost function are
designed in this section for MMC converter.
3.3.1 Reference design

The references are designed from the steady state operation perspective.

Current reference

AC current reference design Firstly, assume the three phase grid voltage velekr Ugp; Ugc]” has
expression ag3.23)and the traction side voltaggis controlled a$3.24) whereVy is the RMS value
of phase to ground voltage ah/dis the RMS value of catenary to ground voltage.

3 2 3
oS Wgt
ﬁugbg %Vgg cos wgt—22 £ (3.23)
Uge cos wgt %

U = P 2Vcos(wit) : (3.24)
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De ne the grid side phase current reference RMS valukg athe instantaneous reference of three phase
current is shown in (3.25). The apparent power reference from the gsidHs élng.

2 3 2 _
g 2I cos Wgt |1
ig= ag Q 2I coswgt j1 2 Eza: (3.25)

2I gCoswgt j1 %

By

9

Similarly, the instantaneous traction side current reference is givéB.26) the apparent power
reference to the traction network$s = I, .

n # n p _ #
e 2l; cos wgt j

= ° = ~ : 3.26
‘ it ID2It cos Wgt | (3.20)

DC current reference design Secondly, on the DC side, the ideal steady state current shall be a
constant DC value which does not contain any oscillating AC components. Additionally, the DC-link
current shall distribute equally to each MMC phase. Therefore, the DC current reference is designed as
(3.27)
2 3
h h [
| comb icom;c Idclg 1% Icom2= icome | comf = %Idcz 1 ;o (3.27)

" #

'coml_ Icon’:a

wherel ., andl ., are the DC-link current references for MMC1 and MMC2 respectively.

The relationship between AC and DC current reference As shown above, current references are

de ned by lg, Iy, Iy, lgep j 1 @ndj 2. If the energy losses are ignored, the instantaneous power
exchanged at AC side is equal to the DC side in the steady state. Under this assumption, the power and
current relationship between AC and DC side is shown in (3.28):

8 - .
3| = g 3lgVgcoy 1
dc — 7\/(1(:
Vdcldc
3Vycog 1

0= Pyc+ Pac) (3.28)

lg=

However, energy losses do exist, if we use the resR{pRy andRyc to represent the averaged losses at
each arm, grid connection and DC-link. The energy losses in phase "a' at MMC branch, grid side and
DC-link can be expressed as (3.29), (3.30) and (3.31) respectively.

2 cos 2wgt 2 1 |

2 g

2

. . 2 1
Rossmmca = |guRbr+ |521|Rbr= é(ldc)ZRbr"' Py Ror+ Ror: (3.29)
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P _ 2 ,
Rossgrida = 2jcoswgt j1 Rg= I ZRg"' lg 2F\’gCOS 2wgt  2) 1 : (3.30)

2
Rossdca = 3 (ldc)2 Rac: (3.31)
Take the energy losses into consideration, we can update the simpli ed power eq@a2®)io (3.32)

And an accurate current reference for grid side MMC can be calculated using (3.33).

0= PFyert Pac é. Rossdex + Hossmmex + Possgridix (3.32)
X=ab;c

pﬁvg cog 1  3Vfcodj1+4 3Ry+ 3Ry Py %Puzcler 2 PdcaRae

: Ve Ve
lg Vgii 1;Pac1 = Ror+ 6R, : (3.33)
Note that in B2B converter control, the DC-link side energy determines the grid side power, so we
use DC-link power reference to generate grid side current reference. Similarly, the accurate energy
relationship on the traction side (8.34)and the accurate DC-link current reference for traction side
MMC is derived in(3.35) Obviously, on the traction side, the DC-link power is mainly dominated by

the power required by traction load power.

0= Fy2t R a (Rossmmax + Flosstractionx) - (3.34)

x=gf

2 2
Vie VE+4RRy 4 T R, 8 & RuR
lyco(Vac; P ) = : :
dCZ( dcs t) 2Rbr (3 35)
In general, the grid power factor is controlled to be unity and the grid voltage magnitude can be
regarded as constant, so the grid side MMC current referigrfice MMC1 is a function of DC-link
power requirement and the DC current reference for traction side MMC depends on the DC-link voltage

and traction active power consumption.

Voltage reference design

Given the above designed current references, the voltage references for both MMCs are calculated by
the circuit equations.

2 3 2 _
Ugita U cos wgt j 1 arg(Z1)

SR T
gudif;b U@Jbg = 2|9121]QCOS wet j1 2 arg(zy) 5;
Ugif,c U coswgt j1 % arg(zy)
e ’ 2131 ’ ' (3.36)
1
Qucomb 0:5\/ng = lge gRbr"‘ Rac 21%;
Ucome  0:9Vac 1
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where the impedancg, is (3.37).
I

q

P70 2 2 Wg O:5Lpr+ Lg
Z1) = 0:5Ry + + wgy O:5Lp+ L ;arg(Z;) = arctan 3.37
141) Ror+ Ry [} brt Lg 9(Z1) 0:5Rr+ Ry ( )
" # " _ #
Ugre 05 _ P 2 cos(wit j2 arg(Z2))
Uyiec + 0:5U ! cos(wit jo arg(Z ’
. dif:f t # " #S( it ]2 g( 2) p) (3.38)
Usome O:5Vae _ 1 1
= IRyl :
Ucomf 05\/dc 2Rbr de l
where the impedanc®, is (3.39).
q :
iZoj=  (0:5Ryr+ R)?+ (Wi (0:5Lpr + Ly))%;arg(Z,) = arctan W (0:SLor + Lo) (3.39)

O0:5Rpr + R

h
ul = udlfya Uga Udlf,b Ugb Udlfyc UQC Ucoma 05\/dc Ucomp 05\/dc Ucomc 05\/dC

I

I

Note that the voltage referencag u, are almost identical to the steady state result when state
tracking errors are nearly eliminated. In this MPC approach, the main function of these voltage value
function is to predict the capacitor energy variation as discussed in Section 3.2.3.

Arm energy reference design

One of the objectives of MMC internal state control is to minimise the circulating current so that the
internal losses are minimised. Based on this assumption, we can estimate the ideal arm energy variation
in the steady state where the AC currents are perfectly 50 Hz sinusoidal and DC currents are perfectly
constant DC values. The phase "a' of the grid side MMC converter is used as an example of arm energy
variation analysis in this part. In MMC1 phase "a’, the arm voltage and arm current are expressed in
(3.40) and (3.41):

Uau= Ucoma Udif;a

p_
1 1 2 P _ . .
= “Vic lge =Rort Ryc p=Vgcos(wgt) +  2lgjZzjcos wgt j 1 arg(Za)
2 3 3
(3.40)
Ual = Ucoma™ Udif;a 0

1

1 2 pP_ _. .
= 5Vde lac ZRor+ Rec +p—§VgCOS(Wgt) 2gjZsjcos wgt  j 1 arg(Zi)
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p_
lau= lcoma ldif;a= 3ldc 7|g cos Wgt j1
i p27 : (3.41)
lal = icomat Idifta= Zlgct —513COS Wt |1
3 2
Then the instantaneous power in upper and lower arm of phase "a' can be calculpigd agiay

andpa = Ugig. The energy exchange expressions at upper and lower arm energy are shown as follows
in (3.42) and (3.43).

1 1 1 2
Pau= éVdcldc §Rbr+ éRdc (lgo)
1 . .. . :
+ %Vgcos Wgt IgCcOS Wt j 1 lg %cos Wgt | jZjcoswgt j arg(Zi) ;
P~ P p- p_
?GVgcos(wgt)ldﬁ ?ZIg cos Wgt j 1+ arg(Z1) lgciZaj 42Vdclgcos wgt j1 + 72 %+ Rac lgclg COS Wgt ]
(3.42)
1 1 1 2
Pal = évdcldc §Rbr+ éRdc (lge)
1 . . . .
+ %Vg cos(Wgt) Igcos wgt  J 1 lg %cos Wgt j 1 jZijcos wgt | arg(Zy) ;

+ ?VQ cos(wgt) lgc ?Ig cos wgt | +arg(Zy) lgcjZij+ ?Vdclg coswgt j1 ? &+ Rac lgclgCos wgt  j 1
(3.43)
where the rst row in both equations represents the energy exchanged at DC side; the second row
represents the result of AC current and AC voltage coupling while the third row is the coupling effect
between AC and DC components.
Through trigonometric transformation, the instantaneous power exchange in upper and lower arm of

MMC1 phase "a' is transformed into different frequency components shown in (3.44) and (3.45).

p—-

1 1 1 , 3 .1 o
Pau= évdcldcl §Rbr+ ngc (lge) ™+ —=Vglgcog 1 > lg “iZajcos(arg(Zy))
| z }
0 order component
P~ p 5 p 5 p 5
TVgldclcos(wgt)+ ?Igldcljzlj coswgt j1 arg(Zy) {Tvdclg coswgt j1 + > éRerf Rdc lgcilgcos wgt j 1}
4
D 1st order 50 Hz component

3 . 1 2. . .
|wL?Vglgcos 2wgt 1 > Ig{zjzlj cos 2wgt  2j 1 arg(Zs1)

2nd order 100Hz component

(3.44)
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1 1 1 P 3 1
Pal = 6Vdc|dc1 §Rbr+ éRdc (Idc])2+ fvglgcosj 1 5 lg 12y cos(arg(Zy))

P P P p

6 2 o . 2 . 21 )
+ ?Vgldclcos(wgt) ?Igldcljzlj coswgt ji1 arg(Zy) + TVdclgcos Wt j1 > éRb,+ Rdc lgcilgCOs Wgt | 1
3 . 1 2. . .
+ 5 VolgCos 2wgt j1 5 1g "jZaj cos 2wgt 21 arg(Za)

(3.45)

The above equations reveal that even in the ideal steady state, rst order and second order oscillation
exists in each arm. The zero order component should be zero in steady state when the power balancing
equation(3.32)is satis ed. Integrate the arm instantaneous power, the optimal arm energy variation
referenceDe,, andDey can be obtained and is shown in (3.47) and (3.47) respectively.

z
Deau tilgeilgil 1 = Paudt
"% P3
= WVgldclsin(wgt)+ ngldcljzljsin wgt j1 arg(Zi)
9
P Bi . . (3.46)
4—ngdclgsm Wot j1 + Mg §Rbr+ Ryc Idclgsm Wt j1
p_
3 . . 2.5 . . .
+ ——VylgSin 2wyt — | Zyjsin 2wgt 2] arg(Z
12w, 'o ot J1 awg 9 VAT ot 21 arg(Z)
Z
Dea t;|dc1;|g;j 1 =  Ppadt
°% P3
=+ %Vgldclsin wgt ngldcljzlj sin wgt j1 arg(Z)
P~ 5 1 (3.47)
+ 4—ngdclg sin wgt j 1 Wg gRbr+ Ric lgclgsin wgt j1
p_
3 . . 2. . . .
+ 1—2ngglgsm 2wgt 1 4Tvg lg “iZajsin 2wgt  2j 1 arg(Zy)
If all impedance are ignored, theg,, = Sl\if g = % and the above equations can be
[¢]

simpli ed into an approximated form which is a function of time, apparent power, and power angle as
shown in (3.48).

pé V, pé V, 1
Deau(t; St;j 1) 9W6;Vdc81COSJ sin(wgt) Towe Vo Sisin wgt j1 + 12Wgslsm 2wgt 1 . 248)
Dey (t; S5 1) —éﬁslco j 1Sin(wgt) + 6 \ﬁslsin Wot j1 + L Sisin 2wgt - |
al (U o1;) 1 Owg Ve g1 9 12w V gt J1 12w, gt J1
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Similarly, the accurate form of optimal energy variation reference for single-phase (phase “e') is
given in (3.49) & (3.50):

P P
. 2 . 2 N .
Deeu tilgey:lil 2 = ; ﬂtVﬂdczS'n(th)+ g 1t lac2l 22l sin(wit j 2 arg(Z2))
2 : . 2 . :
4—thdclt sin(wit o)+ TWtRbrIdCZIt sin(wit  j 2) (3.49)
1 . . 1 S .
+ thtlt sin(2mt  j 2) m('t)zlzzl sin(2mt  2j 2 arg(Zy))
P3 P2
Deer tilge,il il 2 —‘;ﬂvtldczsm(wtt) m't lgcaiZojsin(wit  j 2 arg(Zz))
2 . . 2 . .
thdclt sin(wit  j 2) thRb"dC't sin(wit  j 2) (3.50)

1 ) . 1 N )
* gV SIN@ME (7)o (0% Zaisin(ut 22 ang(Z)

We use the accurate form of arm energy variation equation to design the energy reégyeacd
e, by adding the average nominal valegm. Equations for phase b’ and phase "¢’ have the exact same
form as phase "a' but they ha2p=3 and4p=3 time lag respectively. On the other hand, the formula for
phase “f' has the additional time delaymfespect to phase “e'.

= + Deay tilger 1y
€au= €nom au U lgen g .J 1 : (3.51)
€4 = €nomt Dey t;ldc1;|g;l 1
Finally, the arm reference value vector for MMC1 and MMC2 can be designed accordingly:
e = e e.l”
1 €au Su S aI> ol cl : (3.52)
e2:[eeu & Gl e]
3.3.2 Controller constraints design

Current constraints

Currents should be limited according to the maximum current limit in MMC or network speci cations:

2_ 3 2 3 2_ 3 2 3 2 3 3
grld grld 'MMc com;a MMC
jmax i jmax jmax i jm
,grid gc ,, grid MMC comc MMC
n # # n # n # mn #
i ite i iMMc icome iMMC
jmax - jmax imax i imax : (3'54)
It Itf It IMmc lcomf IMmc
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Arm energy constraints
Given the maximum and minimum limits of MMC submodule capacitor voltage, the constraints for the
arm energy state variables can be set as (3.55):

el ep el ep=[ew @u €u € @ el Offey &y & el (3.55)

wheree’" = INCoyo VI 2 1, @0 = INCyyp VI * 1.

Voltage constraints

The applicable arm voltage is limited by the sum of capacitor energy. Assume the voltage of submodule
capacitors in each arm are evenly balanced, then arm energy in each phase can be calc{diéy by
So the maximum arm voltag&i® must satisfy the arm voltage constraint inequalities show@.58)

1 2 N
&u = éCIiIUb Vfu ; Vfu: a Vxuk
',(\Tl . x= abcef: (3.56)
ey = }CSUb 2. VS = é_ Vy-
2 2 N Xl X a xl;k
' 2N
5%
viax— =22y — abcef:y= ul: 3.57
d Csub y ( )
2 3 29543 2 3 2954°
Uay q Csub Ugl q Csub
0 gubug Eq zgi‘;‘é; 0 ﬁumg Eq zgsigé (3.58)
uCu 2Necu uCl 2Nec|
Csub Csub

Becauselgir.x = w Ucomx = W the inequalities for the control inputs is derived as
(3.59).

2p_3 2 2p_3 2

Cau Uga €au Uga

r___ " # E@ Ugb P # E@ Ugb
N I3z 03y pecu Ugc u N 033 Igy pecu Uge 7. (3.59)

2XCsub O3 3 O3 3 p@ 0:5Vye Lsub Iz 3 I3 3 peTu 0:5Vye?'

EY 0:5Vyc CY 0:5Vyc

Pa 05V Pa 05V
h i

whereu; = ugjt4 Uga Udiib Ugb Udific Uge Ucoma 0:9Vhe Ucomb 0:5Vge Ucome 0:5Vigce

Clearly the square root operation of arm energy is nonlinear which is not compatible Wi'@e linear
controller approach. As illustrated in Figure 3.5, the feasible region is under the power func%??

and the nonlinear boundary is approximated by two line functigfp. By choosing the correct interpo-
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Fig. 3.5 Linear approximation of voltage constraints

lation pointey,;, the approximation error can be less than 1%. So each nonlinear constraint inequality is
converted to two linear inequalities in (3.60).

P_—— P_— P_—— p_—
f,(€) = p e em?n €int e + aﬂfn €int e
€min  Gint €min _Gint .
p Smin gt p o (3.60)
f(e)= p & €mnax €nt oy + €max €int e
€max Eint €nax Eint

whereenmin is the minimal arm energygnax is the maximal arm energg;; is the interpolation point
between the max and min energy values. Anid the arm energy vector. The control action constraints
for MMC1 and MMC2 are approximated by these linear functiébpand f, as shown below.

02 31 2 3 02 31 2 3
€au Uga €au Uga
r " # €hu Ugb r " # €hu Ugb
| o) 0 |
N 33 033 f1z Sug e, .Ugc U N 33 I3 3 f1z €cu 'Ugc
Lsup 033 033 €al 0:5Vgc GCsup Iz 3 I3 3 €al 0:5Vgc
€l 0:5Vgc Ep| 0:5Vqc
€l 0:5Vyc €l 0:5Vye
(3.61)
02 31 2 0 2 31
r " u Ute r "
N I, 2 022 %E g Ut z U N 0> Iz efu % Utf z
2Lsub 02 2 022 0:5Vyc Csup 12 2 122 €el 0:5Vyc
0:5Ve 0:5Vge

(3.62)
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3.3.3 Cost function design
A typical cost function for MPC with horizon lengti, is used and is formulated in (3.63):

Np, 1

. o] T T
MmN a  Xeiv1 X Q Xeri+1 Xrp + Ukel Uy RUk Uy (3.63)
kK 1=0

where matrixQ andR de ne weighting factors for state and control variables respectively.

lig 033 0356
Q=403 3 ligex 03 65; lig=1ligls 3l idc1= lideil3 3;1 e1= le1le & (3.64)
Os 3 03 ler
" #
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R= ; Dudiit = Tudirtls 351 ucom1= 1 ucomil 3 3 (3.65)

03 3 I ucoml

ObviouslyQ is a 12 by 12 diagonal matrix for MMC1 and is 8 by 8 for MM(R s 8 by 8 diagonal
matrix for MMCL1 and 4 by 4 for MMC2.

3.4 Simulation and discussion

3.4.1 MPC model setup for simulation
Discretization and approximation

Given a continuous syste(B.66), a discrete time state space mofRb7)can be created by zero hold
approximation.

%x(t) = Acx(t)+ Bcu(t): (3.66)

x(k+ 1) = Agx(K)+ Bgu(K): (3.67)

The matrices in the discrete model can be calculateldoy e*c™s, AcBg= (I Aqg) Bc whereTgis

the sampling time. The forward Euler approximation is often suf ciently accurate for short sampling
intervals of up to several tens of microseconds in combination with short prediction horizons. In this
way, the discrete time system matrices are approximated by (3.68).

Ag= 1+ AcTs AcBg= BcTsc: (3.68)

Note that the MMC system model is time varying, the system matrix of arm emid¥i.o . Ugir)
andAe2 (Ugom Ugis) Change with control inputs which contain the sinusoidal voltage and variable DC
voltage signals. So, the model needs to be updated at each sample time according to the measurements
and estimated control values. At the tim¢he grid voltage is sampled, and the control action is
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implemented at+ Tg.. To increase the model accuracy for grid voltage approximation in ZOH method,
an averaged valuaga is the used in the controller during sample period.

P-., z p- . .
2V, T Tse 2 sin wgt + wyT, sin wgt
0 _ g _ g g!sc gt .
Uin= P=— COS Wyt + wgt dt = p=V, ; 3.69
ga 3TSC 0 g g 3 g WgTSC ( )

whereTs is the controller sampling time. Similarly, other sinusoidal waves can be approximated in the
same way.

MPC transformation for QP solver
To solve the MPC problem, the model, constraints and cost functions are transformed into the linear
guadratic programming standard form given in (3.70):
- - - 1 T T
minimise J= Ex Hx+ f'x
subjectto Ax b (3.70)
Acq= beg

Setting a control horizoi,, the state vector for the long horizon MPC problenXjsand control
sequence diJ is shown below.

Xi=[Xer1 X2 Xir3 Xie Ny 1 Xeeng) (3.71)

Uk=[U Ugn1 Uuo2 U n, 2 Uken, 1] (3.72)

As mentioned above, this system has time-varying dynamics, the system matrix for arm energy changes
according to external terminal voltage and control references. Denote the system matrix at time step
k+ | is A, so the predicted system states at each time stepKrorhto k+ Ny, can be updated b§B.73)

Xir 1= ArXe+ Bug
X+ 2 = AA1Xc+ AoBuy + Buyy 1

(3.73)
X+ 3= AsAzAIXk + AsAxBuk + AzBuy: 1 + B 2
Therefore, a new state space model (3.74) can be obtained:
X = Ao+ Bl (3.74)

where state transition matricég, andB can be calculated in advance using the information of pre-
calculated grid voltage, and control referenceg3ir5) The cost function de ned i§3.63)is rewritten
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into canonical form for QP solver in (3.76).

2 3 2 3
A B 0 0 0
AA; AB B 0 0 O
AsACA AzAB AzB B 0 0
A= . Bix = . . . . . . (375)
Ay 1 Ay AN 1 AB Ay 1 AsB Ay 1 A4B B 0
Ay A Ay AB Ay AsB Ay A4 A\B B

min(X« Xi)” Q(Xk  X)+(Uk U)” RUk Uy)

) min(BoUict (Ao Xid)” Q(BuUk+ (Ao X)+(Uk U'R(Uk UY

(3.76)
H 1 > > > > > >
) rULnEUk HU+ f°U; H=B;QBx+ R 7 =(Axx« X, )  QBx (U) R
The state constraints are also converted into (3.77).
" # " #
X
BIX U ( max A[Xxk) (377)

th “ (Xmin Atxxk)

where the vectoXmax andXmin are composed by repeating constraint vectors as shown in (3.78).

2 3 2 3

. Xies 1-mi
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X+ 2;max Xic+ 2:min an an

Xmax = E : » Xmin = : v Xit I;max = QIMMCE Xi+ 1;min = 2 |m§/|xcg;| =12 Ny
: : max min
€pr €y
Xic+ Nh;max X+ Nh;min

(3.78)
The inequality of long horizon voltage control input constraii3$9)compatible for QP solver are
(3.79)to (3.81)where two linear functions are used to approximate the nonlinear voltage constraints via
arm capacitors' energy.
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Fig. 3.6 Essential measurements of B2B MMC substation

Fig. 3.7 Inner loop control scheme for B2B MMC substation: grid side (left), traction side (right)

Modelling using MATLAB Simulink

To solve the quadratic problem formulated above, the active-set QP solver is implemented in the
Simulink environment where at each sample tifge system model, cost function and constraints are
formulated based on measurements, designed reference and horizorNgntjtlen only the rst set

of the optimised control sequences is implemented on MMC, and the active inequality information is
passed to the next iteration to realise a warm start to speed up the computation process.

3.4.2 Control scheme for back to back converter

The MPC controller designed in the above section controls MMC internal state to track any given
reference with the minimal error. This means that the outer control loop which is responsible for current
reference design is still necessary. The system diagram and measurements is illustrated in Figure 3.6.
Two MPC controllers take in the designed reference values and essential measurements as input and
solve the optimal arm voltage control reference. Then a modulator converts the arm voltage command
into switching patterns for each submodule. This MPC internal control scheme is shown in Figure 3.7.
The required highlighted reference values are calculated by outer loop controllers and the schemes of
them are explained in Figure 3.8 and Figure 3.9. The traction side MMC2 supplies the railway network
with a xed magnitude 50 Hz voltage. Current referenteg , are generated by Pl controllers based on
the voltage magnitude and phase measurements. The reféjem@presents the required active power
from DC-link and it is calculated to support traction network (By35) and to compensate internal
energy error.
At the grid side MMC, DC-link voltage is stabilised by Pl controller which converts voltage error
into additional DC current referencly.. Combining the DC current requiremdgt, at the traction
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Fig. 3.8 Outer loop control scheme for traction side MMC

Fig. 3.9 Outer loop control scheme for grid side MMC

side, the DC current reference for MMC1 is designetjgs= 4., digc. This DC current reference

is transformed into AC side reference (8/33) This required DC side energy as well as the energy to
compensate internal energy error is provided through grid connection. Note that, by convention, the
grid current should be in-phase with the voltage. Therefore, the grid current referencd signaare
obtained.

3.4.3 Grid side three phase MMC

Firstly, the grid side three phase MMC is tested in current tracking performance. To test the proposed
MPC, the system is set to invert a steady 10 MW from DC-link to the grid and then follows a step change
to 10MW inreverse at 1s. Figure 3.10 shows the DC-link current tracking and common mode current
tracking in each phase. The DC side current can follow a step change with almost no delay but suffers
some oscillation after step change. The overshoot reaches 9 A (9.76%) in the DC link and the oscillation
becomes less than 1% of the reference value after 3 cycles (0.06 s).

Figure 3.11 plots the grid current response to tHMW to 10 MW power change at the grid
side' at 1s. The result shows that all three phase currents can be reversed within Ie%sybm’s
time which proofs a fast grid current response. After the power change, the averaged arm capacitor
voltages (Figure 3.12) has maximum 11% deviation from the nominal value and converges to less than
5% deviation after 0.1 s. Though the capacitor voltage performance is slower than the current tracking,

IDue to the de nition of current direction, the sign of power owing from grid side to DC-link side is opposite.
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Table 3.1 B2B MMC simulation parameter

Grid
Grid voltage (ph-ph) 66 kV (50 Hz) Rated phase current 250A
Inductance 1mH Resistance 1w
MMC
DC link voltage 120 kv Rated power 20 MW
Submodule capacitance 1 mF Number of submodule per arm50
Arm resistance 1 Arm inductance 18.5mH
DC link resistance 20W DC link inductance 1.4mH
Traction network
Network voltage 25kV Rated current 400A
Resistance 1w Inductance 1mH
Controller parameters
Controller sampling timq 200ms Model sampling time \ 5ms

MPC weighting factofl iac | idc;| e;! udif; | ucom]

[7.5, 1.5, 1, 0.001, 0.01]

(a) DC-link current

(b) Common mode current

Fig. 3.10 Three phase MMC DC current tracking
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Fig. 3.11 Three phase MMC grid current tracking (10 MW step change at 1 s)

Fig. 3.12 Three phase MMC averaged capacitor voltage value of each arm

the voltage deviation is symmetric to the nominal value showing that the total energy stored in the whole
MMC system is well maintained.

The controlled system state variables have achieved good steady state reference tracking performance.
The grid currents follow the symmetric sinusoidal references; common mode currents are almost ideal
DC component and arm energy values are varying in the optimal pattern. Four gures in 3.13 present

the steady state performance (data logged 1 s after the step change) and all these state variables have less
than 0.5% errd.

2AC currents are normalised by the reference magnitude and; Common mode currents are normalised by DC current
reference value and the energy values are normalised by the nominal arm energy value.

(@) I4 tracking error (b) icom tracking error (c) ec tracking error

Fig. 3.13 Three phase MMC steady state tracking error
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Table 3.2 The instantaneous power exchange in MMC arms

Horizon length Maximum number Averaged number Number of Number of optimi-
of iterations of iterations in 1/4 inequality =~ con- sation variables
cycle straints
2 3 1.16 96 12
3 5 1.28 144 18
4 7 14 192 24
5 8 1.44 240 30
6 10 1.52 288 36
7 10 1.48 336 42
8 10 1.44 384 48
9 10 1.4 432 54
10 10 14 480 60
11 10 14 528 66
12 10 14 576 72
13 10 14 624 78
14 10 14 672 84
15 10 14 720 90

Discussion on MPC horizon length

The above MPC test results use 10 sampling time steps as the MPC prediction horizon length. A long
horizon length might bring faster convergence speed but also much heavier computational cost.

The number of optimisation variables (manipulated variabléNijsand the number of inequalities is
48N;,. The computational cost in each iteration increases in a polynomial way. However, the increasing
number of constraints in long horizon MPC also increases the dif culty in searching for the feasible
solution. Table 3.2 lists out the simulation result of the computational cost within 5 ms after the step
load change. When horizon length is shdi, € 2; 3) even at the greatest step load change, only 3to 5
iterations are required to get a feasible optimal result. And the averaged number of iteration is less than
1.3. But when horizon length is greater than 5, it takes 10 iterations to calculate the feasible optimal
result. Note that for long horizon settings, not only the number of iteration cycles is greater than short
ones, but the problem size also get multiplied.

Nevertheless, increasing MPC horizon length appropriately is bene cial to response speed. Figure
3.14a shows the grid current THD analysis result where one cycle is sampled after the step change and
the greatest THD among three phase currents is chosen. MPC with longer horizon length can achieve
low THD grid current with less time. Note that this pattern only holds true wken 12, because
if horizon become too long, the modelling error becomes more signi cant and actually degrades the
performance. Figure 3.14b compares the required time to reach less than 0.5% tracking error in each
MPC with different horizon length . Obviously, the longer horizon length has faster response, but the
effect gradually wears off even the computational cost keeps increasing.
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(a) Grid current THD (one cycle sampling) (b) Required time to reach <0.5% tracking error

Fig. 3.14 Comparison of horizon length in uence on controller performance

Performance comparison with other control approaches

The MPC control scheme is compared with traditional cascaded linear controller (Pl) approach (see
Appendix A) and deadbeat controller (see Appendik Bhe power change from20MW to 20MW

at 2s. Grid current, DC-link current and the capacitor voltage performance are required in the following
three gures. In the following three performance comparison gures (Figure 3.15, 3.16, 3.17). In each
set of gure, different sub gures' representation is explained as follows:

» Sub gure (a) shows the result of MPC approach with 2-step horizon length.

» Sub gure (b) shows the result of MPC approach with 12-step horizon length.

» Sub gure (c) shows the result of conventional cascaded linear controller approach
(PI, PR controllers are used in the control scheme explained in Figure A.4).

» Sub gure (d) shows the result of a set of deadbeat controller.

Figure 3.15 compares the grid current tracking performance. It takes PI control apBrdamitle
time to achieve good symmetric sinusoidal current waveform after the step change. The MPC with
horizon 2 and deadbeat controller shows similar faster response that=fteycle, the current is welled
controlled and the result of deadbeat is observed with a bit less distortion. MPC having long horizon
(Nh = 12) exhibits the nest result that not only the current can immediately be reversed one step after
the reference change but a well smooth sinusoidal wave is preserved even within the rst quarter cycle
(5ms).

As discussed in Section A.2 multi-objectives are controlled by DC side current including energy
balance between phases, energy balance between arms and circulating current suppression. Therefore,
unlike the grid current trackirfgthe DC current reference is a combination of multiple control references
generated based on energy/voltage errors.

3Because controllers other than MPC cannot handle coupling effect at DC-link impe&agpeedLy. are ignored in the
comparison
4Grid side current references are simply three phase current which only have 50 Hz component.
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(8) MPCN, = 2 (b) MPCN, = 12

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.15 Three phase grid current comparison

Figure 3.16 compares the DC-link current tracking performance and Figure 3.17 compares the
capacitor voltage control performance. Both the linear and deadbeat controller get big overshoot
and long settling time. This is because the DC side current reference is designed to achieve fast
capacitor voltage control. Even the DC-link current is sacri ced for a better capacitor voltage regulation,
the maximum voltage deviation is greater than MPC results, because the capacitor energy are set as
constraints in the MPC approach. Additionally, in MPC results the energy stored in the capacitors are
well maintained as the voltage deviations in different arms are symmetric to the nominal value.

Both in long and short horizon length MPC simulations, the overshoots and responses in DC-link
current tracking are better than the other two methods. We can reduce the gain or set saturation in the
energy controller to alleviate the overshoot in the linear and deadbeat controllers however this will
also slow the capacitor voltage regulation. Because the DC current control and arm energy control are
coupled in these controllers and the exact energy dynamic is not accurately modelled. It is dif cult to
achieve a balanced result in conventional approach.

Sensitivity analysis on MMC branch parameter variation

The result shown above is based on accurate modelling of the MMC system. In the ideal case, the model
predictive controller has the correct parameter as the actual hardware. However, parameter mismatch
can happen in the practical applications. Figure 3.18 shows current tracking error when the MMC
branch inductance and resistance vary from 0.5 to 3 times of the nominal value. Thanks to the feedback
principle of the predictive control, even large parameter mismatch exists, the controlled system is still
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(@) MPCN, = 2 (b) MPCNp = 10

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.16 DC-link current comparison

(@) MPCN, = 2 (b) MPCNp = 10

(c) Cascaded linear controller (d) Deadbeat controller

Fig. 3.17 Arm capacitor voltage comparison
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(a) Grid current AC tracking maximum error  (b) Common mode DC current tracking maximum error

Fig. 3.18 Parameter variation in uence on steady state current tracking error

(a) Grid current tracking error (phase C) (b) Common mode dc current tracking error (phase C)

Fig. 3.19 Parameter variation in uence on transient current tracking error

stable. It can be seen that the parameter mismatch in the inductance value affects both grid side AC
current tracking and DC side current tracking while the resistance value variation shows little in uence

on the AC side current. In general, the greater branch line impedance varies, the greater the error exists
in the steady state. However, when the actual impedance becomes less than the nominal value, the steady
state error is actually reduced. Because this type of parameter mismatch results in a higher gain in the
feedback control loop which contribute to a smaller tracking error.

Figure 3.19 shows the comparison in the transient power reversal condition where the impedance
of each MMC branch has been scaled to 50% and 200%. When the actual impedance is larger than
the value used in the controller, the system responses slower in the power reversal change. In the 50%
scaling factor case, although the system gain is larger which contributes to less steady state errors, the
overshoot becomes greater in the transient result.



62 Model predictive control for modular multilevel converters

(a) Instantaneous measurement (b) RMS value

Fig. 3.20 Traction network voltage (10 MW load change at 0.4 s)

(a) Instantaneous traction network current (b) DC-link current

Fig. 3.21 Single phase MMC current tracking (10 MW load change at 0.4 s)

3.4.4 Traction side single phase MMC

For the traction side MMC2 test, a step of resistive load of 10 MW is connected at the single phase MMC
side at 0.4 s. The single phase MMC is controlled to keep the network voltage at 25kV. It can be seen
from Figure 3.20 that after the step load change, the RMS value of traction voltage drops to 91.2% of
the nominal value and restores to less than 5% deviation after 20 ms. The steady state error is negligible.

Figure 3.21 shows the current measured at the traction network and DC-link. There is almost no
delay in current tracking after the load is connected. The DC-link current has 17.2% overshoot and takes
10 ms to settle to less than 5% error. After another 20 ms, the DC-link has less than 2% error. Note that
this transient performance is mainly dominated by the outer loop controller rather than the MPC itself.
In the steady state, there exists a small oscillated AC component in the DC-link current — a peak to
peak value of the AC component is 0.51% of the DC reference value.

The averaged arm energy has 10% deviation from the nominal value when the step change starts
(which is about 4.9% deviation in voltage perspective as shown in Figure 3.22). After two cycles' time
(0.04 s) the energy error can be reduced to less than 5% (2.5% deviation in voltage).
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Fig. 3.22 Singe phase MMC capacitor voltage (10 MW load change at 0.4 s)

(a) Three phase grid current (b) Traction network current

Fig. 3.23 B2B-MMC current performance (10 MW step change)

3.4.5 B2B MMC system

Combining the control scheme in Figure 3.9 and Figure 3.8, the two converters are connected as a
back to back converter. The three phase MMC1 is controlled to support the DC-link and single phase
MMC2 operates as an inverter to support the network as previously discussed. Note that in the proposed
control scheme, the DC current reference generated for MMC2 will be fed to MMCL1 controller side as
feedforward term to improve the transient response.

The MPC controlled back to back conversion system enjoys superb DC link voltage stability even
with 10 MW step load at the traction side (at 0.4 s). There is only 0.5% dip in DC-link voltage and 0.33%
overshoot. After 0.5 s, only a tiny amount of AC component exists in DC voltage (peak to peak value is
0.0708% of the DC voltage reference).

However, in the B2B system because the current reference is updated from PI controllers, some
oscillations exist in the DC-link current after load change. In Figure 3.24b, we can observe that the MPC
successfully tracks the DC current reference well. But due to the outer controller, even after 0.1 s there
exists small oscillations of about 5% of the DC reference value. The AC component in the steady state
DC current is about 0.64% of the reference (peak to peak value).

The arm energy balancing results are almost identical to previous one side converter tests. In the
grid MMC1, the maximum energy difference is 5% ( in voltage) and can be reduced to less than 5%
within three cycles. After 0.2s, the energy error is less than 3%. The arm energy performance of MMC2
is the same as previous results. Although both MMC1 and MMC2 deliver 10 MW power, due to the
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(a) DC-link voltage (b) DC-link current

Fig. 3.24 B2B-MMC DC-link measurement

(a) Capacitor voltage of MMC1 (b) Capacitor voltage of MMC2

Fig. 3.25 Averaged submodule capacitor voltage in each arm of B2B-MMC system
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power ow direction and terminal voltage value, MMC2 exhibits greater voltage variation range than
MMCL. Itis possible to adopt different design parameters in both sides such as considering the number
of submodules, submodule capacitance and terminal voltage level for reliability and cost optimisation.

3.5 Summary

Most of MPC schemes designed for MMC only implement one-step prediction horizon. In this chapter,
a long horizon MPC which takes the internal arm energy into consideration is developed for B2B MMC
railway feeder stations.

Having the receding horizon feature, the proposed MPC for B2B MMC substation has faster transient
response, shorter settling time than cascaded PI controller and deadbeat approach. It is also shown that a
slight increase of prediction horizon reduces convergence time after step reference change. Thanks to
the external modulator, this approach also has good steady state performance. The parameter variation
result shows that this control approach can maintain good results even the branch impedance has large
variations.

In this modelling approach, the energy state is directly controlled and predicted within the MPC. An
external balancing control loop is no longer required. This provides the possibility to accurately use
most of the capacitor energy with less chance of over modulation.

As for future work, different back to back control methods can be further applied to this modelling
approach.






Chapter 4

Modular multilevel converter with
renewable energy generation integration

4.1 Overview of renewable energy generation integration in railway
power supply

The landscape change of the energy sector for embracing signi cant renewable penetration has made the
electri ed railway an environmentally more friendly means of transportation than on-road vehicles and
air transport. The AC power supply scheme is the most consolidated technology which enjoys popularity
in current high-speed railway applications, and the 25 kV single phase ac power supply scheme is widely
adopted in the traction power supply system (TPSS) in many countries such as Japan, China, UK and
France etc. However, most of the existing 25 kV AC supply feeder stations are realised by conventional
transformers which lead to several power quality issues such as voltage unbalance, low power factor and
harmonics issues. Various compensation schemes and balanced transformers have been researched and
implemented in railway systems to improve the power quality [13].

The successful application of power electronic converter not only improves the power quality but
also facilitates a more exible power supply system for the future electrical railway system (ERS). In the
past decades, some pioneering work has been carried out to verify the feasibility of integrating renewable
energy source (RES) and energy storage system (ESS) into ERS. The European Union initiated the
MERLIN project [87] to achieve a more sustainable and optimised energy usage in European electric
mainline railway system in 2012. Japanese researchers demonstrated the potential of using photovoltaic
(PV) panels on platform roofs and railway premises to introduce the solar power into the ERS in
2013 B8]. Zero emission operation has been achieved in a local "Hiraizumi Station' with solar energy
generation and lithium-ion batteries [89].

To improve the energy ef ciency, the East Japan Railway Company also studied the economic bene t
of the dc railway regenerative energy utilisation by energy storage system [90]. In [91], PV generation
with hybrid ESS is connected to the cophase traction power system for coordinating regenerative braking
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energy and local renewable energy, and energy management strategy is optimised to achieve the lowest
daily cost. Sengor et al. also presented a mixed-integer programming model to minimise the daily
operational cost of a similar syste®2 where the model considers the dynamics of train load, pricing
scheme, stochastic nature of state of energy (SOE) and uncertain PV generation. ZHBetis¢d
passivity-based stability criterion to assess the stability of a PV plant tied into a medium voltage dc
railway electri cation system, and proposed a virtual impedance control scheme.

Railway power supply integrated with RESs and hybrid ESSs relies heavily on the ICT technologies
to operate reliably, effectively and ef ciently. Therefore, researchers have considered the next generation
of ERS to be a smart railway system, where information and communication technologies are used to
improve the overall controllability. Eduardo et al. discussed key features in a smart railway system,
including “smart train operation’, “smart operation of railway power supply', and “smart interaction with
other power systems' [87].

Aguado et al. proposed a methodology for optimal operation planning of railway energy systems
considering the uncertainties associated to RES through scenario tree ap®@adidvak et al.
presented a hierarchical coordination scheme for substation energy ow control and the individual
traction control, and used a stationary energy storage system to minimise energy consuddption [
Through interactions with other power systems, the ERS is transformed from a passive energy consumer
into a proactive system which has the capability to respond to various grid demands. Sun et al. evaluated
the impact of battery based railway transportation on power grid oper&@relnd demonstrated that
the mobile battery storage can relieve the transmission congestion while reduce the operation costs.

Most of the research works mainly focus on RES and ESS installation capacity and power ow
optimisation. The accurate system dynamics in medium voltage ac railway supply system with RES
integration has not been fully investigated. Renewable energy such as wind and solar energy are
intermittent and cannot be accurately predicted. Similarly, the traction load has similar characteristics
due to rail condition, carrying weight, weather and other factors. Unlike the conventional transformer
based station, the power electronic converter based station needs to be controlled in real time to transfer
the energy among the grid, RES and the train. The intermittent renewable energy generation and rapid
changing train load will impose more stringent requirements on the converter performance.

The instantaneous power consumed by the single phase traction load introduces double frequency
oscillation into the supply syster@7]. The existence of sudden load change, intermittent renewable
generation and oscillating single phase power challenge the stable operation of the hybrid railway power
supply system.

In this chapter, a full power modular multilevel converter solution is proposed for railway traction
power supply integrated with RES. The aforementioned problems of single phase oscillation and high
power change are addressed by utilising oating capacitor in the MMC.
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Fig. 4.1 Different connection schemes for integrating renewable energy source into railway supply
system. (a) RES interfaced with high voltage distribution grid. (b) RES interfaced with medium voltage
25 kV overhead line. (c) RES interfaced with power grid compensator. (d) RES interfaced with railway
power conditioner. (e) RES interfaced with cophase supply conditioner. (f) RES interfaced with static
converter based station

4.2 Modelling and control of DC link coupled wind power generation
substations

4.2.1 System topology and operation
Overview of different RES connection strategies

Six different con gurations with RES integrated into railway traction supply system are illustrated in
Fig. 4.1. Con gurations presented in Figures 4.1a and 4.1b do not need any modi cation in the original
stations, RES is directly connected to the power grid or traction overheadline. These two con gurations
are typical in conventional smart grid and their design and control are studied in [98].
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Figures 4.1c and 4.1d represent the scenarios where the RES is connected to the grid side power
quality compensator or railway power conditioner so that the dc/ac converter required in Fig. 4.1a,4.1b
are cancelled. Both compensator and conditioner are responsible for addressing the power quality issues
due to traction load. The power generated by RES will be used to balance grid current or compensate
power ow between two supply arms. RES rating is limited by the conditioner capacity which is usually
a portion of the feeder station. [99] analysed a multi-port railway power conditioner of Fig. 4.1d.

Con gurations in Figures 4.1e,4.1f integrate the renewable generation into the station. Cophase
connection with RES complicates the system design but provides more exible control for traction
supply because the number of neutral zone can be reduced or eliminated. Liu et al. investigated the
energy management for this connection scheme [91].

Topologies presented in Fig. 4.1a—4.1e can be used regardless of the feeder station con guration.
Due to the distinctive bene ts of SFC based substatilddf], con gurations illustrated in Fig. 4.1f are
investigated in this chapter, where RES are connected to the medium DC voltage link of the back to back
converter. Railway feeder stations usually have power rating from 10 MW to 80 MW, so this topology
has the capacity to accept more renewable generations than con gurations illustrated in Fig. 4.1c—4.1e.

The proposed static converter station integrated with wind power generation

Figure 4.2 presents the equivalent diagram of a proposed supply system. MMC back to back converter is
used to convert three phase voltage power into a single phase. As illustrated in Fig. 4.3, the MMC on the
grid side is denoted 8dMCs and MMC connected to the traction overhead line is denotddM€, .
The wind turbine generator (WTG) system brings poRgiinto the DC-link, and the power ow of
MMC g denoted a$s can be controlled in bi-direction depending on the DC-link voltdgedenotes
traction side power and is delivered by MMC

The range of power owing into or out of the gridP§) is determined by wind power, train load and
regenerative ef ciency. Generally regeneration power will be less than 80% of the maximum traction
power, so we can de ne the power rating of MM@s:

maxPz) P™

X 4.1
min(Pg) (0:8P™+ RY®)

whereP} denotes power owing from the grid to DC-link visIMCg, P; denotes power from DC-link
back to the grid viMMC g, ™ andR}®* denote the maximum wind power generation and traction
load power respectively. However, if extra ESS is included in this system, then more wind power can
be accepted without increab8MCg's power rating. Different power ow patterns and the symbol
de nition are illustrated in Fig. 4.3. Based on the energy conservation law, the following equation
(ignoring the energy inside inductors) can be derived:
h [
Zy, . Cab U(t2)  ULZ(ta) _

t (Rv+Ps R)di= g > ;

(4.2)
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Fig. 4.2 Con guration of a wind power connection into static converter based railway substation

Fig. 4.3 Power ow illustration for the hybrid railway supply system

whereCgyp represents each capacitor's capacitance in the systemiczﬁt)ds the corresponding voltage

at timet. The fast and stable operation of wind power delivery and traction power supply depends on
a stable DC-link voltage. If the DC-link voltage has large deviations or large magnitude oscillations,
the system performance will be compromised and the device connected to the dc-bus may behave
unexpectedly [101].

As mentioned in Section 4.B andRy by nature have adverse effects on DC voltage stabilisation.
Thus,MMCg must robustly control DC-link voltage by changiRg and internal submodule states.
Ideally, all capacitor voltages vary around their nominal values, but it is hard to achieve during transient
states. For example, i changes from 0 to maximum in short time in acceleration mode (or reversely
in braking mode), the capacitor voltage will inevitably vary. It takes time to resf@féack to nominal

its value and during that time DC-link voltage will be affected. Section 4.3 addresses this problem in
details.
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Fig. 4.4 Permanent magnet synchronous generator with neutral point clamped three level converter

It is preferable to build wind energy conversion system (WECS) near the location of SFC station to
reduce transmission losses. We assume the WECS are a set of WTGs and transmit the power through
HVDC line into SFC station. There are numerous research on different topology and control schemes
for connecting wind farm and DB transmissidtOp]. The detailed wind farm control is beyond the
scope of this chapter, and therefore only one equivalent generator unit is considered for simplicity.

4.2.2 Wind power generator modelling and control

The wind generation system is simpli ed into a single machine unit. In this section, a single 10 MW
permanent magnet synchronous generator (PMSG) with three phase three level neutral point clamped
(NPC) converter is used to represent the WTG system Fig. 4.4. The medium voltage DC side of NPC
connects directly to the DC-link inside the SFC station

Wind power synchronous generator modelling

Figure 4.4 illustrates the circuit diagram of a typical wind energy conversion unit using a NPC converter.
Table 4.1 lists the parameters of the equivalent WECS. Ignoring the effects of slotting, saturation, and
end effect, etc., the simpli ed PMSG dynamic equationsglaframe can be written as (4.3):

8

. . di
Sy = RYY wiLYiY + L | .s
B M : M M| M;M Mdlgl M ’ ( . )
AV Iq+WeLdId+LqE+Weym

wherevg”;vg" are the machine terminal voltagesdq frame;w} is the electrical angular speed. Here it
is assumed that the generator is a surface mount magnet generato}, :vi:Lg” = LY. The machine
parametersare shown in Table. 4.1.

1The parameters of the wind generator and its converter are set to represent a small wind which is able to deliver 10 MW
generation power. Thus, these parameters does not represent any speci ¢ single wind generator system.
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Table 4.1 System parameters of wind power generation system

PMSG machine

Rated line voltage M 26.4 kV
Rated stator frequency ¥ 20 Hz
Number of pole pairs p 8

Rated rotor uxlinkage ym 21.5Wb
Stator winding resistance RY 1.6W
Synchronous inductance L% 65.6 mH

NPC converter

Rated DC voltage Ve 48 kV
NPC capacitors C, 500mF
Switching frequency fapc 2000 Hz

1 parameters do not necessarily represent a real
system

The wind turbine model is also reduced to a controlled torque source. In this simpli ed system,
the generator is controlled in constant speed operation with fast response to external torque input. We
simulate different wind power generation by changing the value of applied torque on PMSG's shaft.

Generator controller design

To achieve fast response, a modi ed deadbeat control is adopted as machine controller. Deadbeat control
is a model based control method which is equivalent to a simpli ed implementation of the horizon one
model predictive controller. DiscretiZd.3) using forward Euler method with controller sample time

Tse, the prediction ofigaxis currents can be explicitly predicted:

mn n " mn #
k+1) _ 1 Tt TsoW'(K) i (K)
i¥(k+ 1) T (k) 1 Tecle  iM(K)
" 1 #" B (4.4)
Tep 0 Vi, 0
0 Ted WK T

As described in Fig. 4.5, reference curré\ﬁt’f is updated by PI controller arig!rEf is set to zero for
maximum torque per ampere control. Therefore, we can calculate the required terminal voltage to
generate the exact reference current in the next time step using (4.5).

" # " #" #
vt RY AL LK) iR
et LMW (K) Iid %LMM it (K) “5)
L Tbmo 0 iy 0

0 AL e ynw(K
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Fig. 4.5 Controller diagram for PMSG drive

Equation(4.5) expresses the control equations inside the deadbeat controller which calculate terminal
voltage command to contrdy; iy to track the reference signal without error. However, the sampling
time Tsc cannot be in nitesimal, so modelling error deteriorates its current control performance. For this
reason, parallel integral controllers are added (Fig. 4.5) to improve the control robudidi@s3 he
composite voltage command signals are then transformed baticftame and the space vector pulse
width modulation method (SVPWM) is used to decide switching states in the NPC controller.

4.3 MMC based static frequency converter station

4.3.1 Modelling and design of the back to back converter
Single phase model and control principle of MMC

Figure 4.6 shows the circuit topology of MMC-based static back to back converter. The back to
back converter has three phasad(c) working as a grid connection converter and two phasgh (
connecting with railway traction overhead line.

Different phases have similar structure and each of them is composed of two sets of series connected
half-bridge modules with branch inductiog;. The DC-link voltage is measured ag, and a virtual
reference point is used to derive circuit equationgs; Ugh, Ugc are three phase voltages with star
connection, and thuga+ igh+ ige = 0. For simplicity, we consider discussing the single phase MMC
model in the following explanation.

Symbolsuj, anduj represent the voltage of all inserted modules in upper and lower branches in
phasej respectively. By Kirchhoff's law the current and voltage in phagellow (4.6) to (4.8).

. di

Ug] = Rbrl]u Lbrﬁ ulu+ 05udc (46)
. di;

Ugj =+ Rorji + Lbrajl-i- uj  0:5ugc 4.7

igj = Tjutiji (4.8)
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Fig. 4.6 Topology of the MMC back to back static converter
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Then add and subtra¢t.6) and(4.7) the following expressions of terminal voltagg and DC-link
voltageugc are obtained.

iju+ij| diju+ij|

Ugc = Uju+ Uj| + 2Rbr + 2Lbra 2 (49)
Ujy+ Uj g+ i d ijtij
Ugj = ’“2 L+ Ry J“2 L Lbra% (4.10)

We control MMC dynamics by switching on and off of each submodule to decide voltagg and
uji. If the number of submodule@$! ¥ or the switching frequency is suf ciently high, we can use
modulation indicesn;y; m;; to represent the branch voltages:

Uju = MuNWE  ujr = myNw'™; (4.11)

whereud’®is the average capacitor voltage.

Equation(4.8)}(4.10)imply that the AC terminal side value is decided by the difference value of
upper and lower branch, and the DC side is determined by common values of two branches. Therefore, it
is easier to view MMC topology in differential and common mode model, and the differential/common
mode values are de ned in (4.12):

Xjcom= ( Xju+ Xj1)=2;  Xjait =(  Xju+ Xj1)=2; (4.12)

wherex represents modulation index, branch voltage or branch current, and the subsmmiats
represent the common mode value and differential mode value respectively. For exgsnpégresents
the differential mode current of phagevhich is de ned by upper and lower branch currentsandij.

Then the terminal voltage and current of one MMC phase can be rewritten using differential and
common mode values:

. d .
Ude = Mjcom2NUWR"*+ ijcom2Ror + at (ijcom2Lor) ; (4.13)
. d .
Ugj = MiditNWE®+ ijqifRor + a('adifl—br) ; (4.14)
igj = 2ijdif2 (4.15)

The MMC single phase equivalent modek#13)and(4.14)are illustrated in Fig. 4.7. In briefy; is
controlled bym;git andugc is controlled bymjcom. In Nnormal steady state operation, average capacitor
voltage in each branch equalsieN of the nominal DC-link voltag®y.. Consequently, in most of the
applicationsN modules are inserted in series to maintain DC-link voltage at each instance by default,
which givesmjcom = 0:5. Usuallyijcom has to be controlled to suppress excessive AC components, then
a small sinusoidal signal will be addedrtg.om to achieve this objective.

Because the differential mode shows that the MMC can be controlled in the same way as conventional
two level converters, most of the previous works only stabilise DC voltage by controlling average
capacitor voltages and usg@com = 0:5 to indirectly maintain the DC voltage. However, if the load
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Fig. 4.7 Simpli ed equivalent differential common mode model of single MMC phase

change drastically, nameiy. change greatly in very short period of time, average capacitor voltage
will no longer be the nominal valu@§’®6 Vyc:=N). Modulation signal ofnjcom= 0:5 can not guarantee
stable DC-link voltage andy. changes with average capacitor voltage synchronously.

The conventional approach does not fully take advantage of the special characteristics of MMC. In
fact the total number of inserted submodules can be modi ed to compensate transient voltage drop. For
this reason, it is necessary to deliberately conmghny, such that DC-link voltage has less deviation
from the nominal value in transient state.

Parameter design of MMC back to back converter

Assume right after a sudden load change, the average capacitor voltage becomes:

ude= a\%; (4.16)

wherea is the average capacitor voltage factor, and we assun®:5; 1:5]. By (4.13) ignoring the
voltage across the inductan.qm has to be set to:6=ain order to stabilise the DC voltage perfectly.

Note thatm;y; mjy 2 [0; 1], and thereforenygir can vary from 0:5to 0:5 if and only if mjcom= 0:5.
Also in this case, the no load voltage output rangeyj2 [ 0:5Vyc; + 0:5V4c]. But under the condition
when the average capacitor voltage has large deviation from the nominal, differential modulation range
and terminal voltage are compromised if we adjughbm= 0.5=ato maintain DC-link voltage. Then
the achievable ranges of modulation index and output voltage with this approach can be expressed as
follows and plotted in Fig. 4.8.

mjcom: 85261
. ) <1 05=a; a<1
JMjdifJmax = . _
é 1=(2a); a 1 (j= ab;c) (4.17)
S(a 05)Vy; a<1

JUgjimax= .
© 0:5Vyc; a 1
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Fig. 4.8 Range of modulation index and output voltage with average capacitor vojtdgeaVy.=N

The ac terminal voltage output capability will not be affected when1 but decrease linearly when
a< 1. Apparently, system parameters have to be carefully designed to guarantee stable operation.

ConverteMMCg has to deliver power in bidirection. In no load condition, when current is small
enough, the differential modulation index (denotedipyj, ) is:

pP_V, .
Mjgif, = 2%; j=abc (4.18)
dc
whereVy, is the phase to ground root mean square (RMS) voltage of the grid side transformer. In the
rectifying mode, the differential modulation index for maximum load (denoteahjy,) is calculated
by the following equations:

p_S
2 Plegpfy 2 b Max P

—° v2+ — G ., 4.19
anc gn Vgn ' 3 ' ( )

Mjdif, =
wherefy is the grid frequencyl.eq is the equivalent inductance which is equal to the sur%mf and
the transformer leakage inductance. Similarly, in the energy feedback modaegg#yéor maximum
load is shown in (4.20):

> 2
Mot = oo vz —ePlg " p MNF6 (4.20)
C

It is easy to see thahqgir, < Mjair, < Midits; (J = & b;c). In normal steady state operation, the upper
limit for differential modulation is 0.5 and in case of voltage deviation, the upper limit constraint is
expressed in (4.17).eq andVy, have to be designed without violating these constraints.

According to [L04], the series resonance angle frequewgy: should be smaller thatt55w to avoid
circulating current resonance. In this chapter, consider the largest series resonance angular frequency of
one phase: s
Wres= } N=a ;

2 2pCsup

a< 1; (4.21)
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Table 4.2 Parameters of SFC substation back to back converter

MMC
Transformer voltage (ph-ph) Vg 21.5kV
Rated power P, 26 MW
Rated DC voltage Vge  48kV
Numbers of submodule per branciN 24
Submodule capacitance Csub 2mF
Branch resistance Ror 0.5W
Branch inductor Lpr 18.5 mH
Switching frequency frme 500 Hz

obviouslywes has larger value when capacitor voltage is below nominal value due to a greater number
of capacitors being switched on. We can design the appropriate MMC branch inductance to satisfy these
criteria.

In addition to satisfying power delivery and suppressing circulating current oscillation, the MMC
branch inductor also has to suppress fault current rise rate during DC-link fault. To limit the magnitude
of short-circuit current, the inductance value is set to 0.1 p.u. accordiri@® [Consequently, the
inductance in each MMC phase and transformer terminal voltage can be designed.

Assume the system changes its power supply linearly and reaches steady state after one cycle time
(20 ms). Then the total energy stored in all submodules' capaﬁ@)rs(hould satisfy (4.22):

1 PO

2%, 51 (4.22)

Equation(4.23)estimates steady state voltage ripple of the submodule capacitor in each phase. Suppose
the capacitor voltage can deviate 20% of the nominal value in the worst transient load change, viz.
0:8 a 1:2. The capacitance of each submodQlg, can be designed using constraintg4r22)and
(4.23):
Duc NP, (1 mjzdif)g
VoemN max 4P foCouVg Mt

whereP; is the power rating in phase Table 4.2 presents the MMC parameters.

j 1 ajmax; (4.23)

4.3.2 AC voltage control of MMC

This section presents the control scheme to realise the AC connection to three phase power grid and single
phase railway catenary. The back to back MMC generates synchronised voltage with the distribution
grid and a 50 Hz sinusoidal voltage for railway power supply.
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Fig. 4.9 Control diagram of the three phase grid AC voltage controller

Grid side converter

The equations of three phase AC side MMC dynamics are derived in (4.14) and can be rewritten as:

8 _ Rbr. Lbr d .
% Uadif = Uga ?|ga 7a|ga
. Lpr d.
g Updif = Ugb %Igb %algb : (4.24)
Ror. Ly d.
" Ucdif = Ugc 7r|gc %a'gc
Use park transformation to map (4.24) irtq frame:
8
. Lprd. Lpr.
2 Ugifq = Ugd %ld %aloﬁ W%'q
S R L d L ; (4.25)
. _— r br 4. br.

wherew is the angular velocity of the grid. Equati¢f.25)has similar form with two level converter
system. The classic control method is used for outer loop control shown in Fig. 4.9. Three phase AC

current are transformed into DC valugsiq and then PI controllers with feedforward terms compose
the reference values foff! via inverse park transformation.

Traction side converter

Traction side catenary ac supply requires single phase voltage. The MMC traction side outputwpltage
is a sinusoidal voltage, and we can derive the circuit equation from the model shown in Fig. 4.10:

) d.
Uo = Rorio + Lbra'o +(Uedif  Ugdif) - (4.26)

To maximise the difference betweagyi; anduggi, they should be opposite to each other for maximum
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Fig. 4.10 Single phase MMC railway traction network supply

Fig. 4.11 Control diagram of the single phase ac traction supply
utilisation. Then the desired terminal voltage can be calculated as (4.27):

1 ) d.
Uedif =  Usdif = > Uo+ Rorot+ Lbr—lo

dt
r°s 1 , di
= kgo"' Szk_'r_ W2 (Up Uo)+ 5 Rorlo + I-brao

(4.27)

The control diagram of single phase voltage supply is illustrated in Fig. 4.11. Because the AC voltage is
directly controlled without being transformed into a rotating coordinate system, a proportional resonant
(PR) controller is used to follow the sinusoidal reference.

4.3.3 DC link voltage control of MMC

In ideal situations, the DC-link voltage is maintained to have as less deviations as possible. However,
load disturbance can cause voltage sag or swell in short time and the single phase traction load introduces
doubled frequency component in the DC voltage. Special control based on MMC is introduced in this
section.

Single phase power ow oscillation suppression

Denote MMC output voltage on railway overhead lineugsand load current dg as shown in Fig. 4.10.
The instantaneous power consumed by the traction loBdi3:

B (t) = Ugmsinwt  lgmsin(wt | )
(4.28)

_ Uomlom

2

[co§ cos(2wt j)]:
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Fig. 4.12 DC voltage double frequency oscillation suppression

In Equ(4.28) Uom; lom are the magnitude of MMC output voltage and output current respectively and
is the traction load angle. Clearly, the traction load power has a double frequency component which has
the comparable magnitude with its DC component. In traditional two level or multilevel NPC converters,
where a shared capacitor exists, the DC-link voltage will inevitably have a 100 Hz oscillating component.
For example in the on-board line converter of high speed train, DC voltage recti ed from single phase
converter contains the 100 Hz component and affects the traction line side current [106].

In contrast, the MMC has oating capacitors and does not exchange energy from a shared capacitor.
It is therefore possible to eliminate double frequency component on the DC-link voltage. Referring to
Fig. 4.6 and Fig. 4.7, we can ha@ = 2iecom= 2iscom in Steady state. Therefore, rejecting ac component
in igc is equal to controllindecom ifcom t0 become dc values. Figure 4.12 shows the control diagram of
this approach.

Here, calculation of the reference value common mode cui’%p,tis based on real time current
measurement through a mean Iter and thus 100 Hz signal is Itered out in calculiﬁmg Then
100 Hz component injcom can be extracted and PR controller generates a 100 Hz control HE@“&BAS
suppresses the oscillation current formulated in (4.29).

ref U kll:loscs iref ;
Ujosc™= kposc+ L+ w2 licom !jcom ; (4.29)
r

wherew; is the resonant frequency. With this approach, phasksf MMC at traction side will not
introduce the oscillating power effect into the DC-link at steady state. The PR controller gains are tuned
by optimising the jcom tracking performance in response to the 10 MW traction load step change, where
the accumulated absolute tracking error is minimised. The minimisation problem is solved by sequential
guadratic programming method.

DC voltage stabilisation

In this back to back system, the submodule capacitor voltage is maintained and stabilised by grid
side converteMMCg. The capacitor voltage deviation determines the reference vaila@ loy a PI
controller:

Uc
. : \Y,
i = kge+ kls TSIC ude - (4.30)

Whenever there is a sudden load change, the capacitor voltage will deviate from the nominal value,
because the PI controller {#.30)cannot have in nity gain and the actual system needs time to respond.
According to(4.17), we can altem.qm by Du[f"cf to control the number of the inserted submodules to
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Fig. 4.13 DC voltage stabilisation control

Fig. 4.14 Circulating current control diagram
reduce the DC voltage deviation, as shown in (4.31):

f kiUGIC u Ng
Duge = kpo+ ——+ ky*r——— (Vdc  Udo)

S 1+ Ng=s (4.31)
idc d idc .
—+ Ly——
2 Rbr 3 Lbr t 3 )

whereNy = 1000is the Iter coef cient to realise the derivative control. Figure 4.13 shows the control
diagram of DC voltage stabilisation control. Note that reference signals for all three phiasesre
controlled by the same referenDe[jecf to avoid unnecessary circulating current between phases.

4.3.4 Inner control of MMC

Inner control of MMC involves circulating current control in each phase and capacitor voltage balancing
in each branch.

Circulating current suppression

According to Fig. 4.6iacom™* ibcom* iccom= idc. Also in balanced and steady staiedoes not contain
alternating component, igc.=3 is used as common mode current reference for circulating current control.
The circulating current control diagram is shown in Fig. 4.14 and the control refeu%%‘i]de generated

for phasej of the grid side converter.

Capacitor voltage balancing

Figure 4.15 illustrates the control scheme of capacitor voltage balancing in each branch where individual
submodule capacitor voltage is compared with the average value. The voltage deviation will be
compensated by adjusting each switching duration according to common current direction by control
referenceDug;, andDu;, for theith submodule in phasp
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Fig. 4.15 Capacitor balance control diagram

Fig. 4.16 MMC control reference calculation and modulation

4.3.5 MMC modulation

Modulation indices for each phase can be calculated from the voltage control references:

ref ref ref ref
Ujcom  Yjgif . Ujcom™ Ujgif .

NU%ve » My = NL%ve :

wherej = a;b;c;ef, anduﬁfif is the corresponding value in Fig. 4.9. In the grid side convem%[m

is composed of the feedforward val0®Vy., DC voltage stabilising terrﬁ)u[jecf and circulating current
control termurj‘f:fr. While in the traction side convertars,, is composed of the feedforward value
0:5Vy4c, and oscillation suppression control teuj@fsc Finally, the capacitor voltage balancing terms
Dug;, andDug;, are added in each submodule. Fig. 4.16a and Fig. 4.16b illustrate the control reference
calculation and the modulation diagram for grid side MMC and traction side MMC respectively.

Mjy = (4.32)

4.4 Simulation results and discussion

The control parameters for the MMC back to back converter are listed in Table 4.3. The measurements
in the control system are converted into per-unit system using grid side MMC's power rating as the
base value. Three sets of simulation tasks are designed to test the proposed control scheme. The
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Table 4.3 Simulation and control parameters setting

MMC control parameters

Grid side current controller [k k] [1.5,30]
Traction side voltage controller [kges k°] [1.09,84.6]
Double frequency oscillation controller[kose; kros] [1.92,170]
Capacitor average voltage controller [kp®; k] [1.2,20]

DC voltage stabilisation controller [kp®e; ki'e; k] [4,40,0.004]
Simulation model time step Ts 5ms
Controller sampling time Tsc 0.1ms

effectiveness of voltage stabilisation control and voltage oscillation suppression are examined in both
steady and transient states. In the conventional MMC recti er control the DC-link voltage is maintained
by controlling the submodule capacitors' average voltage which is equivalent to slm{ﬁ‘lgo Ointhe
proposed scheme. So in this section, welnigf = 0 to represent the conventional control method.

4.4.1 Train load pro le and wind power pro le

CaseAis used to analyse the steady state performance of power delivery on each terminal and the DC
voltage quality.CaseB;.» consider one side step change and test the negative consequences on the other
side.CaseC; 4 investigates several worst scenarios that both sides are subject to rated power magnitude
step change simultaneously, imposing the severest control challeny#glG;. These simulation tasks

are summarised as follows:

» Case A Rissettol10 MW issetto 0,5 MW, 10 MW, 20 MW respectively.

» Case B Ry issetto 10 MWR changes from 10 MW to 20 MW then returns to 10 MW.

» Case B Ry changes from 0 MW to 10 MW then to 0 MVR_ is set to 10 MW.

» Case G Ry changes from 10 MW to 0 MWR_ changes from 0 MW to 20 MW at the same time.
» Case G Ry changes from 0 to 10 MWR. changes from 20 to 0 MW at the same time.

e Case @ Ry changes from 0 MW to 10 MWR changes from 10 MW to 10 MW at the same time.
» Case G Ry changes from 10 MW to 0 MWR. changes from -10 MW te- 10 MW at the same time.

4.4.2 Steady state performance analysis

The power ows across four coupling nodes are measured: three phase ac grid payvegrid
connection MMC DC side pow&mme: PMSG converter DC side powgpmsgand power consumed

by traction loadpyain. These four power ow data are plotted in Fig. 4.17. In steady states, both AC
side powemygsig and pyain have very stable values. Howevepmsghas noisy instantaneous power with
ripples at the level of 3.91%—-5.38%. As the load power increases, both generation power and MMC
power present larger power uctuations. Because in higher power operation, the MMC has heavier
burden to suppress circulating current and maintain DC voltage, and also has larger voltage oscillations
in each module.
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Fig. 4.17 Steady state power ovCase A

Figure 4.18 compares the DC-link voltage pro les using the proposed method and the conventional
method by settingpugf:f = 0 (Fig. 4.16). Considering the simulation time during 4.6 s to 4.7 s in
the largest traction load condition, the proposed method shows fewer uctuations (0.068%) than the
conventional approach (0.176%). Moreover, when ignoring the DC voltage stabilisation control action,
there exists steady state error due to branch inductor voltage drop. The steady state error is reduced from
0.216% to 0.0037% with the proposed control method.

The effects of the proposed control on DC-link voltage oscillation suppression is shown in Fig. 4.19
where the Fig. 4.19a shows the result of ignoring the oscillation controlugfrand Fig. 4.19b shows
the pro le without both proposed control terms. It is evident that Fig. 4.19b has the greatest voltage
ripple caused by single phase traction load. During 4.6 s to 4.7 s, there is large magnitude of steady low
frequency oscillation component which contributes to 6.26% voltage ripple. With the help of voltage
stabilisation control, the ripple is reduced to 1.23% even we do not control the oscillating current in the
traction side MMC. Nevertheless, none of these two cases is acceptable because the existence of 100 Hz
oscillation voltage on the DC-link is detrimental to stable energy exchange through DC interface. This
con rms the necessity of adding the two proposed control loops shown in Fig. 4.12 and Fig. 4.13.
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Fig. 4.18 Steady state DC-link voltage comparisoCage A

Fig. 4.19 Steady state DC-link voltage comparisoi€age A
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Fig. 4.20 Instantaneous power ow {Dase B simulation

4.4.3 Transient performance analysis
Case B

CaseB; examines the traction side in uence on the PMSG power delivery due to the load change which
is rst stepped up and then stepped down at 1.0 s and 1.5 s respectively. The improvement brought by the
proposed DC voltage controller is plotted in Fig. 4.20. In both control approaches, these instantaneous
power plots all have short time oscillation after load change. Bgtkgand pmmc €xperienced fewer
uctuations and less settling time under the extra voltage stabilisation control. The renewable generation
will be less affected by the traction load change. The price paid is a greater power overshoot on the grid
side.

The greater power oscillations in the wind generation side was caused by deviations in the DC-link
voltage. As shown in Fig. 4.21, Eu[jecf is ignored, the voltage deviation can be as big as 12% in this case
study. This problem is greatly alleviated using the proposed control method that only 2.93% voltage dip
remains, and the similar results were also observed at 1.5 s. The deviation reduction is above 75%.

CaseB; tests the in uence of wind generation uctuation on the traction side. Similar to the previous
results, the proposed control approach reduces power oscillation in all converters except the grid power
as shown in Fig. 4.22. The proposed control again limits the voltage variation within 2.1% of the nominal
value which is more than 76% reduction than the conventional approach. It can be seen that, although
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Fig. 4.21 DC link voltage comparisoése B)

power change is equal to 10 MW in both cd&eandB,, the negative effect brought by wind generation
unit is less than traction change, because the generator is a balanced three phase source.

Case C

The last four scenarios are deliberately designed to test the limit of the system capacity. In these worst
cases, although addir{gj[,ecf improves DC voltage stability for more than 50%, the largest voltage
deviation is still above 14.2%. Fortunately, these situations however rarely occur in real applications,
and we can improve the system capacity by increasing the size of submodule capacitor or the converter
current rating to withstand these cases if necessary.

Modulation

Figure 4.25 shows the voltage control references for upper branch of aiva€aseB;. The voltage
reference signals for DC voltage stabilisation, circulating current suppression and AC voltage control are
plotted. As explained in Section 4.3.1, the differential mode modulation signal varies yit@is; 0:5].

And with the voltage stabilisation control, more submodules are switched on to support DC-link. As
indicated byDu{j‘i_f line, at 1.18 s, about 9% more modules are inserted in each branch.

The referencel®’ also controls the number of inserted modules, but the signals for each phase
are symmetric. However, tl"lau[j%f term allows all three phase to shift uniformly to reject voltage
uctuations.

By synthesising all control references based on the method shown in Fig. 4.16, the nal modulation
signal is shown in Fig. 4.26. The result in Fig. 4.26b is consistent with previous analysis that the
composite modulation has an extra degree of freedom brought by the proposed method. This extra
degree of freedom improves the transient response and steady state performance of DC voltage control.
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Fig. 4.22 Instantaneous power ow {Dase B simulation

Fig. 4.23 DC link voltage comparisoése B)
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